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… and dedicated to science 

 

 

 

 

“Organisms exist not because of reactions that are possible, but because of reactions that are barely 

possible.” 

“If you know the question, you know half.” 

 

Siddhartha Mukherjee, physician/biologist/oncologist in ‚The gene – An intimate history‘, 2016 

 

 

“Science makes no pretension to the absolute truth. Science is a continual exploration of ways of 

thinking. Probably everything that we know today is an approximation of something else we don’t yet 

know. Its strength is its visionary capacity to demolish preconceived ideas, to reveal new regions of 

reality, and to construct novel and more effective images of the world. This adventure rests upon the 

entirety of past knowledge, but at its heart its change. 

Science is about reading the world from a gradually widening point of view. We are immersed in the 

world’s mystery and beauty, and over the horizon there is unexplored territory. The incompleteness 

and uncertainty of knowledge, suspended over the abyss of the immensity of what we don’t know, 

does not render life meaningless - it makes it interesting and precious.” 

Carlo Rovelli, theoretical physicist in ‘The journey to quantum gravity’, 2018 
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Summary  
 
 
Integrins are evolutionary conserved heterodimeric transmembrane receptors of multicellular 

organisms connecting the extracellular matrix (ECM) with the intracellular actin cytoskeleton 

and a complex signaling network. Thereby, cells adhere to the extracellular support structure 

and “integrate” mechanical and chemical signaling cues into a coherent cell response, making 

integrins indispensible from embryonic development to tissue homeostasis up to the immune 

response. Consequently, derailment of integrins is associated with a multitude of severe 

pathological conditions such as thrombosis, inflammation or cancer metastasis. To 

continuously sense and respond to their dynamic microenvironment and to actively move 

along the ECM meshwork, cells have developed a unique mechanism for these receptors: At 

the cell front, integrins flexibly undergo large conformational changes to gain high affinity for 

their extracellular ligand, termed integrin activation. Clustering of active integrins into dense 

protein complexes, called focal adhesions (FA), enhances ligand avidity and initiates cellular 

downstream processes. Yet integrins also require to be actively switched back into a low 

affinity conformation at the cell rear to detach the cell from the matrix. Since integrins obtain 

no intrinsic enzymatic activity, this dynamic cycling is tightly controlled by the local enrichment 

and competition of cytoplasmic factors and enzymes at the integrin tails, forming the so called 

integrin adhesome. However, the spatiotemporal coordination of all these factors remains 

unresolved, especially with regard to integrin inactivation.  

In our first study, we elucidated a sophisticated regulatory framework precisely determining 

integrin activity from within the cell and the enzymatic machinery behind. Biochemical and 

cell-based microscopic examinations of protein-protein interactions with OPTIC (Opa-Protein 

Triggered Integrin Clustering) revealed that the conserved T788/T789 motif of the integrin β1 

cytoplasmic tail constitutes a phospho-switch, orchestrating the cooperative binding of the 

integrin activators talin and kindlin-2 versus the integrin suppressor filaminA to dynamically 

regulate integrin activity. Additionally, a genetic screen identified the corresponding 

Mg2+/Mn2+-dependent Ser/Thr phosphatase PPM1F as the critical enzyme selectively and 

directly controlling this phospho-switch in vitro and in intact cells. Phenotypic studies in 

multiple cell lines revealed a gain-of-function in PPM1F deficient cells including constitutive 

T788/T789 integrin β1 phosphorylation, increased integrin activity and cell adhesion, but 
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reduced cell spreading and motility. Importantly, this phenotype could be reverted by re-

expression of the active PPM1F, but not a phosphatase-dead PPM1F mutant (D360A), and 

showed a strong overlap with the phenotype of filaminA knock-down cells. OPTIC assays with 

co-expressed PPM1F verified in intact cells that the binding properties of these integrin 

regulators are indeed dictated by integrin β1 phosphorylation and PPM1F. As the first 

identified enzymatic negative integrin regulator, modulation of PPM1F activity might open up 

future avenues to directly modulate integrin activity. 

In a subsequent in vivo study, we report the phenotype of ppm1f gene disruption in mice, 

which express lacZ under control of the endogenous ppm1f promoter. Whereas heterozygous 

ppm1f+/- mice were viable and fertile, ppm1f-/- embryos displayed severe defects and 

significant morphological abnormalities in the developing brain and vascular system and died 

at day E10.5 in utero. Isolated ppm1f-/- MEFs or PPM1F-deficient neuro-epithelial cells 

displayed increased integrin phosphorylation, enhanced cell-ECM adhesion but perturbed cell 

motility. These effects could be reverted by re-expression of the wildtype but not the inactive 

phosphatase, thereby clearly confirming a PPM1F-dependent effect. Additionally, we 

demonstrated the causal correlation between PPM1F expression levels and the invasive 

potential of multiple cancer cell types, while tumor cells devoid of PPM1F or re-expressing 

PPM1FD360A barely migrated through a 3D-Matrigel barrier and were not able to infiltrate 

tissues in vivo. Together, our data emphasize the indispensability of PPM1F in mammal 

development and its non-redundant role in integrin activity control. Accordingly, we identified 

PPM1F as an attractive drug target to limit cancer metastasis. 

The strong correlation between the phenotype of PPM1F and filaminA genetic depletion 

prompted us to test, whether PPM1F could also directly target filaminA. Elevated levels of 

pSer2152 filaminA have recently been connected to integrin β2 activation via talin/kindlin-3 

to initiate endothelial attachment and tissue extravasation of leukocytes. In a third line of 

investigations, we could show that Ser2152 phosphorylation occurred upon integrin β1 

stimulation in non-immune cells and was PPM1F-dependent. Accordingly, we could verify 

PPM1F as the first phosphatase directly targeting filaminA at Ser2152. In HEK 293T cells, which 

transiently overexpressed filaminA Ig19-21 in its wildtype, non-phosphorylatable (S2152A) 

and phospho-mimicking (S2152E) form, we further discovered that pSer2152 might act in 

concert with the integrin phospho-switch to promote integrin-mediated cell adhesion. Indeed, 
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co-immunoprecipitation assays with cell lysates and purified proteins mechanistically 

revealed that pSer2152 contributes to distract filaminA from the integrin β1 tail and 

potentially facilitates the recruitment of talin/kindlin to stabilize the integrin high-affinity 

conformation. Consequently, our data corroborate the idea of PPM1F as a central negative 

integrin regulator, which simultaneously acts on filaminA, the integrin β cytoplasmic tail and 

corresponding kinases, sharing the motif (K/Rx(1-2)T/SxV) around their target-site.  

Its monomeric enzymatic nature, its function in regulating integrin activity thresholds and its 

overexpression in highly invasive malignant human tumors make PPM1F a prime target for 

pharmacological intervention. Yet no potent and selective inhibitor has been reported for this 

enzyme. In this part, we describe the high-throughput screen identification of a cell-active 

PPM1F inhibitor, which we termed Lockdown. It showed dose-dependent efficacy, a 

reversible, non-competitive mode-of-action and selectivity against a panel of phosphatases 

from different families in vitro. Lockdown-treated A172 glioblastoma cells reproduced the 

phenotype of PPM1F-depleted cells as assessed by increased integrin β1 and PAK 

phosphorylation and corrupted integrin-dependent cellular processes without inducing 

additional phenotypes in PPM1F knock-out cells. Ester-modification yielded LockdownPro with 

enhanced cell permeability and prodrug-like properties. LockdownPro suppressed tissue 

invasion by PPM1F-overexpressing human cancer cells, confirming PPM1F as a therapeutic 

target and providing a novel avenue in the treatment of metastatic cancers. Consistently, 

chemical inhibition of PPM1F might open up the opportunity to adjust integrin thresholds also 

in other pathological situations e.g. in hemophilia or leukocyte adhesion deficiency. 
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Zusammenfassung 
 

Integrine sind evolutionär konservierte Transmembranrezeptoren multizellulärer Organismen, die als 

Heterodimere die extrazelluläre Matrix mit dem intrazellulären Aktinzytoskelett und einem komplexen 

Signalnetzwerk verknüpfen. Dadurch wird eine dynamische Zelladhäsion gewährleistet und 

mechanische und chemische Signale werden in eine kohärente Zellantwort “integriert”. Diese Prozesse 

sind von zentraler Bedeutung für die Organentwicklung, den Zusammenhalt und die Heilung des 

Gewebes und die Immunantwort. Integrinfehlfunktionen werden daher mit einer Vielzahl 

schwerwiegender Krankheiten in Verbindung gebracht wie z.B. der Thrombose, Gewebsentzündungen 

oder der Metastasenbildung von Tumoren. Um sich kontinuierlich ihrer wechselnden Umwelt 

anzupassen und sich aktiv entlang eines Matrix-Netzwerks zu bewegen, haben Zellen einen 

einzigartigen Mechanismus für ihre Integrinrezeptoren entwickelt: Strukturelle Änderungen in den 

Integrinuntereinheiten an der Zellfront resultieren in einer hoch-affinen Struktur, die eine starke 

Interaktion mit dem extrazellulären Substrat ermöglicht und dadurch die Zelle adhärieren lässt 

(“Integrinaktivierung”). Das Clustern aktiver Integrine und Formen dichter Proteinkomplexe, 

sogenannter fokaler Adhäsionen, erhöht die Ligandenavidität zur Verstärkung der Zellverhakung an 

der Matrix und stößt weitere zelluläre Prozesse an. Integrine werden aber auch aktiv am hinteren 

Zellende in ihre niedrigaffine Konformation zurückgeflippt, um so die Zelle von der Matrix zu lösen. Da 

Integrine keine intrinsische enzymatische Aktivität besitzen, wird ihre Dynamik durch die Interaktion 

lokal rekrutierter Faktoren und Enzyme mit den zytoplasmatischen Rezeptordomänen geregelt. 

Gemeinsam bilden sie das sogenannte Integrinadhäsom. Jedoch bleibt ungewiss, wie diese Faktoren 

präzise orts- und zeitgenau auf molekularer Ebene koordiniert werden. 

In unserer ersten Studie konnten wir ein ausgeklügeltes molekulares Kontrollsystem zur genauen 

Regulierung der Integrinaktivität und die enzymatische Maschinerie dahinter entschlüsseln. Mittels 

biochemischer Methoden und zellbasierter mikroskopischer Untersuchungen von Protein-Protein 

Interaktionen über OPTIC (Opa-Protein Triggered Integrin Clustering) haben wir einen regulatorischen 

Phospho-Schalter an einem konservierten Threoninmotif in der zytoplasmatischen β Integrindomäne 

(T788/T789 des β1 Integrins) aufgedeckt. Dieser bestimmt die Bindungseigenschaften der kooperativ 

wirkenden Integrinaktivatoren Talin und Kindlin sowie des Integrinsuppressors FilaminA, um so die 

Integrinaffinität dynamisch von innen her zu steuern. Des Weiteren haben wir die Mg2+/Mn2+-

abhängige Serin/Threonin-Phosphatase PPM1F als das Schlüsselenzym identifiziert, das diesen 

Phospho-Schalter direkt in vitro und in lebenden Zellen kontrolliert. In phenotypischen Studien zeigten 

PPM1F-defiziente Zellen eine konstitutiv verstärkte T788/T789 β1 Integrinphosphorylierung, erhöhte 

Integrinaktivität und Zelladhäsion, aber Defekte in der Zellausdehnung und Beweglichkeit. Diese 



Zusammenfassung   

5 
 

Effekte ähnelten stark denen in FilaminA depletierten Zellen und konnten durch die Re-expression der 

aktiven PPM1F Phosphatase aber nicht der enzymatisch inaktiven Mutante (PPM1F D360A) umgekehrt 

werden. Die Ko-expression dieser Enzyme in OPTIC-Experimenten bestätigten letztendlich, dass die 

gegensätzliche Bindung von Talin/Kindlin-2 und FilaminA an die zytoplasmatische β1 Integrindomäne 

direkt durch die T788/T789-Phosphorylierung und die Aktivität der PPM1F Phosphatase bestimmt 

wird. Als erster bekannter enzymatischer Integrin-Negativregulator könnte durch Modulierung der 

PPM1F-Aktivität zukünftig aktiv in die Integrinsteuerung eingegriffen werden. 

In einer darauffolgenden in vivo Studie haben wir den Phänotyp von ppm1f-null Mäusen untersucht, 

die lacZ statt PPM1F unter der Kontrolle des endogenen PPM1F-Promotors exprimieren. Während 

heterozygote ppm1f+/- Mäuse lebend zur Welt kamen, starben ppm1f-/- Mäuse um Tag E10.5 der 

Embryonalentwicklung und zeigten sowohl vaskuläre Defekte als auch schwere Schädigungen in der 

Hirnentwicklung. Isolierte Fibroblasten aus homozygoten knock-out Embryonen oder PPM1F-

defiziente Neuroepithelzellen offenbarten eine verstärkte Integrinphosphorylierung und damit 

einhergehend eine stärkere integrinabhängige Zelladhäsion, aber eingeschränkte Zellbeweglichkeit. 

Eine klare PPM1F-Abhängigkeit dieses Phänotyps konnten wir erneut durch Re-expression der aktiven 

und inaktiven Phosphatase nachweisen. Dazu passt auch, dass wir einen kausalen Zusammenhang 

zwischen der PPM1F-Expression und der Invasivität verschiedener Krebszelltypen herstellen konnten, 

während Zellen mit PPM1F-Defizienz kaum den Durchtritt durch eine 3D-Matrigelbarriere schafften 

oder in vivo in untere Gewebsschichten vordrangen. Unsere Daten bringen die Unersetzbarkeit von 

PPM1F in der Embryonalentwicklung und in der Regulierung der Integrinaktivität zur Geltung. Daher 

kommt PPM1F als ein vielversprechendes Zielmolekül in der Therapie metastasierender Krebsarten in 

Frage. 

Die starke Korrelation phänotypischer Defekte basierend auf der genetischen Depletion von PPM1F 

oder FilaminA haben uns veranlasst zu überprüfen, ob PPM1F auch direkt auf FilaminA wirken kann. 

Tatsächlich wurden erhöhte Ser2152-Phosphorylierungswerte an FilaminA in Zusammenhang mit 

einer verstärkten Talin/Kindlin-3-vermittelten Integrin-β2-Aktivierung gebracht, um so die 

Endotheladhäsion und den Gewebsaustritt weißer Blutkörperchen zu initiieren. In einer Reihe von 

Studien konnten wir zeigen, dass Ser2152 auch durch Integrin-β1-Stimulation in Nicht-Immunzellen 

phosphoryliert und direkt durch PPM1F reguliert wird. Des Weiteren zeigten Versuche mit HEK 293T 

Zellen, die die Ig19-21 FilaminA-Domänen in ihrer wildtyp, nicht-phosphorylierbaren (S2152A) oder 

pseudo-phoshorylierten (S2152E) Variante transient überexprimierten, dass auch Ser2152 ein 

Phosphorylierungs-Schalter zur Regulierung integrinvermittelter Zelladhäsion darstellt. Molekulare 

Untersuchungen mit Zelllysaten und aufgereinigten Proteinen bestätigten, dass pSer2152 tatsächlich 

dazu beiträgt die Bindung von FilaminA an Integrin β1 zu lösen, um die Rekrutierung von Talin und 
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Kindlin zu erleichtern und die hochaffine Integrinstruktur zu stabilisieren. Diese Daten stützen die 

Hypothese, dass PPM1F ein negativer Integrin-Schlüsselregulator darstellt, der gleichzeitig an 

FilaminA, an der β Integrinuntereinheit sowie an Integrin- und FilaminA-gerichteten Kinasen wirkt. 

Diese weisen alle das gleiche Erkennungsmotiv (K/Rx(1-2)T/SxV) in ihrer Sequenz auf. 

Durch die Überexpression in hochinvasiven Krebsarten und als monomerer enzymatischer 

Integrinregulator stellt PPM1F ein perfektes Ziel pharmakologischer Intervention dar. Allerdings 

existiert derzeit kein wirksamer und selektiver Inhibitor. In dieser Arbeit beschreiben wir die 

Identifizierung eines zellaktiven PPM1F-Inhibitors mit dem Namen Lockdown im Hochdurchsatz-

Verfahren mit dosisabhängiger, reversibler, nicht-kompetitiver Wirkweise und beachtlicher 

Selektivität. Inhibitor-behandelte A172 Glioblastomzellen rekapitulierten den Phänotyp PPM1F-

defizienter Zellen, was durch Analyse der Integrin β1- und PAK-Phosphorylierung sowie 

beeinträchtigter nachgeschalteter Prozesse deutlich wurde, ohne zusätzliche Effekte in PPM1F knock-

out Zellen zu verursachen. Esterifizierung der Substanz ergab das zellgängigere Pro-Pharmakon 

LockdownPro, das die Gewebsinvasion PPM1F-überexprimierender menschlicher Krebszellen erheblich 

verminderte. Unsere Daten bestätigen das therapeutische Potential eines PPM1F-Antagonisten in der 

Behandlung Metastasen bildender Krebsgeschwüre. Darüber hinaus könnte ein optimierter Inhibitor 

auch in anderen pathologischen Situationen gezielt zur Integrinmodulation eingesetzt werden, z.B. bei 

Hämophilie oder bei Leukozytenadhäsionsdefekten (LAD). 
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1 General Introduction 
 

 

1.1 Sticky affairs - Integrin-dependent cell-matrix adhesions 
 

Cell-cell adhesion and cell interaction with the underlying extracellular matrix (ECM) play a 

fundamental role in the maintenance of homeostasis in multicellular organisms. To continuously sense 

and respond to their microenvironment cells have evolved a diversity of cell surface receptors, among 

which is the so called integrin family (Hynes, 2002). Integrins are evolutionary old and highly conserved 

heterodimeric transmembrane receptors expressed in all metazoa and recently also discovered in 

prokaryotes as ancient homologs (Johnson et al., 2009; Nichols et al., 2006; Suga et al., 2013; Whittaker 

and Hynes, 2002). They “integrate” (i.e. establish and sustain the connection between) a large variety 

of soluble, cell surface or ECM substrates and both the intracellular actin cytoskeleton and a 

cytoplasmic signaling network to mediate cell adhesion, mechanostability, migration, survival, growth 

and proliferation (Barczyk et al., 2010; Gahmberg et al., 2019; Hynes, 2004). 

These functions highlight the physiological relevance of integrins as key players during cell adhesive 

events ranging from embryonic development to the immune response and platelet aggregation. 

Consequently, defects in integrin signaling or function are also linked to multiple pathological 

situations such as thrombosis, cancer or auto-immune diseases (Clemetson and Clemetson, 1998; 

Goodman and Picard, 2012; Hynes, 2002; Winograd-Katz et al., 2014). Furthermore, integrins are 

exploited by invasive pathogenic bacteria such as Staphylococcus aureus, Yersinia pseudotuberculosis, 

Shigella flexneri or Neisseria gonorrhea (Hauck et al., 2012; Hauck and Ohlsen, 2006; Isberg et al., 2000; 

Isberg and Leong, 1990; Kim et al., 2009; Muenzner et al., 2010; Watarai et al., 1996) and even by 

viruses (Cheshenko et al., 2014; Hussein et al., 2015) to infect or colonize the host. Elucidating the 

molecules and signaling mechanisms regulating integrin functions with their feedback loops and cross-

talks will be crucial to develop novel therapeutic approaches in the treatment of integrin-linked 

maladies and to gain a better understanding of the complexity and diversity of integrins (Winograd-

Katz et al., 2014). 
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1.2 The integrin receptor family 
 

1.2.1 Integrin structure and bidirectional signaling 
 

Integrins are highly glycosylated heterodimers consisting of a non-covalently associated α- and β-

subunit. In vertebrates, the integrin family harbors 18 α- and 8 β-subunits forming 24 different 

transmembrane receptors, which are classified by their expression in different tissues and cell types 

as well as their ligand-specificity for different extracellular matrix proteins or Ig-superfamily cell surface 

counter-receptors (Fig.I1A) (Barczyk et al., 2010; Humphries et al., 2006; Hynes, 2002). Each of these 

integrin heterodimers appears to have a non-redundant and critical physiological function illustrated 

not only by the various ligands, but also by the severe phenotypes of integrin knock-out mice ranging 

from a complete block in pre-implantation development (β1), through major developmental defects 

(α4, α5, αv, β8), to perinatal death (α3, α6, α8, αv, β4, β8) and defects in leukocyte functions (αL, αM, 

αE, β2, β7), the inflammatory response (β6), hemostasis (αIIb, β3, α2) or angiogenesis (α1, β3) among 

many others (De Arcangelis and Georges-Labouesse, 2000; Fassler et al., 1996; Fassler and Meyer, 

1995; Hynes, 2002). 

 

The dominant structural parts of integrins are the large extracellular domains determining ligand 

specificity and mediating ligand binding. They are followed by the membrane-spanning helix and a 

short 20-60 amino acid long cytoplasmic domain important for integrin regulation (schematic overview 

of α- and β-specific domains and their arrangement in Fig.I1B, C). 9 out of the 18 α subunits have 

inserted an I-domain in their extracellular part, which is assumed to mediate collagen binding (Larson 

et al., 1989; Tuckwell et al., 1995), while both the αI- and the ubiquitous βI-domain in the extracellular 

part of the β subunits coordinate Mg2+ metal ions and are required for ligand binding (MIDAS = metal-

ion dependent adhesion site). The βI-domain additionally contains a second metal-ion binding site 

adjacent to the MIDAS (ADMIDAS), which can directly influence integrin-ligand affinity depending on 

the abundance of Ca2+ (integrin inhibition) or Mn2+ (integrin activation) ions (Fig.I1B) (Humphries et al., 

2003). A unique feature of integrin receptors is their striking structural flexibility and the dynamic shift 

between these structures: Integrins can appear in a bent-closed low-affinity conformation (1), which 

is not attached to a ligand, and an extended-open high-affinity (3) conformation, which strongly 

interacts with an extracellular substrate to mediate cell attachment (Fig.I1C) (Li et al., 2017b). Notably, 

a third intermediate/primed integrin state has recently been identified, in which the integrin is in an 

extended but the headpiece still in a closed conformation (2), but the function remains unclear (Moore 

et al., 2018).   
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Figure I 1: The integrin family - structure, ligands and bi-directional signaling. (A) The 24 different mammalian integrin heterodimers are formed by 
8 β subunits assorting with 18 α subunits. These can be subdivided based on evolutionary relationships (coloring of α subunits) and, as indicated, 
ligand specificity and in case of β2/β7 and αIIb subunits cell type-restricted expression. Highlighted integrins have inserted αI-domains for ligand 
recognition (pink circle) or harbor specialized α-propeller domains to recognize RGD-motifs in different ligands (blue). While α4 and α9 (green) and 
β2-β8 subunits are restricted to chordates, laminin- (purple) and RGD-specific (blue) α subunits are found throughout metazoa (modified according 
to (Bachmann et al., 2019; Barczyk et al., 2010; Hynes, 2002)). (B) Structural features of the integrin heterodimer. Highlighted are the non-covalent 
association of the extracellular domains via a conserved lysine residue in the βI-like domain (blue) with the aromatic core of the a-propeller domain 
(red) (upper left), the metal binding motifs in the extracellular part (upper right) and the conserved glycine motifs in both transmembrane domains 
forming the outer membrane clasp of the inactive integrin, while the inner membrane clasp is stabilized by aromatic interactions (α: FF; β: W) and a 
salt bridge (α: R; β: D) (lower left) (Bachmann et al., 2019). (C) Electron micrographs of the inactive, bent (upper left) and active, open (upper right) 
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integrin and corresponding crystal structures indicating the dynamic transition between low affinity (1), the intermediate integrin affinity (2) (not 
shown) and high affinity (3) states of integrins for their ligands (Chen et al., 2010; Shattil et al., 2010). (D) Integrin signaling is bidirectional. Intracellular 
binding of talin and kindlin can increase integrin affinity for extracellular ligands (inside-out signaling) controlling adhesion strength and providing a 
strong molecular bridge between the actin cytoskeleton and the extracellular matrix (ECM). Binding of integrins to their ECM substrates can also 
initiate the active conformation, contributes to integrin clustering and leads to downstream signaling events (outside-in signaling) controlling cell 
polarity, cytoskeletal organization, gene expression, cell survival and proliferation. Both processes are interdependent and can positively affect each 
other (Shattil et al., 2010). (E) Example of how inside-out and outside-in integrin activation cooperate to initiate platelet aggregation and thrombus 
formation. In platelets, soluble agonists (released by the damaged endothelium or activated platelets) or matrix receptors (binding to the damaged 
endothelium) initiate inside-out integrin activation by intracellular signaling events and Rap1-Talin-1 recruitment to the membrane. Together with 
kindlin-3, integrins are stabilized in their high affinity conformation and get clustered to enhance matrix binding and to trigger strong interaction with 
other platelets via fibrin. This in turn triggers outside-in signaling to activate e.g. the release of signaling molecules and actin cytoskeleton remodeling 
important for platelet spreading and, at later time points, clot retraction (Nolte and Margadant, 2020). 

 

 

The dynamic process of disrupting the inhibitory salt bridge between the α- and β- subunit to spatially 

separate the integrin legs and transmembrane domains and to unclasp the large extracellular domains 

into the open, active conformation (Hughes et al., 1996; Kim et al., 2012a) is referred to as integrin 

activation (Fig.I1B) (Kim et al., 2003; Shattil et al., 2010; Tadokoro et al., 2003; Vinogradova et al., 

2002). Gaining high affinity can both be triggered by ECM ligand interaction (outside-in signaling), 

which induces intracellular signaling processes to in turn stabilize cell adhesion, or by the recruitment 

of the cytoplasmic factors talin and kindlin to the integrin β tail triggered by agonist receptor signaling 

or other intrinsic cell signals (inside-out signaling) (Fig.I1D, E) (Anthis and Campbell, 2011; Bouvard et 

al., 2013; Gahmberg et al., 2019; Hynes, 2002). This bidirectional signaling across the plasma 

membrane allows the cell not only to rapidly sense both intracellular and extracellular biochemical and 

physical cues, but also to flexibly respond in both directions e.g. controlling the adhesion strength and 

cell motility (outward directed), or initiating downstream integrin signaling to control cell polarity, 

cytoskeletal structures, gene expression, cell growth, survival and proliferation (inward directed) 

(Fig.I1D, E) (Bouvard et al., 2013; Shattil et al., 2010). Both processes also positively influence each 

other and promote the clustering of integrins into so called focal complexes. These structures display 

enhanced avidity for multivalent ligands and have recruited characteristic cytoplasmic adaptor and 

scaffold proteins to indirectly link the short intracellular integrin domains to the actin cytoskeleton 

(Fig.I1E; Fig.I2). Since integrins lack enzymatic activity, enrichment and activation of several protein 

kinases such as focal adhesion kinase (FAK) and other Src family kinases (SFKs) are additionally required 

to promote integrin downstream signaling and to enable the growth of the focal adhesion complex 

into mature focal and fibrillar adhesions (Fig. I2B, C, see also Chapter 1.2.2) (Mitra and Schlaepfer, 

2006; Schaller, 2010). Overall, more than 180 adaptor and signaling molecules, enzymes and actin 

remodelers are recruited to the integrin tails over time with changed composition, building a massive 

integrin-initiated signaling network with around 700 protein-protein interactions, called the integrin 

adhesome (Fig.I2) (Horton et al., 2015; Zaidel-Bar and Geiger, 2010; Zaidel-Bar et al., 2007).  
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Figure I 2: Focal adhesion formation and key molecular components of the integrin adhesome. (A) Confocal microscopy images of leukocytes 
showing different integrin-containing structures. (left) peripheral focal complexes (red arrows, ≤ 1µm) stabilizing Rac-induced membrane protrusions 
and focal adhesions (yellow arrows, 1-5µm), representing Rho-induced tensioned structures coupled to F-actin and major sites of integrin signaling; 
red = F-actin, green =phospho-tyrosine, blue = nuclei. (right) fibrillar adhesions (green arrows, 1-10µm in length) containing tensin and integrin α5β1 
and aligning with Fn fibrils; red = F-actin, green = tensin; blue = Fn (Margadant et al., 2011). (B) Clustered integrins in a fully outgrown focal adhesion 
and schematic overview of the hierarchical structure of core focal adhesion proteins in different layers (Kanchanawong et al., 2010). (C) Polarized 
motile cell containing diverse intgrin-based focal adhesion structures. At the leading edge nascent adhesions are formed in membrane protrusions 
upon integrin activation by talin and kindlin. Subsequent recruitment of adhesome proteins such as vinculin is mediated tension-dependently by talin 
and tension-independently by paxillin. Dynamic coupling to the polymerizing branched actin network via talin and vinculin generates a pushing force 
at the leading edge and a rearward traction force on the ECM. Some adhesions grow into large focal adhesions along F-actomyosin bundles and 
recruitment of Kank2 leads to a switch into fibrillar (central) adhesions (catch bond to slip bond). At the rear of the migrating cell, high traction forces 
detach the cell and adhesion components are internalized, recycled or degraded (Sun et al., 2016). 

 

 

Owing to the system complexity, the mechanisms regulating the assembly and disassembly of these 

dynamic complexes, their 3D organization and the hierarchy of protein binding are still under 

investigation. However, existing data point toward a 40 nm core focal adhesion complex with well-

defined signaling layers containing a characteristic set of proteins (Fig.I2B). Early focal adhesions bind 

talin and kindlin, followed by the signaling layer containing FAK-Src and paxillin and a force-

transduction layer involving the talin rod and vinculin, which mediate the actin cytoskeleton linkage 

and the initiation of stress fiber bundling (Boujemaa-Paterski et al., 2020). Accordingly, the last layer 

represents the actin regulatory layer including scaffolding proteins such as zyxin, α-actinin and 

vasodilator-stimulated phosphoprotein (VASP) (Fig.I2B, C) (Burridge, 2017; Kanchanawong et al., 2010; 

Sun et al., 2016). 
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1.2.2 Two dynamic systems team up – The focal adhesion-actin cytoskeleton 
machinery 

 

1.2.2.1 The integrin cycle and its cross-link to the actin cytoskeleton 
 

 

To establish and maintain the integrity of the ECM-cytoskeleton linkage and allow for active cellular 

movement, a pool of inactive integrin receptors are constantly expressed on the cell surface. Upon 

talin-mediated activation and FAK-induced integrin signaling they can cluster to form nascent 

adhesions (NA), which develop into larger focal complexes (FC) and finally result in force-stable mature 

focal adhesions (FA) - large attachment sites of cells connecting the surrounding extracellular 

substrates with the actin cytoskeleton (see also Chapter 1.2.1). While integrins on the trailing edge 

mainly engage with ECM ligands, integrins in focal and fibrillar adhesions need to be stabilized in their 

active state to transmit traction forces and must be inactivated at the retracting cell rear to allow for 

focal adhesion turnover. This continuous cycling of 1) formation/assembly 2) stabilization, 3) 

disassembly/turnover and lastly 4) internalization and degradation or trafficking and recycling back to 

the cells surface, allows the cell to form polarized ends and to migrate in a directional manner (Fig. 

I3A) (Bouvard et al., 2013).  

While focal adhesions have been the center of integrin research during the last decades, recent studies 

started to unravel the multitude of integrin transport routes and their critical function in cell migration. 

Indeed, internalization of active and inactive, ligand-bound and ligand-free integrins were observed 

along motile cells and are recycled via different pathways to guarantee directed movement (Arjonen 

et al., 2012; Caswell et al., 2009; Moreno-Layseca et al., 2019; Paul et al., 2015; Pellinen and Ivaska, 

2006). Both clathrin-dependent and clathrin-independent endocytosis pathways are described and 

transport back to the membrane was shown to be mediated by rapid “short-loop” or slower “long-

loop” Rab GTPase-dependent recycling pathways, which are partially dependent on Arf6 and the actin 

cytoskeleton (Arjonen et al., 2012; Morse et al., 2014). 

An interesting aspect is the finding that integrin regulators also participate in these processes (see also 

Chapter 1.2.3). For example, kindlin-2 depletion or mutagenesis of Y795 promoted degradation of 

integrin α5β1, suggesting a role for kindlin in protecting integrins from degradation (Margadant et al., 

2012). Additionally, it was found that kindlin is displaced by sortin nexin 17 (SNX17) and SNX31 at 

endosomes to mediate integrin β1 recycling to the surface and that the T788/T789 and Y795 play a 

central role for this process (Bottcher et al., 2012; Tseng et al., 2014).  
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Figure I 3: Two dynamic systems converge - integrin cycling and actin cytoskeleton remodeling. (A) The integrin life cycle. Clasped integrin 
heterodimers exit the endoplasmatic reticulum (ER) to be transported through the Golgi to the cell surface (1). Various integrins in different activation 
states co-exist at the plasma membrane, depending on ligand availability and intracellular binding of regulatory proteins (2). Presence of FAK induces 
integrin signaling (3) and subsequent recruitment of integrin activators and other factors lead to focal adhesion formation and maturation (4). Both 
ligand-bound and ligand-free as well as active and inactive integrins can be endocytosed and recycled or degraded. Sortin nexin 17 (SNX17) is 
important in controlling this process (Bouvard et al., 2013). (B) Integrins and associated actin structures in a motile cell (upper part: top view of a 
motile cell, lower part: side view). At the leading edge a branched actin cytoskeleton network drives lamellipodia formation, while integrin inactivators 
retain integrins in the bent conformation. Nascent adhesions are formed upon integrin ligand binding, containing FAK and paxillin. Maturation into 
focal complexes occurs in the transition zone where talin and vinculin form strong actin connections and recruit further protein factors, which finally 
results in outgrown focal adhesions. Myosin II-dependent force induces recruitment of zyxin and VASP to develop fibrillar adhesions, in which talin is 
replaced by tensin. All adhesion types can be turned over and components are recycled to facilitate cell movement (Bouvard et al., 2013). (C) Different 
actin cytoskeleton structures in a migrating cell and their interplay with focal adhesions are depicted. At the cell front, filopodia and lamellipodia are 
formed based on branched actin-networks (a) and new attachment sites are built by interaction of integrins with the substratum (b). By acto-myosin 
based contraction, the cell body is moved forward mediated by focal adhesion-linked stress fibers (c). Retraction fibers pull the rear of the cell forward, 
which is connected to focal adhesion disassembly (d). (D) Rac1/Cdc42 and Rho signaling display a mutual antagonism at multiple levels. At the leading 
cell edge, Rac1/Cdc42 dominate RhoA signaling and vice versa at the cell rear to initiate cell polarity and achieve directed cell migration. While at the 
cell front GTPases mediate Arp2/3 complex- and PAK-dependent membrane ruffle formation, RhoA signaling activates actomyosin-based contractility 
via ROCK and mDia formins at the cell rear. Both regulatory units also cross-talk on multiple levels with positive and negative feedback loops to flexibly 
respond to a changed microenvironment (modified from Ridley et al. 2006) (Ridley, 2006). (E) Mechanisms of actin structure remodeling (modified 
from MBInfo Wiki). (A.) The actin assembly rate is higher at the barbed end of actin filaments compared to the disassembly rate at the pointed end 
leading to „actin treadmilling“. (B.) Arp2/3 complex and formins promote actin nucleation and polymerization resulting in actin branching and linear 
filament growth, respectively. (C.) Actin cross-linking proteins stabilize distinct actin structures. (D.) Actin depolymerization is promoted by capping 
proteins inhibiting actin filament growth at the barbed end, while severing proteins can both promote actin polymerization by cleaving pre-existing 
actin filaments, but also add to actin disassembly. (E.) Myosin filaments (blue) initiate anti-parallel stress fiber movement and thus mediate cell 
contractility. 

 

An integral part of integrin cycling are also myosin-derived forces generated from the actin 

cytoskeleton, which gets attached to focal adhesions via talin, FAK and vinculin during the maturation 

process (Fig. I3B) (Bouvard et al., 2013; Parsons et al., 2010; Serrels et al., 2007). Other integrin 

adhesome components also influence actin polymerization and the retrograde flux such as zyxin or α-

actinin (Guo and Wang, 2007). It is conceivable that also the actin cytoskeleton requires a well-

coordinated dynamic re-organization and continuous assembly and break-down to mediate efficient 

cell migration (Mattila and Lappalainen, 2008; Wehrle-Haller, 2012).  

 

1.2.2.2 Actin cytoskeleton structures and their re-organization 
 

At the leading edge of the cell, membrane protrusions are generated by branched actin networks 

forming large membrane ruffles, so called lamellipodia, and small finger-like tips called filopodia, which 

have been described as antennae or sticky fingers. Integrins accumulate there in an unligated but 

activated state to sense the extracellular microenvironment and to serve as first attachment sites at 

the cell front (Fig. I3B, C) (Mattila and Lappalainen, 2008). In contrast, bundled stress fibers at the rear 

of the cell consisting of linear F-actin fibers and myosin-II proteins act in concert with the directly linked 

integrin clusters to generate force across the membrane to initiate cell retraction (Fig.I3B, C) 

(Tojkander et al., 2012). This dynamic integrin-actin machinery allows the cell to constantly sense 
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signals from the outside about composition and rigidity of the substrate and to transmit these 

mechanical cues into biochemical events. These affect cell proliferation, differentiation and survival as 

well as the mechanical cell properties, but also in turn mediate active remodeling of the ECM by the 

cell. This bidirectional crosstalk is also referred to as mechano-transduction (Geiger and Yamada, 2011; 

Sun et al., 2016) and requires next to the flexible integrin system a continuous re-organization of actin 

cytoskeleton structures along the polarized cell. 

A central regulatory layer for the dynamic actin (de-)polymerization, structure remodeling and stability 

control is formed by small GTPases of the Rho superfamily, which are locally recruited to and interact 

with different focal adhesion adaptor proteins. One important scaffold is filaminA, which organizes 

actin structures during different focal adhesion life stages by directly binding and cross-linking F-actin, 

but also by recruiting specific Guanosine triphosphate Exchange Factors (GEFs) and GTPase Activating 

Proteins (GAPs) for the different RhoGTPases (Nobes and Hall, 1995; Nobes and Hall, 1999; Ridley, 

2006; Zhou et al., 2010). While Cdc42 functions in the formation of filopodia and Rac1 promotes 

lamellipodia formation at the cell front (generating cell protrusive-forces by polymerization of globular 

G-actin into fibrillar F-actin), antagonistic RhoA is implicated in stress fiber formation and cell rear-

retraction (generating contractile forces by interaction with myosin motor proteins) (Fig.I3D) (Etienne-

Manneville and Hall, 2002). Rac1 and Cdc42 affect the activity of actin nucleators such as Arp2/3, which 

forms branched filament networks through activation of (Neural) Wiskott-Aldrich Syndrome Protein 

(WASP and N-WASP) or the WASP-family verprolin-homologous protein (WAVE) complex (Chereau et 

al., 2005; Mattila and Lappalainen, 2008; Pollard and Borisy, 2003; Ridley, 2006), and formins such as 

mammalian Diaphanus (mDia) 1, which build linear actin filaments by binding to barbed actin filament 

ends in cooperation with profilin to push polymer elongation (Fig.I3D, E) (Faix and Grosse, 2006; 

Higashida et al., 2004; Ridley, 2006; Watanabe et al., 1997). However, also RhoA uses mDia1 to drive 

linear stress fiber elongation. As long as the polymerization rate exceeds the disassembly rate at the 

pointed ends (“actin treadmilling”) the actin cable grows in a directional manner until actin severing 

proteins cut the filaments or capping proteins block actin polymerization (Fig.I3E). Other actin 

cytoskeletal proteins additionally fine-tune actin structures (summarized in Fig.I3E). 

Another important actin cytoskeleton regulator recruited to the leading-edge of the cell is p21-

activated kinase (PAK). This enzyme forms a complex with the Rac1-GEF βPIX to accumulate at nascent 

focal adhesions, where it interacts with either Rac1 or Cdc42 to release PAK from its auto-inhibited 

state and to fully activate the kinase. In particular, RhoGTPase association induces a conformational 

change to trigger kinase auto-phosphorylation at critical serine and threonine residues (Thr423 of 

PAK1,3; Thr402 of PAK2) (Delorme-Walker et al., 2011; Manser et al., 1998; Zhao and Manser, 2012). 

Active PAK drives cell protrusion formation and inhibits cell contractility by inactivating myosin II 



  General Introduction 

16 
 

regulatory light chain (MLC) via myosin light chain kinase (MLCK) phosphorylation and inhibition, which 

in turn cannot phosphorylate MLC (Fig.I3D).  

In contrast, RhoA at the cell rear activates Rho-associated coiled-coil containing kinase (ROCK), which 

directly phosphorylates and activates MLC (Fig.I3D). RhoA also stabilizes stress fibers by inhibiting the 

MLC phosphatase (MLCP) via ROCK to keep myosin II in the phosphorylated active state, ultimately 

resulting in the formation of large fibrillar adhesions and highly bundled actin filaments to induce cell 

contraction (Vicente-Manzanares et al., 2009; Vicente-Manzanares et al., 2011). Both PAK and ROCK 

can phosphorylate LIMKs to inhibit the actin severing protein cofilin to support actin polymerization at 

the polar ends of the cell (Fig.I3D) (Ridley, 2006). Adding to the complex interplay of cellular factors, 

RhoA is also involved in the transcription control of the serum response element (SRE) by the serum 

response factor (SRF), which affects among others the expression of integrin β1 and MLC2 (Hill et al., 

1995). Generally, SRF-mediated transcription is dependent on the ratio of the levels of filamentous 

actin and monomeric G-actin in the cell (Sotiropoulos et al., 1999).  

 

Together, the focal adhesion-actin cytoskeleton machinery is a sophisticated threshold-based system, 

which requires a tight spatiotemporal and dynamic regulation of expression and degradation, 

localization and transport, structures and activity states of a multiplicity of proteins as well as 

cooperative positive and negative feedback mechanisms to mediate a rapid and coherent cell response 

to external and internal mechanical and signaling cues. 

 

 

1.2.3 The dynamic on-off switch of integrins - Molecular components and 

mechanisms controlling integrin affinity 

 

As described in section 1.2.1, integrins are not constantly active as such, but need a process termed 

integrin activation to become adhesive either via ligand binding (outside-in signaling) or by intracellular 

signaling events (inside-out signaling). This is imperative for platelets and leukocytes, otherwise 

resulting in severe pathological conditions such as thrombosis or immune defects. However, integrins 

also require active inactivation to resolve the connection with the ECM by antagonizing mechanisms 

in order to allow for efficient cellular movement (Abram and Lowell, 2009; Kim et al., 2003; 

Vinogradova et al., 2002). Integral part of this system are the relatively short integrin cytoplasmic 

domains, which precisely control these processes in space and time. They provide a platform with 

overlapping binding sites not only for adaptor and signaling proteins to establish focal adhesions by 

protein-protein interactions and to transduce integrin signals, but also for multiple regulatory proteins, 
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which locally compete for and stabilize either the clasped or the open integrin conformation (Fig.I4) 

(Gahmberg et al., 2019; Legate and Fassler, 2009). In this context, also interactions with the inner 

leaflet of the lipid membrane are important. While the cytoplasmic tail of α subunits are more 

divergent in sequence and structure except for the conserved GFFKR region, β chains are closely 

related and contain several evolutionary conserved motifs, which mediate binding of important 

integrin regulatory proteins (Fig.I4) (Gahmberg et al., 2019; Travis et al., 2003; Ylanne, 1998). 

Particularly, the proximal and the distal NxxY motifs and also the conserved S/TTx motif in between 

are essential for controlling integrin-dependent cell adhesive events (Fig.I4). 

 

 
 

Figure I 4: Integrin regulation by protein binding to the short cytoplasmic domains. Depicted are the amino acid sequences of some human 
cytoplasmic integrin α- or β-tails with the regions stabilizing the bent conformation (blue shading) and the binding sites for cytoplasmic proteins 
regulating integrin activity (red/green), recycling (purple) or focal adhesion structure (grey). The conserved membrane-proximal (MP) and membrane-
distal (MD) NxxY motifs (gray shading) and the conserved S/TTx region (yellow) within the β subunits are marked. Underscored residues indicate sites 
of calpain cleavage, phosphorylatable regions are indicated by an arrow; modified from (Morse et al., 2014; Nolte and Margadant, 2020). 
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1.2.3.1 Integrin activators 
 

 

In the last decade, several proteins have been identified to positively regulate integrin unclasping into 

the high affinity state. Among them, talin and kindlin family members are known to be indispensable 

for robust integrin activation (Calderwood et al., 2013; Gahmberg et al., 2019). 

 

 

1.2.3.1.1 Talin - the heart of integrin adhesions 
 

Talin has emerged as the central cytoplasmic protein mediating integrin adhesion to and migration 

along the ECM. Talin not only forms the core of integrin adhesion complexes by connecting the integrin 

receptor directly to the actin cytoskeleton (Critchley, 2004), but is known to be indispensable for 

inside-out integrin activation and the recruitment of numerous other focal adhesion proteins (Klapholz 

and Brown, 2017). Due to its mechano-sensitive structure it also determines the strength of integrin 

adhesions in response to forces (mechano-transduction) and senses matrix rigidity. 

The two 270kDa cytosolic talin-1 and talin-2 paralogues consist of an N-terminal headpiece build by a 

FERM (protein 4.1, ezrin, radixin, moesin) domain subdivided into F0, F1, F2 and F3 subdomains, which 

are responsible for the binding of several focal adhesion proteins and negatively charged 

phosphatidylinositol 4,5-bisphosphate (PIP2)-rich membranes. The head is followed by an 

unstructured linker region and a large rod domain, which is formed by 13 helical bundles and binds the 

actin cytoskeleton (Fig.I5A, B) (Calderwood et al., 2013; Gahmberg et al., 2019; Klapholz and Brown, 

2017). Structurally and functionally, both talins are similar but not redundant and have different tissue 

specificity, which is not completely understood so far (Gough and Goult, 2018). However, both occur 

in a default auto-inhibited form caused by interaction of the rod-domain with the talin head (Fig. I5A).  

The release of the auto-inhibitory conformation and talin activation is reported to be mediated by 

interaction of positive patches within the talin head (F1-F3) with PIP2-rich regions at the inner plasma 

membrane, promoting a charge attraction/repulsion-mechanism, which also pushes away the talin rod 

(Fig. I5C) (Chinthalapudi et al., 2018; Goksoy et al., 2008; Martel et al., 2001). Additionally, agonist 

receptor-triggered activation of the Rap1/Rap1 GTP-interacting adapter molecule (RIAM) complex, 

which attaches to PIP2-rich cell membranes and strongly interacts with talin (Rap1 with F0, RIAM with 

F3, R2/R3, R8 or R11), is known to drive the recruitment of the integrin activator to the cell surface 

and probably stabilizes the open conformation by steric occlusion (Fig.I5C) (Calderwood et al., 2013; 

Lee et al., 2009; Yang et al., 2014; Zhu et al., 2017). In particular, RIAM was shown to compete with 

the auto-inhibitory talin R9 for binding to the talin F3 subdomain and thereby probably promotes 
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unmasking of talin (Yang et al., 2014). In its open conformation, the talin head can then strongly engage 

with the membrane proximal helix and the proximal NPxY motif of the β chain with its F3 part (Fig.I5D, 

E). Contributing to integrin activation, the talin rod can be cleaved-off by the Ca2+-activated protease 

calpain, which also leads to the free integrin-binding talin head (Fig. I5B) (Franco et al., 2004). 

Furthermore, talin was reported to enhance its own activation and recruitment during early adhesion 

formation in a positive feedback loop by binding PIPKIγ via its F3 subdomain, which forms more PIP2 

in the membrane and helps with talin-head orientation for efficient integrin binding (Fig.I5B, C) (Legate 

et al., 2011). Together, RIAM/Rap1-mediated talin membrane targeting and unmasking, a PIP2-

initiated and PIPKIγ-reinforced pull-push mechanism and tight talinF3-integrin association were shown 

to ultimately lead to the separation of the integrin salt bridge and to push apart the two subunits, 

which opens up the integrin conformation into the high affinity state (Fig.I5B) (Anthis et al., 2009b; 

Calderwood, 2004b; Garcia-Alvarez et al., 2003; Haydari et al., 2020; Kim et al., 2012b; Tadokoro et al., 

2003; Vinogradova et al., 2002; Wegener et al., 2007).  

Newest findings detail and expand this mechanism by demonstrating that a unique loop in the F1 talin 

subdomain works as a gatekeeper in the control of talin-integrin association and thus in integrin 

activation: The F1 loop displays the propensity to form a transient helix upon binding to membrane 

lipids via basic membrane-facing residues. This structural re-organization stabilizes talin at the 

membrane and allows another GTP-bound Rap1 to bind to the now freely available talin F1 region, 

which additionally contributes to lock talin in the right position at the membrane (Fig.I5F) (Gingras et 

al., 2019). Strikingly, further studies even revealed that in inside-out activation talin adopts a compact 

FERM-folded head allowing the flexible F1 loop to again rearrange upon integrin binding to locate next 

to the F3 domain. While talin F3 interacts with the membrane proximal integrin activity regulating 

motif DR[K/R]EFAKF within integrin β tail, the F1 loop can partially insert into the membrane and 

targets the positively charged juxtamembrane residues in the integrin α subunit via conserved acidic 

residues to actively interfere with the inner membrane clasp and to inhibit α-β subunit interaction 

(Fig.I5G) (Kukkurainen et al., 2020). Hence, Rap1 adaptor binding to the talin F1 and F0 subdomains 

might work in tandem with the flexible F1 loop to not only tether talin to the membrane, but to support 

the right positioning of the F3 domain and the re-orientation of the F1 loop to actively control integrin 

activation and clustering (Fig.I5F, G) (Gingras et al., 2019; Kukkurainen et al., 2020; Zhu et al., 2017). 

Accordingly, current data demonstrate that Src- and FAK-mediated phosphorylation of RIAM at 

tyrosine residues is required to unmask the RAP1-binding site in the RA domain and the 

phosphoinositide-binding site in the PH domain of RIAM, which initiates Rap1-induced plasma 

membrane translocation and talin binding (Fig. I5H) (Chang et al., 2019; Cho et al., 2020). 

Consequently, several RIAM molecules might support talin enrichment and activation at the 

membrane by stabilizing the open non-auto-inhibited talin conformation at the F3 domain and at 
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several rod domains, but only after initial integrin activation and FAK/Src kinase activation (Chang et 

al., 2019; Chang et al., 2014; Cho et al., 2020; Yang et al., 2014). So contrary to previous studies 

indicating RIAM as the major talin activator, while Rap1 was thought to be the membrane recruiting 

part (Yang et al., 2014), novel data imply that integrin activation by RIAM-talin interaction mainly 

occurs after Rap1 F0 and/or F1 binding and F1 loop-mediated integrin activation as an auxiliary 

strategy. This is consistent with in vivo data showing that RIAM knock-out mice are viable, fertile and 

exhibit no platelet defects, whereas Rap1 deficient mice die early in utero (Li et al., 2007; Stritt et al., 

2015; Su et al., 2015). 

 

The talin rod contains multiple protein interaction sites for the recruitment of adaptor proteins and 

the activation of downstream signaling events. Spring-like switches of the rod subdomains work as 

regulatory means to unveil cryptic binding sites in response to forces generated by the attachment of 

the C-terminal actin binding sites to actin filaments (Fig.I5A,B) (Klapholz and Brown, 2017). For 

example, talin functions as a force-sensing molecule together with vinculin as mechano-effector. 

Binding of talin to actin partially stretches the molecule, unfolding most mechanosensitive bundles in 

the rod domain to recruit vinculin, which upon activation also mechanically cross-links several 

adhesion adaptors to the actin cytoskeleton to promote focal adhesion maturation. Additionally, these 

mechanisms might drive integrin clustering to increase the adhesion strength (Gahmberg et al., 2019; 

Klapholz and Brown, 2017). 

 

Talin is irreplaceable in integrin activation, which is illustrated by the severe developmental defects 

and the early embryonic death (E7.5) in mice when genetically deleted (Bouvard et al., 2013). 



General Introduction   

21 
 

 
 

Figure I 5: Talin – the heart of integrin adhesions. (A) Schematic structure and domains of full-length talin in its auto-inhibited conformation consisting 
of the N-terminal FERM domain (F0-F3), followed by a linker domain, the Rod domains (R1-R13) and a single helical dimerization domain (DD); IBS: 
integrin-binding site; CCS: calpain cleavage sites (Jahed et al., 2014). (B) Domain organization and NMR-based structural model of active linear talin. 
Important binding sites and interaction partners are indicated; RIAM-N: N-terminus of RIAM (Calderwood et al., 2013; Zhu et al., 2017). (C) Talin-
mediated integrin activation. (upper graph) Upon agonist receptor stimulation, intracellular signaling drives PIPKIy to generate PIP2 in the membrane 
to promote a pull-push-mechanism and activates Rap1/RIAM to recruit and stabilize talin at the membrane. Together, both mechanisms release the 
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talin auto-inhibition and position the talin head in a way that the F3 subdomain can engage with the membrane proximal NPxY motif and parts of the 
helical region of β integrin tails. This disrupts the α/β salt bridge and reorients the integrin heterodimer into the high affinity conformation. Additionally, 
calpain can cleave-off the talin head from the rod to promote integrin activation (Das et al., 2014; Moser et al., 2009). (lower graph) Enlarged structural 
view of the integrin activation process by membrane-associated Rapb1 bound to talin and the pull-push mechanism; F1 loop: maroon; positively charged 
PIP2 interacting residues: blue; negatively charged residues: magenta (Zhu et al., 2017). (D) Simplified representation of the integrin-binding site 1 (IBS1) 
of talin bound to integrin; residues involved in binding are indicated. (E) Modeled complex between talin F3 domain (yellow) and the β1D tail (red) with 
Y783 and Y795 of the two NPxY motifs indicated. The distal tyrosine is very exposed and potentially allows kindlin binding adjacent to the talin head 
(Calderwood et al., 2013; Klapholz and Brown, 2017). (F) Side view of talin head subdomains F0, F1, F2, and F3 (green) and two Rap1b proteins (orange) 
bound to the F0 and F1 subdomains with their C-terminal geranyl-geranyl moieties inserted in the membrane. Additionally, the fly-casting F1 loop, the 
F2 membrane orientation patch (MOP) and the F3 association patch (FAP) of the talin head interact with negatively charged phospholipids of the 
membrane (blue). The β-integrin transmembrane domain and the cytoplasmic tail (red) are bound to the talin F3 subdomain (Gingras et al., 2019). (G) 
The position of the F1 loop and the integrin subunits are illustrated in a scheme (upper left) and in an MD simulation (upper right). The circled area is 
shown expanded in the lower left and right graphs (arrows). The D154 residue of F1 disrupts the R995-D723 salt bridge of the integrin αIIbβ3 dimer at 
the cytoplasm-membrane border instead forming a stable salt bridge between the F1 loop and R995 αIIb (Kukkurainen et al., 2020). (H) Schematic 
model how FAK- and Src-mediated tyrosine phosphorylation unmasks cryptic binding sites within RIAM to drive integrin activation (Cho et al., 2020). 

 

 

 

1.2.3.1.2 Kindlin - talin co-activator and avidity enhancer? 
 

Members of the kindlin family (Kindin-1, Kindlin-2 and Kindlin-3) were reported to act as focal adhesion 

regulatory and adaptor molecules by a) cooperating with talin in integrin activation (Calderwood et al., 

2013; Haydari et al., 2020; Moser et al., 2009) and by b) linking the integrin with the actin cytoskeleton, 

other adaptor and signaling proteins such as paxillin (Bottcher et al., 2017; Gao et al., 2017; Theodosiou 

et al., 2016; Zhu et al., 2019) and integrin-linker kinase (ILK) (Fukuda et al., 2014; Kadry et al., 2018). 

The three kindlin isoforms display tissue-specific expression patterns, favor binding of different 

integrin β subunits and even might have partially non-redundant functions (Bandyopadhyay et al., 

2012; Bledzka et al., 2012; Fitzpatrick et al., 2014). While kindlin-1 is mainly present in epithelial cells, 

kindlin-2 is ubiquitously expressed and kindlin-3 is predominantly abundant in hematopoietic cells, but 

was discovered recently also in low amounts in endothelial tissues (Bialkowska et al., 2010; Ussar et 

al., 2006).  

Kindlins share a 4.1-ezrin-radixin-moesin (FERM) domain architecture with high sequence similarities 

to talin, but lack a long rod domain (Fig. I6 A, B) (Calderwood et al., 2013). Instead, they have inserted 

a Pleckstrin Homology (PH) domain into the F2 subdomain, which mediates the interaction with 

PIP(4,5)P2 and PIP(3,4,5)P3 in the cell membrane. This supports the targeting of kindlins to focal 

adhesions and assists in integrin-mediated adhesion and fibronectin deposition (Fig. I6A-C) (Bouaouina 

et al., 2012; Li et al., 2017a; Liu et al., 2011; Qu et al., 2011; Yates et al., 2012). With their F3 domain, 

kindlins can simultaneously or sequentially bind directly adjacent to talin to the membrane distal NxxY 

and the VTT motif of the integrin β chain without being reported to directly interact with talin and 

without affecting talin-integrin binding affinity or the membrane-targeting of talin (Fig. I6C) (Bledzka 

et al., 2012; Harburger et al., 2009; Kahner et al., 2012; Li et al., 2017a).  Still, a clearly defined role for 

kindlin in integrin inside-out activation remains obscure, since its mechanistic cooperation with talin 
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and their binding hierarchy is still controversially discussed (Theodosiou et al., 2016). However, 

evidence has been accumulating that from within the cell kindlins have no capacity to unclasp the 

integrin α/β complex alone and thus fail to efficiently stimulate integrin activation without talin 

(Bledzka et al., 2012; Haydari et al., 2020; Ma et al., 2008; Montanez et al., 2008; Moser et al., 2009; 

Moser et al., 2008). Instead, kindlins seem to stabilize the talin-initiated unclasped integrin 

conformation and increase integrin avidity via induction of integrin clustering (Fig. I6D) (Calderwood 

et al., 2013; Cluzel et al., 2005; Haydari et al., 2020; He et al., 2011; Li et al., 2017a; Vinogradova et al., 

2002; Ye et al., 2013). This might be mediated by kindlins forming F2-domain-swapped dimers (Fig. 

I6B, D) (Li et al., 2017a) and has recently been suggested to also play a role in mechano-transduction. 

Jahed et al. showed that under force the kindlin-2 dimer can strengthen the complex formation with 

integrin β1 by shifting the interactions at its dimerization sites (Jahed et al., 2019). Consistent with the 

idea of a talin-enhancer, mutations blocking talin binding to the integrin tail blocked both talin- and 

kindlin-driven integrin activation, whereas this did not happen vice versa (Ye et al., 2010). However, 

the exact underlying mechanisms of their interplay still remain incompletely understood.  

 

Importantly, kindlin might also affect integrin affinity by interacting with other proteins at focal 

adhesions. For example, kindlin-2 forms a complex with migfilin, a LIM-domain-containing protein, and 

potentially recruits it to cell-matrix adhesions, where it associates with the integrin suppressor filaminA 

in a very similar mode as the β2 and β7 integrin tails do (Ithychanda et al., 2009; Lad et al., 2007; Tu et 

al., 2003). Since filaminA shares its core integrin binding site with talin and kindlin, this migfilin-induced 

sequestering of filaminA can contribute to talin/kindlin-integrin association and facilitate integrin 

activation and actin cytoskeleton re-organization (Das et al., 2011; Ithychanda et al., 2009). However, 

mice deleted for migfilin showed no integrin activation defects, indicating a redundant role for migfilin 

in this process (Moik et al., 2011). 
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Figure I 6: Kindlin – structure and function as talin co-activator at integrins. (A) Scheme of kindlin-2 FERM domain structure plus inserted 
pleckstrin homology (PH) domain and interaction partner binding sites; the sequence location of each domain is indicated by numbers in the 
upper graph (Calderwood et al., 2013; Jahed et al., 2019; Jahed et al., 2014). (B) The talin-FERM structure and cartoon (PDB ID code: 3IVF, upper 
model) and the cloverleaf structure and cartoon of the kindlin-2 dimer are depicted (PDB ID code: 5XPY, lower panel); the kindlin-2 cartoon 
schematically shows the interlobe interactions and the F2 domain-swapped dimer; the disordered loops in the F1 and F3 lobes are indicated by 
hypothetical dotted lines; the PH domains are not shown (Li et al., 2017a). (C) Kindlin binds to the integrin β tail via the TTV and the distal NxxY 
motif and to the membrane via the PH domain. The box around kindlin-2 F3 domain gives an enlarged structural insight into the complex of β1-
membrane distal tail (MDT) with kindlin-2 F3 domain (PDB ID: 3G9W) (middle graph). The lower enlarged view shows molecular details of the 
interaction with H-bonds indicated by dashed lines (modified from Li et al. 2017 and Jahed et al. 2014) (Jahed et al., 2014; Li et al., 2017a). (D) 
Cooperative model between talin and kindlin-2 during integrin activation and clustering. Talin-integrin interaction leads to the unclasping of the 
heterodimer from the inside-out and binds the actin cytoskeleton to provide a linkage between the ECM and the cytoskeleton. Sequential or 
simultaneous binding of kindlin-2 to the β-integrin tail may directly potentiate talin-mediated integrin activation and could displace inhibitors e.g. 
by migfilin recruitment. By dimerization kindlin might particularly promote the clustering of integrins to increase integrin avidity; the structure of 
kindlin-2-dimer in complex with integrin β1 (PDB: 5XQ0) is shown in the upper right matching the scheme of clustered integrins (modified from 
Jahed et al. 2019) (Jahed et al., 2019). 

 

As an important  adaptor molecule, kindlin recruits the integrin-linked pseudo kinase (ILK)-PINCH-

parvin complex (interaction via the F2-PH domain) (Kadry et al., 2018), paxillin and the Arp2/3 complex 

(via the F0 domain) (Bottcher et al., 2017; Gao et al., 2017, Zhu, 2019 #8704 ; Theodosiou et al., 2016) 

to focal adhesions and might also directly bind actin (via the F0 domain) (Bledzka et al., 2016). These 

interactions with signaling, scaffolding and actin regulatory molecules were shown to positively 

contribute to cell adhesion, spreading, focal adhesion formation and cell migration. Accordingly, 

kindlin-2 localization to focal adhesion sites is suggested to be in turn supported by ILK binding to 
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kindlin at the F2-PH domain (Huet-Calderwood et al., 2014; Kadry et al., 2018; Qadota et al., 2012) and 

was even required for normal kindlin function in cell spreading (Fukuda et al., 2014; Huet-Calderwood 

et al., 2014; Kadry et al., 2018). Moreover, interaction of kindlin-2 F3 subdomain with GIV, a guanine 

nucleotide-exchange modulator of trimeric-GTPase Gαi and an actin remodeler via RhoA pathways, 

was identified to allosterically enhance kindlin-2 affinity for β1 integrin and to stimulate kindlin-2 

recruitment to FAs to maximize integrin activation and clustering (Rohena et al., 2020). Based on this 

complex interplay of kindlin with various factors, it is not surprising that the protein was also found to 

be able to bypass talin in outside-in signaling to promote nascent adhesion formation at the leading 

edge of the cell (Bledzka et al., 2016; Bottcher et al., 2017; Fukuda et al., 2014; Zhu et al., 2019), while 

on the other hand collaborating with talin for efficient integrin activation in inside-out signaling. How 

these mechanisms exactly work on a molecular level remains poorly understood, also because both 

signaling events reinforce each other and are closely linked. Yet this might be part of the reasons for 

ongoing discussions about the role of kindlin versus talin in the control of integrin activity.  

Highlighting the irreplaceable role of kindlin in integrin regulation, kindlin-2 deficiency was not only 

shown to impair cell spreading and cell adhesion (Bottcher et al., 2017; Calderwood et al., 2013; 

Montanez et al., 2008; Theodosiou et al., 2016), but also led to peri-implantation lethality in mice (E6.5) 

based on detachment of the primitive endoderm and epiblast from the basement membrane 

(Montanez et al., 2008). Apart from this severe phenotype for kindlin-2 in mammals, aberrant 

expression or genetic mutations in human kindlin-1 and kindin-3 genes result in severe integrin activity-

dependent diseases such as skin blistering, cancer or LAD III, characterized by impaired extravasation 

of blood effector cells and severe spontaneous bleedings (Ashton et al., 2004; Malinin et al., 2009; 

Rognoni et al., 2016; Shen et al., 2013; Zhao et al., 2013). Thus it is of high clinical importance to 

elucidate the mechanistic contribution of kindlin and the dependency on talin in fine-tuning integrin 

activity.  

 

1.2.3.2 Integrin inhibitors 
 

A direct way to return or keep integrins in their inactive conformation (active inhibition or protective 

function) is by local recruitment of integrin suppressors to and outcompeting integrin activators at the 

cytoplasmic integrin tails (Fig.I4). Various proteins have been identified to stabilize the closed 

conformation of the receptors when interacting with the integrin α or β cytoplasmic domain (Bouvard 

et al., 2013). 
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Phosphotyrosine binding domain (PTB) proteins including docking protein 1 (DOK1) and integrin 

cytoplasmic tail-associated protein 1 (ICAP1) compete with talin or kindlin for β tail association at 

overlapping binding sites (Bouvard et al., 2013; Calderwood et al., 2003; Millon-Fremillon et al., 2008; 

Oxley et al., 2008). A recently identified integrin inactivator, which binds to integrin α subunits and 

prevents the recruitment of talin and kindlin to the cytoplasmic tail, is SHARPIN (Fig.I7) (Rantala et al., 

2011). In this work, we focus on the integrin suppressor filaminA, which interacts with both integrin 

subunits as a central integrin safeguard and obtains a more complex role at integrin-mediated focal 

adhesions, as detailed in the following part. 

 

1.2.3.2.1 FilaminA - integrator of integrin functions and the actin 
cytoskeleton 

 

The filamin family consists of three isoforms (FLNA, FLNB, FLNC) sharing 60-80% homology over their 

entire sequence (Feng and Walsh, 2004; Stossel et al., 2001). Widely expressed during development, 

FLNC shows restricted expression in adults in skeletal and cardiac muscles, while filaminA and B are 

ubiquitously expressed (Sheen et al., 2002; Thompson et al., 2000). All isoforms might share a great 

deal of functional similarity underlined by their genetic redundancies, but strikingly have distinct 

functions during embryogenesis, leading to a wide range of genetic syndromes associated with specific 

mutations (Feng and Walsh, 2004). Best studied is filaminA - a 280kDa large, actin-crosslinking protein, 

which is linked to another filaminA monomer at the COOH-terminus to generate a V-shaped 

homodimer and interacts with multiple proteins via its 24 immunglobulin-like domains to regulate 

both cell adhesion and motility (Fig. I7A) (Nakamura et al., 2011; Stossel et al., 2001; Zhou et al., 2010). 

The first function identified for filaminA has been the dynamic regulation of actin structures, as it can 

directly bind actin filaments to promote branched networks or bundled stress fibers. Moreover, it acts 

as a scaffold for actin remodeling proteins at the membrane (PAK, Rac1, Rho, Cdc42 and RalA, FilGAP) 

to further affect actin dynamics and structures (Fig. I7A, B) (Nakamura et al., 2011; Stossel et al., 2001; 

Zhou et al., 2010). Closely connected and central for this study, filaminA is strongly implicated in focal 

adhesion assembly, stability and turnover by controlling integrin affinity, integrin trafficking and by 

coupling the cytoskeleton to integrin receptor signaling. On the one hand, it was shown to drive 

recycling of inactive integrin β1 to the cell surface through PKC-mediated phosphorylation of vimentin 

(Kim and McCulloch, 2011; Kim et al., 2010) and to prevent FA disassembly at the leading edge of cells 

in a calpain-dependent manner (Fig. I7B) (Xu et al., 2010). On the other hand, filaminA Ig21 domain 

can tightly associate with the membrane proximal NxxY and the VTT motif of the integrin β tail as well 

as with the conserved GFFKR region in the integrin α-chain to initiate and/or stabilize the low affinity 
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integrin conformation (Fig.I7C) (Chatterjee et al., 2018b; Liu et al., 2015). Due to the overlap with the 

core binding site of talin, filaminA directly competes with the integrin activator to block integrin 

activation (Kiema et al., 2006; Takala et al., 2008). Consequently, filaminA knock-down resulted in 

stronger integrin activation and enhanced cell adhesion in Jurkat T cells, NIH3T3 and 293T cells and led 

to impaired cell spreading and a reduced number of cell extensions in a β2-, β3- and in a β1-dependent 

manner (Baldassarre et al., 2009; Hu et al., 2017; Kiema et al., 2006; Kim et al., 2010; Kim et al., 2008; 

Takala et al., 2008).  

 

 
Figure I 7: FilaminA – its structure and implications in the focal adhesion-actin cytoskeleton machinery. (A) Scheme of filaminA full-length 
monomeric structure. The N-terminal actin binding domain (two calponin-homology (CH) domains) is followed by 24 antiparallel β-sheet repeats 
mediating the interaction with various partially indicated binding partners (subgroups are indicated). The C-terminus ends with a dimerization domain 
important to form the cell-active homo-dimer (Zhou et al., 2010); insets: electron-micrographs of the full-length filaminA homo-dimer; scale bar: 
50nm (Nakamura et al., 2011). (B) FilaminA has multiple functions in cell adhesion and migration by interacting with actin remodeling proteins, by 
inhibiting integrin activation and by promoting integrin recycling to the cell surface (modified from MacPherson and Fagerholm 2010) (MacPherson 
and Fagerholm, 2010). (C) NMR structure of filaminA Ig21 (green)-integrin β2 cytoplasmic tail (CT) (orange) (Chatterjee et al., 2018b) and a partial 
view of the NMR structure of the filaminA Ig21 (green)–αIIb CT–β3 CT ternary complex (purple) (Liu et al., 2015). Filamin binding leads to the 
stabilization of the low affinity integrin conformation; integrin core binding motifs of filaminA Ig21 are depicted (Calderwood et al., 2013). (D) The 
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filaminA Ig domains between hinge regions 1 and 2 contain a force-sensitive auto-inhibition mechanism, in which two repeats intermingle with their 
β-sheets in the relaxed state to block protein interaction partner binding sites (exemplified for Ig20/Ig21) (Jahed et al., 2014). 

 

Accordingly, integrin non-binding versions of filaminA were reported to promote β1, β2 or β3 integrin 

activation and cell adhesion in different cell types, while overexpression of filaminA has been shown 

to impair integrin activity and cell migration (Calderwood et al., 2001; Das et al., 2011; Ithychanda et 

al., 2009; Liu et al., 2015; Waldt et al., 2018). Importantly, depletion of both talin and filaminA in cells 

completely restored integrin activity, suggesting that in particular the switch between talin and filamin 

association with the integrin tail is a key determinant of integrin activity (Nieves et al., 2010). 

Supporting talin in integrin activation, migfilin is able to directly bind filamin at the Ig21 domain (Lad 

et al., 2008; Tu et al., 2003) to facilitate its displacement from the integrin β tail (Das et al., 2011; 

Ithychanda et al., 2009).  

 

By partial unfolding and self-interaction of specific Ig-domains, filaminA also exists in several auto-

inhibitory conformations, which can be released by tension or binding to specific ligands. One of these 

auto-inhibitory folds is the Ig19-21 complex, which contains the integrin and migfilin binding sites (Fig. 

I7D). Hence, filaminA also works as a cellular mechano-sensor similar to talin (Ithychanda et al., 2009; 

Lad et al., 2007; Pentikainen and Ylanne, 2009; Truong et al., 2015). Based on its multiple and partially 

opposing functions at the focal adhesion-actin cytoskeleton machinery depending on the life stage of 

integrin clusters and its localization within the polarized cell, filaminA requires precise spatiotemporal 

control over binding partner association. In this context, phosphorylation of Ser2152 in the Ig20 

domain next to the integrin binding site might play a pivotal role. Depending on the stimulus, multiple 

different kinases were able to phosphorylate filaminA at this residue (Cukier et al., 2007; Li et al., 2015; 

Peverelli et al., 2018; Sato et al., 2016; Woo et al., 2004), which was not only shown to influence its 

actin binding capacity (Cukier et al., 2007) and membrane ruffle formation via PAK (Vadlamudi et al., 

2002), but also talin and kindlin-3 binding to leukocyte-specific integrin β2 in the control over integrin 

activity (Waldt et al., 2018). 

 

Lacking this essential integrin inactivator is embryonically lethal and harboring mutations in its genetic 

sequence results in severe pathological conditions called X-linked filaminopathies (Feng et al., 2006; 

Fox et al., 1998; Wade et al., 2020), highlighting the critical role of this protein in the development of 

multicellular organisms. 
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1.2.3.3 Integrin regulation by phosphorylation 
 

Cell type-specific protein expression and proteolysis, local enrichment and cooperation or competition 

of adaptor and signaling proteins, intrinsic binding affinities and structural changes either of integrins 

or associated protein factors affect integrin activity and the focal adhesion-actin cytoskeleton 

machinery. Since a multiplicity of direct and indirect integrin tail-binding proteins are known 

(Gahmberg et al., 2019; Morse et al., 2014; Zaidel-Bar and Geiger, 2010), fine-tuning of this dynamic 

system and guaranteeing signaling specificity in this complex network to vary the output, strength or 

duration of the integrin response might only be achieved by a fast, reversible and economically valid 

strategy. Among other post-translational modifications, especially phosphorylation of serine, 

threonine or tyrosine residues are considered as such an approach (Ardito et al., 2017; Cohen, 2001; 

Knorre et al., 2009; Macek et al., 2019; Millar et al., 2019).  

Focusing on the integrin cytoplasmic domains, residues within the β-chain are likely involved as 

phospho-sites in integrin activity control owing to the high conservation of the sequence across species 

and within the receptor family (Fig. I8A). In particular, two highly conserved NxxY motifs and a S/TTx 

motif in between turned out to serve as rapid means to orchestrate integrin adaptor binding and to 

regulate integrin signaling (Fig.I8A) (Fagerholm et al., 2004; Gahmberg et al., 2019; Gahmberg et al., 

2014). In contrast, α-chains are more divergent in structure (Ylanne, 1998), but also obtain several 

potential phosphorylation sites in their cytoplasmic part, which might determine more individual 

integrin functions (Fig. I8A).  

 

Figure I 8: Integrin cytoplasmic tails are hot spots for signaling, adaptor and regulatory proteins and under the control of phosphorylation. (A) 
Amino acid sequences of all human α and β integrin cytoplasmic domains. The salt bridge forming motifs (GFFKR and HDRxE of the α and β 
subunit, respectively (brown)), the conserved proximal (purple) and distal (green) NxxY motifs as well as the Ser/Thr-rich motif inbetween (TTT-
like motif based on Thr758-Thr760 of β2) and potential phosphorylation sites (red) are indicated. Phospho-sites verified in vivo are indicated by 
residue numbers (bold blue). (B) Protein binding sites along the integrin subunits known to regulate or to be regulated by phosphorylation and 
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representative sequences of β1A and α4 cytoplasmic tail are shown. The depicted binding positions have been verified for indicated integrin 
cytoplasmic tails. Residues that occur phosphorylated and the first and last residues of the integrin tails are indicated by numbers. The conserved 
integrin motifs are marked in colors as in (A); integrin activators = green; integrin inhibitors = red; kinases = orange; adaptor proteins = black. 

 

 

Based on their high clinical relevance and their strict separation in a resting and active state, which can 

be triggered by various agents including chemokines/cytokines, endothelial ligands (vWF, lectins) or T-

cell receptors, most intensively studied in this context are leukocyte-specific integrins. Since the 

integrin α subunits of these receptors occurred constitutively phosphorylated with continuous 

turnover in vivo, while the β-chains became specifically phosphorylated by PKC enzymes upon phorbol 

ester stimulation and led to enhanced integrin activity (Chatila et al., 1989; Fagerholm et al., 2002; 

Valmu et al., 1991), many studies have been concentrated on using integrins β2 and β7 to identify the 

phosphorylation sites involved in integrin activation from the inside-out (Fagerholm et al., 2005; Hilden 

et al., 2003; Valmu and Gahmberg, 1995). Accordingly, many studies during the past decades 

investigated phosphorylation of platelet integrins upon ligand binding in outside-in signaling (Blystone 

et al., 1997; Law et al., 1996; Phillips et al., 2001). Although some phospho-switches and their potential 

function were identified, still today we lack a detailed overall picture and information about the 

enzymatic machinery behind. 

Integrin tyrosine phosphorylation has been shown to occur upon ligand binding to platelet β3 integrins 

during outside-in activation and involved Src family kinases (Blystone et al., 1997; Fagerholm et al., 

2004; Law et al., 1996; Phillips et al., 2001). In particular, the tyrosine residues within the two 

conserved NxxY motifs of integrin β3 cytoplasmic domains became strongly phosphorylated, which 

was shown to be essential for robust platelet activation, spreading and recruitment of integrins to focal 

adhesions, while inside-out activation was not affected (Blystone, 2002; Datta et al., 2002; Jenkins et 

al., 1998; Law et al., 1999; Law et al., 1996; Ylanne et al., 1995). In vivo mutational studies confirmed 

that an intact phosphorylatable tyrosine is critical for platelet aggregation and clot retraction and 

therefore resulted in bleeding disorder in diY/F mice (Law et al., 1999). Mechanistically, this phenotype 

was thought to partially arise from different binding properties of myosin depending on the tyrosine 

phosphorylation states of integrin β3 (Fig.I9A) (Jenkins et al., 1998). In contrast, phosphorylation of the 

membrane-distal NxxY(759) motif was also demonstrated to disrupt kindlin-2 recognition in vitro and 

disabled the ability of kindlin to co-activate integrin β3, which therefore would counteract hemophilia 

in case of a Y759F mutation and indicates a more complex relationship between tyrosine 

phosphorylation and outside-in activation of integrins (Fig. I9A) (Bledzka et al., 2010).  

With regard to integrin β1, the two tyrosine residues in the conserved NxxY motifs have been found 

hyperphosphorylated in v-Src transformed chicken fibroblasts and GD25 cells (Anthis et al., 2009a; 

Hayashi et al., 1990; Sakai et al., 2001; Wennerberg et al., 2000). Additionally, Y/F mutants showed 
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defective outside-in FAK signaling and subsequently reduced cell spreading (Wennerberg et al., 2000). 

In particular, phosphorylation of the proximal tyrosine residue inhibited in vitro talin binding, similar 

to what was found for kindlin in integrin β3 for the distal NxxY motif (Fig. I9A) (Oxley et al., 2008). 

Instead, phosphorylation of the proximal Y783 of integrin β1 or of Ser745 and Ser756 of integrin β2 

adjacent to the NxxF motif (which in this case is non-phosphorylatable) promoted the association of 

integrin inhibitor Dok1 in vitro and in cells and thus was considered as a potential phospho-switch 

mechanism to control integrin activity in vivo (Fig. I9A) (Gupta et al., 2015; Oxley et al., 2008). Indeed, 

mutation of the proximal tyrosine residue to phenylalanine reduced cell migration (Sakai et al., 2001), 

which was assumed to be mechanistically based on enhanced cell adhesion to the matrix by elevated 

talin-mediated inside-out integrin activation. In contrast, wildtype integrin β1A expressing v-src 

transformed cells (corresponding to tyrosine hyperphosphorylated integrins) lost their ability to 

adhere to fibronectin or laminin (Sakai et al., 2001), thereby supporting a negative regulatory function 

of tyrosine phosphorylation on integrin activation. Consistently, this Y783 phospho-switch was shown 

to control also the β integrin subunit association of talin versus tensin in early versus mature fibrillar 

focal adhesions, respectively. Tyrosine phosphorylation efficiently blocked talin binding to the integrin 

tail, while tensin binding occurred independent of the phosphorylation status (Fig. I9A) (Legate and 

Fassler, 2009; McCleverty et al., 2007). But while substitution of the two NxxY integrin β1 motifs with 

alanines completely abolished integrin functions in mice (integrin-null phenotype), thereby confirming 

the overall crucial role for these motifs in integrin activation, substitution with phenylalanine (i.e. the 

non-phoshorylatable state) did not cause an obvious phenotype or defective integrin functions under 

physiological conditions (Czuchra et al., 2006), thus rendering the long-lasting dogma of Y783 as the 

key phospho-site controlling integrin activity invalid in vivo. 

 

Instead, more recent mutational studies have pointed toward a phospho-switch at the evolutionary 

conserved threonine motif located between the two NPxY motifs of the integrin cytoplasmic tail of 

most integrin β subunits (T788/T789 in the human integrin β1, T788 replaced by serine in human 

integrin β3, β5, β6; Fig.I8A, B) to be involved in integrin activity regulation (Legate and Fassler, 2009). 

Indeed, upon T cell stimulation by phorbol esters and TCR-clustering, T758-T760 in the leukocyte-

specific integrin β2 became phosphorylated and cells displayed increased integrin activity (Buyon et 

al., 1990; Fagerholm et al., 2002; Fagerholm et al., 2005; Hilden et al., 2003; Nurmi et al., 2007). 

Accordingly, mutations mimicking T788/T789 phosphorylation of integrin β1 resulted in enhanced 

integrin activity and integrin-based cell adhesion, while T788A/T789A substitution severely 

compromised integrin function and abrogated cell attachment (Craig et al., 2009; Nilsson et al., 2006; 

Wennerberg et al., 1998). Since recent structural analyses revealed that the threonine motif is central 

part of the filaminA binding site in different integrin β subunits (Chatterjee et al., 2018b; Kiema et al., 
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2006), but also overlaps with the core binding sites of talin and kindlin (Garcia-Alvarez et al., 2003; 

Gingras et al., 2009; Kiema et al., 2006; Li et al., 2017a; Liu et al., 2015; Wegener et al., 2007), it is not 

surprising that filaminA was found to lose its affinity for the integrin β2 and β7 cytoplasmic tail upon 

threonine phosphorylation, while talin was not affected (Kiema et al., 2006; Takala et al., 2008). Thus, 

threonine phosphorylation might actively displace the integrin inhibitor from integrins and instead 

allow talin to freely bind without being outcompeted by filaminA to trigger integrin activation (Fig.I9A, 

B). Albeit this mechanism has not been verified in vivo and the binding behavior of kindlin remains 

enigmatic in this context, these findings have revived the idea of a kinase-mediated on-switch at the 

conserved threonine motif, preferring talin/kindlin binding, and a phosphatase-promoted off-switch, 

facilitating filaminA-integrin association to control integrin activity and cell adhesive events 

(Calderwood et al., 2001; Kiema et al., 2006). Accordingly, it might also be critical to analyze whether 

this phospho-switch only applies to leukocyte-specific integrins or occurs as a more general 

phenomenon.  

Additionally, the pThr758 leukocyte integrin β2 was shown to associate with 14-3-3ζ to regulate actin 

re-organization via Tiam1 adaptor protein binding and Rac1/Cdc42 RhoGTPase activation (Fig. I9B) 

(Gronholm et al., 2011; Nurmi et al., 2007). Hence, this phospho-site might also be critical for 

interactions with the actin cytoskeleton and the modulation of cell spreading (Fagerholm et al., 2002; 

Fagerholm et al., 2004; Legate and Fassler, 2009). Talin potentially competes with 14-3-3ζ for pThr758 

integrin binding, but might also localize simultaneously at the cytoplasmic tail through its upstream 

binding sites and its interaction with the lipid membrane. How kindlin is then involved remains unclear, 

particularly if Thr758 phosphorylation prohibits direct kindlin-3-integrin binding, but allows for indirect 

localization at the 14-3-3/Tiam1 complex instead (Gahmberg et al., 2019; Gahmberg et al., 2014). It 

was even speculated that talin is outcompeted by 14-3-3 at the phosphorylated integrin β2 tail (Takala 

et al., 2008) and thus might require phosphatase activity to directly bind the integrin tail to initiate 

robust integrin activation and clustering in cooperation with kindlin-3 (Fig. I9B) (Gahmberg et al., 

2014).  
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Figure I 9: Integrin tail phosphorylation and how it affects protein binding and integrin function. (A) Known physiologically relevant 
phosphorylation sites of the integrin β chains controlling important integrin interactions (black bold) and integrin functions (orange). 
Corresponding kinases (dark blue) and phosphatases (yellow) identified to (de-)phosphorylate the residues in vitro or in vivo are depicted; 
question marks indicate that evidence is not sufficient to make a definite statement or that the corresponding enzyme has not been identified 
yet. (B) Current model of how integrin activation (of leukocyte integrin β2) might work from the inside-out. The α-chain requires specific serine 
phosphorylation in the resting state to be susceptible for integrin activation. TLR/chemokine receptor signaling induces PKC activation, which 
leads to Thr758 integrin β2 phosphorylation, the release of inhibitor filaminA from the integrin tail and 14-3-3 binding instead. Talin potentially 
competes with 14-3-3 for pThr758 binding, but might also localize at integrins through the upstream binding sites and its interaction with lipid 
membrane. Talin recruitment might be additionally triggered by Tiam1, which together with 14-3-3 induces Rac-1 activation and actin 
cytoskeleton remodeling. Either this is enough to trigger the high affinity integrin state or a phosphatase might dephosphorylate the β tail again 
to allow for strong talin-integrin interaction and a robust activation. Kindlin-3 recruitment triggers integrin clustering to increase integrin avidity 
for ligands, but if it binds in context of phosphorylation adjacent to talin or if Thr758 phosphorylation prohibits direct kindlin-3-integrin binding 
through 14-3-3, but allows for indirect localization at the 14-3-3/Tiam1 complex remains unclear (model according to (Gahmberg et al., 2019; 
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Gahmberg et al., 2014)); speculative or not sufficiently verified assumptions are indicated with a question mark; orange arrow indicates potential 
competitive binding of talin (and kindlin) with 14-3-3 at the pThr758 integrin β tail. (C) Graphical model as in (A) but with integrin α cytoplasmic 
domains. 

 

Consequently, deciphering the molecular mechanism of this central regulatory phospho-site in intact 

cells, specifically investigating the kindlin binding behavior in this context, seems to be urgently 

warranted. While some kinases were identified to phosphorylate this (T)TT-motif, the antagonizing 

enzymatic machinery  requires to be uncovered as well (Fig.I9A, B). 

Considering Ser/Thr kinases, phorbol ester activated PKC family members were found to be strongly 

implicated in integrin phosphorylation including the Thr758-containing motif (Fagerholm et al., 2002; 

Gahmberg et al., 2019; Hibbs et al., 1991; Hilden et al., 2003; Stawowy et al., 2005). Interestingly, PKCε 

increased cell adhesion by phosphorylating T788/T789 of integrin β1 in cardiac fibroblasts, but Thr753 

phosphorylation of the platelet β3 integrin inhibited outside-in signaling (Kirk et al., 2000). Alanine 

substitution of directly adjacent Ser752 of integrin β3 on the other hand was reported to reduce 

platelet spreading on fibrinogen due to a disorganized actin cytoskeleton, but cell adhesion was not 

affected (Perrault et al., 1998). These data suggest that depending on integrin inside-out or outside-in 

signaling and the involved integrin heterodimer, phosphorylation of this central motif might be either 

critical for initial cell attachment (in inside-out signaling) or modulates downstream processes in the 

integrin signaling axis (in outside-in signaling). Other kinases potentially targeting the conserved 

threonine motif in the integrin β tail are the calcium/calmodulin-dependent protein kinase II (CaMKII) 

(Suzuki and Takahashi, 2003; Takahashi, 2001), Akt and 3-phosphoinositide-dependent protein kinase-

1 (PDK1) (Kirk et al., 2000), but studies in vivo are lacking (Fig.I9A). 

Generally focusing on serine/threonine residues within integrin tails, ILK, Mst1 and PKA were 

considered as potential indirect or direct integrin-targeted kinases (Gonzalez et al., 2008; Hannigan et 

al., 1996; Mou et al., 2012). Additionally, p21-activated kinase 4 (PAK4) was shown to phosphorylate 

Ser759 and Ser762 in the integrin β5 subunit, which affected cell migration (Li et al., 2010). In the β1-

integrin cytoplasmic domain, strong phosphorylation at Ser785 adjacent to the conserved threonine 

motif has been reported in v-Src transformed cells (Fagerholm et al., 2004). Since expression of the 

phospho-mimicking S785E variant in GD25 cells resulted in reduced cell spreading and migration, while 

cell adhesion to laminin was increased (Mulrooney et al., 2001), this phospho-site might also obtain a 

regulatory function in integrin activation, but the enzymatic machinery and the molecular mechanisms 

behind remain to be identified (Fig. I9A). In line with these data, phosphorylation of the corresponding 

Ser756 in integrin αMβ2, but not a non-phosphorylatable amino acid mutation, was shown to mediate 

Rap1 binding and talin recruitment to the integrin tail to stimulate phagocytosis in myeloid cells 

(Fig.I9A) (Lim et al., 2011). However, cell adhesion was not affected in the S756A mutant in contrast to 
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the T758-T760/AAA mutation (Hibbs et al., 1991), suggesting a redundant or auxiliary role for this 

phospho-site. On the other hand, phosphorylation of Ser756 was also shown to promote Dok1 integrin 

binding in the resting state of leukocyte αx/αLβ2 integrins, thereby counteracting integrin activation 

(Fig. I9A). In a bi-molecular switch of integrin activity control, Thr758 phosphorylation can then 

displace Dok1 and filaminA from the integrin β2 tail to increase integrin affinity by ternary complex 

formation with talin and 14-3-3ζ (Chatterjee et al., 2018a; Chatterjee et al., 2016). These data indicate 

that the same phosphorylation-based regulatory mechanism might not apply to all integrin 

heterodimers. 

 

Rarely investigated due to their sequence variety (Fig. I8A) and the fact that they, in contrast to the β 

chains, occurred constitutively phosphorylated in the leukocyte resting state and upon stimulation 

(Buyon et al., 1990; Chatila et al., 1989; Fagerholm et al., 2005; Hilden et al., 2003; Valmu et al., 1991), 

the potential of integrin α-chains to actively regulate integrin functions via phosphorylation has been 

underestimated and considered to play a minor role in the past. However, accumulating evidence now 

indicates that integrin α-chains are strongly implicated in controlling integrin activity through dynamic 

(de-)phosphorylation, since specific integrin mutations of α-chain serine into non-phosphorylatable 

alanine residues resulted in the abrogation of immune cell adhesion, which could be rescued by 

replacing the residue with an aspartic acid (Fagerholm et al., 2005; Fagerholm et al., 2006; Uotila et 

al., 2013). 

Specifically, upon αLβ2 and αxβ2 stimulation, αL-chain phosphorylation at Ser1140 and αx-chain 

phosphorylation at Ser1158 were required for the follow-up phosphorylation of Thr758 in the β2 tail 

to allow for efficient integrin activation of leukocytes and the binding of the focal adhesion protein α-

actinin to its core binding site between the two talin binding motifs in the β subunit to strengthen the 

connection of integrins to the extracellular matrix and the actin cytoskeleton (Fig.I9C) (Fagerholm et 

al., 2005; Jahan et al., 2018). Accordingly, αL S1140A mutation in T cells resulted in the loss of cell 

adhesion and directional cell migration, which could be rescued by replacing the residue with an 

aspartic acid (Fagerholm et al., 2005; Jahan et al., 2018). Similar results were obtained when mutating 

corresponding residues in αM and αX subunits (Fagerholm et al., 2005; Fagerholm et al., 2006; Uotila 

et al., 2013). Furthermore, the leukocyte α4-chain occurred to be phosphorylated at Ser988 by protein 

kinase A (PKA) in vitro and in vivo and affected cell migration (Fig.I9C) (Fagerholm et al., 2004; Han et 

al., 2001; Han et al., 2003; Liu et al., 1999). Specifically, S988A mutation inhibited cell spreading and 

migration, whereas the S988D mutation promoted cell spreading (Han et al., 2003). This phenotype 

was ascribable to enhanced α4-paxillin association to S988A α4 integrin, while S988D mutation 

disrupted paxillin binding to α4 (Rose, 2006). Accordingly, Ser988-phosphorylated integrins located at 

the leading edge of the cell and triggered lamellipodia formation, cell polarization and migration by 
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excluding paxillin from these sites (Goldfinger et al., 2003). Interestingly, paxillin binding to the α4-

integrin was also shown to be involved in a crosstalk mechanism between α4 and β2 integrins, affecting 

activation of FAK (Rose et al., 2003). Additionally, phosphorylation of the adjacent Ser978 of α4 integrin 

was shown to trigger 14-3-3ζ binding in β1 and β7 integrins, which could form a ternary complex 

together with paxillin to mediate focused Cdc42 activity at the lamellipodial leading edge to drive 

directed cell movement (Fig. I9C) (Deakin et al., 2009). Together, these findings indicate that (de-

)phosphorylation of the α-chain can indeed have direct influence on integrin functions. Since they 

affect the regulation of β-chain phosphorylation and protein interactions through cross-talk 

mechanisms, they potentially fine-tune integrin activation and signaling in a unique manner. (De-) 

Phosphorylation at the integrin α subunits definitely requires intensive future investigations to 

disentangle their individual roles in determining integrin functions. 

In addition to the integrin tails, the phosphorylation pattern of cytoplasmic regulators is an important 

determinant of integrin activity. Kindlin-3 for example becomes phosphorylated at Thr482 or Ser484 

(not conserved for kindlin-1 and kindlin-2) upon thrombin stimulation of platelets to promote 

thrombus formation, whereas alanine mutation of these residues decreased soluble ligand binding and 

cell spreading on fibrinogen (Fig. I10) (Bialkowska et al., 2015). Indeed, studies analyzing isolated 

hematopoietic and non-hematopoietic cells from mice now confirm that Ser484 of kindlin-3 becomes 

rapidly and highly phosphorylated upon cell stimulation, verifying an important role for this 

phosphorylation in the control of integrin activation (Fig. I10). Additionally, mouse megakaryocytes 

transduced with mutant T482S484/AA kindlin-3, but not with the wildtype kindlin-3, failed to support 

platelet activation via integrin αIIβ3. Accordingly, T482S484/AA kindlin-3 MDA-MB-231 cancer cells 

displayed impaired cell spreading and motility, which came along with a reduced potential of these 

cells to invade tissues and to drive tumor progression in vivo (Bialkowska et al., 2019). 

Similar to kindlin-3, talin was shown to become phosphorylated on both serine and threonine residues 

in blood platelets, but the corresponding residues were not identified (Litchfield and Ball, 1986; Murata 

et al., 1995). Based on a later conducted mass spectrometry-based study, potential kinase-targeted 

phospho-sites at talin are Thr144, Thr150 and Ser425 (by PKC), whereas Ser446 was predicted to 

become phosphorylated by PKA or CDK5 (Ratnikov et al., 2005). Only recently, phosphorylation at 

Thr144 and Thr150 of the talin F1 subdomain loop was indeed discovered to regulate integrin β3-F3 

interactions, thereby adding another level of control to the F1 loop as an integrin activity gatekeeper 

from the inside-out within the talin head and finally assigning a function to these known phospho-sites 

(Fig. I10) (Goult et al., 2010; Kukkurainen et al., 2020). Specifically, phospho-mimetic mutations (T144E, 

T150E) in the F1 loop reduced talin head binding to the wildtype integrin β3, ultimately resulting in 

impaired integrin β1 and integrin β3 activation and clustering, while T144A/T150A mutagenesis 

enhanced integrin clustering independent of additional kindlin-1 expression (Fig. I10) (Goult et al., 
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2010; Kukkurainen et al., 2020). Consistent with these data, altered remodeling of muscle attachment 

sites was detected for a Thr152A talin variant in Drosophila (Katzemich et al., 2019). 

Part of the talin activation mechanism is also its recruitment to the plasma membrane and its correct 

structural positioning there, which is mediated by Rap1 and RIAM molecules (see Chapter 1.2.3.1.1). 

Adding to the complexity of the integrin phosphorylation network, current data demonstrate that Src- 

and FAK-mediated phosphorylation of RIAM at Tyr45 and Tyr247/Tyr267 promotes unmasking of the 

RAP1-binding site in the RA domain and the phosphoinositide-binding site in the PH domain of RIAM, 

respectively. This conformational unfolding might initiate Rap1-induced plasma membrane 

translocation and talin binding (Fig. I10) (Chang et al., 2019; Cho et al., 2020). Consequently, several 

RIAM molecules might support talin enrichment and activation at the membrane after initial integrin 

activation and FAK/Src kinase activation in a positive feedback loop, but RIAM might not represent the 

initial trigger to activate integrins (Chang et al., 2019; Chang et al., 2014; Cho et al., 2020; Yang et al., 

2014). Finally, also the small G protein Rap1 can be phosphorylated in the C-terminal part by cAMP-

dependent protein kinase PKA (Takahashi et al., 2013). Contrary to other phosphorylations in the 

integrin activation pathway however, Rap1 phosphorylation at Ser179/Ser180 resulted in its 

inactivation and relocation to the cytoplasm, thus being part of the integrin off-switch and negatively 

affecting cell adhesion and migration (Fig. I10) (Takahashi et al., 2013). 

 

 
Figure I 10: Phosphorylation of integrin regulators determines integrin activity. Known physiologically relevant phosphorylation sites of integrin 
regulators controlling integrin tail interaction (black bold) and integrin activation (orange). Corresponding kinases (dark blue) and phosphatases 
(yellow) identified to (de-)phosphorylate the residues in vitro or in vivo are also depicted; question marks indicate that evidence is not sufficient 
to make a definite statement or that the enzyme has not been identified yet. 

 

Focusing on negative integrin regulators, the integrin suppressor ICAP1 was reported to become 

phosphorylated following integrin-mediated adhesion to fibronectin via CaMKII. This has been shown 

to trigger the binding to the integrin β1 tail and to stabilize its inactive conformation (Fig. I10) (Millon-

Frémillon et al., 2013).  



  General Introduction 

38 
 

The integrin inhibitor filaminA can be phosphorylated at Ser2152 by several kinases, but with different 

functional outcome (Fig. I10). Specific phosphorylation by ribosomal protein S6 kinase 2 (RSK2) in 

response to epidermal growth factor (EGF) stimulation triggered filamin–integrin association and 

integrin inactivation, thereby promoting tumor cell motility (Gawecka et al., 2012). Accordingly, Sato 

et al. reported that mTORC2-mediated Ser2152 phosphorylation promoted filaminA-integrin β7 

interaction and stabilized the integrin closed-conformation (Sato et al., 2016).  Contrarily, 

phosphorylation of Ser2152 by Ndr2 upon TCR stimulation in T cells strongly increased integrin β2 

activation by displacing filaminA from the integrin tail and promoting talin and kindlin binding instead 

to mediate strong leukocyte adhesion (Waldt et al., 2018). These findings again highlight the potential 

integrin- and cell-type specific functions for the same phospho-site and illustrate the importance to 

evaluate potential integrin regulatory mechanisms in multiple cell lines from different origin and for 

several integrin heterodimers.  

Although several questions still remain open and await further investigations to provide a detailed 

molecular framework of how precise spatiotemporal integrin activation and inactivation works and 

which enzymes are involved, existing data yet illustrate that dynamic phosphorylation and 

dephosphorylation play a central part in the regulation and fine-tuning of integrin activity and 

downstream signaling events. Hence, they are a promising research field to resolve the complex 

biology of the integrin machinery.  

 

 

1.2.4 Integrins and integrin activity regulation in human diseases 
 

In the light of the fact that integrin cell-matrix adhesion receptors are central for tissue integrity and 

proper embryogenesis, it is not surprising that transgenic mice lacking specific broad-spectrum α or β 

subunits are not viable or show severe developmental defects (e.g. αv, α5, β1, β8) (Barczyk et al., 2010; 

Bouvard et al., 2013; Fassler et al., 1996; Fassler and Meyer, 1995). This also explains, why mutations 

in the corresponding genes are rarely observed in viable individuals. In contrast, cell-type specific 

integrins fulfill more individual tasks important e.g. for hemostasis and the immune defense 

(Huveneers et al., 2007). Therefore, mutations in leukocyte integrin β2 or platelet integrin αIIb or β3 

yield viable individuals, but have been connected to severe pathological conditions such as the 

autosomal recessive inherited disorder leukocyte adhesion deficiency (LAD) (Anderson and Springer, 

1987) or Glanzmann’s thrombasthenia (Nurden, 2006). Reduced or missing surface expression of 

integrin β2 in mice models mimicking LAD type I (LAD-I) resulted in persistent inflammatory states, 

recurrent bacterial infections, impaired wound healing and deficiencies in T cell activation and 
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extravasation (Bullard et al., 1996; Grabbe et al., 2002). Platelets expressing mutated integrin variants 

were unable to form a thrombus and to properly close wounds. Additionally, mutations in the 

fibrinogen receptor β3 were shown to cause cardiovascular diseases, atherosclerosis and cancer 

(Clemetson and Clemetson, 1998; Liu et al., 2008b; Schuch et al., 2014). Based on the role of several 

integrin heterodimers in cell motility and proliferation, mutations and aberrant expression levels of 

integrins are also frequently acquired during cancer formation and metastasis (Friedrichs et al., 1995; 

Hamidi and Ivaska, 2018). This is associated with an invasive phenotype, contact-independent growth 

properties and apoptosis resistance (Bandyopadhyay and Raghavan, 2009; Guo and Giancotti, 2004; 

Lu et al., 2008). 

Obviously, mutations, defects or the loss of integrin regulatory proteins are also implicated in severe 

pathological phenotypes. Deletion of tln1 in mice leads to an embryonic arrest at the peri-implantation 

stage (Bouvard et al., 2013). Accordingly, lack of kindlin-2 is embryonically lethal at day E6.5. A 

mutation in the kindlin-1 gene prohibits integrin β1 activation and thus results in the detachment of 

the epidermis from the basement membrane (Herz et al., 2006) leading to skin blistering in the Kindler 

syndrome (Kindler, 1954). Loss of kindlin-3 by genetic point mutations causes an autosomal leukocyte 

adhesion deficiency syndrome called LAD-III, characterized by severe bleeding and impaired leukocyte 

adhesion to inflamed endothelia (Svensson et al., 2009). In line with the pivotal role of kindlin and talin 

in integrin activity regulation, mice with a Y/A substitution in the two NxxY motifs of both β1 and β3 

subunits exhibited a lethal phenotype similar to the loss of integrin subunits (Czuchra et al., 2006), 

while a targeted mutation disrupting the integrin salt bridge did not interfere with mouse development 

or tissue function, although in vitro studies have emphasized the relevance of the salt bridge in the 

regulation of integrin affinity (Bouvard et al., 2013; Imai et al., 2008). Substantiating the idea that the 

conserved threonine motif is an integral part of kindlin-mediated integrin activation and SNX17 

regulated integrin trafficking in vivo, mice with T788/T789 mutations to alanine had a major 

developmental defect with strong impairment of integrin β1 function (Bottcher et al., 2012). In line 

with that, the corresponding region in the integrin β3 chain was found to be mutated in patients with 

Glanzmann’s thombasthenia, lacking integrin β3 function (Chen et al., 1992). 

 

Highlighting the indispensability of the integrin suppressor filaminA for mammalian development, 

complete loss of filaminA led to prenatal death of mouse embryos similar to the lack of specific integrin 

subunits. Moreover, isolated embryos displayed cortex malformations and a severely affected cardio-

vascular system with hemorrhages and a widespread aberrant vascular patterning throughout the 

embryo (Feng et al., 2006) (Fig. I11A, B). The defects in corticogenesis resemble the picture of loss-of-

function mutations in the human filaminA gene, which cause periventricular nodular heterotopia 

(PVNH), an X chromosome-linked cortex malformation in humans based on the failure of neuronal 
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progenitor cells to emigrate the ventricular zone and to form different cortical layers (Feng and Walsh, 

2004; Fox et al., 1998; Lu and Sheen, 2005; Sheen et al., 2001; Wade et al., 2020) (Fig.I11C). Albeit the 

cerebral cortex of these patients is missing, intelligence of individuals is often only mildly compromised 

but accompanied by late-onset epilepsy, congenital cardiovascular abnormalities and premature 

stroke. Understanding the regulatory mechanisms of integrin dynamism is thus of high relevance to 

develop alternative clinical strategies for herein described severe pathological implications. 

 

 

 
 

Figure I 11: Phenotypes of loss-of function mutations or genetic depletion of filaminA. (A) Isolated dying E14 FilaminA-null mutant embryo 
(K/y) shows hemorrhages, dilated blood vessels and edema compared to its wildtype littermate (WT). (B) Immunostaining with Doublecortin 
(DCX) anti-serum marks neuronal progenitors in the intermediate zone and cortical plate in a FilaminA-null and wildtype brain of embryos. 
Neurons are missing in the cortical ventricular zone in K/y embryos. VZ = ventricular zone, IZ = intermediate zone, CP = cortical plate, MZ = 
marginal zone (Feng et al., 2006). (C) Magnetic resonance images (MRI) of a healthy human brain (a,b) and of a patient with periventricular 
heterotopia (PVNH) (c, d), showing abnormal appearance of collections of neurons along the walls of the lateral ventricle, where these 
neurons originate from during fetal development (Feng and Walsh, 2004). 

 

 

1.2.5 Pharmacological targeting of integrins 
 

Since integrins and associated factors are implicated in many severe pathological conditions such as 

cancer, thrombosis or immune diseases, targeting these receptors, their regulatory circuits and 

signaling cascades is attractive for pharmacological intervention (Hynes, 2002; Winograd-Katz et al., 

2014). Drugs available on the market block the integrin extracellular part to suppress ligand binding, 
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e.g. of integrin αIIbβ3, responsible for platelet-platelet interactions during blood clotting (Coller and 

Shattil, 2008), or leukocyte-specific integrins β2 and β7, involved in the inflammatory response. This is 

mediated by specific antibodies, small RGD-like peptides or small competitive molecules and serve to 

treat thrombosis, multiple sclerosis, Crohn’s disease (CD) and ulcerative colitis (UC) (Ley et al., 2016). 

However, such broadly applied substances often bear side-effects and some even show fatal 

complications (e.g. leukoencephalopathy), which is mostly based on their lack of specificity for 

particular integrin heterodimers or functions (Cox et al., 2010; Ley et al., 2016). Since an emerging 

number of regulatory proteins within the integrin adhesome and their individual functions are 

identified, alternative more targeted strategies might become available to inhibit the interaction of 

these factors with the integrin cytoplasmic tails. For example, 6-B345TTQ has been reported to disrupt 

paxillin binding to α4 and thereby affects leukocyte migration and the inflammatory response 

(Kummer et al., 2010; Liu et al., 1999). Specifically interfering with downstream cytoplasmic factors 

within integrin signaling cascades indeed might be promising to fine-tune and modulate individual 

integrin functions. Thus, uncovering signaling networks and factors involved in integrin regulation, 

especially the rather uninvestigated negative regulators of integrin signaling might open up new 

avenues in the development of potent and selective therapeutics. 

 

 

1.2.6 OPTIC - mimicking nascent focal adhesions in intact cells 
 

Owing to the complexity and the diverse cross-talk mechanisms of the integrin system, processes 

controlling the assembly and turnover of focal adhesions, the hierarchy of adaptor and signaling 

molecule binding and their structural arrangement within the integrin adhesome still remain 

incompletely understood.  

Opa-Protein Triggered Integrin Clustering (OPTIC) is a confocal microscope-based method to 

qualitatively and quantitatively analyze integrin-associated protein complexes at nascent focal 

adhesions in context of intact cells (Baade et al., 2019). Several chimeric fusion proteins consisting of 

the extracellular and transmembrane domain of the CEACAM3 receptor (CC3), which are specifically 

engaged by opacity (Opa) proteins on the surface of gram-negative bacteria Neisseria gonorrhea (Ngo) 

(Chen et al., 2001; Kuespert et al., 2006; Schmitter et al., 2004), and the isolated cytoplasmic part of 

the integrin β tail (in this study integrin β1), become clustered into bigger patches at bacterial infection 

sites, where they mimic early focal adhesion assembly directly after integrin activation. Indeed, these 

“unclasped” integrin clusters are characterized by strong enrichment of kindlin, talin, paxillin but lack 

the recruitment of vinculin, zyxin, FAK or p130CAS found in mature FAs (Baade et al., 2019; Pasapera et 

al., 2010; Schiller et al., 2011). Accordingly, this system can be used to visualize and quantify the local 
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enrichment of co-transfected fluorescently tagged cytosolic interaction partners of the integrin β tail 

on a single cell level (Baade et al., 2019). Importantly, the assay might be sensitive enough to detect 

even slight differences in the recruitment of proteins based on a single point mutation. The Y783A 

substitution in the integrin β1 tail, which is critical for talin binding, has been shown to significantly 

reduce the accumulation of talin at the cytoplasmic tail (Baade et al., 2019). Consequently, this assay 

might be ideally suited to analyze how phospho-mimicking mutations and even the phosphorylation 

at single integrin amino acid residues can change the localization of important regulatory factors to 

the integrin β1 tail, which will be applied in the present work. 

 

 

1.3 Protein Phosphatases – from forgotten heroes to rising stars 
 

 

Intracellular signal transduction and a coherent cell response to internal and external cues is built on 

a rapid, reversible, precise and economic mechanism: protein phosphorylation and 

dephosphorylation. The subtle balance between these two processes and the huge combinatorial 

potential of individual phosphorylation patterns form an intracellular communication network, which 

facilitates the transmission, processing and storage of cellular information. As one of the most common 

forms of post-translational modifications (PTMs) it plays a central role in a large variety of cellular 

functions such as stress-activated signal transduction, immunity, cell cycle control, differentiation, 

apoptosis, organelle trafficking, migration or metabolism (Graves and Krebs, 1999; Manning et al., 

2002). Eukaryotic phosphorylation typically occurs on serine (86.4%), threonine (11.8%) and tyrosine 

(1.8%) residues with approximately 17 000 of 21 000 proteins having at least one annotated phospho-

site in their sequence (Ardito et al., 2017; Hornbeck et al., 2012; Olsen et al., 2006), highlighting the 

importance and ubiquity of this flexible modification. Accordingly, the overall pattern of 

phosphorylation can be translated into changes of subcellular localization, activity, conformation or 

effector binding and is also a means of signal amplification including positive and negative feedback 

loops (Fig.12 IA) (Humphrey et al., 2015). Consequently, aberrant phosphorylation patterns directly 

correlate with severe pathological situations such as cancer, diabetes, neurodegeneration or 

inflammation (Cohen, 2001; Easty et al., 2006; Hendriks et al., 2008; Tonks, 2006).  

The molecular machinery defining the phosphorylation profile of a protein consists of the concerted 

activities of protein kinases and phosphatases (Fig. I12A). While the human genome encodes 568 

protein kinases, of which >400 are serine/threonine kinases and around 100 are members of the 

tyrosine kinase family, only around 200 protein phosphatases exist. They are subdivided into 108 
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putative tyrosine phosphatases, 30 serine/threonine-specific phosphatases (phospho-protein 

phosphatases (PPP) as well as metal-dependent protein phosphatases (PPM)), 21 haloacid 

dehalogenase-like hydrolase domain (HADs) containing phosphatases, 37 enzymes comprising a 

phosphatidic acid phosphatase or an inositol polyphosphate-related domain (LPs) and 5 phosphatases 

with a NUDIX hydrolase domain (NUDT) (Fig. I12B) (Alonso et al., 2004; Ardito et al., 2017; Sacco et al., 

2012; Shi, 2009). Considering the dichotomy in the quantity of serine/threonine kinases to 

phosphatases, logically, kinases have been in the spotlight of research for several decades leading to 

the recent development of drug therapies with kinase inhibitors (Ardito et al., 2017; Ferguson and 

Gray, 2018; Krause and Van Etten, 2005; Schlessinger, 2014; Zhang et al., 2009). Contrarily, 

phosphatases were wrongly considered to be rather non-specific house-keeping enzymes and thus are 

still poorly characterized in terms of molecular mechanisms and their physiological significance.  

 

 

 

Figure I 12: Protein phosphatases and their subfamily classification. (A) Protein phosphorylation is a reversible, fast and economic molecular 
switch mechanism mediated by kinases and phosphatases (PP), which either add under ATP consumption a phosphate group to the target 
molecule on serine, threonine and tyrosine residues or remove it. The overall phosphorylation pattern serves to modulate enzymatic activity, 
protein turnover or stability, localization, conformation, interaction with effectors and cross-talk with other PTMs (Ac, acetylation; Me, 
methylation, P, phosphorylation; Ub, ubiquitination), which in turn affect cellular functions (Humphrey et al., 2015). (B) Protein phosphatase 
superfamily classification. (1) According to the catalytic domain InterPro annotation, protein phosphatases are classified into six different families. 
(2) Each family is further subdivided into classes according to their preferred substrate (2) or literature annotation (3) (Sacco et al., 2012). (C) The 
complex regulation of PP2A. The PP2A heterotrimeric holoenzyme is built by a conserved scaffold A and catalytic C subunit, which can assemble 
with variable regulatory B subunits, encoded by at least 15 different genes, each with multiple splice variants. Numerous mechanisms additionally 
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control PP2A including methylation, phosphorylation, binding of microbial toxins or protein inhibitors to regulate assembly, activity and 
subcellular targeting (Virshup and Shenolikar, 2009). (D) Two examples of different PP2A holoenyzmes depending on the interaction with either 
a B or B‘ regulatory subunit (Shi, 2009). 

 

Today the difference in kinase versus phosphatase numbers can be explained by the combinatorial 

holoenzyme formation of all members of the PPP serine/threonine phosphatase family to mediate 

their individual functions. PP2A for example typically exists as a heterotrimer composed of a core 

complex, comprising a conserved catalytic and structural subunit, and one of multiple separately 

genetically encoded regulatory B-type subunits, which associate non-covalently to the core complex 

and control activity, assembly, substrate specificity as well as local targeting of the holoenzyme (Fig. 

I12C, D) (Cohen 2010; Shi, 2009; Virshup and Shenolikar, 2009). Contrarily, the members of the PPM 

family do not associate with regulatory subunits, but instead harbor unique N- and C-terminal 

interaction domains and conserved motifs within their protein sequence. How their function and 

specificity is regulated in the cellular environment still remains incompletely understood. However, 

based on the growing evidence for their gatekeeping roles in various cellular processes (Angers-

Loustau et al., 1999; den Hertog, 2003; Hermiston et al., 2009; Kamada et al., 2020; Lammers and Lavi, 

2007; Shen et al., 2017), these phosphatases are promising targets to develop novel therapeutic 

strategies for multiple diseases (Haarhaus et al., 2017; Kamada et al., 2020; McConnell and Wadzinski, 

2009). 

 

 

1.3.1 The PPM (formerly PP2C) superfamily of phosphatases 
 

1.3.1.1 Evolution and functions of the PPM superfamily 
 

 

The Mg2+/Mn2+-dependent serine/threonine protein phosphatase (PPM; formerly PP2C) superfamily 

consists of 20 different highly conserved isoforms encoded in the human genome, which can be 

subdivided into 12 different classes: PPM1A/PPM1B/PPM1N, PPM1D, PPM1E/PPM1F, PPM1G, 

PPM1H/PPM1J/PPM1M, PPM1K, PPM1L, ILKAP, PDP1/PDP2, PP2D1/PHLPP1/PHLPP2 (Cohen 2010; 

Kamada et al., 2020; Stern et al., 2007). Originally, PPM phosphatases were thought to be evolutionary 

related to PP1, PP2A and PP2B, which is why they were initially named PP2C superfamily, although 

they vastly differ in their sequences and 3D structures and are not multi-subunit enzymes as the PPP 

phosphatases (Stern et al., 2007). In contrast, PP2C family members probably developed 
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independently and family diversity potentially arose by a series of gene duplications during two 

periods: The first diversification might have taken place before the divergence of bilaterians and led to 

the formation of functionally different groups with specialized catalytic processes; the second might 

have happened at the beginning of vertebrate evolution and resulted in the formation of tissue-specific 

groups yet maintaining similar functions (Stern et al., 2007) (Fig.I13A). The first wave might have been 

driven by the increase in complexity of multicellular organisms requiring more sophisticated signaling 

between and within cells and is exemplified by PPM1D and ILKAP, which evolved as part of the cell 

cycle pathway or to participate in cell adhesion and growth factor signaling, respectively (Fig.I13A) 

(Stern et al., 2007). With the development of complex tissues in vertebrates such as skeletal muscles 

or the nervous system, another diversification might have become necessary. One example of this 

second duplication and specification is the 50kDa PPM1F (also termed POPX2) and the larger 84kDa 

PPM1E (also termed POPX1), which share 60 % sequence identity in the catalytic domain and were 

both shown to inactivate p21 (Cdc42/Rac1)-activated kinase (PAK) (Koh et al., 2002) (Fig.I13B, E). 

However, while PPM1F is ubiquitously expressed in human tissues and localizes to the cytoplasm, 

PPM1E is restricted to the brain and testis and is present only in the nucleus (Ishida et al., 1998; 

Takeuchi et al., 2001). 

The fact that homologues of human PPMs can be found in almost all phyla spanning from plants, 

bacteria and yeast to nematodes, insects and mammals (Schweighofer et al., 2004), highlights their 

critical function in regulating key cellular events such as cell proliferation, growth, survival, apoptosis, 

the metabolism or stress signaling to restore homeostasis (Lammers and Lavi, 2007; Ofek et al., 2003; 

Stern et al., 2007; Tamura et al., 2006). Accordingly, PPM phosphatases are also emerging regulators 

of the innate immune response by counterbalancing and limiting TLR signaling (Seumen et al., 2021).  

As such, aberrant activity of PPM family members are linked to a number of diseases related to 

metabolism, immunity, cell growth and migration and a better understanding of phosphatase-

mediated signaling pathway regulation could provide novel access points to mitigate excessive 

immune activation and to modulate innate immune signaling (Seumen et al., 2021; Kamada et al., 

2020). Consequently, the development of small molecule PPM isoform-specific inhibitors is highly 

desired not only to advance the therapeutic development, but also to elucidate the specific roles of 

each isoform in the onset of different diseases. 
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Figure I 13: The metal-dependent PPM Ser/Thr protein phosphatase superfamily and its member PPM1F. (A) Phylogenetic tree of the PPM 
superfamily reflecting the evolutionary and structural relationship of the 20 human family members subdivided in 12 active and 1 inactive PPM 
classes. Marked in gray are members lost in humans. PPM classes potentially developed during the first diversification period, while class member 
diversification potentially arose in the second period of gene duplications. The tree is drawn to scale, with branch lengths measured in the number 
of substitutions per site (Kamada et al., 2020). (B) Schematic illustration of the primary structure of human PPM1F, human PPM1E, FEM-2 and 
human PPM1A. The PP2C-like catalytic domains (blue boxes) and the amino acid identity between them are highlighted. The red boxes indicate 
acidic amino acid clusters (poly E/D sequences) present in both PPM1F and PPM1E. (C) (left) The conservation pattern of PPM superfamily 
members as inferred by Consurf. Conservation scores are color-coded onto the Van-der-Waals surface of PPM1A (maroon = maximal 
conservation, white = average conservation, turquoise = maximal variability). Mg2+ ions and associated water molecules are shown in yellow and 
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the 9 identified catalytic residues are shown in red and bear the highest level of conservation (Stern et al., 2007). (right) PPM1A cat. D146E–
c(MpSIpYVA) complex in ribbon representation (blue) with the three metal ions (green) depicted in the catalytic core and the trapped cyclic 
phospho-peptide (orange) used for stabilizing the structure for crystallization. The PPM1A-specific Flap structure (AA165-219, grey) is adjacent 
to the catalytic site, metal-coordinating water molecules are depicted as red balls (Debnath et al., 2018). (D) Overall structure of C. elegans Fem-
2. The N-terminal domain is colored in cyan and the helices are marked, the C-terminal domain comprising also the catalytic core with the two 
high-affinity binding Mg2+ ions is depicted in purple. Box shows higher magnification of the catalytic core of cFem-2 and the residues involved in 
Mg2+ (blue) and water molecule (red spheres) coordination, illustrated as sticks. Metal-oxygen bonds are shown as red dashed lines (Zhang et 
al., 2013c). (E) Primary sequence alignment of catalytic domains of human CaMPK, human CaMKP-N, zebrafish CaMKP-N, FEM-2 and human 
PPM1A. Identical amino acid residues are indicated by white letters and blue background, gaps are indicated by dots. The seven highly conserved 
residues critical for metal ion and phosphate group binding are highlighted by arrowheads (Ishida et al., 2018). 

 

 

1.3.1.2 Structure and activity regulation of PPM phosphatases 
 

PPM phosphatases are monomeric enzymes, which strictly rely on two high-affinity and one low-

affinity divalent cation, mainly Mg2+ or Mn2+, in their catalytic core to gain activity (Fig.I13C). 

Furthermore, they are insensitive to inhibition by okadaic acid and other PPP phosphatase inhibitors 

and show distinctive structural features instead of associating with non-covalent regulatory subunits 

(Debnath et al., 2018; Stern et al., 2007; Tanoue et al., 2013). Throughout all the PPM family members 

there is high conservation of the metal ion-binding catalytic cleft (PP2C-like catalytic domain), while 

the N- and C-terminal regions are characterized by individual sequences and domain organizations 

(Fig.I13C). Some PPM members additionally contain unique loop insertions within the catalytic domain 

(Kamada et al., 2020). Together with the tissue-specific expression levels of the distinct phosphatases, 

it is assumed that these non-conserved regions or insertions play a pivotal role in defining the 

individual phosphatase functions. They might mediate the binding of phosphatase regulators to 

control activity and/or subcellular distribution, substrate recognition and structural stability of the 

enzyme (Fig.I13C) (Moorhead et al., 2009; Ishida et al., 2018; Stern et al., 2007). Future research is 

required to elucidate the specific determinants affecting the mode of action and the molecular 

regulation of the different family members in vitro and in vivo. Deciphering the unique structural 

features of distinct isoforms might also be necessary to build selective PPM isoform inhibitors, which 

is to date only solved for PPM1D due to its specific B-loop inserted into the catalytic domain (Chen et 

al., 2017; Gilmartin et al., 2014; Kahn et al., 2018; Tagad et al., 2018). 
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1.3.1.3 The Mg2+/Mn2+-dependent Ser/Thr Protein Phosphatase PPM1F 
 

PPM1F belongs to the monomeric Mg2+/Mn2+-dependent serine/threonine protein phosphatases 

(PPM), resides in the cytoplasm and is ubiquitously expressed in human tissues with high levels in the 

hematopoietic system and brain (Ishida et al., 2018; Ozaki et al., 2016), where it was initially isolated 

from and described as Calmodulin-dependent kinase phosphatase (CaMKP), since it could 

dephosphorylate and inactivate CaMK family members (Ishida et al., 1998; Kitani et al., 1999).  

Although no tertiary structure has yet been reported for PPM1F, that of its ortholog FEM-2 from C. 

elegans (Tan et al., 2001; Zhang et al., 2013c) (sharing ~25% sequence identity with human PPM1F) 

and that of another human family member PPM1A (29% sequence identify in the primary sequence) 

(Das et al., 1996) have been resolved (Fig.I13 B-E). Equivalent to other members of the PPM family 

(Shi, 2009), the C-terminal domain of FEM-2 contains a central β sandwich formed by antiparallel β 

sheets flanked by five α helices and harbors the conserved catalytic core with the coordinated metal 

ions inside (Fig.I13 D). Mutations of highly conserved residues involved in metal ion binding were 

shown to abolish or drastically reduce phosphatase activity (corresponding to R326 and D360 in human 

PPM1F) (Harvey et al., 2004; Zhang et al., 2013c). Though the N-terminal domain displays a large 

intramolecular binding interface with the C-terminal catalytic domain, in vitro experiments did not 

indicate a role of the N-terminus in regulating FEM-2 activity, but rather in mediating protein-substrate 

interactions (Zhang et al., 2013c). Consistently, other studies based on deletion mutants of human 

PPM1F suggest that the extraordinarily large N-terminal region of the enzyme mediates substrate 

specificity, but can also affect catalytic activity and subcellular localization of the phosphatase (Ishida 

et al., 2002; Ishida et al., 2005; Onouchi et al., 2015; Tada et al., 2006), while the C-terminal part was 

found to play an important role in the maintenance of structural integrity (Tada et al., 2006). Albeit 

catalytic domain loop insertions such as for PPM1D (providing unique regulatory functions) do not exist 

for PPM1F (Kamada et al., 2020), its activity was reported to be negatively regulated by oxidation of 

Cys359 (Baba et al., 2012), indicating a potential mechanism to control PPM1F activity in response to 

oxidative stress. Additionally, PPM1F function might be regulated endogenously by varying the 

expression levels of the phosphatase via an endoribonuclease named tRNaseZL or miRNAs (Elbarbary 

et al., 2009; Jurmeister et al., 2012; Luo et al., 2015). 

The best studied substrates identified so far for PPM1F are multifunctional CaMKs (Fujisawa, 2001; 

Ishida et al., 1998; Ishida et al., 2018). In particular, PPM1F has been demonstrated to inactivate the 

auto-phosphorylated CaMKII by dephosphorylating Thr286 in its kinase activation loop, thereby 

affecting several CaMKII-dependent functions (Harvey et al., 2004; Ishida et al., 2018). Intriguingly, 

PPM1F activity might also be under the control of CaMKII, since it appeared to be phosphorylated by 

CaMKII, which resulted in a 2-fold increase in its own activity (Kameshita et al., 1999). Phosphatase 
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activity was also shown to be enhanced in the presence of poly-L-lysine or protocadherin (Pcdh)-γC5, 

which potentially bind to the N-terminal poly-E-sequence of PPM1F (Ishida et al., 2002; Onouchi et al., 

2015). Furthermore, PPM1F has been termed POPX2 (partner of PIX 2), as it has been found to 

associate with the Cdc42/Rac1 guanine nucleotide exchange factor β-PIX and to dephosphorylate the 

p21-activated kinase PAK at Thr423 (PAK1/3) or Thr402 (PAK2) (Koh et al., 2002). Thereby, PPM1F is 

able to block actin re-organization important for lamellipodia/filopodia formation and promotes stress 

fiber stability to interfere with cell spreading and migration (Koh et al., 2002). Interestingly, via binding 

to p95PKL, PIX associates with the core focal adhesion protein paxillin (Turner et al., 1999) providing a 

potential physical link between PPM1F and integrin-based focal adhesions. Substantiating this idea, 

PPM1F has also been identified by unbiased mass spectrometry approaches as a constituent of focal 

adhesions (Schiller et al., 2011). Since loss of PPM1F led to the extinction of central integrin clusters 

(Koh et al., 2002; Zhang et al., 2013b), but in return to an enrichment of peripheral ones, PPM1F might 

also affect focal adhesion turnover and directly regulate integrin functions to interfere with cell 

adhesion. PPM1F has also been reported to influence cell-cell contacts by dephosphorylating the KIF3 

kinesin motor complex at Ser690 of the KIF3A subunit, resulting in an impaired transport of N-cadherin 

and β-catenin to the membrane (Hoon et al., 2014; Phang et al., 2014). In this regard, PPM1F has also 

been demonstrated to be implicated in microtubule dynamics and centrosome positioning, also critical 

for cell polarity and motility. Indeed, it is potentially implicated in dynein light intermediate chain 2 

(LIC2) expression and KIF3A-mediated transport of Par3 to the cell cortex (Hoon et al., 2014). Another 

identified PPM1F interaction partner is the formin diaphanous homolog 1 (mDia1), to which upon 

RhoA activation PPM1F can bind and regulate serum response factor (SRF)-mediated transcription to  

fine-tune the actin cytoskeleton (Xie et al., 2008). However, PPM1F might also be involved in the 

regulation of stress-induced cell apoptosis and proliferation by affecting MAPK1/3 and TAK1-NFκB 

pathways (Tan et al., 2001; Weng and Koh, 2017; Zhang et al., 2013b). Accordingly, PPM1F has been 

recently demonstrated to interfere with cell cycle progression by interacting with Chk1 in response to 

DNA damage (Kim et al., 2020a). 
 

Against this background it is not surprising that PPM1F is involved in the onset and progression of 

various diseases including cancer. PPM1F has been demonstrated to be overexpressed in highly 

invasive and metastatic human cancers coming along with poor prognosis (low survival rate, high 

tumor recurrence), while loss of PPM1F dramatically impaired cell motility and the invasive potential 

of transformed cells (Jurmeister et al., 2012; Susila et al., 2010; Wang et al., 2018a). Consistent with 

these findings, PPM1F was reported to contribute to epithelial-mesenchymal transition (EMT) by 

negatively regulating LATS1 kinase through dephosphorylating Thr1079 in the Hippo pathway (Rahmat 

et al., 2019). Subsequently induced target gene transcription might support the acquisition of anoikis 

resistance and anchorage-independent growth in PPM1F overexpressing cancer cells (Rahmat et al., 
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2019). In contrast, low PPM1F abundance might instead favor tumor progression in later stages of 

metastasis, potentially by modulation of angiogenesis and proliferation via MAPK signaling and 

exosome cytokine secretion. These data indicate a dual role for PPM1F in carcinogenesis depending 

on the tumor stage (Zhang et al., 2017). Noteworthy, PPM1F might also specifically participate in 

smoking-induced carcinogenic pathways through nicotine-triggered complex formation of PPM1F with 

p53 and BAX, which attenuates p-p53 and p-BAX induced pro-apoptotic pathways by 

dephosphorylation of  Ser20 and Ser184, respectively (Tu et al., 2016).  

Although underlying mechanisms remain to be unraveled, single nucleotide polymorphisms (SNPs) 

located in the introns of PPM1F and alterations of PPM1F expression levels have been associated  with 

stress- and trauma-related manifestation of anxiety and depression, schizophrenia and bipolar 

disorder, implicating a role for PPM1F also in the cause of mental disorders (Andreassen et al., 2013; 

Wingo et al., 2018). Finally, via regulation of Ca2+ cascades and CaMKII, PPM1F might also be a 

promising therapeutic target for cardiac hypertrophy (Previlon et al., 2014).  
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2 Aims of the study 
 

 

This thesis is about understanding the molecular mechanisms controlling the dynamic regulation of 

integrin activity. Precise spatiotemporal control over this process is critical for all integrin-mediated 

cell adhesive events and thus all integrin-dependent (patho-)physiological processes. This might be 

achieved in a fast and economic manner by reversible protein phosphorylation. Conserved phospho-

sites at the integrin cytoplasmic domains, at interaction partners and corresponding kinases have 

previously been discovered to modulate integrin functions by serving as molecular switches to regulate 

protein binding properties. Yet a coherent picture of the molecular determinants governing integrin 

activity still remains obscure and phosphatase(s) antagonizing the kinase-machinery have never been 

described. Thus, central within this work was to decipher the regulatory framework controlling integrin 

activity in context of integrin β1 (Chapter I, II) and filaminA (Chapter III) at functionally critical phospho-

sites. With the identification and functional characterization of Ser/Thr phosphatase PPM1F as the first 

negative enzymatic integrin regulator in the frame of these studies, we finally strived to discover a cell-

active small-molecule inhibitor for this enzyme (Chapter IV). 

I. Prior in vitro studies suggested a critical role for the phosphorylation state of the conserved 

T788/T789 integrin β1 motif in integrin activity control by determining the binding properties of the 

integrin suppressor filaminA and the major integrin activator talin. Interestingly, the core binding site 

of the co-activator kindlin-2 also centers on this threonine motif. In a first approach, we thus set out 

to examine in multiple biochemical and cell-based OPTIC assays how the phosphorylation of the 

T788/T789 motif influences the assembly of these key regulators to integrin β1, particularly elucidating 

the mechanistic contribution of kindlin-2 and its dependency on talin in fine-tuning integrin activity. 

The identification of PPM1F as a potential negative regulator of cell adhesion in a genetic screen 

further prompted us to generate a stable PPM1F knock-out-re-expression cell model to pinpoint on a 

functional level, whether PPM1F directly and specifically controls phosphorylation of this threonine 

motif. Subsequently, it should be assessed if the phosphatase thereby dictates binding of talin/kindlin-

2 versus filaminA, which would provide a novel explanation of how integrin activity could be controlled 

from within the cell. 

II. In a second approach, we intended to explore the physiological significance of PPM1F in vivo by 

generating ppm1-null mice. Furthermore, we wanted to substantiate the importance of PPM1F in the 

control of integrin functions by isolating fibroblasts from PPM1F knock-out embryos, which should 

recapitulate the previously observed cellular phenotypes. We also aimed at rescuing the wildtype 
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behavior by re-expressing active PPM1F, but not a phosphatase-dead enzyme. Since PPM1F 

overexpression has been linked to increased tumor invasiveness, the purpose of this study was also to 

confirm the correlation between enzyme expression and the invasive potential of cancer cells to 

validate PPM1F as a therapeutic target in metastatic cancer treatment. 

III. The strong phenotypic correlation between PPM1F and filaminA genetic deficiency prompted us to 

test whether PPM1F regulates filaminA in a direct way. Phosphorylation of filaminA at Ser2152 by 

various kinases has been reported to impact cell migration, but the antagonizing phosphatase(s) have 

never been described. Recently, this phospho-site has been linked to inside-out activation of 

leukocyte-specific integrin β2, which upon phosphorylation gained high affinity for its ligand ICAM-1. 

Therefore, we wanted to explore if Ser2152 also becomes phosphorylated upon integrin β1 stimulation 

in non-immune cells and if PPM1F is directly involved in the regulation of this phospho-site. 

Accordingly, we aimed at determining how the Ser2152 phosphorylation state affects filaminA-integrin 

β1 binding properties to see whether this residue constitutes a second phospho-switch to contribute 

to the mechanistic framework of integrin activity control. 

IV. Based on its functional significance and its single unit-appearance, PPM1F represents an attractive 

pharmacological target, but until now no potent and selective inhibitor exists. In this final part, we set 

up an unbiased recombinant protein-based high-content screening strategy to discover small molecule 

inhibitors for PPM1F. Primary hits should be validated and further characterized in vitro and in cellulo 

with regard to their potency, selectivity, cytotoxicity, mode-of-action and integrin-dependent 

phenotypic effects. Last but not least, the final candidate(s) should be tested for their applicability in 

therapeutic scenarios applying transmigration and in vivo CAM assays.  
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3 Chapter I 
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3.1 Summary 
 

 

Grimm, Dierdorf et al. identify the Ser/Thr phosphatase PPM1F as the critical enzyme controlling a 

phospho-switch in the integrin β subunit. Dephosphorylation of the integrin T788/T789 motif by 

PPM1F orchestrates the binding of filaminA versus talin/kindlin-2 and determines integrin activity. 

 

 

3.2 Abstract 
 

 

Control of integrin activity is vital during development and tissue homeostasis, while derailment of 

integrin function contributes to pathophysiological processes. Phosphorylation of a conserved 

threonine motif (T788/T789) in the integrin β cytoplasmic domain increases integrin activity. Here, we 

report that T788/T789 functions as a phospho-switch, which determines the association with either 

talin and kindlin-2, the major integrin activators, or filaminA, an integrin activity suppressor. A genetic 

screen identifies the phosphatase PPM1F as the critical enzyme, which selectively and directly 

dephosphorylates the T788/T789 motif. PPM1F-deficient cell lines show constitutive integrin 

phosphorylation, exaggerated talin binding, increased integrin activity and enhanced cell adhesion. 

These gain-of-function phenotypes are reverted by re-expression of active PPM1F, but not a 

phosphatase-dead mutant. Disruption of the ppm1f gene in mice results in early embryonic death at 

day E10.5. Together, PPM1F controls the T788/T789 phospho-switch in the integrin β1 cytoplasmic tail 

and constitutes a novel target to modulate integrin activity. 

  



Chapter I   

55 
 

3.3 Introduction 
 

 

Integrins are essential heterodimeric cell surface receptors that mediate extracellular matrix adhesion 

and instruct animal cells about the chemical and mechanical properties of their microenvironment 

(Gahmberg et al., 2009; Hynes, 2002; Morse et al., 2014). Accordingly, integrins are instrumental for 

cell adhesion during development, tissue regeneration or leukocyte extravasation, but also contribute 

to pathological processes such as cancer cell invasion and metastasis (Bokel and Brown, 2002; Hamidi 

and Ivaska, 2018; Nieswandt et al., 2009; Sekine et al., 2012; Vestweber, 2002; Winograd-Katz et al., 

2014). 

A major regulatory principle of integrins involves an extensive conformational change, which has been 

termed integrin activation (Calderwood, 2004a; Sims et al., 1991; Vinogradova et al., 2002). The active 

conformation of integrins can either be stabilized by the presence of an extracellular ligand (outside-

in activation), or by a characteristic intracellular binding event of the scaffold protein talin to the 

cytoplasmic tail of the integrin β-subunit (inside-out activation) (Hughes et al., 1996; Shattil et al., 2010; 

Vinogradova et al., 2002; Wegener et al., 2007). During inside-out activation, the globular head of talin 

binds to a conserved NPxY sequence, thereby spatially separating the  and  subunit and forcing the 

extracellular domains into the extended, active conformation (Anthis et al., 2009a; Calderwood et al., 

2002; Wegener et al., 2007). This active conformation is a pre-requisite for proper integrin-mediated 

cell attachment to the extracellular matrix (Harburger and Calderwood, 2009; Moser et al., 2009). Cell 

adhesion can be further promoted by integrin clustering (Bunch, 2010; Cluzel et al., 2005; van Kooyk 

and Figdor, 2000), which is supported by kindlin (Li et al., 2017a; Ye et al., 2013), an additional binding 

partner of the integrin β subunit (Bledzka et al., 2012; Harburger et al., 2009; Li et al., 2017a). Together, 

talin and kindlin initiate the formation of large, heteromeric protein complexes at integrin cytoplasmic 

tails, which are termed focal adhesion sites. These structures can comprise several hundred distinct 

proteins, the so-called integrin adhesome (Horton et al., 2015; Zaidel-Bar and Geiger, 2010; Zaidel-Bar 

et al., 2007). 

Besides talin and kindlin as positive regulators of integrin function, several negative regulators of 

integrin activity such as filaminA, Dok1, Sharpin, or ICAP-1 have been described (Bouvard et al., 2003; 

Kiema et al., 2006; Liu et al., 2015; Oxley et al., 2008; Rantala et al., 2011). These non-enzymatic 

proteins are thought to act by competitive binding to the integrin  subunit, where they displace 

positive regulators of integrin activity. For example, filaminA and talin have overlapping binding sites 

in the leukocyte-specific integrin subunits β2 and β7, which they occupy in a mutually exclusive manner 

(Kiema et al., 2006; Takala et al., 2008). Interestingly, an evolutionary conserved threonine motif within 

the context of the filaminA and talin core binding sites is located in the cytoplasmic tails of most 
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integrin β subunits (T788/T789 in the human integrin β1, Fig. 1A, Fig. S1A) (Garcia-Alvarez et al., 2003; 

Gingras et al., 2009; Kiema et al., 2006; Liu et al., 2015; Wegener et al., 2007). Upon cell stimulation, 

these threonine residues are phosphorylated (Buyon et al., 1990; Chatila et al., 1989; Craig et al., 2009; 

Hibbs et al., 1991; Hilden et al., 2003) and mutations mimicking Ser/Thr phosphorylation lead to 

enhanced integrin activity and integrin-based cell adhesion in vitro (Craig et al., 2009; Nilsson et al., 

2006; Wennerberg et al., 1998). In contrast, alanine substitution of this particular threonine motif 

severely compromises integrin function leading to impaired integrin activation and abrogation of cell-

matrix adhesion (Fagerholm et al., 2005; Hibbs et al., 1991; Nilsson et al., 2006; Wennerberg et al., 

1998). These prior findings indicate that the conserved T788/T789 residues could form a phospho-

switch to regulate integrin affinity and, thereby, control integrin-mediated cellular processes. 

However, the enzymatic machinery operating this phospho-switch within the cell is currently 

unknown. 

Here we report that phosphorylation of the conserved threonine motif in the cytoplasmic tail of the 

integrin 1 subunit dissociates filaminA to allow access of talin to its canonical NPxY binding site. Using 

a focused genetic screen, we identify the serine/threonine phosphatase PPM1F as the critical enzyme 

responsible for dephosphorylating the threonine motif. Our results uncover the mechanistic details of 

integrin activity regulation by this conserved phospho-switch and identify the underlying enzymatic 

machinery, thereby providing a novel access point to modulate integrin activity. 
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3.4 Results 
 

 

The integrin β1 T788/T789 motif constitutes a conserved phospho-switch to regulate integrin activity 

The T788/T789 motif of the β1 integrin cytoplasmic tail, which is located within the context of talin, 

kindlin, and filaminA binding sites, is highly conserved across species and within different human β 

subunits (Fig. 1 A, Fig. S1 A). Previous studies using the leukocyte-specific integrins β2 and β7 already 

suggested that these threonine residues could operate as a phospho-switch to control binding of talin 

versus filaminA (Kiema et al., 2006; Takala et al., 2008). To evaluate the consequences of integrin β1 

T788/T789 phosphorylation for filaminA or talin binding in vitro, we produced recombinant 

cytoplasmic domains mimicking T788 or T788/T789 phosphorylation (T/D or TT/DD) or harboring non-

phosphorylatable alanine residues (TT/AA; Fig. S1, B and C). We also generated a Y783A mutant in the 

NPxY motif, which impairs talin and filaminA association, and mutated a tyrosine residue outside of 

the talin or filamin core binding sites to alanine (Y795A; (Calderwood et al., 1999; Pfaff et al., 1998). 

Pull-down experiments with the various integrin cytoplasmic domains showed that His-Small 

Ubiquitin-Related Modifier (SUMO)-tagged yeast enolase as irrelevant control protein did not 

associate with any of the integrin β1 cytoplasmic domains (Fig. 1 B). The recombinant His-SUMO-

tagged integrin binding domains of filaminA (Ig domain 19-21 of filaminA) and talin (F3 lobe of the talin 

head domain) bound the integrin β1 wildtype and TT/AA variants, but not the Y783A variant (Fig. 1 B), 

in line with previous reports (Calderwood et al., 1999; O'Toole et al., 1995; Pfaff et al., 1998; Tadokoro 

et al., 2003). Importantly, talin also showed unaltered association with the pseudo-phosphorylated 

integrin β1 variants T/D and TT/DD, while filaminA binding was reduced (T/D) or completely absent 

(TT/DD), indicating that filaminA-integrin interaction is controlled by the phosphorylation state of the 

T788/T789 motif (Fig. 1 B). Similar results were obtained by solid phase binding assays, where one of 

the binding partners was immobilized (Fig. 1 C). Again, the pseudo-phosphorylation of T788/T789 led 

to a complete loss of filaminA binding (Fig. 1 C). Furthermore, pull-down assays with biotinylated, 

synthetic peptides covering residue 762-798 of integrin β1 in either the unphosphorylated or the 

phosphorylated (pT788/pT789) form confirmed that phospho-threonine residues at these positions 

impede filaminA binding (Fig. 1 D).  
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Figure 1: The integrin β1 T788/T789 motif constitutes a conserved phospho-switch to regulate integrin activity. (A) Alignment of cytoplasmic amino acid 
residues of human integrin β subunits. The conserved threonine motif (red), the proximal NPxY motif (blue), the distal NPxY motif (green), and the binding 
sites of talin, kindlin-2, and filaminA are marked. (B) Strep-tag-integrin β1 (Strep-ITGB1) cytoplasmic domains in the WT form, with modifications of the 
T788/T789 motif (T/D, TT/DD, TT/AA), alanine mutation of Tyr-795 (Y795A), or of Tyr-783 (Y783A) were incubated with His-tagged enolase, FLN19-21, or 
talin-F3. Upon streptactin pulldown, bound His-tagged proteins were detected by WB with α-His antibody or Coomassie staining. 50% of His-tagged 
proteins were directly loaded (input) for comparison. (C) His-tagged proteins as in B were immobilized in triplicate wells and incubated with the indicated 
Strep-ITGB1 variants at 4°C. After washing, binding was detected by incubation with streptactin-HRP. Bars represent mean ± SEM of triplicates from a 
representative experiment. (D) Biotinylated integrin β1 peptides in the nonphosphorylated form(β1-762-798) or phosphorylated at T788/T789 (β1-762-
798 pTpT) were bound to streptavidin-agarose (0.5 mg/ml beads) before being incubated with His-tagged enolase, His-talin-F3, GST, or GST-tagged FLN19-
21. Beads without peptide loading were used as negative control. Upon pulldown, bound His- and GST-tagged proteins were detected by WB with α-His 
or α-GST antibody and Coomassie staining. 50% protein amount was directly loaded as input. (E and F) Structural models of filaminA-Ig21 domain (E) and 
talin-F3 domain (F) with phosphorylated integrin β1A based on the known structures of filaminA Ig21/integrin β7 complex (PDB2BRQ) or talin/integrin 
β1D complex (PDB3G9W). The phosphorylated β1A T788/T789 motif was generated in Coot. The electrostatic surfaces of filaminA-Ig21 and talin-F3 are 
depicted in red (negative charge, value −5) and blue (posi ve charge, value 5), β1 is shown in yellow; the phosphorylated threonine residues are shown 
in ball and stick representation. See also Fig. S1. Coot, Crystallographic object-oriented toolkit; H. sapiens, Homo sapiens; w/o, without. 
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Modeling of the pT788/pT789 β1A integrin peptide based on known structures of the filaminA/integrin 

β7 complex (PDB2BRQ; Fig. 1 E) or the talin/integrin β1D complex (PDB3G9W; Fig. 1 F) suggested that 

phosphorylation of T788 and T789 not only sterically obstructs the binding interface with filaminA, but 

also leads to charge repulsion. In contrast, integrin β1 pT788/pT789 phosphate groups do not interfere 

with the binding interface to talin (Fig. 1 E). These structural models are in line with data reported 

previously for β2 and β7 (Kiema et al., 2006; Takala et al., 2008) and strongly support our conclusion 

that phosphorylation of the integrin β1 T788/T789 motif disrupts filaminA binding, but does not impact 

talin association. 

 

The integrin β1 T788/T789 phospho-switch regulates talin versus filaminA binding in intact cells 

To validate our in vitro findings in the cellular context, we performed Opa-protein triggered integrin 

clustering (OPTIC) assays (Baade et al., 2019) (assay scheme Fig. S1 D; construct expression Fig. S1 E). 

Clustering of the wildtype integrin β1 cytoplasmic domain at the plasma membrane led to a strong 

recruitment of GFP-talin, while GFP alone was not enriched (Fig. 2 A). Furthermore, talin was equally 

well recruited to the pseudo-phosphorylated TT/DD and, to a slightly lesser extent, to the TT/AA 

variant (Fig. 2 A). Only disruption of the NPxY core binding motif (integrin Y783A) abolished talin 

recruitment (Fig. 2 A). In contrast, the filaminA integrin binding domain was only recruited in the case 

of the TT/AA mutant, where phosphorylation of this motif is impossible, while clustering of the 

wildtype integrin as well as the phospho-mimicking TT/DD variant did not support filaminA recruitment 

in the intact cell (Fig. 2 B). These results demonstrated that the phosphorylation status of the integrin 

β1 T788/T789 motif dictates the association with integrin activity regulators in intact cells. Moreover, 

these findings also suggested that filamin can only occupy the talin binding site, if the T788/T789 motif 

in the integrin tail is dephosphorylated. To test this idea, we performed in vitro competition assays 

with recombinant talin, filaminA, and integrin β1 cytoplasmic domains (Fig. 2 C). While talin was not 

able to displace filaminA from integrin β1 (Fig. S1 F), increasing levels of filaminA led to a sharp drop 

in talin association with the wildtype integrin β1 tail (Fig. 2 C). However, in the case of the pseudo-

phosphorylated integrin β1 tail even a large excess of filaminA was not able to outcompete talin (Fig. 

2 C). Identical results were obtained by solid phase binding assays (Fig. S1 G). These biochemical 

findings support the idea, that de-phosphorylation of integrin β1, and in particular of the T788/T789 

motif, is a pre-requisite to allow filaminA to displace talin and to inactivate integrins (Fig. 2 D). 
 



  Chapter I 

60 
 

 

Figure 2: The integrin β1 T788/T789 phospho-switch regulates talin versus filaminA binding in intact cells. (A) 293T cells were cotransfected with 
indicated CEA3-integrin β1 cytoplasmic tail fusion proteins together with GFP or GFP-talin-1. After 48 h, cells were infected with CEACAM-binding 
bacteria (Ngo) for 1 h, fixed, and stained for CEACAM3. Micrographs (left panel) show representative infection sites of bacterial attachment (blue) 
and CEA3-integrin β1 clustering (red). Recruitment of GFP-talin (green) to clustered integrin cytoplasmic tails is indicated (white arrowhead). Scale 
bar, 1 μm. Talin recruitment was quantified with the enrichment ratio (ER) indicating the -fold enrichment of GFP-intensity at bacterial attachment 
sites versus the overall cellular GFP level (middle panel). Dots represent individual ERs of 30–60 recruitment sites from n ≥ 2 independent experiments. 
Horizontal lines indicate mean values and 95% confidence intervals (whiskers). The red line indicates the threshold of positive recruitment. The bar 
graph (right panel) depicts the percentage of cells showing an ER of talin-1 recruitment ≥ 2. Statistically significant differences were evaluated using 
one-way ANOVA, followed by Bonferroni post hoc test (***, P < 0.001; **, P < 0.01; *, P < 0.05). (B) Cells transfected with the indicated CEA3-integrin 
β1 cytoplasmic tail fusion proteins together with GFP-FLN19 21 were evaluated as in A. (C) His-talinF3 and Strep-ITGB1 WT or Strep-ITGB1 TT/DD were 
incubated with increasing amounts of GST-FLN19-21. Left panels show the input proteins. Upon streptactin pulldown, proteins bound to ITGB1 WT 
or ITGB1 TT/DD were visualized by Coomassie staining (right; top panel), WB with α-GST antibody to detect FLN19-21 (second panel), or with α-His to 
detect talinF3 (third panel). Coomassie staining also verified similar amounts of precipitated Strep-ITGB1 WT and TT/DD (lowest panel). (D) Schematic 
view of talin versus filaminA association with the integrin β1 cytoplasmic tail depending on T788/T789 (pseudo-)phosphorylation. See also Fig. S1. D, 
aspartate; T, threonine; P, phospho-. 

 

 

The phosphatase PPM1F regulates integrin activity and integrin-dependent cell adhesion 

Based on the observations that a phosphorylated T788/T789-motif impedes filamin binding and that 

the pseudophosphorylated integrin β1 T788D promotes cell adhesion (Craig et al., 2009; Nilsson et al., 

2006; Wennerberg et al., 1998), we hypothesized that an integrin-directed protein phosphatase(s) 

counteracts integrin activation. Accordingly, deletion of such a putative protein phosphatase should 

lead to a gain-of-function with regard to integrin-based cell-matrix adhesion. Therefore, we performed 

a focused genetic knock-down screen with shRNAs individually targeting all protein phosphatases 
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reported in the integrin adhesome (Fig. S2 A; (Zaidel-Bar et al., 2007). As cellular system we 

deliberately chose 293T cells, a human cell line exhibiting weak adhesion to extracellular matrix 

proteins under tissue culture conditions. Stable knock-down cells were plated on the integrin ligands 

fibronectin or collagen or on poly-L-lysine, to which cells attach independently of integrins (Fig. 3 A). 

Compared to control cells, depletion of the protein tyrosine phosphatases PTP-1B, PTP-PEST and 

RPTPα as well as depletion of the serine/threonine phosphatase PPM1F (also known as POPX2 (Koh et 

al., 2002)], CaMKP (Ishida et al., 2008)], and hFEM2 (Tan et al., 2001)]) resulted in enhanced cell 

adhesion to collagen and/or fibronectin, but not poly-L-lysine (Fig. 3A and B). PTP-1B, PTP-PEST and 

RPTPα dephosphorylate the focal adhesion proteins paxillin, p130CAS and c-Src, respectively, which 

could indirectly affect integrin-mediated adhesion (Arias-Salgado et al., 2005; Garton et al., 1996; Shen 

et al., 2000). As PPM1F, a member of the metal-dependent protein phosphatase family (PPM) 

(Moorhead et al., 2009), dephosphorylates serine/threonine residues and has not been implicated in 

cell adhesion, we decided to focus on this enzyme. Western blotting (WB) confirmed the depletion of 

the phosphatase in knock-down cells and demonstrated that levels of several key focal adhesion 

proteins such as integrin β1, talin, filamin, kindlin-2, focal adhesion kinase, paxillin, vinculin, zyxin, ILK, 

ezrin, or α-actinin were not altered (Fig. S2 B). These results indicated that reduction of PPM1F is 

directly connected to increased integrin-mediated cell adhesion.  

 

PPM1F knock-down in normal human dermal fibroblasts (NHDF) recapitulated the phenotype 

observed in 293T cells leading to enhanced cell adhesion on integrin ligands (Fig. 3, C and D). Depletion 

of PPM1F did not affect expression of integrin subunits or other cytosolic focal adhesion proteins (Fig. 

S2, C and D) suggesting that the increased adhesion might be due to alterations in integrin activity. 

Indeed, PPM1F knock-down NHDFs exhibited elevated levels of active integrin β1 (Fig. 3 E), and the 

active receptor was enriched at peripheral focal adhesions, where prominent recruitment of talin was 

observed (Fig. 3 F). Similar levels of active integrin β1 and strong recruitment of talin was also seen in 

NHDF cells with knock-down of filaminA, while knock-down of integrin 1 eliminated the integrin 

staining and confirmed the specificity of the used integrin antibody (Fig. S2, E-G). Together, reduction 

of PPM1F results in elevated levels of active integrin accompanied by increased accumulation of talin 

phenocopying the depletion of the negative integrin regulator filaminA. 
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Figure 3: The phosphatase PPM1F regulates integrin activity and integrin-dependent cell adhesion. (A) 293T cells were transduced with lentiviral 
particles encoding shRNA directed against the indicated protein phosphatases. Stable knock-down cells were plated for 40min on 1 μg/ml collagen I, 0.8 
μg/ml FNIII9-11, or 10 μg/ml poly-L-lysine and washed, and adherent cells were fixed and stained with crystal violet. In parallel, cells were plated for 3 h, 
fixed, and stained without washing (total seeded cells). Crystal violet staining was quantified and normalized to total seeded cells; control = lentivirus 
without shRNA; bars represent mean ± SD of three wells. Shown is a representative result repeated twice with comparable results. (B) Representative 
micrographs from A showing shPPM1F-transduced and control cells on collagen I and poly-L-lysine; scale bar, 150 μm. (C) NHDFs were transduced with 
lentiviral particles encoding shRNA targeting PPM1F or without shRNA (control). Knock-down was confirmed by WB of WCL with α-hPPM1F and α-tubulin 
antibody as loading control. (D) Control and PPM1F knock-down NHDFs were subjected to adhesion assays (1 μg/ml collagen I, 0.8 μg/ml FNIII9-11). Values 
were normalized to total seeded cells. Bars represent mean ± SEM of three independent experiments, each done in triplicate; unpaired t test, ***, P < 
0.001. (E) NHDFs as in D were seeded onto fibronectin-coated dishes for 40 min, fixed, and stained for active integrin β1 (9EG7) or total integrin β1 (AIIB2). 
Graphs show the ratio of active integrin β1 to total integrin β1. Bars represent mean ± SEM of triplicates from one representative experiment. (F) NHDFs 
as in Dwere seeded for 2 h onto 1 μg/ml FN III9-11-coated coverslips. Fixed cells were stained as indicated. Arrowheads point to active integrin β1/talin 
enrichment; scale bar, 20 μm. Insets: Higher magnification of boxed area; scale bar, 10 μm. See also Fig. S2. 
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PPM1F knock-out (KO) results in constitutive integrin activity and an exaggerated cell adhesion 

phenotype 

PPM1F is ubiquitously expressed, but with high levels in neuronal cells (Ishida et al., 2018). To confirm 

the phenotype of PPM1F knock-down cells, we disrupted the Ppm1f gene in human glioblastoma A172 

cells by CRISPR/Cas9. Compared to A172 wildtype cells and A172 control cells, which were transduced 

with a vector lacking the PPM1F sgRNA, the derived A172 PPM1F KO cells completely lacked expression 

of PPM1F (Fig. 4 A). Expression of focal adhesion proteins was unaltered and surface expression of 

different integrin subunits was not increased in A172 PPM1F KO cells (Fig. S3, A and B). Similar to 

PPM1F knock-down 293T and NHDF cells, the A172 PPM1F KO cells showed a 1.5 - 2-fold increase in 

cell adhesion compared to A172 wildtype or control cells at different time points after plating on 

substrates coated with low, medium or high concentrations of extracellular matrix ligands (Fig. 4 B and 

Fig. S3, C and D). Furthermore, A172 PPM1F KO cells displayed elevated levels of active integrin β1 (Fig. 

4 C) and exhibited a prominent increase of active integrin β1 in the form of a peripheral “active integrin 

belt” (Fig. 4 D), which co-localized with enlarged clusters of talin (Fig. 4 D and Fig. S3 E). This phenotype 

was seen in around 80% - 90% of A172 PPM1F KO cells during the first 1 – 2 hours of spreading (Fig. 4 

E and Fig. S3 F). In general, PPM1F KO cells did not spread as fast as A172 wildtype cells and, therefore, 

covered a smaller area (Fig. 4, F and G; Fig. S3 G) suggesting that cell spreading might be compromised 

due to intensified integrin-matrix interaction. This observation also indicates that other PPM1F 

substrates such as p21-activated kinase (PAK) or mammalian Diaphanous-related formin 1 (mDia1), 

which promote actin-based cell protrusions and which are negatively regulated by PPM1F, might not 

be responsible for the spreading defect of PPM1F KO cells (Koh et al., 2002; Parrini et al., 2009; Xie et 

al., 2008). To further confirm that the increased cell adhesion of PPM1F-deficient cells is connected to 

filamin-dependent activity regulation of integrins we performed epistasis experiments. Therefore, 

A172 control cells and PPM1F KO cells received either a control shRNA or shRNA targeting human 

filaminA (Fig. 4H).  
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Figure 4: PPM1F KO results in constitutive integrin activity and an exaggerated cell adhesion phenotype. (A) A172 cells expressing Cerulean (WT) were 
treated with sgRNA against Cerulean (control) or sgRNA against Cerulean and PPM1F (PPM1F KO) combined with Cas9. Clonal cell lines were derived 
and analyzed by WB with polyclonal α-PPM1F (upper panel) or α-tubulin (lower panel) antibodies. (B) Cells from A were seeded onto 10 μg/ml FNIII9-11 

for 30 min in triplicate. Cell adhesion was measured as in A. Adhesion of A172 WT cells was used as reference. Bars represent mean ± SEM from three 
independent experiments. Statistics was calculated using one-way ANOVA, followed by Bonferroni post hoc test (*, P < 0.05). (C) Cells from A were 
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replated onto 0.1 μg/ml FN III9-11 -coated 96-well plates for 40 min. Samples were stained for active integrin β1 (9EG7), total integrin β1 (AIIB2), or with 
secondary antibody only as a control. The graph shows the ratio of active integrin β1 versus total integrin β1 after background subtraction. Bars 
represent mean ± SEMfroma representative experiment done in triplicate. (D) Cells transfected with GFP-talin were seeded onto FNIII9-11 for 30 min. 
Cells were fixed, stained with antibodies against active integrin β1, and analyzed by confocal microscopy; scale bar, 10 μm. Arrowheads point to active 
integrin β1/talin enrichment. Insets: Higher magnification of boxed area; scale bar, 5 μm. (E) Quantification of peripheral belt formation by active 
integrin (upper graph) or talin-1 (lower graph) in A172 WT and PPM1F KO cells. Data are shown in percentages of all cells analyzed; n ≥ 30 derived from 
≥ 2 independent experiments. (F) A172 WT, control, and PPM1F KO cells were seeded onto 2 μg/ml FNIII9-11 coated coverslips for 30 min or 1.5 h before 
fixation and staining with DAPI and phalloidin-Cy5. Representative pictures are shown; scale bar, 25 μm. (G) Quantification of cell area from cells in F; n 
≥ 100 cells from two or more independent experiments; mean values and 95% confidence intervals are shown, outliers are represented in dots, and 
statistics was performed using one-way ANOVA with post hoc Bonferroni test (***, P < 0.001). (H) A172 WT and PPM1F KO cells were transduced with 
lentiviral particles harboring shRNA against human filaminA or empty pLKO.1 vector as a control. After puromycin selection, lysates were prepared and 
subjected to WB analysis using indicated antibodies. (I) Cell adhesion assays were performed with starved A172 cells from H for 20 or 60 min using 0.4 
or 10 μg/ml FNIII9-11 as integrin-dependent matrix. After a washing step, adherent cells were fixed and stained with crystal violet. Staining was quantified 
and normalized to the total number of seeded cells. Bar graphs show mean ± SEM of four independent experiments done in triplicate referenced to WT 
cell adhesion (= 1); one-way ANOVA and Bonferroni post hoc test (***, P < 0.001; **, P < 0.01; *, P < 0.05). (J) Cell lines from H were kept in suspension 
for 45 min and incubated for 15 min with 10 μg/ml FNIII9-11 before staining for total (AIIB2) or active integrin β1 (9EG7). Samples were analyzed by 
flow cytometry, 10,000 counts; unstained cells and an IgG-matched irrelevant antibody served as negative controls. The mean fluorescence intensity 
(MFI) ratio of active to total integrin β1 was calculated and normalized to the WT sample (= 1). Bars represent mean MFI ± SEM of three independent 
experiments; one-way ANOVA and Bonferroni post hoc test (**, P < 0.01; *, P < 0.05). See also Fig. S3 and Fig. S4. FN, FNIII9-11. 

 

 

 

Similar to the knock-out of PPM1F and consistent with the known inhibitory role of filaminA (Liu et al., 

2015; Takala et al., 2008; Waldt et al., 2018), shRNA-mediated knock-down of filaminA in A172 control 

cells increased cell adhesion, reduced cell spreading, and elevated integrin activity (Fig. 4, I and J and 

Fig. S4, A-D). However, depletion of filaminA in PPM1F KO cells did not further elevate the increased 

integrin-dependent adhesion or the enhanced integrin activity in these cells, nor did it further reduce 

cell spreading (Fig. 4, I and J and Fig. S4, A-D). The results of these epistasis experiments highlight the 

strong similarities in the phenotype of PPM1F KO cells and filaminA knock down cells and suggest that 

PPM1F and filaminA work together in the same pathway controlling integrin activity (Fig. S4 E). 

Together, the absence of PPM1F results in a gain-of-function with regard to integrin-based cell 

adhesion due to enhanced integrin activity, elevated talin recruitment, and reduced filaminA 

association with integrin β1. 
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The phosphatase PPM1F regulates the phosphorylation state of the integrin T788/T789 motif 

Association of filaminA and talin with the integrin β subunit as well as integrin activity are regulated by 

phosphorylation of the T788/T789 motif. Therefore, we wondered about the phosphorylation status 

of these residues in PPM1F-deficient cells. Interestingly, while suspended A172 wildtype cells showed 

low levels of integrin β1 T788/T789 phosphorylation, knock-out of PPM1F resulted in constitutively 

elevated levels of pT788/pT789 (Fig. 5 A). Upon seeding onto fibronectin, the level of pT788/pT789 

increased transiently in wildtype A172 cells during the initial attachment phase up to 45 min (Fig. 5 B). 

In contrast, PPM1F KO cells permanently exhibited substantially elevated T788/T789 phosphorylation 

(Fig. 5 C). Quantification of multiple blots demonstrated a 4-5-fold higher phosphorylation level of 

integrin β1 T788/T789 in A172 PPM1F KO cells compared to wildtype cells (Fig. 5 D). To rigorously 

demonstrate that this phenotype is due to the lack of PPM1F activity, we complemented the PPM1F 

KO A172 cells with either WT monomeric (m)Kate-PPM1F or the phosphatase-dead mutant mKate-

PPM1F D360A (Fig. S3 H). As seen before, expression of core focal adhesion proteins or surface 

expression of integrin subunits were not altered by this genetic manipulation (Fig. S3 A and B). 

However, expression of PPM1F wildtype, but not expression of PPM1F D360A, reverted the increased 

phosphorylation of integrin β1 T788/T789 back to levels seen in wildtype A172 cells (Fig. 5 D). The 

increased integrin T788/T789 phosphorylation seen in the PPM1F KO cells correlated well with the 

elevated integrin activity and enhanced cell adhesion to integrin ligands, which was also reverted back 

to basic levels upon re-expression of wildtype PPM1F, but not PPM1F D360A (Fig. 5, E-G). Together, 

these findings are consistent with the idea, that PPM1F regulates the phosphorylation state of the 

T788/T789 motif, thereby controlling association of talin versus filaminA with the cytoplasmic tail of 

integrin β1 and determining cell-matrix adhesion strength (Fig. 5 H). The uniform phenotype of 

enhanced integrin activity observed upon depletion or disruption of PPM1F in multiple cell types also 

indicated that PPM1F might act directly on the integrin β1 subunit. 
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Figure 5: The phosphatase PPM1F regulates the phosphorylation state of the integrin T788/T789 motif in intact cells. (A) Starved A172 WT and 
PPM1F KO cells were kept in DMEM plus 0.25% BSA for the indicated time periods before WCLs were prepared and subjected to WB analysis with 
indicated antibodies. (B and C) Starved A172 WT (B) or PPM1F KO cells (C) were seeded onto 2 μg/ml FNIII9-11 for the indicated time periods before 
being lysed and analyzed by immunoblotting as in A; PPM1F KO cells were used as a control in B to directly compare integrin β1 phosphorylation 
levels. (D) PPM1F KO cells were reconstituted with either WT human PPM1F (PPM1F KO + hPPM1F-mKate2) or the phosphatase-dead mutant PPM1F 
D360A (PPM1F KO + hPPM1FD360A-mKate2). Furthermore, PPM1F KO cells were stably transduced with mKate2 (PPM1F KO + mKate2). As a 
comparison, A172 WT cells and A172 cells transduced with a vector lacking the PPM1F sgRNA (control) were used. The cells were seeded onto 2 μg/ml 
FNIII9-11 for 45min and WCLs subjected to WB with indicated antibodies (left panels). Bar graphs show densitometric quantification of band intensities 
from pT788/pT789-β1 versus total β1 integrin antibody signal for the indicated samples from three independent experiments; WT was set to 1 (right 
graph). Statistics was performed using one-way ANOVA, followed by Bonferroni post hoc test (*, P < 0.05; ***, P < 0.001). (E) Indicated A172 cell lines 
were kept in suspension for 45 min and incubated for 15 min with 10 μg/ml FNIII9-11 before being stained for total (AIIB2) or active integrin β1 (9EG7). 
Samples were analyzed by flow cytometry, 10,000 counts. The mean fluorescence intensity ratio of active to total integrin β1 was calculated and 
normalized to the WT sample (= 1). Bars represent mean fluorescence intensity ± SEM of four independent experiments; statistics was performed 
using one-way ANOVA and Bonferroni post hoc test (***, P < 0.001). (F and G) Cell adhesion assays were performed with starved A172 cell lines for 
20 or 60 min using 0.4 or 10 μg/ml FNIII9-11; 2% BSA-coated wells were used as a negative control. After a washing step, adherent cells were fixed and 
stained with crystal violet. Staining was quantified and referenced to WT cell adhesion (= 1). (F) Representative pictures after 60 min adhesion on 10 
μg/ml FNIII9-11; scale bar, 150 μm. (G) Bar graphs show mean ± SEM of four independent experiments pipetted in triplicate; statistics was performed 
using one-way ANOVA and Bonferroni post hoc test (***, P < 0.001; **, P < 0.01). (H) Model summarizing effects of PPM1F KO on integrin activity. In 
PPM1F KO cells, the balance between active and inactive integrins is shifted toward the active conformation by constitutive phosphorylation of 
integrin β1 at T788/T789, thereby prohibiting filaminA binding, while promoting increased talin association and cell adhesion. DA, phosphatase-dead 
mutant of PPM1F D360A; FN, FNIII9-11; P, phospho-; T, threonine. 

 

 

Recombinant PPM1F dephosphorylates the conserved T788/T789 motif in the integrin β1 

cytoplasmic domain 

To test the ability of PPM1F to directly dephosphorylate pT788/pT789 of integrin β1, human PPM1F 

wildtype and PPM1F D360A were produced in Escherichia coli (Fig. 6 A). Using the generic phosphatase 

substrate 4-methylumbelliferylphosphate (4-MUP), maximum velocity (Vmax) and Michaelis constant 

(Km) values of PPM1F were comparable to other Ser/Thr phosphatases (Gee et al., 1999), while PPM1F 

D360A was inactive (Fig. 6 B). PPM1F also dephosphorylated synthetic peptides spanning the integrin 

β1 T788/T789 motif (Fig. 6, C and D). Though the doubly phosphorylated peptide (β1-pT788/pT789) 

served as a suitable substrate for PPM1F, dephosphorylation was more effective with the mono-

phosphorylated integrin β1 peptides β1-pT788 or β1-pT789 (Fig. 6 D). PPM1F acted specifically on 

integrin pT788/pT789, since a phospho-peptide derived from myosin light chain (MLC; pMLC) was not 

dephosphorylated (Fig. 6, C and D). In a complementary approach, PPM1F was overexpressed and 

purified from human cells. Again, we observed dephosphorylation of synthetic integrin phospho-

peptides by wildtype GST-PPM1F isolated from human cells, but not by GST-PPM1F D360A (Fig. S5, A-

E). In a further approach, we used purified Ca2+/calmodulin-dependent kinase (CaMKII) β, which has 

been reported as a potential kinase of integrin β1 (Suzuki and Takahashi, 2003), to phosphorylate the 

recombinant cytoplasmic domain of integrin β1 in the presence of ATP, Ca2+ and Calmodulin. In 

contrast to wildtype integrin β1, the T788A/T789A mutant was not phosphorylated, demonstrating 

that CamKIIβ selectively acts on the integrin β1 T788/T789 motif in vitro (Fig. S5 F). Recombinant 

wildtype PPM1F, but not PPM1F D360A, dephosphorylated the resulting integrin β1 pT788/pT789 (Fig. 

6 E).  
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Figure 6: Recombinant PPM1F dephosphorylates the conserved T788/T789 motif in the integrin β1 cytoplasmic domain. (A) Recombinant GST-
PPM1F and GST-PPM1F D360A (DA) were expressed in E. coli, purified, and analyzed via SDS-PAGE and Coomassie staining. A BSA standard was used 
to evaluate the protein content. (B) The activity of purified enzymes from A was determined using the fluorogenic substrate 4-MUP. Curves were 
obtained by a direct nonlinear fit of the data to the Michaelis–Menten equation, and Vmax and Km values for PPM1F were determined from one 
representative experiment. (C) Sequences of double or single phosphorylated integrin β1 peptides and the single phosphorylated control peptide 
MLC2. (D) 500 ng GST-PPM1F or GSTPPM1F DA were incubated at 30°C with synthetic integrin β1 peptides from C. Release of phosphate was 
measured after 60 min by malachite green. Bars depict mean ± SD of three independent experiments performed in duplicate; unpaired t test (***, P 
< 0.001). (E) CaMKIIβ (120 ng) was incubated with GSTintegrin β1 cytoplasmic domain in the presence or absence of ATP/calmodulin/CaCl2. 2 μg GST-
PPM1F or GST-PPM1F DA were added as indicated, and samples were incubated for 60 min at 30°C. Reactions were stopped via addition of SDS 
sample buffer and subjected toWB with indicated antibodies; *GST is free GST cleaved off from PPM1F proteins. (F) 200 ng of the indicated 
recombinant phosphatases were separated by SDS-PAGE and probed with α-GST (hPTP1B; PPM1F) and α-His (hPP5; hILKAP) antibodies (left panels); 
200 ng of the purified phosphatases were incubated at 30°C with β1-22pT788pT789 peptide. Phosphate release was measured after 60 min with 
malachite green. Bars depict mean ± SEM of triplicates from a representative experiment. Blank (= no enzyme) values were subtracted from each 
sample. (G) Phosphatase assay as in F using purified GST-integrin β1 cytoplasmic domain phosphorylated in vitro by CaMKIIβ as a substrate. (H) Assays 
conducted as in G were analyzed by WB using indicated antibodies; *PPM1F is free PPM1F released from GST. See also Fig. S5. CaMKII recomb., 
recombinant human Ca2+/calmodulin-dependent protein kinase II; w/o, without. 
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To check, if other protein phosphatases also act on the T788/T789 motif, we recombinantly expressed 

several enzymes, including integrin-linked kinase-associated protein (ILKAP, an additional member of 

the PPM family present at integrin adhesion sites; (Leung-Hagesteijn et al., 2001)), PP5 and PTP1B (Fig. 

6 F), and verified the activity of the purified proteins with 4-MUP (Fig. S5 G). Next, PPM1F, ILKAP, PP5, 

and PTP1B were incubated with the doubly phosphorylated β1-pT788/pT789 peptide. While PTP1B, 

PP5, and ILKAP failed to dephosphorylate integrin β1 pT788/pT789 to a significant extent, PPM1F was 

highly active (Fig. 6 F). Moreover, ILKAP did not dephosphorylate the GST-β1 integrin cytoplasmic 

domain phosphorylated in vitro by CaMKIIβ, while PPM1F was active against this phospho-protein 

substrate (Fig. 6, G and H). Therefore, PPM1F is the integrin phosphatase, which specifically controls 

the phosphorylation state of the conserved T788/T789 motif in the cytoplasmic domain of integrin β 

subunits. 

 

Kindlin2 association with the phosphorylated integrin β1 cytoplasmic tail requires the presence of 

talin 

The T788/T789 motif is also at the core of the kindlin binding site in integrin β1 (Fig. 1A) and kindlin, 

together with talin, is the major positive regulator of integrin function (Harburger et al., 2009; Li et al., 

2017a; Theodosiou et al., 2016). Therefore, we wondered if the phosphorylation state of T788/T789 

also influences kindlin association with integrin β1. In vitro, recombinant kindlin2 bound the wildtype 

integrin β1 cytoplasmic domain and the Y783A mutant with the corrupted NPxY talin binding motif, 

but not the Y795A variant, which disrupts the core NPKY kindlin binding motif (Li et al., 2017a) (Fig. 7 

A). Kindlin2 also did not associate with the A788/A789 variant, which is in line with previous studies 

showing that the hydroxyl-groups of the conserved threonine residues are involved in H-bonds 

between kindlin and integrin β1 (Li et al., 2017a). Unexpectedly however, kindlin2 did not bind the 

pseudo-phosphorylated integrin β1 variants T/D and TT/DD (Fig. 7 A) and the same results were 

obtained by solid phase binding assays (Fig. 7 B). Furthermore, pull-down assays with biotinylated, 

phosphorylated (pT788/pT789) or unphosphorylated integrin β1 peptides confirmed that 

phosphorylation of these threonine residues prevents kindlin2 binding (Fig. 7 C). Similar to the 

situation with talin, kindlin2 was readily displaced from the integrin β1 tail in vitro by the integrin-

binding domain of filaminA (Fig. 7 D; Fig. S1 H). These puzzling results would imply that kindlin2 is 

outcompeted by filaminA, when the integrin β1 tail is unphosphorylated, but kindlin2 could also not 

bind on its own, when the T788/T789 motif is phosphorylated. As kindlin2 cooperates with talin to 

modulate integrin function (Theodosiou et al., 2016; Ye et al., 2013), we wondered whether the 

capability of talin to associate with the phosphorylated integrin tail might enable binding of kindlin2. 

Therefore, recombinant full-length human kindlin2 and His-tagged talin F3 domain were employed in 
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pull-down assays with various Twin-StrepII-tag (strep)-tagged integrin β1 cytoplasmic domains (Fig. 7 

E). As before, kindlin2 alone bound the unphosphorylated integrin β1 cytoplasmic domain, but failed 

to associate with the pseudo-phosphorylated TT/DD variant (Fig. 7F). Importantly, presence of the 

recombinant talin F3 domain allowed the association of kindlin2 with integrin β1 TT/DD (Fig. 7 F). 

Despite the presence of talin, binding of kindlin2 still required the intact membrane distal NPKY motif 

(Fig. 7 F), suggesting that talin and kindlin2 do not physically interact as also observed by Bledzka et al. 

(Bledzka et al., 2012). Rather, talin binding seems to reorient the integrin tail in a manner that allows 

kindlin2 association with the pseudo-phosphorylated integrin. Disruption of the talin binding site in 

the pseudo-phosphorylated integrin β1 (TT/DD + Y783A) concomitantly abolished kindlin association 

(Fig. 7 F) confirming that kindlin2 binding to pseudo-phosphorylated integrin depended on the 

presence of talin. 

To analyze, if this cooperation is also true for phospho-threonine residues and if the cooperative 

binding with talin might allow kindlin2 to withstand the presence of filaminA, pull-down experiments 

with phospho-integrin peptide β1-762-798 pTpT and with the unphosphorylated peptide (β1-762-798) 

were performed (Fig. 7 G). Clearly, in the absence of filaminA, kindlin2 together with talin associated 

with the unphosphorylated as well as the phosphorylated integrin β1 peptides (Fig. 7 G). Upon addition 

of filaminA, kindlin2 was readily displaced from the unphosphorylated integrin β1 peptide, even 

though the talin F3 domain was present (Fig. 7 G). Importantly, this displacement was completely 

prevented by phosphorylation of the T788/T789 motif, which allowed not only talin, but also kindlin2 

to remain associated with the integrin β1 cytoplasmic tail in the presence of filaminA (Fig. 7 G). These 

observations form the basis of a refined working model for integrin activity regulation by a 

phosphorylation-dependent displacement of the negative regulator filaminA and the co-operative 

binding of talin and kindlin2 under these circumstances (Fig. 7 H). 
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Figure 7: Kindlin-2 association with the phosphorylated integrin β1 cytoplasmic tail requires the presence of talin. (A) Strep-tag-integrin β1 (Strep-
ITGB1) cytoplasmic domains in the WT form, with modifications of the T788/T789 motif (T/D, TT/DD, TT/AA), alanine mutation of Tyr-795 (Y795A), or 
of Tyr-783 (Y783A) were incubated with His-kindlin-2. Upon streptactin pulldown, bound kindlin-2 was detected by WB with α-His antibody or 
Coomassie staining. 50% of His-kindlin-2 was directly loaded (input) for comparison. (B) His-tagged kindlin-2 was immobilized and incubated with the 
indicated Strep-ITGB1 variants at 4°C in triplicate wells. After washing, binding was detected by incubation with streptactin-HRP. Bars represent mean 
± SEM of triplicates from one representative experiment. (C) Biotinylated integrin β1 peptides with or without phosphorylated T788/T789 were bound 
to streptavidin-agarose (0.5mg/ml beads), before incubation with His-kindlin-2. Upon streptavidin pulldown, bound kindlin-2 was detected as in A. 
*Kindlin-2 is the N-terminal kindlin-2 fragment, which is also detected by α-His-antibody and interacts with integrin tails. (D) His-kindlin-2 and Strep-
ITGB1 WT were incubated with increasing amounts of His-FLN19-21. Left panels show the input proteins, right panels protein visualization upon 
pulldown of ITGB1 by streptactin. Proteins were visualized by Coomassie staining (upper panel) and with α-His to detect bound kindlin-2 (lower panel). 
Coomassie staining also verified similar amounts of precipitated Strep-ITGB1 WT (lowest bands in the upper panel). (E and F) Strep-tag-integrin β1 
(Strep-ITGB1) cytoplasmic domains in the WT form, with modifications of the T788/T789 motif (T/D, TT/DD, TT/AA), alanine mutation of Tyr-795 
(Y795A), or of Tyr-783 (Y783A) together with or without T788D/T789D mutation were incubated with kindlin-2 and talin-F3 alone or together in a 1:1 
ratio. Upon streptactin pulldown, bound His-tagged proteins were detected by WB with α-His antibody or Coomassie staining. Input is shown in E, 
pulldown in F; *Kindlin-2 as in C. (G) Indicated biotinylated integrin β1 peptides were bound to streptavidin-agarose (0.25 mg/ml beads) before 
incubation with His-tagged talin-F3 (1×) and kindlin-2 (1×) with or without GST-tagged FLN19-21 (5× molar amount). Upon streptavidin pulldown, 
bound His- and GST tagged proteins were detected byWB using α-His or α-GST antibody and Coomassie staining (right panels); left panels show 
protein input (100%); *Kindlin-2 as in C. (H) Schematic view of talin and kindlin-2 versus filaminA association with the integrin β1 cytoplasmic tail 
depending on T788/T789 (pseudo-)phosphorylation. See also Fig. S1. P, phospho-; T, threonine; w/o, without; wt, wildtype. 

 

 

Kindlin2 and talin recruitment are dictated by integrin β1 phosphorylation and PPM1F activity 

To follow the consequences of integrin β1 T788/T789 phosphorylation for kindlin2 recruitment in 

intact cells, we employed integrin β1 chimeras and their phospho-mimicking mutants as well as 

deletion of PPM1F. In agreement with the in vitro binding data, GFP-kindlin2 clustered at wildtype 

integrin β1 tails, but was not enriched at the integrin β1 TT/AA or the integrin β1 Y795A variant (Fig. 8 

A). However, in contrast to the situation with purified components, GFP-kindlin2 was also strongly 

enriched at pseudo-phosphorylated integrin β1 in intact cells (Fig. 8 A). The recruitment of GFP-kindlin2 

in this situation was critically dependent on talin binding, as mutation of the core talin binding site in 

the regular (Y783A) or in the pseudophosphorylated (TT/DD + Y783A) integrin β1 tail abolished the 

increased association (Fig. 8, A and B). 

The capability of kindlin2 to associate with full-length phosphorylated integrin β1 was also reflected 

by the fact that PPM1F KO cells, which display elevated levels of pT788/pT789, showed not only a 

peripheral ring of active integrin, but also accumulation of kindlin2 at these sites (Fig. 8 B). The 

accumulation of kindlin2 in these structures mimicked the accumulation seen for talin in the PPM1F 

KO cells (Fig. 8 B). Importantly, re-expression of active, wildtype PPM1F, which reduces the increased 

integrin β1 T788/T789 phosphorylation, also prevented kindlin2 and talin accumulation, while in 

PPM1F KO cells re-expressing inactive PPM1F D360A the massive peripheral ring of active integrin and 

the exaggerated presence of kindlin2 and talin persisted (Fig. 8 B). These data illustrate how 

phosphorylation of the integrin β1 subunit enforces cooperation between the integrin activators talin 

and kindlin2 to overcome filamin-mediated inhibition of integrins. Moreover, these results point to the 

critical position of PPM1F during integrin activity regulation, as the major protein phosphatase directed 

towards the conserved T788/T789 motif. 
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Figure 8: Kindlin2 and talin versus filaminA recruitment are dictated by integrin β1 phosphorylation and PPM1F activity in intact cells. (A) 293T 
cells were cotransfected with indicated CEA3-integrin β1 cytoplasmic tail fusion proteins together with GFP-kindlin-2. After 48 h, cells were infected 
with CEACAM-binding bacteria (Ngo) for 1 h, fixed, and stained for CEACAM3. Micrographs (left panel) show representative infection sites of bacterial 
attachment (blue) and CEA3-integrin β1 clustering (red). Recruitment of GFP-kindlin-2 (green) to clustered integrin cytoplasmic tails is indicated (white 
arrowhead). Scale bar, 1 μm. Kindlin-2 recruitment was quantified with the enrichment ratio (ER) indicating the -fold enrichment of GFP intensity at 
bacterial attachment sites versus the overall cellular GFP level (middle panel). Data from GFP-transfected cells (Fig. 2 A) were used as negative control 
for statistical calculations. Dots represent individual ER values of 30–60 recruitment sites from n ≥ 2 independent experiments. Horizontal lines 
indicate mean values and 95% confidence intervals (whiskers). The red line indicates the threshold of positive recruitment. The bar graph (right panel) 
depicts the percentage of cells showing a ratio of kindlin-2 recruitment ER 3 2. Statistically significant differences were evaluated using one-way 
ANOVA, followed by Bonferroni post hoc test (***, P < 0.001; **, P < 0.01). (B) A172 WT, PPM1F KO, or PPM1F KO cells reexpressingmKate-tagged 
PPM1F or PPM1F D360A were seeded directly or 48 h after transfection with GFP-talin-1 onto 2 μg/ml FN III9-11 for 1.5 h. Cells were fixed, stained with 
antibodies against active integrin β1 (9EG7) and optionally against kindlin-2, and analyzed by confocal microscopy; scale bar, 10 μm. Arrowheads 
point to active integrin β1/talin or kindlin-2 enrichment. Insets: Higher magnification of boxed area; scale bar, 5 μm. (C and D) 293T cells were 
cotransfected with indicated CEA3-integrin β1 cytoplasmic tail fusion protein in theWT (CEA3-WT) or T788D/ T789D (CEA3-TT/DD) form together with 
GFP, GFP-talin-1 (C), or GFP-FLN19-21 (D). After 48 h, cells were infected with CEACAM-binding bacteria (Ngo) for 1 h, fixed, and stained for 
CEACAM3.Micrographs (left panel) show representative infection sites of bacterial attachment (blue) and CEA3-integrin β1 clustering (red). 
Recruitment of GFP proteins (green) to integrin cytoplasmic tails is indicated (white arrowhead). Scale bar, 1 μm. Protein recruitment was quantified 
with the ER indicating the fold enrichment of GFP intensity at bacterial attachment sites versus the overall cellular level (middle panel). Dots represent 
individual ER values of 60 recruitment sites from three independent experiments. Horizontal lines indicate mean values and 95% CIs (whiskers). The 
red line indicates the threshold of positive recruitment. The bar graph (right panel) depicts the percentage of cells showing a ratio of protein 
recruitment ER ≥ 2. Statistically significant differences were evaluated using one-way ANOVA, followed by Bonferroni post hoc test (***, P < 0.001; *, 
P < 0.05). See also Fig. S1. 

 

 

 

PPM1F activity determines the interaction of talin and filaminA with the integrin β1 cytoplasmic tail 

in intact cells 

To test whether PPM1F activity towards the conserved threonine motif in the integrin cytoplasmic tail 

dictates integrin activity, we again employed the chimeric receptor proteins in the unphosphorylated 

(WT) or pseudo-phosphorylated (T788D/T789D) forms. These integrin β1 chimeras were co-expressed 

with PPM1F wildtype or PPM1F D360A and together with either GFP-talin (Fig. 8 C) or the GFP-tagged 

integrin binding domain of filamin (GFP-FLN19-21) (Fig. 8 D). Upon PPM1F overexpression, talin 

recruitment to the clustered wildtype β1 integrin tail was strongly impaired, while overexpression of 

inactive PPM1F D360A did not compromise talin association (Fig. 8 C). As predicted from the in vitro 

binding assays, talin also associated with integrin β1 T788D/T789D and this association could not be 

diminished by overexpression of PPM1F (Fig. 8 C). Vice versa, GFP-filaminA was only enriched around 

clustered wildtype integrin β1 in situations, where wildtype PPM1F, but not the D360A mutant, was 

overexpressed (Fig. 8 D). These results indicate that continuous activity of PPM1F towards the integrin 

β1 T788/T789 motif is needed to enable filaminA association, which nicely explains the elevated 

integrin activity in PPM1F-deficient as well as filaminA-deficient cells. Together, these data illustrate 

the consequences of PPM1F activity on protein-protein interactions occurring at the integrin β1 

subunit in intact cells and suggest that this phosphatase holds a key position to set integrin activity 

levels. 
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Homozygous disruption of the ppm1f gene results in embryonic lethality and Ppm1f-/- fibroblasts 

show constitutive T788/T789 phosphorylation, elevated integrin activity, and increased cell 

adhesion 

Integrin β1 and its key interaction partners, such as talin, kindlin, filaminA, paxillin, and focal adhesion 

kinase, are all essential for mammals (Fassler and Meyer, 1995; Feng et al., 2006; Hagel et al., 2002; 

Ilic et al., 1995; Monkley et al., 2000; Montanez et al., 2008; Stephens et al., 1995). Furthermore, 

compromising integrin activity regulation via targeted mutations in the integrin β1 cytoplasmic domain 

abrogates integrin function in the intact tissue (Czuchra et al., 2006; Meves et al., 2013). Accordingly, 

if PPM1F indeed serves a critical function in integrin activity regulation, one would expect a severe 

phenotype upon inactivation of the ppm1f gene. 

 

To test this prediction, we employed mice containing a gene-trap insertion in exon 4 of the ppm1f gene 

resulting in disruption of the ppm1f gene (Fig. 9 A). The genotype of the mice containing the disrupted 

ppm1f allele was verified by PCR (Fig. 9 B). While crosses between wildtype (ppm1f+/+) and 

heterozygous (ppm1f+/-) mice led to the expected 50:50 ratio of ppm1f+/+ and ppm1f+/- offspring, 

crosses between heterozygous ppm1f+/- animals yielded no homozygous ppm1f-/- pups, suggesting that 

PPM1F-deficient embryos die in utero (Fig. 9 C). Timed matings showed that ppm1f-/- embryos were 

not present at embryonic day E12.5, E13.5, or E14.5 of development, but putative ppm1f-/- embryos 

were detected at E10.5, when ~20% (9 out of 50 total) embryos showed retarded development (Fig. 9 

D). These embryos were about half the size of the other embryos, displayed malformed forebrain 

structures, and showed reduced development of the branchial arches (Fig. 9 D). This observation 

suggested that ppm1f-/- embryos die before or around E10.5 in utero. To unambiguously determine 

their genotype, we isolated primary murine embryonic fibroblasts (MEFs) from E10.5 embryos. PCR on 

genomic DNA of isolated fibroblasts confirmed that the small malformed embryos harbour two 

dysfunctional PPM1F alleles (ppm1f-/-) while the normal-sized embryos were either homozygous for 

the wildtype allele or heterozygous (ppm1f+/-; Fig. 9 E).  
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Figure 9: Homozygous disruption of the ppm1f gene results in embryonic lethality and ppm1f−/− fibroblasts show constitutive T788/T789 
phosphorylation, elevated integrin activity, and increased cell adhesion. (A) Schematic representation of the WT and targeted ppm1f locus. Insertion 
of a lacZ-neomycin-resistance cassette into exon 4 resulted in gene disruption and expression of β-galactosidase under the control of the ppm1f gene 
promoter. The primers used for genotyping (blue) and the resulting PCR fragments (red) are shown. E, exon number; P1, gene specific primer forward; 
P2, gene specific primer reverse; P3, targeted primer forward. (B) DNA extracts from tail biopsies were genotyped by PCR using primers indicated in 
A to result in a 250-bps product (WT allele, P1, P2) or a 450-bps product (targeted allel, P2, P3). (C) ppm1+/+ and ppm1f+/− mice were mated as depicted, 
and the offspring was genotyped after weaning by PCR using DNA extracts from tail biopsies. (D) Close-up view of head morphology at E10.5 from 
WT, ppm1f+/−, and ppm1f−/− embryos. Ppm1f−/− embryos are smaller in size and exhibit a stunted telencephalon (white arrow) and reduced 
development of branchial arches (black arrowhead). Scale bars, 1 mm. (E) Two ppm1f+/− mice were mated, and genomic DNA was extracted from 
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fibroblasts isolated from ppm1f+/+ (WT), ppm1f+/− (heterozygous), and ppm1f−/− mouse embryos at E10.5 (MEFs). Genotyping PCR identified WT, 
heterozygous, and homozygous ppm1f KO embryos. (F) WCLs from MEFs isolated from WT (PPM1F+/+) or from ppm1f−/− embryos were probed with 
polyclonal α-mPPM1F antiserum (upper panel) or monoclonal α-tubulin (lower panel). PPM1F−/− cells do not express truncated versions of PPM1F. (G) 
MEFs as in F were seeded onto 1 μg/ml FNIII9-12 for 2 h. Samples were fixed and stained for talin (left row) or the active integrin β1 (right row) before 
analysis by confocal microscopy; scale bar, 20 μm. Insets show higher magnification of boxed areas; scale bar, 5 μm. Arrowheads point to active 
integrin β1 or talin enrichment. (H) MEFs as in F were seeded onto 2 μg/ml FNIII9-12 for 45 min, and WCLs were subjected to WB with indicated 
antibodies (left panels). Bar graphs (right panels) show densitometric quantification of band intensities from pT788/pT789-β1 versus total β1 integrin 
antibody signal fromfour independent experiments; WT was set to 1. Statistics was performed using one-way ANOVA, followed by Bonferroni post 
hoc test (***, P < 0.001). (I) MEFs as in F were kept in suspension for 45 min and incubated for 15min with 10 μg/ml FNIII9-12 (FN). Samples were stained 
for total (Hmb1-1) or active β1 integrin (9EG7) and analyzed by flow cytometry, ≥10,000 counts. Themean fluorescence intensity (MFI) ratio of active 
to total β1 integrin was calculated and normalized to the WT sample (= 1). Bars represent mean MFI ± SEM of three independent experiments; 
statistics was performed using unpaired Student’s t test (**, P < 0.01). (J) MEFs as in F were seeded in triplicate onto fibronectin-coated wells for 20 
min, and cell adhesion was quantified. Bars represent mean ± SEM of five independent experiments performed in triplicate. Values were normalized 
to MEF WT cells (= 1). Statistics was performed using unpaired Student’s t test (***, P < 0.001; *, P < 0.05). (K) Serum-starved MEFs were stimulated 
by addition of 10% FCS, and cell migration was monitored every 30 min for 12 h using time-lapse microscopy. Cell tracks were evaluated for velocity 
and covered distance. Bars show mean ± SEM of three independent experiments. Samples were done in duplicate, each n = 15; unpaired t test (***, 
P < 0.001). 

 

 

Primary fibroblasts from ppm1f-/- mouse embryos and wildtype littermates were immortalized by 

retroviral transduction with SV40 largeT antigen and Western blotting with polyclonal anti-murine 

PPM1F (mPPM1F) antibodies demonstrated the absence of the full-length enzyme or any truncated 

ppm1f gene products in ppm1f-/- KO fibroblasts (MEF PPM1F-/-; Fig. 9 F). Already during regular cell 

culture, MEF PPM1F-/- showed enhanced cell attachment to the culture dish and it took longer to 

detach these cells during passaging. When placed onto fibronectin, the primary ppm1f-/- cells showed 

pronounced accumulation of active integrin β1 and talin at peripheral focal adhesion sites (Fig. 9 G). 

Most importantly, phosphorylation of the threonine motif in the integrin β1 cytoplasmic tail was 

strongly elevated in the MEF PPM1F-/- cells compared to the WT cells (Fig. 9 H). The enhanced integrin 

phosphorylation in MEF PPM1F-/- cells correlated with elevated levels of active integrin β1 (Fig. 9 I) and 

translated into increased adhesiveness on low (0.4 µg/ml) and high (10 µg/ml) concentrations of the 

integrin ligand fibronectin (Fig. 9 J). Furthermore, the enhanced integrin-mediated cell adhesion 

directly translated into reduced cell migration velocity and migration distance of MEF PPM1F-/- cells 

(Fig. 9 K). These results highlight the severe consequences of PPM1F deletion on integrin function in 

primary cells. Together, our data further confirm a critical and non-redundant role of PPM1F as a 

negative regulator of integrin activity during embryonic development and physiological integrin-

dependent processes such as cell adhesion, spreading, and migration.  
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3.5 Discussion 
 

Dynamic modulation of integrin activity is indispensable for the normal functioning of animal cells 

especially with regard to cell attachment, spreading and migration (Morse et al., 2014; Shattil et al., 

2010). Integrin activity is controlled by protein-protein interactions occurring at the cytoplasmic tail of 

the integrin β subunit and the fine-tuning of cell adhesion requires regular transitions from 

talin/kindlin-bound active to filaminA-associated inactive integrin. Here we identify the molecular 

machinery, which executes this integrin activity switch: the cytoplasmic metal-dependent protein 

phosphatase PPM1F. This serine/threonine phosphatase acts on a conserved threonine motif located 

in the cytoplasmic tail of most integrin β subunits and thereby controls filamin binding. Accordingly, 

this phosphatase represents the first enzyme known to directly regulate integrin activity.  

PPM1F belongs to the metal-dependent protein phosphatases (PPMs), which in contrast to the family 

of phospho-protein phosphatases (PPPs) do not rely on regulatory subunits for subcellular localization 

and substrate recognition (Moorhead et al., 2009; Stern et al., 2007). Instead, these phosphatases 

harbour additional domains involved in protein-protein interaction and phosphatase activity 

regulation (Ishida et al., 2018). The tertiary structure of PPM1F is not known, but a PPM family member 

from C. elegans termed FEM-2 (sharing ~25% sequence identity with human PPM1F) has been 

crystallized (Zhang et al., 2013c). Though the N-terminal domain of FEM-2 exhibits a large 

intramolecular binding interface with the C-terminal catalytic domain, in vitro experiments did not 

indicate a role of the N-terminus in regulating phosphatase activity, but rather in mediating protein-

protein interactions (Zhang et al., 2013c). In this regard, PPM1F is known to bind the focal adhesion 

protein β-PIX and has been identified by unbiased mass spectrometry approaches as a constituent of 

focal adhesions (Schiller et al., 2011). PPM1F also functions as a negative regulator of the β-PIX-

associated protein serine/threonine kinase PAK and of the Ca2+/Calmodulin-dependent kinase II 

(CaMKII) (Harvey et al., 2004; Ishida et al., 1998; Koh et al., 2002). In both cases, PPM1F shows 

preference for phospho-threonine (pT) residues located in the activation loops of these kinases (Ishida 

et al., 2008). Interestingly, the amino acid sequences surrounding these known PPM1F target motifs in 

PAK and CaMKII (K/Rx(1-2)TxV) are highly reminiscent of the sequence (Kx2TTV) encompassing 

T788/T789 in integrin β1. As such a motif occurs also in the cytoplasmic domains of human integrin 

β2, β3, β5, β6, and β7, it can be envisioned that this ubiquitously expressed threonine phosphatase 

controls a larger set of integrin heterodimers. It is important to note that PPM1F, but not the related 

PPM family member ILKAP, readily dephosphorylated the phospho-T788/T789 motif. In myoblasts, the 

phosphatase PP2A has been shown to associate with and dephosphorylate the T788/T789 motif on 

integrin β1 (Kim et al., 2004). Striated muscle cells require stable, long-term adhesion for their 

physiological function. Therefore, PPM1F-mediated negative regulation of integrin activity might not 
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be required to the same extent in this tissue, where PP2A could be involved in integrin regulation. 

Though additional enzymes might be able to dephosphorylate phospho-T788/T789 of integrin β1, the 

prominent gain in integrin function in normal fibroblasts and glioma cells upon PPM1F depletion and 

the severe phenotype of homozygous deletion of PPM1F in the mouse strongly argue for a unique role 

of PPM1F. The idea, that the integrin β1 subunit is a major target of PPM1F, is supported by the 

constitutive T788/T789 phosphorylation, the enhanced talin recruitment, and the exaggerated integrin 

β1 activity seen in all examined PPM1F-deficient cells. The biochemical consequence of PPM1F action, 

namely filaminA binding to the T788/T789 motif, nicely explains how this phosphatase can have a 

direct impact on integrin activity. 

The proposed phospho-switch mechanism in the integrin β1 subunit and the role of filaminA in this 

context is in line with previous reports on the integrin β7 and integrin β2 subunits (Kiema et al., 2006; 

Takala et al., 2008). Structural modeling clearly indicates that sterical hindrance and charge repulsion 

will prohibit filaminA from binding to the phosphorylated T788/T789 motif in integrin β1 and we 

experimentally confirm this binding pattern with pseudo-phosphorylated recombinant proteins as well 

as synthetic phospho-peptides. Intriguingly, our in vitro competition assays demonstrate that filaminA 

readily displaces the talin FERM domain as well as kindlin2 from the integrin β1 tail, but can do so only 

in the absence of T788/T789 phosphorylation (Fig. 10 A). Phosphorylation of this conserved motif and 

the resulting dissociation of filamin grants talin access to the membrane proximal NPxY motif (Fig. 10, 

B and C). The binding of talin to the phosphorylated integrin tail unclasps the integrin α and β subunits 

and leads to extension of the bend extracellular domains (Fig. 10 C). In this situation, talin binding is 

required before kindlin2 can associate with the membrane distal NPxY motif, as the T788/T789 motif 

is phosphorylated (Fig. 10 D). Upon kindlin2 binding, the active conformation of integrins is further 

stabilized and integrin-mediated adhesion is further promoted by receptor clustering (Fig. 10 D). The 

phosphorylation-guided cooperation between talin and kindlin, as suggested by our in vitro and in vivo 

data, could be a means to safeguard against a kindlin2-mediated inside-out activation of integrins in 

the absence of prior talin binding. In retrospect, these findings now provide a mechanistic explanation 

for the previously observed adhesion phenotype of integrin β1 T789D and of integrin β1 TT788/789AA 

expressing cells, which appear locked in either the active or inactive situation (Nilsson et al., 2006; 

Wennerberg et al., 1998). Our novel observations also nicely combine with previous results into a 

coherent picture of integrin activity regulation from within the cell (inside-out-signaling). It has been 

noted before that overexpression of the isolated talin FERM domain can trigger inside-out-signaling of 

integrin β1 and β3, while kindlin overexpression on its own is not sufficient, but rather intensifies talin-

initiated integrin activity (Harburger et al., 2009; Li et al., 2017a; Ma et al., 2008; Ye et al., 2010). On 

the other hand, kindlin critically contributes to integrin activity, when cells respond to an integrin 
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ligand and reorganize their cytoskeleton during outside-in-signaling (Bottcher et al., 2017; Montanez 

et al., 2008; Theodosiou et al., 2016). 

Interestingly, clustering of the wildtype integrin β1 chimera in intact cells, a situation mimicking the 

unclasped integrin, does not lead to filaminA recruitment. This finding could indicate that the 

threonine motif is mainly phosphorylated, when the integrin β subunit is separated from the integrin 

α subunit. Intriguingly, upon overexpression of PPM1F, but not PPM1F D360A, filaminA accumulates 

at the wildtype integrin β1 cytoplasmic tail. This observation suggests that the activity of the 

overexpressed phosphatase can override a potential default phosphorylation of the threonine motif 

in the unclasped integrin β subunit to allow filaminA binding. It is interesting to speculate that a default 

phosphorylation of the conserved threonine motif in the isolated wildtype integrin β1 tail would not 

only promote displacement of the negative regulator filamin, but it would also prohibit kindlin2 from 

driving integrin inside-out signaling in the absence of talin. This scenario is in line with the observation 

that kindlin overexpression does not lead to integrin inside out activation (Harburger et al., 2009; Li et 

al., 2017a; Ma et al., 2008; Ye et al., 2010). 
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Figure 10: Phosphorylation and dephosphorylation of the conserved threonine motif in the integrin β tail orchestrate the regulation of integrin 
activity. (A) FilaminA stabilizes the inactive, clasped low-affinity integrin conformation by outcompeting talin and kindlin-2 at the integrin β tail. 
(B and C) Upon phosphorylation of integrin β1 at T788/T789 by integrin-targeted kinase(s), filaminA is displaced, and integrins are primed for (C) 
inside-out activation by talin, resulting in integrin tail separation and a conformational change to the active, unclasped high-affinity integrin state. 
(D) Talin-initiated tail reorientation promotes cooperative kindlin association (sequentially or simultaneously), integrin clustering (with 
multivalent ligands), and further integrin downstream signaling. Counteracting these processes, PPM1F-mediated dephosphorylation of integrin 
β1 T788/T789 allows (re)association of filaminA, which displaces talin and kindlin from the cytoplasmic tail and favors the closed integrin 
conformation. P, phospho-; T, threonine; w/o, without. 

 

 

A major remaining question is where and when the conserved threonine motif in integrin β subunits is 

phosphorylated and which kinase(s) are involved in this regulatory step. Phosphorylation of the 

conserved integrin threonine motif has been most intensely studied for the integrin β2 subunit, where 

T758/T759 form part of the Kx2TTTV motif in the cytoplasmic tail. In this case, stimulation of G-protein 

coupled receptors or the T-cell receptor leads to phosphorylation of T758 in integrin β2 and enhanced 

integrin-mediated cell-attachment (Chatila et al., 1989; Fagerholm et al., 2005; Takala et al., 2008; 

Uotila et al., 2014; Valmu et al., 1991). Application of PKC inhibitors abrogates T758 phosphorylation, 

and the corresponding synthetic peptides of the integrin cytoplasmic domain are phosphorylated in 

vitro by conventional and unconventional PKC enzymes (Fagerholm et al., 2002). However, additional 

kinases such as Ca2+-Calmodulin-dependent kinase II (CaMKII) have been shown to associate with the 

integrin β1 subunit in breast tumor cells (Takahashi, 2001) and inhibitors of CaMKII prevent the 

increase in T789 phosphorylation driven by constitutive active Ndr1 kinase, an abundant kinase in 

differentiating neurons (Rehberg et al., 2014). Our kinase assays with the purified integrin β1 

cytoplasmic domain now confirm that CaMKII is a bona fide integrin kinase. These studies indicate that 

multiple serine/threonine kinases can relay signaling inputs, eventually originating from different 

extracellular and/or intracellular cues, towards the integrin β1 cytoplasmic domain. Our finding of a 

strong elevation of integrin phosphorylation upon deletion of a single phosphatase was therefore 

unexpected. However, in several distinct human cell types and in different scenarios, such as matrix-

attached or suspended cells, PPM1F deficiency leads to constitutive T788/T789 phosphorylation. It has 

to be noted, that apart from the integrin β1 subunit, PPM1F acts on additional substrates such as 

kinases, cytoskeletal proteins, and apoptosis regulators (Ishida et al., 2018; Zhang et al., 2013b). 

Therefore, it remains to be determined whether the abortion of embryonic development seen in 

PPM1F knock-out mice is a direct consequence of alterations in integrin activity and to which extent 

deregulation of other PPM1F substrates may play a role. However, the early embryonic lethality 

observed upon disruption of genes encoding integrin β1, talin, kindlin, filaminA, and PPM1F in 

mammals and the functional interplay of these proteins in intact cells strongly argue for a critical role 

of PPM1F-mediated integrin activity regulation in vivo. 
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It is easily conceivable that PPM1F is ideally suited to serve as key control for the T788/T789 phospho-

switch, as it not only dephosphorylates the integrin β cytoplasmic domain, but this phosphatase is also 

able to reverse the auto-phosphorylation of CaMKII at Thr286 (Harvey et al., 2004; Ishida et al., 1998). 

Thus, PPM1F could shift the balance towards the unphosphorylated, inactive integrin by acting on both 

an integrin-directed serine/threonine kinase as well as on the integrin T788/T789 motif itself. Taken 

together, our study identifies PPM1F as the enigmatic integrin phosphatase, which acts on the highly 

conserved threonine motif in the integrin  cytoplasmic domain (Gahmberg et al., 2014). Thereby, this 

widely expressed protein phosphatase functions as an essential constituent of the integrin off-switch. 

In contrast to other negative regulators of integrins, such as ICAP-1α, Sharpin or Dok1, PPM1F has a 

defined enzymatic activity that can serve as a target for small molecule modulators. Given the 

important role of fine-tuning integrin activity in thrombus formation, immune cell motility, or wound 

healing, agonists as well as antagonists of PPM1F could provide novel access points to adjust integrin 

activation thresholds.  
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3.7 Materials and Methods 
 

 

Antibodies 

The following antibodies were used with the corresponding dilutions for western blot analysis (WB), 

immunofluorescence (IF), immunohistochemistry (IHC) or integrin activity assay (IA): α-Actinin 

(BM75.2, mouse anti-human/anti-mouse, Abcam; 1:1000 WB), α1-integrin (TS2/7, mouse anti-

human/anti-mouse, Abcam; 1:50 IF), α2-integrin (6F1, mouse anti-human/anti-mouse, DSHB; 1:60 IF), 

α3-integrin (P1B5, mouse anti-human/anti-mouse, DSHB; 1:60 IF), α5-integrin (BIIG2, rat anti-human, 

DSHB; 1:10 IF; MFR5, rat anti-mouse, BD Pharmigen, Heidelberg; IF 1:300), αv-integrin (PE-P2W7 

mouse anti-human/anti-mouse, sc-9969; IF 1:300), β1-integrin (AIIB2, IgG1, rat anti-human, DSHB; 

1:600 IA; HMβ1-1, armenian hamster anti-mouse, Bio Legend; 1:300 IF/IA; D2E5, rabbit anti-human, 

Cell Signaling; 1:1000 WB), active β1-integrin (9EG7, G1, rat anti-human/anti-mouse, generous gift of 

D. Vestweber (MPI for Molecular Medicine, Münster, Germany); 1:300 IA/IF), pT788/789 β1-integrin 

(44-872G, rabbit anti-human, Thermo Scientific; 1:1000 WB), β3-integrin (2C9.G3, arm. hamster anti-

human/anti-mouse, eBioscience; 1:300 IF), β5-integrin (AST-3T, mouse anti-human, Biolegend; 1:150 

IF; KN-52, mouse anti-mouse/human, eBioscience; IF 1:300), CEACAM 1,3,4,5,6 (D14HD11 from 

Aldevron, Freiburg Germany; WB 1:6000, IF 1:200), Ezrin (MAB3822, mouse anti-human, Millipore; 

1:200 WB), FAK (77, mouse anti-human, BD; 1:250 WB), ILK (EP1593Y, rabbit anti-human, Epitomics; 

1:800 WB), Kindlin-2 (3A3, mouse anti-human, Millipore; 1:200 WB, 1:250 IF), Paxillin (5H11, mouse 

monoclonal, Thermo Scientific; 1:1000 WB), hPPM1F (17020-1-AP, rabbit anti-human, Protein-Tech; 

1:1000 WB), mPPM1F (#1147, rabbit anti-mouse PPM1F; generated at the Tierforschungsanlage; 

University of Konstanz (see below); 1:200 WB), FilaminA (EP2405Y, IgG, rabbit anti-human, Epitomics; 

1:125.000 WB; PM6/317, mouse anti-human, Millipore; 1:100 IF), Tubulin (E7, IgG1, mouse anti-

human, DSHB; 1:1000), Talin (8d4, mouse anti-human, Thermo Scientific; 1:800 WB, 1:40 IF), Vinculin 

(hVIN-1, mouse anti-human, Sigma; 1:2000 WB, 1:200 IF), Zyxin (Zol301, mouse anti-human, Abcam; 

1:1000 WB), GFP (Jl-8, Clontech; 1:3000 WB), GST (B-14 sc-138, Santa Cruz; 1:1000 WB, 1:500 ELISA), 

6x His (H8, Thermo Scientific; 1:1000 WB and ELISA), Dylight488-conjugated goat anti-mouse IgG 

(Jackson; 1:200), Cy3-conjugated goat anti-rabbit IgG (Jackson; 1:200), Cy3-conjugated goat anti-

mouse IgG (Jackson; 1:200), Cy5-conjugated goat anti-mouse IgG (Jackson; 1:200), RhodamineRed-

conjugated goat anti-rat IgG (Jackson; 1:200), RhodamineRed-conjugated goat anti-Armenian Hamster 

IgG (Jackson; 1:200), Cy5-conjugated Phalloidin (A22287, Mol.Probes; 1:100), HRP-conjugated goat 

anti-mouse IgG (Jackson; WB 1:10 000), HRP-conjugated goat anti-rat IgG (Santa Cruz; 1:250), HRP-
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conjugated goat anti-rabbit IgG (Jackson; WB 1:3000), Streptactin-HRP (IBA, Lifesciences; 1:10000 WB, 

1:1000 ELISA), murine Endoglin (CD105, rat-anti-mouse, MJ7/18, DSHB), unspecific control IgG (anti-

mouse, 96/1, generated at the Tierforschungsanlage; University of Konstanz). 

 

Recombinant DNA 

For the construction of His-Sumo tagged talin F3 subdomain of the FERM domain (residues 309-411), 

the murine talin1 cDNA (kindly provided by R. Fässler; MPI Biochemistry, Martinsried, Germany) was 

amplified with the following primers: mTalin1 F3-forward: 5’–

GACGGTCTCAAGGTGGTGTCTCCTTCTTCCTAGTC–3’ and mTalin1 F3-reverse: 5’–

GTCTCTAGATTACAGCCCAAAATGGTCCTTGCTG–3’. The resulting PCR fragment was cloned into pET24a 

His-Sumo bacterial expression vector (Andreasson et al., 2008) via BsaI and XhoI restriction sites. For 

construction of GFP-tagged talin, cDNA of human talin-1 (kindly provided by R. Fässler; MPI 

Biochemistry, Martinsried, Germany) was cloned into pDNR Dual (Clontech, Mountain View, USA) 

using the following primers and restriction digest with SalI/AgeI: hTalin1_SalI_sense:  5’-

GAAGTTATCAGTCGACACCATGGTTGCACTTTCACTGAAG-3’ and hTalin1_AgeI_anti: 5‘-

GTCATACCGGTTTAGTGCTCATCTCGAAGCTCTG-3‘. Cre/LoxP recombination was used to move 

sequences from pDNR Dual into pEGFP-C1-loxP for eukaryotic expression.  

Human kindlin2 cDNA (ID4547604 in pOTB7; Source BioScience, Nottingham, UK) was used as template 

for PCR amplification with the following primers: hKindlin-2_SalI_sense: 5‘-

ATCAGTCGACGCTCTGGACGGGATAAGGATG-3’ and hKindlin-2_BamHI_anti: 5’-

TACCGGATCCTCACACCCAACCACTGGTAAG-3’ and the product cloned into pDNR Dual via SalI/BamHI 

restriction digest. The kindlin2 cDNA was transferred to pEGFP-C1-loxP vector by Cre-recombination. 

Mouse kindlin2 cDNA (pCMV-SPORT6, Source Bioscience, Nottingham, UK) was used as template for 

PCR amplification with the following primers: mKindlin2_LIC_sense: 5‘-

ACTCCTCCCCCGCCATGGCTCTGGACGGGATAAGGATG-3‘ and mKindlin2_LIC_anti: 5’-

CCCCACTAACCCGTCACACCCAACCACTGGTGAG-3’ and the product cloned into pDNR Dual-LIC vector by 

LIC cloning ((Aslanidis and de Jong, 1990). The mKindlin-2 insert was cloned into pET24a-His-SUMO by 

PCR amplification with the following primers: mKindlin-2_BamHI_sense: 5’-

TATAGGATCCCATGGCTCTGGACGGGATAAG-3’ and mKindlin-2_XhoI_anti: 5’-

TATACTCGAGTCACACCCAACCACTGGTGAG-3’ and by restriction digest with BamHI and XhoI enzymes.  

The integrin-binding part of FilaminA (FLNIg19-21) was generated by amplifying human filaminA 

(Addgene, plasmid #8982) with the following primers: FLNIg19-forward 5’–

ACTCCTCCCCCGCCATGATCAGCCAGTCGGAAATTG-3’ and FLNIg21-reverse 5’–

CCCCACTAACCCGAGCCACAGGCACCACGAAG–3’ and cloned into pDNR-Dual-LIC. FLNIg19-21 cDNA was 
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subsequently transferred to pEGFP-C1-loxP by Cre-mediated recombination, generating GFP-FLNIg19-

21 for mammalian expression, and to pGEX4T1 loxP (Schmitter et al., 2007) for bacterial expression of 

GST-FLNIg19-21. 

For His-Sumo-tagged FLNIg19-21 the respective FilaminA sequence was amplified by PCR with the 

primer pair FLNIg19-forward: 5’–GACGGTCTCAGGTGGGGATGCCAGTCGTGTTCGCGTCTCTG–3’ and 

FLNIg21-reverse: 5’–CTGATGCTCGAGTTAAGACGGAGAAGCCACAG-3’. The resulting PCR fragment was 

cloned into pET24aHis-Sumo via BsaI and XhoI restriction sites. 

cDNA of control protein yeast Enolase-1 was obtained by genomic DNA extraction (PureLinkTM 

Genomic DNA Mini Kit, Thermo Scientific) from Candida albicans SC5314 (generous gift of Joachim 

Morschhäuser, University of Würzburg, Germany) and PCR amplification using the following primers: 

Enolase-1 BamHI sense: 5’- ATAGGATCCGATGTCTTACGCCACTAAAATCC-3‘ and Enolase-1 XhoI NEF 

anti: 5‘-ATACTCGAGTTATTTAAAGTATTCGGGCCCCAATTGAGAAGCCTTTTGG-3‘. The resulting PCR 

fragment was cloned into pET24aHis-Sumo via BamHI and XhoI restriction sites. 

For the production of recombinant GST-tagged cytoplasmic tail of integrin β1, the human integrin β1 cDNA 

(Addgene, plasmid  #54129) was amplified by PCR with the primer pair: hβ1Integrin-cyto-EcoRI-sense: 5’–

ATAGAATTCTGGAAGCTTTTAATGATAATTC–3’ and hβ1Integrin-cyto-XhoI-anti: 5’–

ATACTCGAGTCATTTTCCCTCATACTTCG–3’. The cDNAs of human integrin β1 T788A/T789A, T788D and 

T788D/T789D cytoplasmic domains were custom synthesized (Eurofins Genomics GmbH, Ebersberg, Germany) 

and amplified using the same primer pair as for wildtype β1 integrin. PCR products of integrin β1 wildtype and 

T788A/T789A were cloned into pGEX-4T1 via EcoRI/XhoI restriction sites to yield an amino-terminal GST-tagged 

fusion protein, respectively. The Y795A mutation was inserted by using integrin β1 wildtype cDNA as 

template and the following primers: integrin β1 Y795A BamHI sense: 5‘-

GCTATGGATCCCATGACAGAAGGGAGTTTG-3‘ and integrin β1 Y795A XhoI anti: 5‘-

ATATCTCGAGTCATTTTCCCTCCGCCTTCGGATTG-3‘. 

The Strep-tag vector for bacterial expression of Strep-tagged integrin cytoplasmic domains was 

produced by custom gene synthesis (pEX-A128 Strep-integrin β; Eurofins Genomics GmbH, Ebersberg, 

Germany) according to Pfaff et al. (1998). Briefly, the E.coli codon-optimized cDNA encompasses an N-

terminal Twin-StrepII-tag and a coiled-coil domain encoding a heptad-repeat coil-coil-forming region 

followed by in frame BamHI/XhoI restriction sites for insertion of integrin cytoplasmic tails. Using 

NcoI/XhoI restriction sites, the Strep-tag and coiled-coil sequence of pEX-A128 Strep-integrin β was 

ligated into the pET28a(+) vector (Novagen, Merck Millipore, Burlington, MA). Strep-tagged integrin 

β1 wildtype, T788D, T788D/T789D, T788A/T789A and Y795A constructs were produced by BamHI/XhoI 

restriction digest of corresponding pGEX-4T1 vectors and subcloning of the integrin β1 tail cDNA into 

the Strep-tag vector. For the generation of Strep-tagged integrin β1 Y783A, Strep-integrin β1 wildtype 

cDNA containing vector was used as template for site directed mutagenesis with the following primers: 

integrin β1 Y783A sense: 5‘-CACGGGTGAAAATCCTATTGCTAAGAGTGCCGTAACAACTG-3‘ and integrin 
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β1 Y783A anti: 5‘-CACAGTTGTTACGGCACTCTTAGCAATAGGATTTTCACCCGTGTCCC-3‘. To generate 

Strep-tagged β1 integrin Y783A + T788D/T789D, Strep-tagged integrin β1 T788D/T789D vector was 

used as template for site directed mutagenesis with following primers: integrin β1 Y783A DD sense: 5‘-

GGTGAAAATCCTATTGCTAAGAGTGCCGTAGAC-3‘ and integrin β1 Y783A DD anti: 5’-

GTCTACGGCACTCTTAGCAATAGGATTTTCACC-3‘. 

CEACAM3-integrin β1 fusion constructs were generated via PCR amplification using the cDNA of 

human integrin β1 wildtype, T788/789D, or T788/789A synthetic sequences as template with following 

primers: integrin β1_E762-K798_BamHI sense: 5’ –

GCGGCTATGGATCCGAGTTTGCTAAATTTGAAAAGGAGAAAATG– 3’ and integrin β1_E762-K798_XhoI 

anti: 5’ –TATCTCGAGTCATTTTCCCTCATACTTCGG–3’. PCR products were cloned into pcDNA3.1 

CEACAM3ΔCT using BamHI/XhoI restriction sites (Baade et al., 2019; Schmitter et al., 2004). For the β1 

integrin Y783A construct, pcDNA3.1 CEA3-β1 wildtype integrin containing plasmid was used to perform 

site directed mutagenesis using the following primers: integrin β1 Y783A sense: 5’ – 

CACGGGTGAAAATCCTATTGCTAAGAGTGCCGTAACAACTG– 3’ and integrin β1 Y783A anti:  5‘-

CACAGTTGTTACGGCACTCTTAGCAATAGGATTTTCACCCGTGTCCC-3‘. CEACAM3-integrin β1 Y783A + 

T788D/T789D fusion construct was generated via PCR amplification using Strep-tagged β1 integrin 

Y783A + T788D/T789D as template with the following primers: integrin β1_E762-K798_BamHI sense: 

5’ –GCGGCTATGGATCCGAGTTTGCTAAATTTGAAAAGGAGAAAATG– 3’ and integrin β1_E762-K798_XhoI 

anti: 5’ –TATCTCGAGTCATTTTCCCTCATACTTCGG– 3’. The PCR product was cloned into pcDNA3.1 

CEACAM3ΔCT using BamHI/XhoI restriction sites (Baade et al., 2019; Schmitter et al., 2004).  

For the generation of mCherry- and GST-tagged PPM1F, the cDNA of human PPM1F (I.M.A.G.E. cDNA 

clone IRAUp969F10111D) was obtained from Source BioScience (Nottingham, UK). The following 

primers were used for amplification: hPPM1F-IF-sense: 5’-

GAAGTTATCAGTCGACACCATGTCCTCTGGAGCCCC-3’ and hPPM1F-IF-anti: 5’-

ATGGTCTAGAAAGCTTGCCTAGCTTCTTGGTGGAGC-3’. The resulting PCR fragment was cloned into 

pDNR-CMV using the In-Fusion dry-down PCR Cloning Kit (Clontech, Mountain View, CA). The 

sequence-verified pDNR-CMV hPPM1F was used as donor vector and the insert was transferred by 

Cre-mediated recombination into the acceptor vector pmCherry-C1-loxP (mammalian expression) and 

pGEX-4T1-loxP (bacterial expression) generating amino-terminal tagged pmCherry-hPPM1F and pGEX 

GST-hPPM1F. For the generation of mCherry- or GST-tagged hPPM1F D360A, the phosphatase dead 

mutant of PPM1F (Harvey et al., 2004), site-directed mutagenesis was performed with the hPPM1F 

containing vectors using primers PPM1F-D360A-forward: 5’ –

GACTACCTGCTGCTAGCCTGTGCTGGCTTCTTTGACGTCG– 3’ and PPM1F-D360A-reverse: 5’ –

GTCAAAGAAGCCAGCACAGGCTAGCAGCAGGTAGTCCTC– 3’. 
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For expression of PTP1B (a kind gift from W. Hofer, University of Konstanz), the cDNA was cloned into 

pDNR-Dual-LIC after PCR amplification using the primers: PTP1B LIC sense: 5’-

ACTCCTCCCCCGCCATGGAGATGGAAAAGGAGTTCG-3’, PTP1B LIC anti: 5’-

CCCCACTAACCCGCTATGTGTTGCTGTTGAACAGG-3’, followed by Cre-lox recombination into pGEX4T1 

loxP vector for bacterial expression. All recombinant constructs were verified by sequencing. 

 

Expression of recombinant proteins 

Strep-tagged or GST-tagged integrin β1 cytoplasmic domains and 6xHis-SUMO-tagged or GST-tagged 

TalinF3, Kindlin-2, FLNIg19-21, Enolase-1, human 7xHis-TEV ILKAP (Addgene #34817, pQTEV vector by 

Konrad Buessow), GST-tagged human PTP1B and human Trx-His-S-PP5 (a kind gift of Dan Dietrich, 

University of Konstanz), and GST-tagged fibronectin type III repeats 9-11 (FNIII9-11; gift of Martin A. 

Schwartz, Yale University, CT) were expressed in E.coli as described for PPM1F. Proteins were purified 

using His- or GST-Trap FF column (GE Healthcare, Chalfont St Giles, UK) or Streptactin Superflow 

column (IBA Life Sciences, Göttingen, Germany) depending on the protein and dialyzed against 

appropriate buffers. 

 

Pulldown-Assays with integrin cytoplasmic domains 

2.5 µg of Strep-tagged integrins or 10 µg of biotin-integrin phospho-peptide β1-762-798 pTpT (Biotin-

EFAKFEKEKMNAKWDTGENPIYKSAV[pT][pT]VVNPKYEGK-OH) or biotin-integrin peptide β1-762-798 

(Biotin-EFAKFEKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK-OH) (Novopep Limited, Shanghai, China) 

were loaded onto Strep-Tactin sepharose beads (50% suspension, IBA Lifescienes) or Streptavidin 

agarose beads (50% suspension, #16-126 Merck) in IP buffer (50 mM Tris pH7.5, 100 mM NaCl, 10% 

glycerol, 0.05% Tween) with freshly added Na3VO4 (200 mM) and Na4P2O7 (200 mM) for 30 min at RT 

under continuous rotation. After centrifugation (2700g, 2 min, 4°C) samples were washed 3x with IP 

buffer. Then integrin-loaded beads were suspended in bait protein solution (corresponding amount of 

protein diluted in IP buffer) and incubated 2h at 4°C under constant rotation. Samples were centrifuged 

(2700g, 2 min, 4°C) and washed again three times with IP buffer. Strep-Tactin samples were eluted 

under native conditions by adding 30 µl of buffer BXT (50 mM Tris pH 8, 150 mM NaCl, 50 mM Biotin). 

After 10 min incubation at RT under constant rotation samples were centrifuged, supernatants mixed 

with 4xSDS and boiled for 5 min at 95°C before subjected to Western blot analysis. Streptavidin agarose 

beads were directly mixed with 2x SDS and boiled for 10min at 95°C to elute proteins from Biotin-

integrin peptides before subjected to Western blot analysis. 
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Solid phase binding assay 

96-wells (high-binding, Ref. 655061, Greiner Bio-One, Kremsmünster, Austria) were coated with 1 µM 

of His-Sumo tagged or GST-tagged proteins in PBS (1.37 M NaCl, 26.8 mM KCl, 14.7 mM KH2PO4, 78.1 

mM Na2PO4) overnight at 4°C in triplicates. Wells were washed 3x with PBS, blocked with 200 µl/well 

PBS + 2% BSA for 1h at RT before incubated with 0.5 µM of Strep-tagged integrin β1 proteins in PBS + 

0.05% Tween overnight at 4°C. For competitive assays with FLN19-21 and TalinF3 domain, Strep-tagged 

integrin β1 cytoplasmic domains were immobilized first before incubated with FLN19-21 and/or 

TalinF3. Wells were washed 3x with PBS + 0.05% Tween and blocked again for 1h at RT. Streptactin-

HRP (IBA, Lifesciences, Göttingen, Germany) or mouse-α-His antibodies followed by HRP-conjugated 

goat α-mouse IgG antibodies for competitive assays were added in blocking buffer for 1h at RT, 

respectively. Finally, wells were intensively washed with PBS + 0.05% Tween and 100 µl/well of TMB 

solution was added (9.5 ml of 2.4 mg/ml TMB in 1:9 aceton:ethanol + 20 µl/10 ml H2O2 + 0.5 ml 30mM 

potassium citrate pH = 4.1). The reaction was stopped after 20 min by adding 100 µl/well 2M H2SO4 

and samples were measured at 450nm in a microplate reader (Varioscan, Thermo Scientific, Waltham, 

MA). 

 

Cell culture and transient transfection 

Human embryonic kidney 293T cells (293T (ATCC® CRL-3216™) and A172 glioblastoma cells (ATCC CRL-

1620™) were grown in DMEM supplemented with 10% calf serum. Normal human dermal fibroblasts 

(NHDF) were obtained from PromoCell (Heidelberg, Germany) and cultured in PromoCell fibroblast 

growth medium. All cells were maintained at 37°C, 5% CO2 and subcultured every 2-3 days.  

For transient transfection of 293T cells, cells were seeded at 25% confluence the day before and 

transfected using standard calcium phosphate method with a total amount of 5 µg plasmid DNA/dish. 

For transient transfection of A172 cells, LipofectamineTM 3000 was used (Thermo Fisher Scientific, 

Waltham, MA) according to the provided protocol after seeding 2.5 x 105 cells for 2 h into 6-well plates. 

 

 

Opa-protein triggered integrin clustering (OPTIC) 

The detailed OPTIC protocol, fluorescence microscopy and evaluation of protein recruitment were 

described elsewhere (Baade et al., 2019). Shortly, HEK293T cells were transfected with pcDNA3.1 

CEACAM3-integrin β1 fusion constructs together with GFP, GFP-FLNIg19-21, GFP-talin-1, or GFP-

kindlin-2 and optionally mCherry-PPM1F or mCherry-PPM1FD360A. 48h post-transfection cells were 

seeded onto 10 µg/ml poly-L-lysine-coated coverslips in suspension medium (DMEM + 0.25% BSA). 

After 2h, adherent cells were infected with Pacific Blue-stained Ngo (Opa52-expressing, non-piliated N. 



Chapter I   

91 
 

gonorrhoeae MS11 (Baade et al., 2019)) at MOI 20 for 1h in DMEM + 0.25% BSA. Infection medium 

was aspirated, cells were immediately fixed with 4% PFA for 15 min, permeabilized with 0.1% Triton X-

100 in PBS for 5 min and stained with α-CEACAM antibody (clone D14HD11; Aldevron, Freiburg, 

Germany) in blocking solution (10% CS in PBS) after washing with PBS and blocking. Wells were again 

washed with PBS and blocked followed by 2nd antibody staining. Coverslips were mounted on glass 

slides using Dako mounting medium (Dako, Glostrup, Denmark). Samples were imaged at RT on a Leica 

SP5 confocal microscope equipped with a 63.0×/1.40 NA oil HCX PL APO CS UV objective and analyzed 

using LAS AF Lite software. Protein recruitment at one bacterial infection site was quantified per cell 

(n = 60 cells per sample). 

Whole cell lysates (WCLs) and WB 

To obtain whole cell lysates (WCL), equal cell numbers were lysed by treatment with RIPA-buffer (1 % 

Triton X-100, 50 mM Hepes, 150 mM NaCl, 10 % glycerol, 1.5 mM MgCl2, 1 mM EGTA, 0.1 % w/v SDS, 

1 % v/v Deoxycholic acid) supplemented with freshly added protease and phosphatase inhibitors (10 

mM sodium pyrophosphate, 100 mM NaF, 1 mM sodium orthovanadate, 5 μg/ml Leupeptin, 10 μg/ml 

Aprotinin, 10 μg/ml Pefablock, 5 μg/ml Pepstatin, 10 μM Benzamidin) and phosphatase saturating 

substrate (pNPP, Sigma, 10mM). Chromosomal DNA and cell debris were pelleted by addition of 

sepharose beads and centrifugation (13000 rpm, 30 min, 4°C). Supernatant was supplemented with 2x 

or 4xSDS sample buffer (2 or 4 % w/v SDS, 20 % w/v Glycerol, 125 mM Tris-HCl, 10/20 % v/v β-

Mercaptoethanol, 1 % w/v Bromophenol blue (pH 6.8)) and boiled for 5 min at 95°C. The protein 

amount was adjusted via BCA protein assay kit (Thermo scientific, Pierce BCA protein assay kit) 

according to the manufacturer’s protocol and analysed by Western blot using pre-stained marker as 

protein size control (#26619 Thermo Fisher Scientific). Shortly, proteins were resolved on 8–18% SDS-

PAGE. After separation, the proteins were transferred to a PVDF membrane (Merck Millipore, 

Darmstadt, Germany), followed by blocking in 2% BSA containing TBS-T buffer (50 mM Tris-HCl, 150 

mM NaCl, 0,05% Tween20, pH 7.5). The membrane was incubated with primary antibody in blocking 

buffer overnight at 4 °C, washed three times with TBS-T and incubated with HRP-conjugated secondary 

antibody in TBS-T for 1 h at room temperature. The chemiluminescent signal of each blot was detected 

with ECL substrate (Thermo Scientific) on the ChemidocTM Touch Imaging System (Biorad) in signal 

accumulation mode. Acquired images were processes in Adobe Photoshop CS4 by adjusting 

illumination levels of the whole image. 

shRNA constructs and cloning 

For the generation of recombinant, shRNA-expressing lentiviral particles the shRNA vector system 

pLKO.1 developed by Stewart and colleagues (Stewart et al., 2003) was applied. The different shRNAs 

were designed by using the AAN19 algorithm and siRNA selection program of the Whitehead Institute 
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for Biomedical Research (http://sirna.wi.mit.edu/). According to the prediction of the siRNA selection 

program two complementary oligos were synthesized. The sequences of all shRNA-oligos used in this 

study are provided in Table I. The oligos were annealed and cloned via AgeI and EcoRI restriction sites 

into plasmid pLKO.1 puro (Addgene; plasmid #8453), which provides puromycin resistance for 

selection of stable knock-down cells. The correct insertion of the shRNA cassettes was verified by 

sequencing. 

sgRNA constructs and cloning 

sgRNAs against Cerulean and human PPM1F were designed according to an appropriate gRNA target 

site selected by CHOPCHOP (http://chopchop.cbu.uib.no/) (Montague et al., 2014). The following 

sgRNA encoding complementary oligos were synthesized and annealed: hPPM1F-sgRNA_sense: 5‘-

CACCGGCACCGACCAGATGTTTCTC-3‘ and hPPM1F-sgRNA_anti: 5‘-AAACGAGAAACATCTGGTCGGTGCC-

3‘ as well as Cerulean-sgRNA_sense: 5‘-CACCGCCGTCCAGCTCGACCAGGA-3‘ and Cerulean-sgRNA_anti: 

5‘-AAACTCCTGGTCGAGCTGGACGGC-3‘. The resulting sgRNA-Cerulean oligo was inserted into the BbsI 

restriction site of vector pSpCas9(BB)-2A-GFP (a gift from Feng Zhang, Addgene plasmid #48138). Using 

the primer pair CRISPR-U6gRNA_KpnI_sense: 5‘-ATAGGTACCGTGAGGGCCTATTTCCC-3‘ and CRISPR-

U6gRNA_KpnI_anti: 5’-ATAGGTACCGTCTGCAGAATTGGCGC-3’ the complete U6-promotor-driven 

sgRNA-Cerulean containing cassette was amplified and inserted into the KpnI site of plentiCRISPR v2 

vector (a gift from Feng Zhang, Addgene plasmid #52961) resulting in plentiCRISPR v2 sgRNA-Cerulean. 

Using the BsmBI/Esp3I restriction sites, the sgRNA-PPM1F oligo was inserted in plentiCRISPR v2 sgRNA-

Cerulean resulting in plentiCRISPR v2 sgRNA-Cerulean-sgRNA-PPM1F. The correct insertion of the 

Cerulean sgRNA cassette and of the PPM1F sgRNA was verified by sequencing. 

Lentiviral production and generation of stable cell lines 

Lentiviral particles were produced as described previously (Muenzner et al., 2010). Shortly, 293T cells 

were transfected by standard calcium-phosphate co-precipitation using 3.5 µg pMD2.G (packaging 

cassette), 5 µg psPAX2 (viral envelope expression cassette) and 6.5 µg pLKO.1, plentiCRISPR v2, or 

pLL3.7 containing the desired shRNA, sgRNA, or cDNA, respectively. After 72 h, virus containing culture 

supernatant was collected, ultra-centrifuged and target cells were infected with virus concentrate by 

spinfection (1h, 800g, RT) with 8 µg/ml polybrene following incubation for 24 h at 37°C. Control cells 

were generated by transducing cells with virus harboring empty pLKO.1, pLL3.7-LIC-mKate or 

pLentiCRISPRv2 containing sgRNA against Cerulean. After 48 h recovery time, cells transduced with 

pLKO.1 or pLentiCRISPRv2 were selected with puromycin (0.8 μg/ml, 6 days). A172 cells transduced 

with pLL3.7 mCerluean or pLL3.7-LIC-mKate-derived vectors were selected for fluorescence protein 

expression by flow cytometry. Single clones were grown up using addition of 20% conditioned medium 

to the regular growth medium supplied with 20% FCS and Penicillin/Streptomycin.  
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Table 1: Lentiviral plasmids encoding desired shRNA for stable protein knock-down 

Vector shRNA Primer 

pLKO.1 hANKRD28 

hANKRD28_shRNA_sense 

5’-ccggaaGCCTTAGGTCCTATTCATActcgagTATGAATAGGACCTAAGGCtttttttg-3’ 

hANKRD28_shRNA_anti  

5’-aattcaaaaaaaGCCTTAGGTCCTATTCATActcgagTATGAATAGGACCTAAGGCtt-3’ 

pLKO.1 hβ1 Integrin 

hβ1 Integrin_shRNA_sense  

5’-ccggaaTGCAGCACAGATGAAGTTActcgagTAACTTCATCTGTGCTGCAtttttttg-3’ 

hβ1 Integrin_shRNA_anti  

5’-aattcaaaaaaaTGCAGCACAGATGAAGTTActcgagTAACTTCATCTGTGCTGCAtt-3’ 

pLKO.1 hFilaminA 

hFilaminA_shRNA_sense  

5’-ccggaaGACCACCTACTTTGAGATCctcgagGATCTCAAAGTAGGTGGTCtttttttg-3’ 

hFilaminA_shRNA_anti  

5’-aattcaaaaaaaGACCACCTACTTTGAGATCctcgagGATCTCAAAGTAGGTGGTCtt-3’ 

pLKO.1 hILKAP 

hILKAP_shRNA_sense  

5’-ccggaaAGAAAGTTTGTAAAGCCTCctcgagGAGGCTTTACAAACTTTCTtttttttg-3’ 

hILKAP_shRNA_anti  

5’-aattcaaaaaaaAGAAAGTTTGTAAAGCCTCctcgagGAGGCTTTACAAACTTTCTtt-3’ 

pLKO.1 hPPM1F 

hPPM1F_shRNA_sense  

5’-ccggaaCCAGCTCTTCGGCTTGTCTctcgagAGACAAGCCGAAGAGCTGGtttttttg-3’ 

hPPM1F_shRNA_anti  

5’-aattcaaaaaaaCCAGCTCTTCGGCTTGTCTctcgagAGACAAGCCGAAGAGCTGGtt-3’ 

pLKO.1 hPP2A 

hPP2A_shRNA_sense  

5’-ccggaaTGGGAAGAGCAACAGTAACctcgagGTTACTGTTGCTCTTCCCAtttttttg-3’ 

hPP2A_shRNA_anti  

5’-aattcaaaaaaaTGGGAAGAGCAACAGTAACctcgagGTTACTGTTGCTCTTCCCAtt-3’ 

pLKO.1 hPTP1B 

hPTP1B_shRNA_sense  

5’-ccggaaCTCTCCACTCCATATTTATctcgagATAAATATGGAGTGGAGAGtttttttg-3’ 

hPTP1B_shRNA_anti  

5’-aattcaaaaaaaCTCTCCACTCCATATTTATctcgagATAAATATGGAGTGGAGAGtt-3’ 

pLKO.1 hPTP-PEST 

hPTP_PEST_shRNA_sense  

5’-ccggaaGCCAGATTTATAGTATTCCctcgagGGAATACTATAAATCTGGCtttttttg-3’ 

hPTP-PEST_shRNA_anti  

5’-aattcaaaaaaaGCCAGATTTATAGTATTCCctcgagGGAATACTATAAATCTGGCtt-3’ 

pLKO.1 hPTPRF 
hPTPRF_shRNA_sense  

5’-ccggaaTCAGAGAGCCTAGAACATCctcgagGATGTTCTAGGCTCTCTGAtttttttg-3’ 
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hPTPRF_shRNA_anti  

5’-aattcaaaaaaaTCAGAGAGCCTAGAACATCctcgagGATGTTCTAGGCTCTCTGAtt-3’ 

pLKO.1 hPTPRO 

hPTPRO_shRNA_sense  

5’-ccggaaGAAATGGTCATTCTACTTCctcgagGAAGTAGAATGACCATTTCtttttttg-3’ 

hPTPRO_shRNA_anti  

5’-aattcaaaaaaaGAAATGGTCATTCTACTTCctcgagGAAGTAGAATGACCATTTCtt-3’ 

pLKO.1 hRPTPα 

hRPTPα_shRNA_sense  

5’-ccggaaTGGATGATGCAGTTCAAATctcgagATTTGAACTGCATCATCCAtttttttg-3’ 

hRPTPα_shRNA_anti  

5’-aattcaaaaaaaTGGATGATGCAGTTCAAATctcgagATTTGAACTGCATCATCCAtt-3’ 

pLKO.1 hSHP1 

hSHP1_shRNA_sense  

5’-ccggaaCCCTTCTCCTCTTGTAAATctcgagATTTACAAGAGGAGAAGGGtttttttg-3’ 

hSHP1_shRNA_anti  

5’-aattcaaaaaaaCCCTTCTCCTCTTGTAAATctcgagATTTACAAGAGGAGAAGGGtt-3’ 

pLKO.1 hSHP2 

hSHP2_shRNA_sense  

5’-ccggaaCAGACGCAAGAAAGTTTATctcgagATAAACTTTCTTGCGTCTGtttttttg-3’ 

hSHP2_shRNA_anti  

5’-aattcaaaaaaaCAGACGCAAGAAAGTTTATctcgagATAAACTTTCTTGCGTCTGtt-3’ 

pLKO.1 hTCPTP 

hTCPTP_shRNA_sense  

5’-ccggaaCCTGCACTTGATATAAGCActcgagTGCTTATATCAAGTGCAGGtttttttg-3’ 

hTCPTP_shRNA_anti  

5’-aattcaaaaaaaCCTGCACTTGATATAAGCActcgagTGCTTATATCAAGTGCAGGtt-3’ 

 

 

Generation of PPM1F KO A172 cells 

For the generation of A172 PPM1F knock-out cells, A172 cells were first stably transduced with a 

lentiviral vector encoding mCerulean cDNA. Using AgeI/BsrGI restriction sites, the GFP cDNA in vector 

pLL3.7 (Addgene, plasmid #11795) was exchanged for mCerulean cDNA derived from plasmid 

pmCerulean-C1 (kind gift of David Piston, Vanderbilt University Medical Center, Nashville, USA). Stably 

mCerulean expressing A172 cells were used as a basis for CRISPR/Cas9-mediated disruption of the 

Cerulean cDNA (as a sign for successful Cas9 expression and activity) and of the PPM1F gene. 

Accordingly, the cells were transduced with plentiCRISPR v2 sgRNA-Cerulean (A172 control cells) or 

plentiCRISPR v2 sgRNA-Cerulean-sgRNA-PPM1F. After puromycin selection, single Cerulean-negative 

cells were sorted by flow cytometry and clonal cell lines were grown up using addition of 20% 

conditioned medium to the regular growth medium supplied with 20% FCS and 

Penicillin/Streptomycin. The derived cells lack Cerulean expression (A172 control) or lack Cerulean and 
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PPM1F expression (A172 PPM1F KO cells) as verified by Western Blotting and sequencing of the Cas9-

disrupted genomic Ppm1f locus. 

 

Complementation of PPM1F KO A172 cells 

For the re-expression of mKate2-PPM1F and mKate2-PPM1F D360A in A172 PPM1F KO cells, the 

pLL3.7 LIC mKate2 vector was created. First, mKate2 cDNA (pmKate2-c vector, Evrogen plasmid 

#FP181, Moscow, Russia) was amplified using the primers pLL3.7_mKate2_AgeI_sense: 5’-

ACTACCGGTCATGGTGAGCGAGCTGATTAAG-3’ and pLL3.7_mKate2_EcoRI_anti: 5’-

GTCGAATTCCTATCTGTGCCCCAGTTTGCTAGG-3’. The resulting mKate-encoding PCR fragment was 

cloned into pLL3.7 (Addgene; plasmid #11795) via AgeI/EcoRI restriction digest to replace the GFP 

cDNA to yield the pLL3.7-mKate2 vector. Subsequently, pLL3.7-LIC-mKate2 vector was created by 

replacing the multiple cloning site with a LIC-sequence (primers 5’-

CTAGCGACTCTCCCCCGGGTTAGTGGGGCA-3’ and 5’- CCGGTGCCCCACTAACCCGGGGGAGAGTCG-3’) via 

NheI/AgeI. Then, hPPM1F and hPPM1F D360A cDNA in pmCherry was modified by site-directed 

mutagenesis with primers Rescue_sgRNA-hPPM1F_for: 5'-

CGAACAGATCAAATGTTCCTGAGGAAAGCCAAGCGAGAGCG-3' and Rescue_sgRNA-hPPM1F_rev: 5'-

CCTCAGGAACATTTGATCTGTTCGCCGGAAGGCTTCTCTGAGGG-3' to inactivate the sgRNA-hPPM1F 

target sequence by silent mutations. The resulting sgRNA-resistant cDNAs of hPPM1F and hPPM1F 

D360A were amplified with primers PPM1F_LIC_for: 5’-

CGAACAGATCAAATGTTCCTGAGGAAAGCCAAGCGAGAGCG-3’ and PPM1F_LIC_rev: 5’-

CCTCAGGAACATTTGATCTGTTCGCCGGAAGGCTTCTCTGAGGG-3‘ and inserted via Ligation-

independent-Cloning (LIC; Aslanidis and de Jong, 1990) into pLL3.7-LIC-mKate2 to result in pLL3.7 

mKate2-hPPM1F and pLL3.7 mKate2-hPPM1F D360A. 

 

IF staining for confocal microscopy and cell spreading analysis 

Sterile coverslips were coated with 0.4-10 μg/ml FNIII9-11 in PBS overnight at 4 °C in a 24-well plate and 

cells were starved with DMEM + 0.5% FCS for 15 h. The next day, coating solution was removed and 

wells were blocked with suspension medium (DMEM + 0.25% BSA). In parallel, cells were trypsinized, 

trypsin-inactivated with soybean trypsin inhibitor (AppliChem, Darmstadt, Germany, 12.5mg in 50ml 

DMEM, sterile filtered), counted and kept in suspension medium for 45 min at 37°C. 2.5x104 cells were 

seeded onto coverslips and allowed to adhere for corresponding time periods. Cells were fixed with 4 

% PFA supplemented with 0.1 % Triton X-100 for 5 min at RT and again without Triton for 20 min. 

Coverslips were washed thrice with PBS++ (0.9 mM CaCl2, 0.5 mM MgCl2 in 1x PBS) and blocked for 20 

min with blocking solution (10% CS in PBS). Primary antibody solution was added for 1 h at RT. After 
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washing thrice with PBS++ and blocking for another 20 min, coverslips were treated with secondary 

antibody in blocking solution and optionally with phalloidin-Cy5 or DAPI for 1 h at RT in the dark. Finally, 

cells were washed thrice with PBS++ and mounted with Dako fluorescent mounting medium (Dako, 

Glostrup, DK). Samples were imaged on a LEICA SP5 confocal microscope equipped with a 63.0 × /1.40 

NA oil HCX PL APO CS UV objective and acquired in xyz mode with 1024 × 1024 pixel format and 100 Hz 

scanning speed at 8 bit resolution. All images were analyzed in ImageJ Software. For spreading assays, 

a macro was set-up together with the Bioimaging Center (BIC) at the University of Konstanz and used 

for quantitative picture analysis. Unrecognized cells were analyzed manually in the Leica LAS AF Lite 

software. 

IF staining for FACS analysis 

Cells were detached with trypsin/EDTA, pelleted and suspended in FACS buffer (0.1% NaAzide, 5% FCS 

in PBS). After centrifugation (800 rpm, 3 min) cells were washed with FACS buffer and 3x105 cells were 

transferred into Eppendorf tubes respectively, centrifuged (2500 rpm, 2 min, 4 °C) and incubated with 

primary antibody in FACS buffer at desired concentration for 1 h at 4 °C under constant rotation. Cells 

were washed thrice with FACS buffer and incubated with secondary antibody in FACS buffer at desired 

concentrations for 30 min at 4 °C under constant rotation in the dark. After washing thrice with FACS 

buffer cells were suspended in 1 ml of FACS buffer containing 2mM EDTA. Finally, cells were analyzed 

by flow cytometry (BD LSRII, FACSDiva™ software, BD Biosciences, Heidelberg, Germany).  

 

Replating Assay for pT788/pT789 β1 integrin analysis in intact cells 

10 cm dishes were coated with 2 μg/ml FNIII9-11 in PBS overnight at 4°C. Cells were starved with DMEM 

+ 0.5 % FCS overnight at 37°C. The next day, dishes were blocked with DMEM + 0.25% BSA for 1h at 

37°C. In parallel, cells were trypsinized, trypsin-inactivated with Soybean inhibitor, counted and kept 

in suspension medium for 45 min at 37°C. Afterwards, the same cell numbers were seeded onto coated 

dishes and allowed to adhere for corresponding time periods at 37°C. Dishes were washed with PBS, 

whole cell lysates prepared and subjected to Western blot analysis. Phosphorylation of proteins was 

detected by phospho-specific antibodies. Densitometric analysis was performed by ImageJ software. 

The amount of phosphorylated β1 integrin was normalized to total β1 integrin expression levels. 

 

Cell Adhesion Assay 

96-well plates were coated with PBS containing corresponding concentrations of collagen I (Sigma 

Aldrich, Taufkirchen, Germany), FNIII9-11, or poly-L lysine (SERVA, Heidelberg, Germany) as integrin-

independent control overnight at 4 °C. Wells were blocked with DMEM + 0.25 % BSA for 1 hour at 37 
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°C. In parallel, cells were trypsinized and kept in suspension medium for 45 min. 2x104 cells/well were 

seeded and allowed to adhere for the indicated time periods at 37 °C. After incubation, non-adherent 

cells were removed by gently washing with PBS++ thrice. Adherent cells were fixed with 4% PFA in PBS 

for 15 min, washed with PBS and stained with 0.1 % crystal violet in 0.2 M borate buffer (pH = 8.5) for 

30 min. After intense washing, the color was unhinged from cells with 10 mM acetic acid and the 

absorption was measured at 590 nm using a spectrophotometer. 

Integrin Activity (IA) Assay 

For ELISA, 96-well plates were coated with 0.1μg/mL FNIII9-11 in PBS overnight at 4 °C. The next day, 

wells were blocked with 0.25 % BSA in DMEM. In parallel, cells were trypsinized and kept in suspension 

for 1 h. Then, 5x104 cells were seeded in triplicates and allowed to adhere for 40 min. Then cells were 

transferred onto ice, fixed with 4 % PFA, washed with PBS and permeabilized with 0.15 % Triton X-100 

for 15 min. Afterwards cells were blocked with 2 % BSA in PBS for 20 min and stained with 9EG7 or 

AIIB2 antibodies, respectively. After incubation with the primary antibody, cells were washed with PBS, 

blocked for 20 min and incubated with the secondary HRP-conjugated goat anti-rat IgG antibody for 1 

hour at RT. Finally, cells were intensively washed and 100 μl of substrate solution was added (10 ml of 

2.4 mg/ml tetramethylbenzidine (TMB) in 10 % acetone/90 % ethanol with 0.5 ml of 30 mM potassium 

citrate, pH 4.1). The enzymatic color reaction was stopped by adding 100µl/well 2M H2SO4 and the 

absorption was detected via spectrophotometric measurement at 450 nm. Controls were stained with 

secondary antibody only. 

For FACS, starved cells were trypsinized and kept in suspension (2% BSA, 5 mM glucose in PBS) for 45 

min before they were stimulated with 10µg/ml FNIII9-12 for 15 min at 37°C or kept unstimulated by 

adding ddH2O. Cells were put on ice and split into two fractions, which were either stained for active 

integrin β1 (9EG7 1:600) or total integrin β1 (HMβ1-1 1:300 or AIIB2 1:600) for 1h on ice in PBS + 2% 

BSA. Cells were washed thrice with PBS and incubated with Rhodamine-Red conjugated secondary 

antibody for 45 min on ice in the dark. Cells were washed and fluorescence intensity was measured by 

flow cytometry (BD LSRII, FACSDiva™ software, BD Biosciences, Heidelberg, Germany). 

 

Expression and purification of GST-tagged hPPM1F and hPPM1F D360A in 293T cells and E. coli 

293T cells were transfected by standard calcium-phosphate co-precipitation using plasmid DNA 

encoding for either GST-hPPM1F or GST-hPPM1F D360A. 48 h after transfection cells were lysed in lysis 

buffer (50 mM Tris pH 8, 1 % TritonX100, 1 mM EDTA and 0.1 % β-mercaptoethanol). Cleared lysates 

were incubated with Glutathione-sepharose beads for 3 h under constant rotation at 4 °C. Beads were 

pelleted via centrifugation, washed 3 times in lysis buffer and once in GST buffer (50 mM Tris-HCl pH 



  Chapter I 

98 
 

8, 150 mM NaCl, 1 mM DTT and 5 mM MgCl2). For the elution of the GST-fusion proteins, beads were 

incubated in GST buffer supplemented with 10 mM reduced L-glutathione twice for 20 min at 4 °C 

under constant rotation. Aliquots were transferred to liquid nitrogen and long term storage occurred 

at -80 °C. 

For the production of recombinant GST-tagged hPPM1F or GST-hPPM1F D360A, the corresponding 

sequence-verified construct was transformed into competent E. coli BL21 Rosetta (DE3). Bacteria were 

cultured in LB-medium containing appropriate antibiotics at 37°C and constant shaking at 200 rpm. 

Expression was induced at OD580 = 0.6 with 0.5 mM IPTG at 30°C and 220 rpm for 3 h and bacteria were 

pelleted by centrifugation at 4700 rpm, 20 min, RT. Afterwards, bacteria were re-suspended in PBS (pH 

7.4) supplemented with 5 mM EDTA, protease inhibitors (Pefabloc 10 μg/ml, Aprotinin 10 μg/ml, PMSF 

1 μM, Leupeptin  5 μg/ml) and 2.5 mM DTT and sonicated at 4°C 3x for 2 min. Cleared lysates were put 

onto a GST-Trap FF column (GE Healthcare) and washed with PBS pH7.4. Finally, GST-tagged proteins 

were eluted with 50 mM Tris pH 8 supplemented with 10 mM GSH and dialysed against 25 mM sodium 

phosphate pH 8 supplemented with 150 mM NaCl and 1 mM EDTA or against 50mM Tris pH 8 

supplemented with 150mM NaCl and 1mM TCEP. The amount and the purity of proteins were analyzed 

via SDS-gel electrophoresis and aliquots supplemented with 10 % glycerol frozen at -80 °C. 

 

In vitro phosphorylation and phosphatase assays 

Human recombinant CaMKIIβ (Thermo Scientific, Waltham, MA, PV4205) was re-suspended in kinase 

buffer (50 mM Tris-HCl pH 7.7, 10 mM MgCl2, 5mM MnCl2 1 mM TCEP and 0.05% Triton X-100) either 

supplemented with 200 µM ATP, 1.2 µM calmodulin (Sigma Aldrich, Taufkirchen, Germany) and 2 mM 

CaCl2 or without supplementation and incubated for 10 min at 30 °C. The kinase assay was started by 

adding 2 µg of purified GST-fusion protein and incubated for 60 min at 30 °C under constant shaking 

at 750 rpm. The reaction was stopped via the addition of SDS sample buffer. 

For the in vitro phosphatase assay, the CaMKIIβ phosphorylated cytoplasmic tail of β1 integrin was 

incubated with 2 µg of recombinant GST-PPM1F or PPM1F D360A or corresponding amounts of ILKAP 

in phosphatase buffer (50 mM Tris-HCl pH 8, 10 mM MnCl2 and 0.01% Tween20) for 1 h at 30°C under 

constant shaking at 750 rpm. The reaction was stopped by the addition of either SDS sample buffer or 

the same volume of malachite green solution (54 mM NH4Mo, 0.9 mM malachite green in 1 M HCl) 

and analyzed by Western blotting or photometric measurement with OD615nm. 

Phosphatase assays with phospho-peptides were conducted using peptides synthesized by Pepscan 

(Lelystad, Netherlands):  β1-22pT788pT789: (Biotin-Ahx-TGENPIYKSAV[pT][pT]VVNPKYEGK-OH), β1-

22pT788: (H-TGENPIYKSAV[pT]TVVNPKYEGK-OH), β1-22pT789: (H-TGENPIYKSAVT[pT]VVNPKYEGK-

OH) and MLC2-20pT10: (H-MSSKRAKAK[pT]TKKRPQRATS-OH). Depending on the assay, recombinant, 
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E.coli-expressed GST-tagged PPM1F, PPM1FD360A, PTP1B, 7xHis-TEV ILKAP, Trx-His-S-PP5, or GST-

PPM1F and GST-PPM1F D360A expressed in 293 cells were incubated with 100 µM phospho-peptides 

in phosphatase buffer for 1h at 30°C. Reaction was stopped by adding the same volume of malachite 

green solution and OD615nm was measured. To determine PPM1F kinetics, GST-tagged PPM1F or 

PPM1FD360A were expressed in 293 cells and purified by glutathione agarose. Proteins were 

incubated with different concentrations of the double phosphorylated β1 integrin TpTp788/789 

peptide or with 4-methylumbelliferone phosphate (Sigma-Aldrich, Taufkirchen, Germany). A standard 

curve for either K2HPO4 or 4-methylumbelliferone was measured in parallel and used to determine the 

kinetic parameters Km and Vmax by directly fitting the data to the Michaelis-Menten equitation v= Vmax 

[S]/Km + [S]. Activity of ILKAP, PP5 and PTP1B was determined by 4-methylumbelliferyl phosphate assay 

using same molar amounts of each phosphatase. As negative controls, phosphatases were inhibited 

by 100 mM EDTA, 20 mM NaF or 250 µM PTP1B specific inhibitor (Merck Millipore, CAS765317-72-4) 

and activity was determined by measuring fluorescence over 30 min (excitation/emission 386/448nm). 

PPM1F wildtype was used as reference. 

Husbandry and genotyping of mice 

Mice were kept in accordance with relevant institutional and national guidelines and regulations in the 

central animal care facility of University of Konstanz. The B6.129P2-PPM1Ftm1Dgen/J (PPM1F+/-) 

mouse strain was obtained from The Jackson Laboratory (Bar Harbor, ME). The targeted ppm1f gene 

was created by Deltagen (San Mateo, CA) by inserting a Lac0-SA-IRES-lacZ-Neo555G/Kan cassette via 

homologous recombination into the ppm1f locus allowing the endogenous promoter to drive 

expression of β-galactosidase. The PPM1F+/- mice have been backcrossed at least 20 generations to 

C57BL/6 mice. 3 week old mice or embryos were genotyped by amplification of DNA extracted from 

tissue biopsies or isolated from mouse embryonic fibroblast. The following PCR primers were used: 

Primer 1: wild type forward: 5’ –CAACTCTCCATCATGCCCATCAG– 3’ 

Primer 2: common reverse: 5’ –AAGCAGGAAGGGACACGTGTCGGTC– 3’ 

Primer 3: targeted allele forward: 5’- GGGTGGGATTAGATAAATGCCTGCTCT– 3’ 

For genotyping, a PCR with 32 cycles was performed with an annealing temperature of 59°C and an 

elongation time of 40 sec at 72°C yielding a 200 bps and 450 bps PCR fragment for the wildtype and 

the targeted allele, respectively (see also Fig. 9A). 

Derivation of murine embryonic fibroblasts (MEFs) 

For the generation of ppm1f-/- murine embryonic fibroblasts (MEFs), heterozygous mice were mated 

and 10.5 days post coitus the female mice were anesthetized and sacrificed. The uterus was dissected 

and cut between the implantation sites along the uterine horns into pieces containing single embryos. 

The embryos were isolated via removing the enveloping tissue, washed in sterile fibroblast growth 
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medium (Promocell, Heidelberg, Germany) supplemented with penicillin, streptomycin, and 

ciprofloxacin and minced via up and down pipetting. The tissue homogenates were plated onto gelatin 

(0.1%) and human fibronectin (2 µg/ml) coated dishes. After the second passage, primary fibroblasts 

were immortalized via transduction with pBabeZeo SV40 largeT (Addgene, plasmid #1779) (Hahn et 

al., 2002). MEFs were cultured in DMEM supplemented with 10 % fetal calf serum, non-essential amino 

acids and sodium pyruvate. 

 

Generation of polyclonal anti-mPPM1F antibody 

The cDNA of murine PPM1F (mPPM1F) was obtained from Source BioScience (I.M.A.G.E. Full Length 

cDNA clone IRAVp968A0987D; Sequence accession BC042570) and was amplified with primers 

mPPM1F-BamHI-forward: 5’ –GCTTTAGGATCCAATGGCCTCTGGAGCCGCACAGAAC- 3’ and mPPM1F-

HindIII-reverse: 5’ –CGCCCGTCAAGCTTCTTAGCTTCTCTGTGAGGTATTAC- 3’. The resulting PCR fragment 

was cloned into the pET24aHis-Sumo bacterial expression vector (Andreasson et al., 2008) via BamHI 

and HindIII restriction sites. The sequence-verified construct was transformed into competent E. coli 

BL21 (DE3) and expression of the recombinant protein was induced at OD580= 0.67 with 0.5 mM IPTG 

at 30 °C for 4.5 h. His-Sumo-tagged murine PPM1F was purified on a HisTrap FF column and eluted 

with 50 mM sodium phosphate buffer pH 8, 0.5 M NaCl and 0.5 M imidazole, before removal of the 

His-Sumo-tag by Ulp1 protease (Andreasson et al., 2008). 100 µg of purified recombinant mPPM1F 

were used for immunization of a New Zealand White rabbit in accordance with relevant institutional 

and national guidelines and regulations in the central animal care facility of University of Konstanz. 

 

Single Cell tracking  

MEFs were seeded in 24 well plates and incubated for 24 h. Cells were starved in DMEM supplemented 

with 0.5 % BSA for 12 h, afterwards stimulated with serum-containing growth medium and imaged for 

12 h (30 min/frame). Single cells were tracked manually using ImageJ particle tracking plugin and 

analyzed using the chemotaxis and migration tool (Ibidi GmbH, München, Germany). 

 

Statistics 

All data are presented as mean ± SEM or mean ± SD as indicated. All statistical significances were 

determined using a two-tailed Student's t-test or one-way ANOVA followed by Bonferroni post-hoc 

test with Prism5 (GraphPad, La Jolla, CA, USA). Significance is indicated with * = p <0.05, ** = p <0.01, 

*** = p <0.001 or ns = not significant.  
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3.8 Online Supplemental Material 
 

 

Fig. S1 shows that the T788/T789 motif in the integrin β1 cytoplasmic tail is evolutionary conserved 

and that its pseudo-phosphorylation regulates the association with talin and filamin. Fig. S2 

demonstrates that knock-down of PPM1F in 293T cells or NHDFs does not alter expression of core focal 

adhesion proteins and does not affect integrin surface levels. Fig. S3 shows that PPM1F knock-out in 

A172 cells does not alter integrin surface levels or expression of core focal adhesion proteins, but 

strongly affects integrin-dependent processes. Fig.S4 shows that filaminA knock-down pheno-copies 

integrin-dependent effects of PPM1F depletion in A172 cells. Fig. S5 shows that PPM1F purified from 

293T cells dephosphorylates the conserved T788/T789 motif in the integrin β1 cytoplasmic domain.  
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Figure S 1: Related to Fig. 1, Fig. 2, Fig. 7, Fig. 8, and Fig. 9: The T788/T789 motif in the integrin β1 cytoplasmic tail is evolutionary conserved, and 
its phosphorylation regulates association with filaminA and talin. (A) Alignment of cytoplasmic amino acid residues of integrin β subunits derived 
from different species. The conserved threonine residues (red), the proximal NPxYmotif (blue), and the distal NPxYmotif (green) aremarked. (B) 
Alignment of amino acid residues of strep-tagged integrin β1 cytoplasmic tails with indicated binding sites of talin, filaminA, and kindlin-2. The 
threonine residues (red) and the proximal (blue) and distal (green) NPxY motifs are marked. Point mutations are marked by black boxes. (C) The 
indicated strep-tag-integrin β1 (Strep-ITGB1) cytoplasmic domains and His-tagged enolase, talinF3 domain, FLN19-21, or kindlin-2 were expressed 
as soluble proteins in BL21 DE3 bacteria and equal amounts detected by WB and Coomassie staining. (D) Schematic model of the OPTIC principle. 
OPTIC fusion constructs consist of integrin β1 cytoplasmic domains (ITGB-C) and the transmembrane and extracellular domain of CEACAM3 (CEA3). 
Receptor clustering is triggered by binding of Opa52 protein expressing Neisseria gonorrhoeae (N. gonorrhoeae) to CEACAM3, thereby potentially 
recruiting an intracellular protein of interest (POI). (E) 293T cells were transiently transfected with the indicated expression constructs and WCL 
subjected to WB; CEACAM1 protein served as positive control for the CEACAM antibody, and nontransfected 293T cell lysate served as negative 
control. (F) GST-FLN19-21 and Strep-ITGB1 WT were incubated with increasing amounts of His-talinF3. Upper panels show the input proteins. Upon 
streptactin pulldown, proteins bound to ITGB1 WT were visualized by Coomassie staining (bottom part; top panel), WB with α-GST antibody to 
detect FLNIg19-21 (second panel), or with α-His to detect talinF3 (third panel). Coomassie staining also verified similar amounts of precipitated 
Strep-ITGB1 WT (lowest panel). (G) Strep-ITGB1 WT or the T788D/T789D variant was immobilized in triplicate wells and incubated with His-tagged 
talinF3 and increasing amounts of GST-FLN19-21 at 4°C. After washing, talinF3 binding was detected by incubation with α-6xHis antibody and 
secondary HRP-coupled antibody. Bars represent mean ± SEMof triplicates from a representative experiment. Coomassie staining verified similar 
amounts of input FLN19-21 (upper panel), talinF3 (middle panel), and Strep-ITGB1 WT and TT/DD (lowest panel). (H) GST-FLN19-21 and Strep-ITGB1 
WT were incubated with increasing amounts of His-kindlin-2. Left panels show the input proteins. Upon streptactin pulldown, proteins bound to 
ITGB1 WT were visualized by Coomassie staining (right; top panel), WB with α-His to detect kindlin-2 (second panel), or α-GST antibody to detect 
FLNIg19-21 (third panel). Coomassie staining also verified similar amounts of precipitated Strep-ITGB1 WT (lowest panel). C. owczarzaki, Capsaspora 
owczarzaki; D. melanogaster, Drosophila melanogaster; D. rerio, Danio rerio; G. gallus, Gallus gallus; H. sapiens, Homo sapiens; M. musculus, Mus 
musculus; X. laevis, Xenopus laevis; mCh, mCherry. 
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Figure S 2: Related to Fig. 3: knock-down of PPM1F in 293T cells or NHDFs does not alter expression of core focal adhesion proteins and does 
not affect integrin surface levels. (A) Overview of protein phosphatases present in the human integrin adhesome (Zaidel-Bar et al., 2007). These 
enzymes have been targeted individually by specific shRNA-encoding lentiviral particles. Control cells were treated with lentiviral particles lacking 
shRNA. (B) Immunoblotting of WCL from PPM1F knock-down (shPPM1F) and control 293T cells probed with antibodies against the indicated focal 
adhesion proteins. Monoclonal α-tubulin antibody was used as loading control. (C) Immunoblotting ofWCLs from control and PPM1F knock-down 
(shPPM1F) NHDF probed with antibodies against core focal adhesion proteins. Probing with monoclonal α-tubulin antibody confirmed equal 
loading of WCLs. (D) Integrin surface expression levels of control and shPPM1F NHDF were analyzed by flow cytometry. Cells were stained with 
the indicated monoclonal integrin-specific antibodies. As a comparison, cells were stained the fluorescent labeled second antibody only (second 
Ab), or remained unstained; count ≥10,000 cells. (E) FilaminA was depleted in NHDF with a shRNA encoding lentivirus. WCLs were analyzed by 
WB with α-filaminA (upper panel) and α-tubulin (lower panel) antibodies. (F) FilaminA-depleted NHDFs were seeded for 1.5 h onto 1 μg/ml FNIII9-
11-coated coverslips. After fixation, cells were stained with indicated antibodies and analyzed by confocal microscopy; scale bar, 20 μm. Insets: 
Higher magnification of boxed areas; arrowheads point to enrichment of active integrin β1 and filaminA; scale bar, 10 μm. (G) Integrin β1 was 
depleted in NHDF with a shRNA encoding lentivirus. WCLs were analyzed by WB with α-integrin β1 (upper panel) and α-tubulin (lower panel) 
antibodies. Control and integrin β1-depleted NHDF were seeded for 1.5 h onto 1 μg/ml FNIII9-11-coated coverslips. After fixation, cells were 
stained with a monoclonal antibody against active integrin β1 (9EG7) and phalloidin. Additional samples were stained with the second antibody 
only; scale bar, 20 μm. 

 
 



  Chapter I 

106 
 

 



Chapter I   

107 
 

Figure S 3: Related to Fig. 4: PPM1F KO in A172 cells does not increase integrin surface levels or alter expression of core focal adhesion proteins, 
but strongly affects integrin-dependent processes. (A) A172 cells expressing Cerulean (WT) were treated with sgRNA against Cerulean combined 
with Cas9 or with sgRNAs against Cerulean and PPM1F combinedwith Cas9. Clonal Cerulean-negative (Control) and clonal Cerulean/PPM1F-
negative cell lines (hPPM1F KO) were derived. The hPPM1F KO cells were stably transduced with mKate2 encoding lentivirus (hPPM1F KO plus 
mKate2), or lentivirus encoding hPPM1F WT (PPM1F KO plus hPPM1F-mKate2), or lentivirus encoding PPM1F D360A (PPM1F KO plus hPPM1F 
DA-mKate2). WCL from the different cell lines were analyzed by WB with antibodies against indicated core focal adhesion proteins. Monoclonal 
α-tubulin antibody was used as loading control. (B) A172 cell lines as in A were analyzed by flow cytometry for surface expression levels of 
indicated integrins by staining with integrin-specific antibodies. IgG control:WT cells receiving an isotype-matched control antibody. In the case 
of integrin β3, NIH3T3 cells served as positive controls. Count ≥10,000 cells. WT, hPPM1F-mKate2; DA, hPPM1F D360A-mKate2. (C) A172 WT, 
control, or hPPM1F KO cells were seeded onto 0.4 or 2 μg/ml FNIII9-12 for 30 min in triplicate. Cells were washed, fixed, and stained with crystal 
violet. Crystal violet staining was quantified and normalized to A172 WT cells. Bars represent mean ± SEM from three independent experiments. 
Significance was calculated using one-way ANOVA, followed by Bonferroni post hoc test (*, P < 0.05). For cell adhesion on 10 μg/ml FN, see Fig. 
2 H. (D) A172 WT, control, or PPM1F KO cells were seeded onto 10 μg/ml FN for 15 and 60 min and processed as in C. Representative pictures of 
crystal violet–stained wells; scale bar, 150 μm. (E) A172 WT or hPPM1F KO cells were transiently transfected with GFP-talin-1 before seeding onto 
2 μg/ml FNIII9-11 for 1.5 h. Fixed cells were stained with antibodies against active integrin β1 (9EG7) and analyzed by confocal microscopy. Scale 
bars, 10 μm. Arrowheads point to clusters of active integrin β1/talin. Insets: Higher magnification of boxed area; scale bar, 5 μm. (F) Quantification 
of cells from E showing a peripheral active integrin belt (upper graph) or peripheral talin-1 clustering (lower graph). Data are shown in percentages 
of all cells analyzed by confocal microscopy; n ≥ 30 derived from two or more independent experiments. (G) A172 WT, control, or PPM1F KO cells 
were seeded onto 0.4 μg/ml FNIII9-12-coated coverslips (left side) or onto 10 μg/ml FNIII9-11-coated coverslips (right side) for 30 min (upper 
panels) or 1.5 h (lower panels) before fixation and staining with DAPI and phalloidin. Cells were analyzed by confocal microscopy. Representative 
pictures are shown; scale bar, 25 μm. Quantification of cell areas was done in ImageJ using a custom plugin. Cells not recognized by the plugin 
were manually analyzed with Leica LAS AF Lite software; n ≥ 100 cells from two or more independent experiments; box plots depict means with 
95% CIs (whiskers) and outliers (dots). Significance was determined using one-way ANOVA with post hoc Bonferroni test (**, P < 0.01; ***, P < 
0.001). (H) A172 hPPM1F KO and derived reconstituted cell lines were lysed and subjected to WB with α-PPM1F (upper panel) and α-tubulin 
(lower panel) antibodies to test for PPM1F expression levels. The two bands correspond to the hPPM1F-mKate2 fusion protein and the hPPM1F 
protein, which results from proteolytic separation of the mKate tag. FN, FNIII9-11. 
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Figure S 4: Related to Fig. 4: filaminA knock-down in A172 cells pheno-copies integrin-dependent effects of PPM1F depleted cells. (A) Cell adhesion 
assays were performed with indicated A172 cell lines using 10 μg/ml FNIII9-11. Shown are representative pictures of crystal violet stained wells after 20 
min adhesion; scale bar, 150 μm. (B) Indicated cell lines were seeded onto 5 μg/ml FNIII9-11 for 2 h, fixed, and stained against active integrin β1 before 
analysis by confocal microscopy; scale bar, 10 μm. Insets show higher magnification of boxed areas. Arrowheads point to active integrin β1, which 
accumulates at the cell periphery in PPM1F KO and filaminA knock-down cells; scale bar, 5 μm. (C and D) Indicated cell lines were seeded onto 10 
μg/ml FNIII9-11 for 30 min or 2 h, fixed, and stained with DAPI and phalloidin-Cy5. Samples were imaged using confocal microscopy. (C) Representative 
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images from cells at indicated time points; scale bar, 25 μm. Cell spreading was quantified in D. Bars show mean with 95% CIs from two independent 
experiments; n ≥ 80 cells. Statistics was performed using one-way ANOVA, followed by Bonferroni post hoc test (***, P < 0.001). (E) Model 
summarizing effects of filaminA knock-down on integrin activity. In filaminA knock-down cells, the balance between active and inactive integrins is 
shifted toward the active conformation. Talin- ntegrin association is increased due to the lack of the counterregulator filaminA, thereby promoting 
cell adhesion, reducing cell spreading and pheno-copying effects of PPM1F KO cells. FilaminA KD, filaminA knock-down; P, phospho-; shFilA, short-
hairpin RNA targeting filaminA; T, threonine. 

 
 
 

 
 

 
Figure S 5: Related to Fig. 6: PPM1F purified from 293T cells dephosphorylates the conserved T788/T789 motif in the integrin β1 cytoplasmic 
domain. (A) GST-tagged PPM1F or PPM1FD360A was expressed in 293 cells and affinity-purified from lysates with glutathione-coupled beads. Equal 
amounts of beads were subjected to WB analysis using α-GST antibody. (B) The integrin β1 derived synthetic peptide β1-pT788/pT789 was incubated 
with increasing amounts of cell-purified GST-PPM1F, with 200 ng GST-PPM1F D360A (PPM1F DA), or 100 ng calf intestine alkaline phosphatase (CIAP) 
for 1 h at 30°C. Released phosphate was detected by malachite green solution. Background values (buffer plus malachite green) were subtracted; 
w/o, peptide without phosphatase. Shown are mean ± SD of three independent experiments; unpaired t test, *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
(C) β1-pT788/pT789 was incubated with 100 ng of cell-purified GST-PPM1F or GST-PPM1F DA for indicated time periods at 30°C. Released phosphate 
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was detected as in B. (D) 50 ng PPM1F or PPM1F DA were incubated with the indicated phospho-peptides for 60 min and released phosphate 
measured as in B. (E) Dephosphorylation of increasing β1-pT788/pT789 peptide concentrations by 150 ng cell-purified PPM1F was analyzed after 60 
min incubation at 30°C as in B. The indicated curve was obtained by direct fit of the data to the Michaelis–Menten equation, and Vmax and Km values 
were determined. (F) 120 ng His-tagged CaMKIIβ was incubated with recombinant GST-tagged WT β1 integrin cytoplasmic domain, the 
nonphosphorylatable integrin β1 TT/AA mutant, or without any substrate. As indicated, samples received calmodulin (CaM), Ca2+, and ATP. After 60 
min, reactions were stopped via addition of SDS sample buffer and subjected toWB using the indicated antibodies. Samples without kinase or 
ATP/Ca2+/calmodulin served as additional controls. (G) 200 ng of the indicated recombinant phosphatases were employed in enzyme assays using 
the fluorogenic substrate 4-MUP. The increase in fluorescence of 4-MU was recorded over 30 min for each enzyme (green squares), while samples 
without phosphatase (black dots) or including the phosphatase together with a phosphatase inhibitor (orange triangles) served as controls. Depicted 
is a representative experiment. 
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4.1 Summary 
 

 

Grimm, Dierdorf et al. investigate the physiological relevance of the serine/threonine phosphatase 

PPM1F. Homozygous disruption of the ppm1f gene in mice results in embryonic lethality at E10.5. 

PPM1F-null embryos show malformation of cerebral structures and vascular defects. On the cellular 

level, PPM1F was responsible for dephosphorylating and inactivating integrin β1 in both primary 

murine fibroblasts as well as different human tumor cell lines. As integrin-mediated cell adhesion, 

motility and tissue invasion was strongly dependent on PPM1F activity, the PPM1F-controlled 

phospho-switch in the integrin β subunit represents a novel target to interfere with tumor metastasis. 

79 words 

 

 

 

4.2 Abstract 
 

 

Integrins perform essential functions during development and tissue homeostasis in multicellular 

animals. Therefore, precise control over integrin activity is critical for a multitude of physiological 

processes. The Mn2+/Mg2+-dependent Ser/Thr phosphatase PPM1F was identified to dephosphorylate 

a conserved threonine motif (T788/T789) in the integrin β cytoplasmic domain thereby controlling 

integrin activity. Here, we report the phenotype of ppm1f gene disruption in mice. While heterozygous 

ppm1f +/- mice are viable and fertile, ppm1f-/- mice show severe defects and significant morphological 

abnormalities in the developing brain and vasculature and abort embryonic development at day E10.5. 

Isolated ppm1f-/- MEFs or PPM1F-depleted human neuro-epithelial cells display enhanced integrin-

dependent cell adhesion and perturbed cell migration. These phenotypes were reversed by re-

expression of the wildtype enzyme, but not the phosphatase-inactive PPM1F. In different human 

tumor cell types, PPM1F expression levels directly correlated with invasive potential, while deletion of 

PPM1F abrogates tissue invasion. These results highlight the non-redundant role of this enzyme in 

integrin activity regulation and identify PPM1F as a promising target to limit tumor metastasis. 

169 words 
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4.3 Introduction 
 

 

Integrins are specialized cell adhesion molecules in metazoa, which perform critical functions during 

tissue formation and maintenance (Hynes, 2002; Winograd-Katz et al., 2014). Integrins consist of 

paired α and β subunits, which can occur on the surface of the cell as a closed heterodimer. In this 

conformation, integrins do not engage in ligand binding and, accordingly, are referred to as inactive 

integrins (Shattil et al., 2010; Xiong et al., 2001; Xiong et al., 2002). By an extensive conformational 

change, the large extracellular domains of the α and β subunits can be stretched out resulting in an 

active integrin with high ligand affinity (Takagi et al., 2002; Vinogradova et al., 2002). Interestingly, this 

massive conformational change can be initiated either by spatial separation of the cytoplasmic tails of 

the two subunits from within the cell (inside-out-activation) or can be supported by a ligand binding 

event, which stabilizes the extended conformation (outside-in activation) (Shattil et al., 2010; Sun et 

al., 2019). As integrins do not possess intrinsic enzymatic activity, both processes are guided by 

protein-protein interactions, with binding partners of the integrin β subunit serving as positive (e.g. 

the scaffolding proteins talin and kindlin) or negative (e.g. the actin cross-linking protein filaminA) 

regulators of integrin activity (Morse et al., 2014; Moser et al., 2009). Interestingly, previous studies 

have indicated that the binding of these scaffolding proteins can be regulated by phosphorylation of 

the integrin β subunit (Gahmberg et al., 2019). Initially, the tyrosine residue contained within the 

conserved NPxY talin binding motif has been found to be phosphorylated in vSrc transformed chicken 

fibroblasts and has been suggested to interfere with talin binding (Anthis et al., 2009a; Hayashi et al., 

1990; Tapley et al., 1989). However, mutagenesis of this tyrosine into a non-phosphorylatable 

phenylalanine did not reveal a difference in focal contact formation and integrin function in vivo 

(Czuchra et al., 2006). Most integrin β subunits also contain a conserved threonine motif, which is 

located in the context of the talin, kindlin, and filaminA binding sites. In integrin β1, mutation of 

threonine 788 (T788) and T789 severely affect integrin function, with phospho-mimicking mutations 

resulting in enhanced integrin activity and cell adhesion, while a T788A/T789A mutant shows impaired 

cell adhesion (Nilsson et al., 2006; Wennerberg et al., 1998). Similarly, the corresponding residues in 

integrin β2 (T758-T760), a subunit exclusively expressed in hematopoietic cells, have been shown to 

be phosphorylated in response to cell stimulation by phorbol esters and TCR-clustering and 

phosphorylation of the threonine motif is associated with increased integrin activity (Fagerholm et al., 

2002; Fagerholm et al., 2005; Hilden et al., 2003; Nurmi et al., 2007). Structural analyses revealed that 

these threonine residues form an integral part of the filaminA binding site in different integrin β 

subunits (Chatterjee et al., 2018b; Kiema et al., 2006). Biochemical experiments with synthetic 

peptides indicate that in contrast to talin, filaminA loses its affinity for the cytoplasmic domain of 
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integrin β2 upon T758 phosphorylation (Takala et al., 2008). These findings have revived the idea that 

the conserved threonine motif serves to regulate integrin activity with a kinase-mediated on-switch 

favoring talin binding and a phosphatase-promoted off-switch, which facilitates filaminA-integrin 

association (Calderwood et al., 2001). Indeed, a recent study has identified the protein phosphatase 

PPM1F as the cellular enzyme, which dephosphorylates the T788/T789 motif in integrin β1 (Grimm et 

al., 2020). Thereby, the activity of PPM1F is a pre-requisite for filaminA binding to integrin β1, which 

secures the closed, inactive conformation of the integrin heterodimer (Grimm et al., 2020). PPM1F is 

a member of the PP2C family of Mg2+/Mn2+-dependent protein phosphatases (PPMs), which comprises 

16 distinct enzymes in humans (Sacco et al., 2012). PPM1F overexpression has been reported in various 

types of human cancer including hepatocellular carcinoma, breast and colon cancer, where PPM1F 

expression levels correlated with increased invasiveness and metastatic behaviour (Jurmeister et al., 

2012; Luo et al., 2015; Puhr et al., 2012; Susila et al., 2010; Tu et al., 2016; Wang et al., 2018a; Zhang 

et al., 2013b; Zhang et al., 2017). PPM1F has been described initially as Calmodulin-dependent kinase 

phosphatase (CamKP), since it dephosphorylates and inactivates CamKII (Kitani et al., 1999). 

Furthermore, PPM1F has been also termed POPX2 (partner of PIX 2), as it associates with the 

Cdc42/Rac1 guanine nucleotide exchange factor PIX and dephosphorylates the p21-activated kinase 

PAK (Koh et al., 2002). Via binding to p95PKL, PIX associates with the core focal adhesion protein 

paxillin (Turner et al., 1999) providing a potential physical link between PPM1F and integrin-based focal 

adhesions. Though PPM1F clearly can dephosphorylate the conserved threonine motif in the integrin 

β subunit in vitro and has direct consequences for integrin activity and integrin function in isolated 

cells (Grimm et al., 2020), the physiological implication of this phosphatase has not been tested in 

detail in mammals. Integrins and their key interaction partners, such as talin, kindlin, filaminA, paxillin, 

and focal adhesion kinase, are all essential for mammals, as genetic deletion of these components 

leads to abortion of early embryonic development (Fassler and Meyer, 1995; Feng et al., 2006; Hagel 

et al., 2002; Ilic et al., 1995; Monkley et al., 2000; Montanez et al., 2008; Stephens et al., 1995). In 

addition, interfering with integrin activity regulation via targeted mutations in the integrin β subunit 

cytoplasmic domain has similar consequences (Czuchra et al., 2006; Meves et al., 2013). Accordingly, 

if PPM1F indeed serves a critical function in integrin activity regulation, one would expect severe 

consequences upon inactivation of the ppm1f gene. 

Here we report the phenotypic analysis of a ppm1f-gene trap knock-out allele in mice and studied the 

consequences of PPM1F-deficiency in normal and transformed cells. PPM1F shows a wide tissue 

expression during embryonic development and also in adult mice, but with prominent abundance in 

the central nervous system. Homozygous ppm1f-/- murine embryos die in utero around E10.5 showing 

vascular leakage and severe malformations of the forebrain. While primary fibroblasts isolated from 

ppm1f-/- embryos and PPM1F-deficient human cell lines exhibit constitutive integrin T788/T789 
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phosphorylation, enhanced integrin activity, elevated cell adhesion, and distorted cell migration, 

complementation with the wildtype enzyme, but not with the inactive PPM1F D360A, fully reverts 

these phenotypes. In several human cancer cell lines, PPM1F expression was directly linked to tissue 

invasion, which could be abrogated by PPM1F deletion. Consequently, our data support an essential 

role of PPM1F in regulating integrin function during mammalian development and a prominent 

contribution of this integrin phosphatase to tumor cell invasion. 
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4.4 Results 
 

 

PPM1F is expressed in multiple tissues in the adult with high levels in the brain, the lung and the 

hematopoietic system  

In light of the prominent role of PPM1F for integrin activity regulation (Grimm et al., 2020), we wanted 

to characterize the physiological relevance of this enzyme in the intact organism in more detail. First, 

we retrieved human PPM1F tissue expression data from a panel of transcriptomic studies including the 

Human Protein Atlas transcriptomic study, the Genotype-Tissue Expression project, the Functional 

Annotation of Mammalian Genome 5 (FANTOM5) project and the BioGPS Gene Atlas, which indicate 

a wide tissue expression of human PPM1F, with particular high expression levels in brain, lung, and 

reproductive tract (Fig. 1A). 
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Figure 1: PPM1F is expressed in multiple tissues in the adult with high levels in the brain and hematopoietic system. (A) Schematic comparison 
of human PPM1F tissue-specific expression levels based on four different transcriptomic studies indicated by differently colored bar graphs 
(BioGPS, HPA, GTEX, FANTOM5). Mean protein-coding transcripts per million (pTPM)-values for a panel of human tissues analyzed in at least 
three of the studies were selected and used to calculate the PPM1F expression levels in percentage to  the highest PPM1F mRNA level measured 
within the respective study. Resulting data  were plotted from the highest (left) to the lowest (right) values considering all studies. (B) Schematic 
representation of the targeted ppm1f locus. Homologous recombination of a LacZ/neomycin-resistance encoding gene-trap cassette into exon 4 
resulted in gene disruption and expression of β-galactosidase under the control of the ppm1f gene promoter. Primers used for genotyping are 
indicated. E: exon number; P1: gene specific primer forward; P2: Gene specific primer reverse; P3: targeted primer forward. (C) Cryosections from 
the indicated tissues were prepared from adult (>8-week-old) female wildtype (PPM1F+/+) and PPM1F+/- mice. 10 μm thick sections were 
prepared and stained for β-galactosidase activity; scale bars: 500 μm. (D) 100 mg of indicated tissues from wildtype mice were homogenized in 
200 μl lysis buffer, cleared by centrifugation and the supernatant was analyzed by Western blotting using indicated antibodies. 

 

 

To verify these high throughput transcript data, we employed mice containing a gene-trap insertion in 

exon 4 of the ppm1f gene resulting not only in disruption of the ppm1f gene, but also in lacZ expression 

under control of the endogenous ppm1f promoter (Fig.1B) (Grimm et al., 2020). In a heterozygous 

ppm1f+/- background, this allele allowed us to monitor the gene expression pattern of PPM1F in adult 

mice. LacZ staining showed that the ppm1f promoter is active in multiple tissues of adult mice with 

high expression levels in brain and lung, similar to what has been reported for human tissue (Fig. 1C). 

Furthermore, weak LacZ staining was observed in skin and liver sections, while no LacZ staining was 

seen in heart and skeletal muscle (Fig. 1C). To determine if promoter activities correlate with the 

amount of protein, we analysed PPM1F protein levels in various tissues. Western Blotting using a 

polyclonal antibody raised against murine PPM1F confirmed that brain and lung displayed relative high 

PPM1F protein levels, medium levels in reproductive tissue, while liver, kidney or skeletal muslce 

contained relative low amounts of this phosphatase (Fig. 1D). These analyses demonstrate that PPM1F 

has a wide tissue expression in mammals, but also suggest a particular role for PPM1F in the brain, the 

lung, the hematopoietic and immune system. 

 

 

PPM1F knock-out embryos show malformation of the central nervous system and vasculature 

resulting in early abortion of development 

As regulation of integrin activity is critical for tissue maintenance, but also essential for embryonic 

development (Hynes, 1996; Winograd-Katz et al., 2014), we hypothesized that the genetic deletion of 

PPM1F should have a prominent phenotype in vivo. As observed before, crosses between wildtype 

(ppm1f+/+) and heterozygous (ppm1f +/-) mice led to the expected 50:50 ratio of ppm1f+/+ and 

ppm1f+/- offspring, while crosses between heterozygous ppm1f+/- animals yielded no homozygous 

ppm1f-/- pups, suggesting that PPM1F-deficient embryos die in utero (Grimm et al., 2020). To 

determine the time point of abrogation of embryonic development, we performed timed matings and 

isolated embryos at E10.5, E12.5, E13.5, or E14.5 after conception. Genotypic analysis of isolated 

embryos showed that ppm1f-/- embryos were not present at embryonic day E12.5, E13.5, or E14.5 
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(Fig. 2A). Amongst the isolated embryos at day E10.5, we could detect ~20% (9 out of 50 total) with 

retarded development. To unambiguously assign a genotype to day E10.5 embryos, we isolated 

primary murine embryonic fibroblasts (MEFs) from embryos with retarded development (putative 

ppm1f-/-) and from normally developed embryos to conduct Western blotting with whole-cell lysates 

and to analyse their genomic DNA. 

 

 

 
 
 
Figure 2: PPM1F knock-out embryos show a corrupted brain and defective cardiovascular development resulting in early abortion of 
embryogenesis. (A) PPM1F+/- mice were mated and embryos were isolated and genotyped at 12.5, 13.5 and 14.5 days post coitus. (B) WCLs from 
MEFs isolated from WT (PPM1F+/+) or from ppm1f-/- embryos were probed with polyclonal α-mPPM1F antiserum (upper panel) or monoclonal α-
tubulin (lower panel). (C) Two ppm1f+/- mice were mated and genomic DNA was extracted form fibroblasts isolated from ppm1f+/+ (WT), ppm1f+/- 
(heterozygous) and ppm1f-/- (homozygous KO) mouse embryos at E10.5 (MEFs). Genotyping PCR identified WT, heterozygous and homozygous ppm1f 
KO embryos. (D) Isolated ppm1f-/- embryo (E10.5) shows smaller size, malformed forebrain structures and vascular bleeding compared to a wildtype 
embryo; reduced development of branchial archs (black arrowhead) and the telencephalon (black arrow) of the ppm1f-/- embryo is indicated; scale 
bar: 1mm. (E) Whole-mount X-gal staining and sagittal sections of one representative ppm1f+/+ and ppm1f+/- embryo at E10.5 showing strong β-
galactosidase expression in the rostral region of the telencephalon, the neural tube, the liver and lung. Tc: telencephalon; FV: forebrain vesicle; NT: 
neural tube; NL: neural lumen; BA: branchial arch; H: heart; Li: liver; scale bar: 500 μm. Areas marked with numbered boxes are shown enlarged on 
the right side; scale bar: 150µm.  
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The isolated cells from small, malformed embryos completely lacked PPM1F expression (Fig. 2 B) and 

harboured two disrupted PPM1F alleles (ppm1f-/-), while the regularly developed embryos were either 

homozygous (ppm1f+/+) for the wildtype allele or heterozygous (ppm1f+/-) (Fig. 2 C). The ppm1f-/- 

embryos were about half the size of the other embryos, displayed malformed forebrain structures, and 

showed reduced development of the branchial archs (Fig. 2 D). Most of these stunted embryos also 

had haemorrhagic areas, which were not seen in the regularly developed embryos (Fig. 2 D). LacZ 

staining of regularly developed day E10.5 ppm1f+/- embryos revealed that at this point in development 

the ppm1f gene promoter has its highest activity in neuronal tissues of the head and neuronal tube 

regions, as well as in the heart, branchial arch, and liver (Fig. 2 E). The high expression levels of PPM1F 

in the brain, branchial arch and vasculature in the regularly developed embryos strongly correlated 

with the observed malformations of the ppm1f-/- embryos. These results underscore the essential role 

of PPM1F during embryonic development and point to a critical function of this phosphatase during 

cortex development. 

 

Ppm1f-/- embryos display distorted cell and matrix organization in the forebrain 

Given the dramatic defects in the developing cortex, we performed histological analysis of the head 

region of E10.5 embryos (Fig. 3 A). In contrast to wildtype embryos, ppm1f-/- embryos lacked a clear 

separation between the pia mater and the neuroepithelial cells within the ventricular zone of the 

telencephalon (Fig. 3 A). Importantly, the formation of the brain cortex is initiated at around day E10.5 

by neuroepithelial cells from within the ventricular zone, which by proliferation and migration 

generate the distinct cortical layers (Rice and Curran, 2001). In wildtype murine embryos, these 

neuroepithelial cells, which were stained for the neural marker protein nestin, build a parallel and 

regularly spaced scaffold that terminates in well-defined endfeet at the pial surface (Fig. 3 B). However, 

in PPM1F knockout embryos this defined organization and orientation of neural progenitor cells within 

the ventricular zone of the caudal telencephalon was lost (Fig. 3 B). Furthermore, laminin staining of 

the basement membrane indicated a defined and sharp separation of the meningeal epithelium from 

the ventricular zone in wildtype embryos, while this extracellular matrix structure was contorted and 

widened in the PPM1F-deficient embryos (Fig. 3 C). As the genetic knock-out of PPM1F had such a 

severe phenotype on neuronal tissue development, we wondered about brain morphology and 

function in adult heterozygous mice. Clearly, PPM1F expression in brain tissue of heterozygous 

ppm1f+/- mice was only about 50% of wildtype levels, but the size and histological appearance of the 

brain in these mice did not show obvious abnormalities (Fig. S1, A-D). Thus, a definitive answer to the 

role of PPM1F in the adult brain has to await the generation of tissue-specific knock-out mice. 

However, our findings in ppm1f-/- embryos illustrate the essential role of this phosphatase in proper 
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cortex formation, where the disorganization of neuronal precursors and their supporting extracellular 

matrix structures explains the macroscopically observed malformation of the forebrain. 

 

 

 
 

Figure 3: Ppm1f-/- embryos display a disorganized tissue layering in the brain and misorientation of neuronal progenitor cells. (A) Whole mount 
ppm1f+/- and ppm1f-/- embryos at day E10.5 (left panel). Macroscopic evaluation of ppm1f-/- embryos demonstrates a stunted telencephalon at E10.5 
(white arrow), reduced development of branchial archs (black arrowhead) and vascular bleeding. Sagittal sections of paraffin-embedded embryos 
were stained with H&E; Middle panel: overview of head region, scale bar 500 µm. Right panel: detailed view of boxed area; loss of tissue layering in 
ppm1f-/- embryos is indicated by black arrows. Scale bar 50 µm. (B) Cryosections of ppm1f+/- and ppm1f-/- embryos stained for nestin as indicated; scale 
bars: 500 μm (leftmost column), 50 μm (right columns). Insets show higher magnification of boxed areas; scale bar: 10µm. Disorientation of neural 
progenitor cells within the ventricular zone is seen in ppm1f-/- embryos (black and white arrows). (C) Cryosections of ppm1f+/- and ppm1f-/- embryos 
stained for nestin or laminin as indicated. Nuclei are stained by DAPI. Scale bars: 500 μm (leftmost column), 50 μm (right columns). Insets show higher 
magnification of boxed areas; scale bar: 10µm. Disorganization of laminin and disorientation of neural progenitor cells within the ventricular zone is 
seen in ppm1f-/- embryos (black and white arrows). See also Figure S1. 

 

 

 

Constitutive integrin β1 T788/T789 phosphorylation, elevated cell adhesion and migration defects 

of ppm1f-/- MEFs are reverted by re-expression of wildtype PPM1F 

Though PPM1F-deficiency could not be further analysed in adult mice, we used isolated primary 

fibroblasts from wildtype and ppm1f-/- murine embryos. These cells exhibit constitutive integrin β1 

T788/T789 phosphorylation and talin recruitment resulting in elevated integrin activity, exaggerated 

cell adhesion and migration defects (Grimm et al., 2020). To unambiguously assign these phenotypes 

to PPM1F and identify potential secondary effects, we complemented the PPM1F-deficient primary 
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murine embryonic fibroblasts (MEF PPM1F-/- cells) with either the active human enzyme (MEF PPM1F-

/- + hWT) or with the phosphatase-dead mutant PPM1F D360A (MEF PPM1F-/- + hDA) (Fig. 4 A). A 

monoclonal antibody directed against human PPM1F detected the enzyme in human 293T cells and 

comparable levels of the human enzyme were expressed in the MEF PPM1F-/- cells complemented 

with hWT and hDA (Fig. 4 A). Though this monoclonal antibody detected the overexpressed murine 

homologue in 293T cells, it did not detect the endogenous levels of this enzyme in wildtype murine 

fibroblasts (Fig. 4 A). Therefore, we raised a polyclonal antiserum against mouse PPM1F in rabbits, 

which detected the slightly larger murine protein in wildtype MEF and in 293T cells transfected with 

an expression construct encoding murine PPM1F (Fig. 4 A). Clearly, murine PPM1F was completely 

absent from MEF PPM1F-/- cells and from the reconstituted MEF lines, which instead expressed human 

wildtype PPM1F or the inactive PPM1F D360A (Fig. 4 A). 

PPM1F-/- MEFs seeded on fibronectin displayed elevated levels of active integrin β1, which 

accumulated together with talin at peripheral focal adhesion sites (Fig. 4 B). Most importantly, re-

expression of wildtype human PPM1F in PPM1F-/- cells (MEF PPM1F-/- + hWT) completely reverted 

this phenotype and the PPM1F re-expressing cells showed the regular pattern of active integrin and 

talin with small peripheral focal adhesions (Fig. 4 B). Interestingly, expression of inactive PPM1F D360A 

exaggerated the phenotype of MEF PPM1F-/- cells and led to extraordinary large assemblies of active 

integrin β1 (Fig. 4 B). In line with a direct role of PPM1F on integrin activity regulation, the re-expression 

of wildtype or inactive PPM1F did not alter integrin surface levels and did not modify the expression 

levels of major adhesome proteins (Fig. S2). Strikingly, loss of PPM1F resulted in dramatically increased 

T788/T789 integrin β1 phosphorylation, which could be fully rescued by re-expression of active human 

PPM1F, but not by PPM1F D360A (Fig. 4 C). In line with the enhanced T788/T789 integrin β1 

phosphorylation and the resulting increased talin recruitment, MEF PPM1F-/- also showed elevated 

integrin activity compared to wildtype cells (Fig.4D). This directly translated into stronger adhesiveness 

of the MEF PPM1F-/- cells on low (0.4 µg/ml) as well as high (10 µg/ml) concentrations of the integrin 

ligand fibronectin (Fig. 4 E). Again, both these phenotypes were reverted upon re-expression of 

wildtype human PPM1F, but not by re-introduction of the inactive enzyme (Fig. 4 E). As the histological 

analysis of PPM1F-deficient embryos revealed altered cell morphology and aberrant tissue 

organization, we wondered, whether the enhanced integrin-mediated cell adhesion of MEF PPM1F-/- 

cells would influence initial cell spreading and, more importantly, would corrupt integrin-dependent 

cell motility. Indeed, we could observe a strong retardation of initial spreading by MEF PPM1F-/- cells 

and MEF PPM1F-/- hDA cells, while spreading of PPM1F-/- hWT cells was indistinguishable from 

wildtype MEF (Fig. 4 F). 
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Figure 4: Constitutive integrin β1 T788/T789 phosphorylation, elevated cell adhesion and migration defects of ppm1f-/- MEFs are reverted by re-
expression of wildtype but not inactive PPM1F. (A) PPM1F-/- MEFs were transduced with lentiviral particles encoding human wildtype PPM1F (hWT) 
or human PPM1F D360A (hDA) in a bi-cistronic expression cassette with GFP. In addition, PPM1F-/- MEFs and PPM1F+/+ cells were transduced with 
a lentivirus encoding GFP alone. WCLs of sorted cells were analyzed by Western blotting with the indicated antibodies; As controls, WCLs of 293T cells 
transfected with the empty vector (mock), GFP (GFP) or murine PPM1F (mWT) were loaded. (B) MEFs as in (A) were seeded onto 1 µg/ml FNIII9-12 for 
2 h. Samples were fixed and stained for talin (left row) or the active integrin β1 (right row) before analysis by confocal microscopy; scale bar: 20 µm. 
Insets show higher magnification of boxed areas; scale bar: 5µm. Arrowheads point to active integrin β1 or talin enrichment. (C) MEFs as in (A) were 
seeded onto 2 µg/ml FNIII9-12 for 45 min and WCLs were subjected to Western blotting with indicated antibodies. Bar graphs (lower panel) show 
densitometric quantification of band intensities from pT788/pT789-β1 versus total β1 integrin antibody signal from 4 independent experiments; 
wildtype was set to 1. Statistics was performed using one-way ANOVA, followed by Bonferroni post-hoc test (***p < 0.001, ns = not significant). (D) 
MEFs as in (A) were kept in suspension for 45 min and incubated for 15 min with 10 µg/ml FNIII9-12 (FN). Samples were stained for total (Hmb1-1) or 
active β1 integrin (9EG7) and analyzed by flow cytometry, ≥10 000 counts. The mean fluorescence intensity (MFI) ratio of active to total β1 integrin 
was calculated and normalized to the wildtype sample (= 1). Bars represent mean MFI ± SEM of 4 independent experiments; statistics was performed 
using one-way ANOVA and Bonferroni post-hoc test (p***<0.001, p**<0.01, ns = not significant). (E) MEFs were seeded in triplicates onto fibronectin-
coated wells for 60 min and cell adhesion was quantified. (upper panel) Representative pictures from cells seeded on 10µg/ml FN; scale bar: 150µm. 
Bars represent mean ± SEM of 5 independent experiments performed in triplicates. Values were normalized to MEF wildtype cells (= 1). Statistics was 
performed using one-way ANOVA, followed by Bonferroni post-hoc test (***p < 0.001, **p<0.01, *p < 0.05, ns = not significant). (F) MEFs were seeded 
onto indicated fibronectin concentrations for 45 min, fixed and stained with DAPI and Phalloidin-Cy5. Samples were imaged using confocal 
microscopy. Representative images from cells seeded onto 10 µg/ml FN are shown; scale bar: 10 µm (upper panel). Quantification of cell spreading. 
Bars show mean with 95% confidence intervals from 2 independent experiments; n ≥ 90 cells. Statistics was performed using one-way ANOVA, 
followed by Bonferroni post-hoc test (***p < 0.001) (lower panel). (G) Serum starved MEFs were stimulated by addition of 10% FCS and cell migration 
was monitored every 30 min for 12 hours using time-lapse microscopy. Cell tracks were evaluated for velocity, covered distance and directionality. 
Bars show mean ± SEM of 3 independent experiments. Samples were done in duplicates each n = 15; unpaired t-test; ***p<0.0001, * p<0.05, ns: not 
significant. See also Figure S2. 

 

 

Not surprisingly, the MEF PPM1F-/- cells with their elevated integrin activity and their impaired initial 

cell spreading showed reduced cell migration velocity and migrated a significantly shorter distance in 

the same time frame as the wildtype cells (Fig. 4 G). This defect was rescued completely by re-

expression of active PPM1F, but not by PPM1F D360A (Fig. 4 G). In summary, our data confirm the 

severe effect of PPM1F deletion on integrin activity in primary cells and clearly demonstrate that the 

PPM1F knock-out phenotype is a direct consequence of the lack of PPM1F activity. Our findings of a 

gain-of-function with regard to integrin phosphorylation and integrin activity in PPM1F-/- cells also 

corroborate the role of PPM1F as a prominent negative regulator of integrin β1 function. 

 

 

Knock-down of PPM1F or filaminA in neuro-epithelial cells increases cell adhesion and compromises 

haptotaxis 

The in vivo analysis of PPM1F not only underscored the prominent expression of this protein in 

neuronal tissues, but also illustrated the severe manifestations of PPM1F deficiency in the developing 

brain. Interestingly, a similar misorganization of the prefrontal cortex has been observed in filaminA 

knock-out mouse embryos (Feng et al., 2006) and filaminA can reduce integrin activity in fibroblasts 

upon PPM1F-mediated dephosphorylation of the integrin β1 subunit (Grimm et al., 2020). To 

investigate, if PPM1F and filaminA together modulate integrin-based cell adhesion in neuronal cells, 

we produced a stable knock-down of either protein in human SK-N-MC neuro-epithelial cells (Fig. 5A, 
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Fig. S3A, B). The depletion of PPM1F or filaminA did not alter expression levels of core focal adhesion 

proteins and also integrin surface levels were unchanged (Fig. S3B, C). 

 

 

 
 
Figure 5: Knock-down of PPM1F or filaminA in neuro-epithelial cells increases cell adhesion and compromises haptotaxis. (A) SK-N-MC wildtype 
cells were transduced with lentiviral particles harboring shRNA against human filaminA, human PPM1F or scrambled shRNA as control and puromycin 
selection was performed. WCLs were subjected to Western blot analysis with indicated antibodies. (B) SK-N-MC cells from (A) were seeded in 
triplicates onto fibronectin-coated wells for 60 min and cell adhesion was quantified. Representative pictures from cells seeded on 10µg/ml FN (left 
panel); scale bar: 150µm. Bars (right graph) represent mean ± SEM of 4 independent experiments performed in triplicates. Values were normalized 
to SK-N-MC control cells (= 1). Statistics was performed using one-way ANOVA, followed by Bonferroni post-hoc test (**p<0.01). (C) Haptotaxis 
motility assays were performed by seeding serum-starved SKN-MC cell lines on top of a Boyden chamber basement membrane coated on the lower 
side with 10µg/ml FN or 2% BSA as control to evaluate random migration. Cells were evaluated for haptotaxis after 6h by crystal violet staining and 
counting of five zoomed (40x) fields/chamber under the light microscope. Representative pictures of the lower porous membrane surface (20x) are 
shown; scale bar: 50µm. Random migration was nearly absent. (D) Bars show quantified means ± SEM values from 10µg/ml FN treated samples from 
three independent experiments performed in triplicate. Statistics was performed using one-way ANOVA, followed by Bonferroni post-hoc test 
(***p < 0.001, **p < 0.01). (E) Starved wildtype, control and PPM1F knock-down cells were seeded onto 10µg/ml FN III9-12 for 45 min and WCLs were 
subjected to Western blotting with indicated antibodies. Bar graph (right panel) shows densitometric quantification of band intensities from 
pT788/pT789-β1 versus total β1 integrin antibody signal from 4 independent experiments; wildtype was set to 1. Statistics was performed using one-
way ANOVA, followed by Bonferroni post-hoc test (*p < 0.05, ns = not significant). See also Figure S4. 
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However, silencing of either PPM1F or filaminA led to a gain-of-function with regard to integrin-based 

cell attachment to fibronectin (Fig. 5B). In comparison to cells treated with a non-targeting control 

shRNA, the depletion of filaminA as well as the depletion of PPM1F resulted in a strong elevation (~2-

fold) in cell adhesion, indicating that PPM1F as well as filaminA function as negative regulators of 

integrin β1 activity in these neuronal cells (Fig. 5B). In line with the increased cell adhesion, PPM1F-

depleted as well as filaminA-depleted cells showed reduced migration towards an extracellular integrin 

ligand in haptotaxis assays (Fig. 5C). As observed in other cell types, knock-down of the phosphatase 

PPM1F in SK-N-MC cells was accompanied by massive phosphorylation of the conserved threonine 

motif (T788/T789) in the integrin β1 cytoplasmic domain (Fig. 5D). These data extent previous findings 

of a PPM1F-controlled phospho-switch in integrin β1 (Grimm et al., 2020). The similar consequences 

of PPM1F- or filaminA-deficiency for the migratory potential of neuroepithelial cells provide a 

mechanistic explanation for the increased accumulation of neuronal progenitor cells at the ventricular 

zone in both ppm1f-/- and filaminA-/- embryos. 

 

 

PPM1F contributes to the invasive phenotype of tumor cells 

Given that PPM1F controls integrin activity and matrix-dependent cell migration, it is not surprising 

that increased PPM1F expression has been connected to the invasive phenotype of carcinoma cells 

(Desgrosellier and Cheresh, 2010; Jurmeister et al., 2012; Luo et al., 2015; Puhr et al., 2012; Singh et 

al., 2011; Susila et al., 2010; Tu et al., 2016; Wang et al., 2018a; Ye and Field, 2012; Zhang et al., 2013b; 

Zhang et al., 2017). As reported before, PPM1F expression levels were higher in MDA-MB 231 breast 

carcinoma cells and Hep G2 hepatocellular carcinoma cells compared to epithelial-like MCF-7 cells 

(Susila et al., 2010; Tian et al., 2010; Wang et al., 2018a) (Fig. 6 A). However, integrin β1 levels were 

also increased in the two carcinoma cell lines similar to MCF-7 cells, which could also explain their 

pronounced invasive phenotype (Howe and Addison, 2012; Mierke et al., 2011; Morini et al., 2000; 

Paul et al., 2015) (Fig. 6 A). Therefore, we also included A172 glioblastoma cells in our study, which 

show high PPM1F expression, whereas integrin β1 levels are comparable to MCF-7 cells (Fig. 6 A). 

Importantly, MCF-7 cells exhibited a low invasive potential in 3D Matrigel invasion assays comparable 

to non-transformed NIH3T3 fiboblasts (Fig. 6 B and C). In contrast, Hep G2, MDA-MB 231, and A172 

cells were highly invasive (Fig. 6B,C) correlating with the elevated PPM1F expression levels in these 

cells, but not with integrin β1 levels (Fig. 6 A). 
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Figure 6: PPM1F contributes to the invasive phenotype of tumor cells. (A) WCLs from indicated cancer cell lines were analyzed by Western blotting 
with α-human PPM1F or α-integrin β1 antibodies. α-tubulin antibody was used as loading control. (B, C) Indicated serum-starved cancer cells were 
seeded on top of a Matrigel basement membrane (30µg/100µl) in Boyden chamber cell invasion assays using 20% FCS as stimulus or 2% BSA to 
evaluate random invasion activity. Representative pictures of the lower porous membrane surface (20x) are shown in (B); scale bar: 50µm. Crystal 
violet-stained cells can be distinguished from the 8µm membrane pores. Cells were evaluated for invasion after 24h by dye elution with 10% acetic 
acid and absorbance measurement at 590nm in triplicate/chamber. Bar graph (C) shows quantified means ± SEM from three independent 
experiments; non-stimulated transmigration = open bars; 20% FCS stimulated transmigration = closed bars. Statistics was performed using one-way 
ANOVA and Bonferroni post-hoc test (p***<0.001, p**<0.01, ns = not significant). (D) WCLs from A172 wildtype cells (expressing Cerulean), control 
cells (sgRNA against Cerulean), PPM1F KO cells (sgRNA against Cerulean and PPM1F) and PPM1F KO cells re-expressing mKate2, PPM1F-mKate2 or 
PPM1FD360A-mKate2 were analyzed by Western blotting with α-human PPM1F or α-integrin β1 antibodies. α-tubulin antibody was used as loading 
control. (E, F) Serum-starved indicated A172 cells were seeded on top of a Matrigel basement membrane (30µg/100µl) in Boyden chamber cell 
invasion assays using 20% FCS as stimulus or 2% BSA to evaluate random invasion. Cells were evaluated for invasion after 24h by counting five zoomed 
(40x) fields/chamber under the light microscope. Representative pictures of the lower porous membrane surface (20x) are shown in (E); scale bar: 
50µm.  Bar graph (F) shows quantified means ± SEM values from two independent experiments performed in triplicate. Statistics was performed using 
one-way ANOVA, followed by Bonferroni post-hoc test (***p < 0.001, **p < 0.01, p*<0.05, ns = not significant). (G) Serum-starved A172 cell lines were 
seeded onto 2µg/ml FNIII9-11 for 45 min and WCLs were subjected to Western blotting with indicated antibodies to analyze T788/T789 phosphorylation 
of integrin β1. α-tubulin antibody was used as loading control. See also Figure S5. 
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To directly test the contribution of PPM1F to the invasive phenotype of A172 cells, we used 

CRISPR/Cas9 to generate a PPM1F-deficient clonal A172 cell line (PPM1F KO) and complemented this 

cell line with human wildtype PPM1F fused to mKate2 (PPM1F KO + PPM1F-mKate2) (Fig. 6 D). In 

addition, we stably expressed in the PPM1F KO cells the fluorescent protein mKate2 (PPM1F KO + 

mKate2) or the phosphatase inactive PPM1F D360A-mKate2 fusion protein (PPM1F KO + PPM1FDA-

mKate2) (Fig. 6 D). Clearly, the lack of PPM1F resulted in a pronounced decrease in cell invasion (~50%), 

and this phenotype was completely reverted by re-expression of wildtype PPM1F-mKate2, but not by 

the inactive PPM1F D360A (Fig. 6 E and F). Upon stimulation of integrins by plating the different A172 

cell lines onto fibronectin, a strong increase in T788/T789 phosphorylation of integrin β1 was observed 

for the PPM1F KO cells as well as for the PPM1F KO cells re-expressing mKate or the inactive PPM1F 

D360A (Fig. 6 G). In contrast, wildtype cells or PPM1F KO cells re-expressing wildtype PPM1F did not 

show elevated phosphorylation of the threonine motif (Fig. 6G). Together, these data demonstrate 

that PPM1F expression controls integrin activity in transformed cells and thereby enhances their 

invasive potential. 

 

Increased integrin-based cell adhesion in PPM1F-deficient cells prohibits cell spreading despite 

elevated PAK activity 

Besides integrin β1, PPM1F has additional cellular substrates. In particular the serine/threonine kinase 

PAK, which promotes cell motility by inducing membrane ruffles and cell protrusive activity, is 

dephosphorylated and inactivated by PPM1F (Byrne et al., 2016; Koh et al., 2002; Manser et al., 1997; 

Susila et al., 2010). Accordingly, we investigated the activity status of PAK in PPM1F KO cells. In line 

with prior studies, we observed a dramatic increase in phospho-PAK levels, in particular of PAK2 (~8-

fold), in PPM1F KO A172 cells compared to wildtype or control cells indicating that loss of PPM1F 

results in constitutive PAK activity (Fig. 7 A). Upon plating of PPM1F KO A172 cells, this elevated PAK 

activity was accompanied by disappearance of actin stress fibres and strong peripheral membrane 

ruffling, which was not observed in the wildtype cells (Fig. 7 B). While these effects on the actin 

cytoskeleton are known consequences of constitutive PAK activity, these processes are usually 

connected to reduced cell contractility and enhanced cell spreading (Manser et al., 1997; Radu et al., 

2014; Sells et al., 1997). Nevertheless, cell spreading of PPM1F KO cells, despite elevated PAK activity, 

was severely retarded, when cells were placed on an integrin ligand such as fibronectin (Fig. 7 C). In 

contrast, cell spreading was comparable between A172 wildtype and A172 PPM1F KO cells, when cells 

were placed on a poly-L-lysine substrate (Fig. 7 C). These findings indicate that the compromised 

spreading of PPM1F-deficient cells is a result of increased integrin function and occurs despite elevated 

PAK activity. To firmly establish that enhanced integrin-based cell adhesion dominates PAK-driven cell 



  Chapter II 

128 
 

protrusion, we measured cell spreading of wildtype, PPM1F KO and PPM1F KO + PPM1F-mKate2 cells 

in the presence and absence of a PAK inhibitor (FRAX597). As expected, in wildtype cells and in the 

PPM1F re-expressing PPM1F KO cells, inhibition of PAK resulted in reduced cell spreading consistent 

with the idea that PAK promotes cell protrusion (Fig. 7 D). In contrast, PPM1F KO cells, despite their 

constitutively elevated PAK activity, exhibited severely impaired cell spreading and this spreading 

defect was not altered by PAK inhibition (Fig. 7 D). As observed before (Grimm et al., 2020), PPM1F 

deficiency resulted in a prominent circular accumulation of active integrin β1, and this “active integrin 

belt” appeared to limit further cell spreading (Fig. 7 E). Re-expression of PPM1F in the A172 PPM1F KO 

cells normalized the distribution of active integrin and the cells spread again comparable to wildtype 

A172 cells (Fig. 7 E). Most importantly, application of the PAK inhibitor partially reduced cell spreading 

in wildtype and PPM1F KO + PPM1F-mKate2 cells, while it did not alter the spreading defect of PPM1F 

KO cells and did not alter the prominent active integrin belt (Fig. 7 E). These findings help to segregate 

the effects of PPM1F deficiency on PAK or integrin β1. With respect to cell motility and invasive 

behaviour of glioblastoma cells, PPM1F reduces integrin activity to facilitate increased cell spreading 

and migration, thereby promoting the malignant behaviour of these cells. 
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Figure 7: Increased integrin-based cell adhesion in PPM1F-deficient cells prohibits cell spreading despite elevated PAK activity. (A) Serum-starved 
A172 wildtype, sgRNA control and PPM1F KO cells (Grimm et al., 2020) were seeded onto 2µg/ml FNIII9-12 for 45 min and WCL were subjected to 
Western blotting with indicated antibodies (left panel). Bar graphs (right panel) show densitometric quantification of band intensities from 
pThr402PAK2 versus PAK antibody signal for the indicated samples from 5 independent experiments; wildtype was set to 1. Statistics was performed 
using one-way ANOVA, followed by Bonferroni post-hoc test (**p < 0.01, ns = not significant). (B) Serum-starved A172 wildtype and PPM1F KO cells 
were seeded onto 2µg/ml FNIII9-12 for 1.5h, fixed and F-actin was stained. Samples were imaged using confocal microscopy. Representative pictures 
are shown; scale bar: 20 µm. (C) Cells as in (B) were seeded for 2h on surfaces coated with 10µg/ml fibronectin or poly-L-lysine, before fixation, F-
actin staining and analysis by confocal microscopy; scale bar: 10µm. (D) Spreading assays were performed with serum-starved A172 wildtype and 
PPM1F KO cells re-expressing mKate2 or PPM1F-mKate2 cells, pre-treated with 5µM DMSO or FRAX597 (PAK1-3 inhibitor) for 45min in suspension 
before seeded onto 2µg/ml FNIII9-12 for 1.5h. Cells were fixed, stained for F-actin and the covered area was quantified in ImageJ. Bars show mean with 
95% confidence intervals from two independent experiments; n ≥ 30 cells; dots indicate outliers. Statistics was performed using one-way ANOVA, 
followed by post-hoc Bonferroni test, (***p < 0.001, ns = not significant). (E) Serum-starved cells as in (D) were pre-treated with 5µM DMSO or 
FRAX597 (PAK1-3 inhibitor) for 45min in suspension before seeded onto 2µg/ml FNIII9-12 for 1.5h. Cells were fixed and stained for active integrin β1. 
Cells were imaged by confocal microscopy. Representative pictures are shown; scale bar: 10µm. 

 

 

PPM1F determines A172 cell invasiveness in an in vivo CAM model 

To confirm the positive contribution of PPM1F to an invasive tumor phenotype in an intact tissue, we 

employed the chicken chorioallantoic membrane (CAM) assay, which monitors tissue infiltration by 

human tumor cells over the course of several days. To this end, we first compared the in vitro growth 

of A172 wildtype, PPM1F KO, or PPM1F KO + PPM1F-mKate2 cells (Fig. S4). While PPM1F KO cells were 

growing slightly slower than wildtype A172 cells, the re-constituted PPM1F KO + PPM1F-mKate2 cells 

were growing at a comparable rate as the PPM1F KO cells (Fig. S4). When placed onto the ectoderm 

of the chorioallantoic membrane (CAM) of fertilized chicken eggs, A172 wildtype cells invaded deep 

into the mesoderm over the course of three days (Fig. 8 A). In many instances, invasive groups of A172 

cells were found adjacent to blood vessels (Fig. 8 A, arrowheads). Similarly, the PPM1F KO cells re-

expressing PPM1F were found to penetrate the ectoderm and were reaching blood vessels, while A172 

cells devoid of PPM1F stayed on top of the ectoderm, where they formed a single micro-tumor entity 

(Fig. 8 A, open arrowhead). To quantify the invasive potential of the cells, we generated serial sections 

of the CAM samples and determined the maximum distance of the invasive front, measured from the 

ectoderm (Fig. 8 B and C). Importantly, while wildtype A172 cells and PPM1F KO cells re-expressing 

A172 were invading several 100 µm deep into the tissue, the PPM1F KO cells hardly penetrated the 

ectoderm and were not able to deeply infiltrate the mesoderm of the chicken CAM (Fig. 8 D), Together, 

our results demonstrate that PPM1F expression is directly linked to cancer cell invasiveness in an intact 

tissue and suggest that PPM1F-mediated control over integrin-dependent cell adhesion processes 

could promote the metastatic behaviour of tumor cells.  
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Figure 8: PPM1F determines the invasiveness of A172 cells in an in vivo CAM model. CAM assays were performed seeding 1x106 serum-starved A172 
wildtype, PPM1F KO or PPM1F KO cells re-expressing PPM1F mixed with Matrigel on the CAM of fertilized chicken eggs at EDD9. Three days after cell 
inoculation the tissue was removed, fixed in 2 % PFA and 2 % glutardialdehyde and paraffin-embedded. 7µm thick serial sections were made and H&E 
staining was performed; n = 5 eggs per condition. (A) Representative images of CAM sections inoculated with A172 wildtype, PPM1F KO or PPM1F KO 
cells re-expressing active PPM1F demonstrating differences in the tissue invasiveness of these cells dependent on PPM1F expression levels; 
arrowheads point to cancer cells on the ectoderm or penetrated into the CAM tissue; scale bar: 200µm. (B) Representative serial section from a CAM 
containing micro-tumors derived from tissue-invaded A172 wildtype glioblastoma cells; arrowheads point to tissue-invaded cancer cells; scale bar: 
200µm. (C) Invasion capacity was determined by measuring the orthogonal distance (blue line) cells transmigrated from the ectoderm (EC, red) into 
the mesoderm (M) using the image with the highest invasion depth of each serial section; scale bar 200µm. (D) Quantification of invasion depth. 
Scatter dot blot shows mean with 95% confidence intervals from n = 5 eggs per cell line. Statistics was performed using one-way ANOVA, followed by 
Bonferroni post-hoc test (*p < 0.05, ns = not significant). See also Figure S4.  
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4.5 Discussion 
 

 

Protein phosphorylation and dephosphorylation are reciprocal post-translational modifications, which 

allow rapid and reversible adjustment of protein function by regulating enzyme activity or 

orchestrating protein-protein interactions. Phosphorylation of a conserved threonine motif in the 

integrin β1 cytoplasmic domain (T788/T789 in integrin β1) is known to affect integrin activity 

(Gahmberg et al., 2019). We have found that the Mg2+/Mn2+-dependent protein phosphatase PPM1F 

targets these residues in vitro and in isolated cells, thereby promoting filaminA-mediated integrin 

inactivation (Grimm et al., 2020). The abortion of embryonic development in PPM1F-deficient mice 

accompanied by misorganization of neuronal tissues now highlights PPM1F as an essential negative 

regulator of integrins. Together with the gain-of-function adhesive phenotype of primary ppm1f-/- 

fibroblasts as well as PPM1F and filaminA knock-down neuro-epithelial cells these findings support the 

idea that integrin activity regulation by PPM1F is critical for efficient cell motility. Accordingly, the 

integrin-directed activity of PPM1F seems to promote the invasive potential of different cancer cells 

and unmasks a novel vulnerability of malignant tumors. 

The pre-term death (E10.5) and the severe defects in the central nervous and cardiovascular system 

during embryogenesis of PPM1F-deficient mice add further evidence to the idea that the 

dephosphorylation of the integrin T788/T789 motif is critical for normal mammalian development and 

that PPM1F is the major enzyme carrying out this function (Grimm et al., 2020). Accordingly, PPM1F is 

an essential negative regulator of integrin activity in mammals. In this regard, it is interesting to 

contrast the severe consequences of PPM1F deficiency with the phenotypes of knock-out mice lacking 

other reported negative regulators of integrin activity such as ICAP-1, Sharpin or Dok-1. For example, 

mice deficient for ICAP-1, an adaptor protein competing with talin for binding to the integrin β subunit, 

are viable, but show retarded growth and skeletal defects due to impaired osteoblast proliferation and 

differentiation (Bouvard et al., 2007; Bouvard et al., 2003). Mice lacking Sharpin, a further negative 

regulator of integrin activity and binding partner of the integrin α subunit (Rantala et al., 2011), are 

viable and fertile, but sustain severe multi-organ inflammation and the development of secondary 

lymphatic organs is defective in these mice (Seymour et al., 2013; Seymour et al., 2007). Furthermore, 

Dok-1-/- mice do not have an obvious phenotype (Di Cristofano et al., 2001), but show elevated 

outside-in signaling through integrin αIIbβ3 in platelets  (Niki et al., 2016). As these integrin regulators 

are expressed in a wide variety of tissues, one must conclude that their integrin regulatory function is 

only needed in specific cell types or that their particular task is taken over by other proteins in 

situations such as tissue development and growth. In obvious contrast, PPM1F appears to perform 
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non-redundant functions during embryonic development and, therefore, the ppm1f-/- phenotype has 

a high penetrance with malformations in multiple tissues. The drastic alteration seen in the central 

nervous system of ppm1f-/- embryos is of particular interest, as neuronal cells express PPM1E, a close 

homologue of PPM1F, which together share 66% sequence similarity in the central phosphatase 

domain (Koh et al., 2002; Takeuchi et al., 2001). Our results now demonstrate that PPM1F function 

during mammalian development can not be compensated by other cellular serine/threonine 

phosphatases, not even by the related enzyme PPM1E. 

In line with the idea that PPM1F-mediated dephosphorylation of the integrin β1 T788/T789 motif is a 

pre-requisite for filaminA association with the integrin cytoplasmic domain and filamin-mediated 

integrin inactivation (Grimm et al., 2020) the phenotypes of PPM1F- and filaminA-knock-out mice show 

striking similarities. In particular, defective vascular development, hemorrhages and brain 

malformations as described here for PPM1F-/- embryos have also been reported for filaminA knock-

out mice (Feng et al., 2006). In addition, filaminA-deficient embryos show defects in neuronal 

progenitor cell emigration from the ventricular zone (Nagano et al., 2004; Zhang et al., 2013a), which 

was observed to a similar extent in embryos devoid of defined integrin α or β subunits (Anton et al., 

1999; Feng et al., 2006; Georges-Labouesse et al., 1998; Graus-Porta et al., 2001) and which is mirrored 

in PPM1F-/- embryos. Our findings of a gain-of-function with regard to integrin-mediated adhesion 

and a reduced haptotaxis migration in PPM1F- and filaminA-knock-down neuroepithelial cells now 

provide a mechanistic explanation for the accumulation of neuronal progenitor cells at the ventricular 

zone.  

The phenotypic similarities between PPM1F-deficiency and filaminA-deficiency are not restricted to 

the murine system: Accumulation of neural progenitor cells in the ventricular region, as seen in PPM1F-

deficient mouse embryos, is a hallmark of periventricular heterotopia (PH), a human condition 

associated with filaminA mutations (Fox et al., 1998). While in male embryos loss-of-function 

mutations in the X-chromosomally encoded filaminA gene lead to lethality, females presenting with 

PH show neuronal cells remaining in nodular structures along the ventricle (Fox et al., 1998; Sheen et 

al., 2001). The PH phenotype is thought to arise from random X-chromosomal inactivation of the 

remaining intact filaminA allele in heterozygous women. Accordingly, a portion of the neural 

progenitor cells behaves as functional filaminA knock-out cells with altered cell morphology and 

reduced radial migration (Fox et al., 1998; Sheen et al., 2001). 

It has to be noted, that apart from the integrin β1 subunit, PPM1F acts on additional substrates such 

as kinases, cytoskeletal proteins, and apoptosis regulators (Ishida et al., 2018; Zhang et al., 2013a). 

Therefore, it remains to be determined whether embryonic lethality of PPM1F knock-out mice is a 

direct consequence of alterations in integrin activity and to which extent deregulation of other PPM1F 

substrates may play a role. However, the phenotypic similarities upon disruption of genes encoding 
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PPM1F, filaminA, and integrin subunits in mammals and the functional interplay of these proteins in 

intact cells strongly argue for a critical role of PPM1F-mediated integrin activity regulation in vivo. 

Cell migration is not only critical for organ formation, efficient wound healing, or the immune response, 

but cell migration and tissue invasion are also prerequisites for cancer cell metastasis. In line with its 

role in integrin regulation, PPM1F is overexpressed in a number of highly motile and invasive human 

tumor types (Jurmeister et al., 2012; Luo et al., 2015; Puhr et al., 2012; Susila et al., 2010; Tu et al., 

2016; Wang et al., 2018a; Weng and Koh, 2017; Zhang et al., 2013b; Zhang et al., 2017). Interestingly, 

the kinase PAK, which is a known regulator of the actin cytoskeleton and positively contributes to cell 

motility and invasion is also a substrate of PPM1F (Koh et al., 2002). PPM1F-mediated 

dephosphorylation of conserved residues in the PAK kinase domain diminish PAK activity (Kim et al., 

2020b). As constitutive PAK signaling has also been linked to cancer progression, it has been a 

conundrum, how the overexpression of PPM1F, a negative regulator of this kinase, could promote 

tumor metastasis (Radu et al., 2014). Our findings now help to resolve this puzzle, as high PPM1F levels 

appear to support efficient cell motility by releasing integrin-based adhesive contacts. Conversely, a 

lack of PPM1F results in increased cell-matrix adhesion and suppression of cell spreading and motility 

despite increased PAK activity and despite numerous actin-based cell protrusions. The elevated levels 

of active integrin β1 found in PPM1F KO cells are not modulated by pharmacological inhibition of PAK, 

clearly segregating these two downstream targets of PPM1F. With regard to the motile behaviour of 

tumor cells, our results suggest that the integrin-directed activity of PPM1F has a dominant function 

and ultimately dictates the ability of transformed cells to overcome extracellular matrix barriers and 

to invade into tissue. This is underscored not only by in vitro matrigel invasion assays, but also by the 

aggressive infiltration of PPM1F-expressing glioblastoma cells into a regular 3-dimensional tissue in 

chicken embryos. Genetic ablation of PPM1F completely abrogates the ability of the glioblastoma cells 

to invade, while re-expression of PPM1F fully restores the metastatic phenotype without modulating 

the proliferation of the cells.  

 

Together, our results highlight a non-redundant role for the widely expressed serine-threonine 

phosphatase PPM1F in controlling integrin activity. As integrin activity regulation is central to many 

homeostatic processes in the human body, such as platelet aggregation, wound healing, or immune 

responses, further investigation of PPM1F and its interplay with substrates in adult tissues is 

warranted. Moreover, our findings provide a mechanistic explanation for the correlation between 

PPM1F expression and an invasive phenotype of tumor cells. Thus, PPM1F appears as an attractive 

novel therapeutic target to limit human tumor cell dissemination.  
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4.7 Materials and Methods 
 

 

Antibodies 

The following antibodies were used with the corresponding dilutions for western blot analysis (WB), 

immunofluorescence (IF), immunohistochemistry (IHC) or integrin activity assay (IA): α-Actinin 

(BM75.2, mouse anti-human, Abcam; 1:1000 WB), α1-integrin (TS2/7, mouse anti-human/anti-mouse, 

Abcam; 1:50 IF), α2-integrin (6F1, mouse anti-human/anti-mouse, DSHB; 1:60 IF), α3-integrin (P1B5, 

mouse anti-human/anti-mouse, DSHB; 1:60 IF), α5-integrin (BIIG2, rat anti-human/anti-mouse, DSHB; 

1:10 IF), αv-integrin (PE-P2W7 mouse anti-human/anti-mouse, sc-9969; IF 1:300), β1-integrin (HMβ1-

1, armenian hamster anti-mouse, Bio Legend; 1:300 IF; AIIB2, rat anti-human/anti-mouse, DSHB; 1:600 

IF, IA; M-106, rabbit anti-mouse/anti-human, Santa Cruz; 1:500 WB; D2E5, rabbit anti-human, Cell 

Signaling; 1:1000 WB), β3-integrin (2C9.G3, arm. hamster anti-mouse, eBioscience; 1:300 IF; PM6/13, 

mouse anti-human, Abcam; 1:100 IF), β5-integrin (KN-52, mouse anti-mouse/human, eBioscience; IF 

1:300), FAK (77, mouse anti-human, BD; 1:250 WB), ILK (EP1593Y, rabbit anti-human, Epitomics; 1:800 

WB), Kindlin-2 (3A3, mouse anti-human, Millipore; 1:200 WB, 1:250 IF), Laminin (ab11575, rabbit anti-

mouse, Abcam; 1:300 IHC), Nestin (rat-401, anti-mouse, Millipore; IHC 1:200), Paxillin (5H11, mouse 

monoclonal, Thermo Scientific; 1:1000 WB), hPPM1F (17020-1-AP, rabbit anti-human, Protein-Tech; 

1:1000 WB), mPPM1F (#1147, rabbit anti-mouse PPM1F; generated at the Tierforschungsanlage; 

University of Konstanz; 1:200 WB), FilaminA (EP2405Y, IgG, rabbit anti-human, Epitomics; 1:125.000 

WB), Tubulin (E7, IgG1, mouse anti-human, DSHB; 1:1000), Talin (8d4, mouse anti-human, Thermo 

Scientific; 1:800 WB, 1:40 IF), Vinculin (hVIN-1, mouse anti-human, Sigma; 1:2000 WB, 1:200 IF), Zyxin 

(Zol301, mouse anti-human, Abcam; 1:1000 WB), Dylight488-conjugated goat anti-mouse IgG 

(Jackson; 1:200), Cy3-conjugated goat anti-rabbit IgG (Jackson; 1:200), Cy3-conjugated goat anti-

mouse IgG (Jackson; 1:200), Cy5-conjugated goat anti-mouse IgG (Jackson; 1:200), RhodamineRed-

conjugated goat anti-rat IgG (Jackson; 1:200), RhodamineRed-conjugated goat anti-Armenian Hamster 

IgG (Jackson; 1:200), HRP-conjugated goat anti-mouse IgG (Jackson; WB 1:10 000), HRP-conjugated 

goat anti-rat IgG (Santa Cruz; 1:250), HRP-conjugated goat anti-rabbit IgG (Jackson; WB 1:3000), 

unspecific control IgG (anti-mouse, 96/1, generated at the Tierforschungsanlage; University of 

Konstanz; anti-rat, MJ7/18 Endoglin, DSHB). 

 

Husbandry and genotyping of mice 

Mice were kept in accordance with relevant institutional and national guidelines and regulations in the 

central animal care facility of University of Konstanz. The B6.129P2-PPM1Ftm1Dgen/J (PPM1F+/-) 
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mouse strain was obtained from The Jackson Laboratory (Bar Harbor, ME). The targeted ppm1f gene 

was created by Deltagen (San Mateo, CA) by inserting a Lac0-SA-IRES-lacZ-Neo555G/Kan cassette via 

homologous recombination into the ppm1f locus allowing the endogenous promoter to drive 

expression of β-galactosidase. The PPM1F+/- mice have been backcrossed at least 20 generations to 

C57BL/6 mice. 3 week old mice or embryos were genotyped by amplification of DNA extracted from 

tissue biopsies or isolated from mouse embryonic fibroblast. The following PCR primers were used: 

Primer 1: wild type forward: 5’ –CAACTCTCCATCATGCCCATCAG– 3’ 

Primer 2: common reverse: 5’ –AAGCAGGAAGGGACACGTGTCGGTC– 3’ 

Primer 3: targeted allele forward: 5’- GGGTGGGATTAGATAAATGCCTGCTCT– 3’ 

For genotyping, a PCR with 32 cycles was performed with an annealing temperature of 59°C and an 

elongation time of 40 sec at 72°C yielding a 200 bps and 450 bps PCR fragment for the wildtype and 

the targeted allele, respectively (Fig.1A) (Grimm et al., 2020). 

LacZ staining of frozen tissue sections  

Ppm1f+/+ and ppm1f+/- mice were sacrificed and perfused with PBS for 2 min followed by 4 % PFA in 

PBS for 5 min. Tissue was dissected and placed into 4 % PFA in PBS at 4 °C. The fixed tissue was washed 

with PBS and cryo-protected via a sequential transfer to 10% sucrose in PBS overnight at 4°C, 20% 

sucrose for 3 h at 4°C, and 30% sucrose for 3 h at 4°C. Samples were embedded in O.C.T Tissue-Tek 

(Sakura Finetek, Staufen, Germany) using histology moulds and stored at -80 °C. 10 µm thick tissue 

sections were cut using a cryostat CM1900 (Leica, Wetzlar, Germany) at -25°C and transferred to poly-

L-lysine-coated slides. Dried sections were washed 3x in PBS and 1x in ddH2O for 5 min. The X-gal 

dilution buffer (0.02% NP40, 2 mM MgCl2, 0.01% sodium deoxycholat, 5 mM potassium ferricyanide 

and 5 mM potassium ferrocyanide, pH 7.3) was pre-warmed up to 37 °C before the substrate X-gal (1 

mg/ml in N,N-diemthylformamide) was added. After incubation overnight at 37°C, sections were 

washed in PBS and in ddH2O each for 5 min, dried and mounted with mounting medium (Dako, 

Glostrup, Denmark). 

 

Whole-mount detection of β-galactosidase activity in mouse embryos 

Heterozygous ppm1f+/- mice were allowed to breed overnight. 10.5 days post coitus the female mouse 

was anesthetized and sacrificed. The embryos were dissected and fixed in β-galactosidase fixative (PBS 

pH 7.4, 0.2 % glutaraldehyde, 1.5 % formaldehyde, 5 mM EGTA and 2 mM MgCl2) for 90 min at RT. 

Embryos were washed 3 x in β-galactosidase wash buffer (PBS pH 7.4, 2 mM MgCl2, 0.02% NP40 and 

0.01% sodiumdeoxycholate) for 20 min at RT with soft end-to-end rocking. Afterwards, the embryos 

were incubated in β-galactosidase staining solution (β-galactosidase wash buffer supplemented with 

1 mg/ml X-gal, 5 mM potassium ferricyanide and 5 mM potassium ferrocyanide) for 18 h at 30°C in the 

dark. Next, embryos were washed 3x in PBS for 20 min each and photographed. Stained embryos were 
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post-fixed with 3 % formaldehyd and 2 % glutardialdehyd in PBS pH 7.4 for 2 h at 4°C. Afterwards, the 

samples were rinsed for 4 h at RT, dehydrated and embedded in paraffin. 14 µm thick tissue sagittal 

sections were prepared using a microtome RM2125RT (Leica) and mounted on microscope slides 

(HistoBond+, Marienfeld, Lauda Königshofen, Germany). Slides were dewaxed four times for 5 min by 

Histoclear (National Diagnostics, Atlanta, GA) and afterwards embedded with Roti-Histokitt (Carl Roth, 

Karlsruhe, Germany). 

Immunofluorescence staining of frozen mouse embryonic tissue sections 

Heterozygous ppm1f+/- mice were allowed to breed overnight. 10.5 days post coitus the female mouse 

was anesthetized and sacrificed. The embryos were dissected and fixed in 4 % PFA overnight at 4 °C. 

The embryos were washed with PBS and cryo-protected in 10 % sucrose in PBS. The embryos were 

transferred to a 20 % sucrose solution with subsequent incubation in 30 % sucrose solution for about 

2 h each at 4 °C. The samples were then incubated in 30 % sucrose and O.C.T Tissue-Tek (1:1) for 1 h 

at RT with soft end-to-end rocking. Finally, the embryos were embedded in O.C.T Tissue-Tek using 

histology moulds, transferred to dry ice and stored at -80 °C.  

Sections were cut using a cryostat (temperature of chamber: -30 °C; temperature of object: -25 °C) at 

12 µm thickness and transferred to adhesion microscope slides (HistoBond+, Marienfeld, Lauda 

Königshofen, Germany). Sections were dried at 30 °C for 2 h and transferred to -20 °C for storage.  

At the day of use, sections were allowed to thaw at RT for several minutes, washed in PBS, blocked 

(PBS + 1 % BSA + 1 % heat inactivate CS + 0.1 % TritonX100) for 30 min followed by incubation with 

first antibody in blocking solution overnight at 4 °C. Samples were washed, incubated with the 

corresponding second antibody (all 1:200) for 1 h at RT and washed again. After incubation in DAPI 

solution (1:2000) for 20 min and a last washing step, sections were mounted with Dako mounting 

medium. 

 

Nissl staining of brain sections 

Ppm1f+/+ and ppm1f+/- mice were sacrificed and perfused with PBS for 2 min, then for 5 min with 3 

% formaldehyd and 2 % glutardialdehyd in PBS . Brains were excised and placed into 3 % formaldehyd 

and 2 % glutardialdehyd in PBS, pH 7.4 overnight at 4 °C. Fixed brains were rinsed with PBS, dehydrated 

and embedded in paraffin. 20 µm thick coronal sections were prepared using a microtome RM2125RT 

(Leica). The sections were transferred to coated slides (HistoBond+, Marienfeld, Lauda Königshofen, 

Germany), de-waxed by four passages through Histoclear (National Diagnostics, Atlanta, GA) for 5 min 

and hydrated in MilliQ water for 30 min. Slides were stained with 0.1% cresyl violet acetate (Sigma, St. 

Louis, MO) for 4 min under agitation. Slides were dehydrated for 2 min using 70% EtOH (twice), 95% 

EtOH (twice), 100% EtOH (twice), cleared in xylene for another 2 min, and finally mounted with Roti-

Histokitt (Carl Roth, Karlsruhe, Germany). 
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Human PPM1F tissue expression data analysis 

Human PPM1F RNA-sequencing tissue data (reported as mean protein-coding transcripts per million 

(pTPM)) were purchased from the Human Protein Atlas portal (HPA transcriptomic study) 

(https://www.proteinatlas.org/ENSG00000100034-PPM1F) (Thul et al., 2017; Uhlen et al., 2015), the 

Genotype-Tissue Expression project (GTEX; 

https://www.gtexportal.org/home/gene/ENSG00000100034), the Functional Annotation of 

Mammalian Genome 5 (FANTOM5) project (https://fantom.gsc.riken.jp/5/) (Su et al., 2004; Takahashi 

et al., 2012) and the BioGPS Gene Atlas (http://biogps.org/#goto=genereport&id=9647, Dataset 

U133A, gcrma) (Su et al., 2004). Data of analyzed tissues were referenced to the highest PPM1F mRNA 

level measured in the corresponding study, which was set to 100%. Only data from tissues apparent in 

at least three of the four studies were combined in the final figure and sorted from the highest to the 

lowest expression levels occurring in one of the four studies. 

 

Cell Culture and transient transfection 

Human embryonic kidney 293T cells (ATCC® CRL-3216™), SK-N-MC neuroepithelial cells (ATCC HTB-

10™), MDA-MB-231 cells (ATCC CRM-HTB-26™), MCF-7 cells (ATCC HTB-22™), HEPG2 cells (ATCC HB-

8065™), A172 glioblastoma cells (ATCC CRL-1620) and genetically modified A172 cells (Grimm et al., 

2020) were grown in DMEM supplemented with 10 % fetal calf serum. Mouse embryonic fibroblasts 

(MEFs) were isolated from timed matings of heterozygous mice at day 10.5 day post coitus and 

immortalized via transduction with pBabeZeo SV40 largeT (Addgene, plasmid #1779) (Grimm et al., 

2020). MEFs and NIH3T3 cells (ATCC® CRL-1658™) were cultured in DMEM supplemented with 10 % 

fetal calf serum, non-essential amino acids and sodium pyruvate. All cells were maintained at 37°C, 5 

% CO2 and sub-cultured every 2-3 days. 

For transient transfection of 293T cells, cells were seeded at 25 % confluence the day before and 

transfected using standard calcium phosphate method with a total amount of 5 µg plasmid DNA/dish.  

Whole cell lysates and Western blotting 

To obtain whole cell lysates (WCL), equal cell numbers were lysed by treatment with RIPA-buffer (1 % 

Triton X-100, 50 mM Hepes, 150 mM NaCl, 10 % glycerol, 1.5 mM MgCl2, 1 mM EGTA, 0.1 % w/v SDS, 

1 % v/v Deoxycholic acid) supplemented with freshly added protease and phosphatase inhibitors (10 

mM sodium pyrophosphate, 100 mM NaF, 1 mM sodium orthovanadate, 5 μg/ml leupeptin, 10 μg/ml 

aprotinin, 10 μg/ml pefablock, 5 μg/ml pepstatin, 10 μM benzamidine) and phosphatase saturating 

substrate (para-nitrophenolphosphate [pNPP], Sigma-Aldrich, 10 mM). Chromosomal DNA and cell 

debris were pelleted by addition of sepharose beads and centrifugation (13000 rpm, 30 min, 4°C). 

Supernatant was supplemented with 2 x or 4 x SDS sample buffer (2 or 4 % wt/vol SDS, 20 % wt/vol 
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glycerol, 125 mM Tris-HCl, 10/20 % vol/vol β-mercaptoethanol, 1 % wt/vol Bromophenol blue, pH 6.8) 

and boiled for 5 min at 95°C. The protein amount was adjusted via the bicinchoninic acid protein assay 

kit (Pierce; Thermo Fisher Scientific) according to the manufacturer’s protocol and analysed by 

Western blot using pre-stained marker as protein size control (26619 Thermo Fisher Scientific). Briefly, 

proteins were resolved on 8–18% SDS-PAGE. After separation, the proteins were transferred to a 

polyvinylidene fluoride membrane (Merck Millipore), followed by blocking in 2% BSA containing 50 

mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20, pH 7.5 (TBS-T) buffer. The membrane was incubated 

with primary antibody in blocking buffer overnight at 4°C, washed three times with TBS-T, and 

incubated with HRP-conjugated secondary antibody in TBS-T for 1 h at RT. The chemiluminescent signal 

of each blot was detected with ECL substrate (Thermo Fisher Scientific) on the Chemidoc Touch 

Imaging System (Bio- Rad) in signal accumulation mode. Acquired images were processed in Adobe 

Photoshop CS4 by adjusting illumination levels of the whole image. 

 

Lentiviral production and generation of stable cell lines 

Lentiviral particles were produced as described previously (Muenzner et al., 2010). Briefly, 293T cells 

were transfected by standard calcium-phosphate co-precipitation using 3.5 µg pMD2.G (packaging 

cassette), 5 µg psPAX2 (viral envelope expression cassette) and 6.5 µg pLKO.1 or pUltra containing the 

desired shRNA or cDNA, respectively. After 72 h, virus containing culture supernatant was collected, 

ultra-centrifuged and target cells were infected with virus concentrate by spinfection (1h, 800g, RT) 

with 8 µg/ml polybrene following incubation for 24 h at 37°C. Control cells were generated by 

transducing cells with virus harboring scrambled shRNA pLKO.1 or empty pUltra vector. After 48 h 

recovery time, SK-N-MC cells transduced with pLKO.1 were selected with puromycin (1 μg/ml, 6 days) 

to result in a mixed population. MEF cells transduced with pUltra-derived vectors were selected for 

fluorescence protein expression by flow cytometry. Single cell clones were expanded by adding 20% 

conditioned medium to the regular growth medium supplied with 20% FCS and 

penicillin/streptomycin. The generation of A172 Cerulean expressing, control (sgCerulean), PPM1F KO 

(sgCerulean, sgPPM1F) and PPM1F KO cells re-expressing mKate2, mKate2-PPM1F or mKate2-

PPM1FD360A was described previously (Grimm et al., 2020). 

Generation of PPM1F and filaminA knock-down SK-N-MC cells 

For the generation of recombinant, shRNA-expressing lentiviral particles, the shRNA vector system 

pLKO.1 developed by Stewart and colleagues (Stewart et al., 2003) was applied as described previously 

for HEK293T and A172 cells (Grimm et al., 2020). The different shRNAs were designed by using the 

AAN19 algorithm and siRNA selection program of the Whitehead Institute for Biomedical Research 

(http://sirna.wi.mit.edu/). According to the prediction of the siRNA selection program two 

complementary oligos were synthesized, respectively.  
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hFilaminA_shRNA_sense  
5’-ccggaaGACCACCTACTTTGAGATCctcgagGATCTCAAAGTAGGTGGTCtttttttg-3’ 
hFilaminA_shRNA_anti  
5’-aattcaaaaaaaGACCACCTACTTTGAGATCctcgagGATCTCAAAGTAGGTGGTCtt-3’ 
 
hPPM1F_shRNA_sense  
5’-ccggaaCCAGCTCTTCGGCTTGTCTctcgagAGACAAGCCGAAGAGCTGGtttttttg-3’ 
hPPM1F_shRNA_anti  
5’-aattcaaaaaaaCCAGCTCTTCGGCTTGTCTctcgagAGACAAGCCGAAGAGCTGGtt-3’ 
 
The oligos were annealed and cloned via AgeI and EcoRI restriction sites into plasmid pLKO.1 puro 

(Addgene; plasmid #8453), which provides puromycin resistance for selection of stable knock-down 

cells. The correct insertion of the shRNA cassettes was verified by sequencing. 

 

Complementation of ppm1f-/- MEF cells 

For the re-expression of PPM1F in ppm1f-/- mouse embryonic fibroblasts the human PPM1F or human 

PPM1F D360A cDNA (Grimm et al., 2020) was amplified via the following primers: PPM1F-XbaI-sense: 

5’-TGCATCTAGAATGTCCTCTGGAGCCCCAC–3’ and PPM1F-BamHI-anti: 5’-

CAGTAAGGATCCCTAGCTTCTTGGTGGAG–3’. The resulting PCR fragments were cloned into pUltra (a 

gift from Malcolm Moore, Addgene plasmid #24129) via XbaI and BamHI restriction sites leading to a 

bi-cistronic expression of the human PPM1F wildtype and GFP or human PPM1F D360A and GFP. The 

empty vector was used to generate ppm1f+/+ and ppm1f-/- control cell lines expressing only GFP. 

Plasmid constructs were verified by sequencing. 

 

IF staining for confocal microscopy and cell spreading analysis 

Sterile coverslips were coated with PBS containing 0.4-10 μg/ml GST-tagged fibronectin type III repeats 

9–11 (FNIII9-11; gift of M.A. Schwartz, Yale University, NewHaven, CT) or 10 µg/ml poly-L lysine (SERVA, 

Heidelberg, Germany) as integrin-independent control overnight at 4 °C in a 24-well plate and cells 

were starved with DMEM + 0.5% FCS for 15 h. The next day, coating solution was removed and wells 

were blocked with suspension medium (DMEM + 0.25% BSA). In parallel, cells were trypsinized, 

trypsin-inactivated with soybean trypsin inhibitor (AppliChem, Darmstadt, Germany, 12.5 mg in 50 ml 

DMEM, sterile filtered), counted and kept in suspension medium for 45 min at 37°C. In experiments 

using the PAK1-3 inhibitor FRAX597 (CAS 1286739-19-2, Selleckchem Houston, USA), cells were pre-

treated with 5 µM inhibitor or DMSO as control in suspension for 1 h at 37°C, before 2.5 x 104 cells 

were seeded onto coverslips and allowed to adhere for corresponding time periods. Cells were fixed 

with 4 % PFA supplemented with 0.1 % Triton X-100 for 5 min at RT and again without Triton for 20 

min. Coverslips were washed thrice with PBS++ (0.9 mM CaCl2, 0.5 mM MgCl2 in 1 x PBS) and blocked 

for 20 min with blocking solution (10% CS in PBS). Primary antibody solution was added for 1 h at RT. 



Chapter II   

141 
 

After washing thrice with PBS++ and blocking for another 20 min, coverslips were treated with 

secondary antibody in blocking solution and optionally with phalloidin-Cy5 or DAPI for 1 h at RT in the 

dark. Finally, cells were washed thrice with PBS++ and mounted with Dako fluorescent mounting 

medium (Dako, Glostrup, DK). Samples were imaged on a LEICA SP5 confocal microscope equipped 

with a 63.0 × /1.40 NA oil HCX PL APO CS UV objective and acquired in xyz mode with 1024 × 1024 pixel 

format and 100 Hz scanning speed at 8 bit resolution. All images were analyzed in ImageJ Software. 

For spreading assays, a macro was set-up together with the Bioimaging Center (BIC) at the University 

of Konstanz and used for quantitative picture analysis. Unrecognized cells were analyzed manually in 

the Leica LAS AF Lite software. 

IF for FACS analysis 

Cells were detached with trypsin/EDTA, pelleted and suspended in FACS buffer (0.1% NaAzide, 5% FCS 

in PBS). After centrifugation (800 rpm, 3 min) cells were washed with FACS buffer and 3x105 cells were 

transferred into Eppendorf tubes respectively, centrifuged (2500 rpm, 2 min, 4 °C) and incubated with 

primary antibody in FACS buffer at desired concentration for 1 h at 4 °C under constant rotation. Cells 

were washed thrice with FACS buffer and incubated with secondary antibody in FACS buffer at desired 

concentrations for 30 min at 4 °C under constant rotation in the dark. After washing thrice with FACS 

buffer cells were suspended in 1 ml of FACS buffer containing 2 mM EDTA. Finally, cells were analyzed 

by flow cytometry (BD LSRII, FACSDiva™ software, BD Biosciences, Heidelberg, Germany).  

Replating Assay for pT788/pT789 β1 integrin and pT423 PAK1, 3/pT402 PAK2 analysis in intact cells 

10 cm dishes were coated with 2μg/ml FNIII9-11 in PBS overnight at 4°C. Cells were starved with DMEM 

+ 0.5 % FCS overnight at 37°C. The next day, dishes were blocked with DMEM + 0.25% BSA for 1h at 

37°C. In parallel, cells were trypsinized, trypsin-inactivated with Soybean inhibitor (AppliChem, 12.5mg 

in 50ml DMEM, sterile filtered), counted and kept in suspension medium for 45 min at 37°C. 

Afterwards, the same cell numbers were seeded onto coated dishes and allowed to adhere for 

corresponding time periods at 37°C. Dishes were washed with PBS, whole cell lysates prepared and 

subjected to Western blot analysis. Phosphorylation of proteins was detected by phospho-specific 

antibodies. Densitometric analysis was performed by ImageJ software. The amount of phosphorylated 

β1 integrin or PAK was normalized to total β1 integrin or PAK expression levels.  

Cell Adhesion Assay 

96-well plates were coated with PBS containing corresponding concentrations of FNIII9-11 or poly-L 

lysine (SERVA, Heidelberg, Germany) as integrin-independent control overnight at 4 °C. Wells were 

blocked with DMEM + 0.25 % BSA for 1 hour at 37 °C. In parallel, cells were trypsinized and kept in 

suspension medium for 45 min. 2.5 x 104 cells/well were seeded and allowed to adhere for the 
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indicated time periods at 37 °C. After incubation, non-adherent cells were removed by gently washing 

with PBS++ thrice. Adherent cells were fixed with 4% PFA in PBS for 15 min, washed with PBS and 

stained with 0.1 % crystal violet in 0.2 M borate buffer (pH = 8.5) for 30 min. After intense washing, 

the color was unhinged from cells with 10 mM acetic acid and the absorption was measured at 590 nm 

using a spectrophotometer.  

Integrin Activity Assay (IA) 

Starved cells were trypsinized and kept in suspension (2% BSA, 5 mM glucose in PBS) for 45 min before 

they were stimulated with 10 µg/ml FNIII9-11 for 15 min at 37°C or kept unstimulated by adding ddH2O. 

Cells were put on ice and split into two fractions, which were either stained for active integrin β1 (9EG7 

1:600) or total integrin β1 (HMβ1-1 1:300 or AIIB2 1:600) for 1h on ice in PBS + 2% BSA. Cells were 

washed thrice with PBS and incubated with Rhodamine-Red conjugated secondary antibody for 45 min 

on ice in the dark. Cells were washed and fluorescence intensity was measured by flow cytometry (BD 

LSRII, FACSDiva™ software, BD Biosciences, Heidelberg, Germany). 

 

Single Cell tracking  

MEFs were seeded in 24 well plates and incubated for 24 h. Cells were starved in DMEM supplemented 

with 0.5 % BSA for 12 h, afterwards stimulated with growth medium and imaged for 12 h (30 

min/frame). Single cells were tracked manually using ImageJ particle tracking plugin and analyzed using 

the chemotaxis and migration tool (Ibidi GmbH, München, Germany). 

 

Haptotaxis migration and 3D Matrigel invasion assays 

Haptotaxis and invasion assays were performed similar as described previously (Hauck et al., 2002; 

Hauck et al., 2001). Shortly, for haptotaxis assays the membrane underside of modified Boyden 

chambers (Millicell, 8-µm pore size, 12-mm diameter; Millipore, Bedford, MA) was coated with 10 

µg/ml FN or 2% BSA as control for 1 h at RT and the chambers were placed in a 24-well plate before 

0.4 ml of medium with 0.25% BSA was added to the lower compartment. For invasion assays, growth-

factor reduced Matrigel (CAS 356231, Corning, NY, USA) was diluted in serum-free DMEM on ice to 

yield 30 µg Matrigel in 100µl total volume and was added to the topside of modified Boyden chambers 

(Millicell, 8-µm pore size, 12-mm diameter; Millipore, Bedford, MA), which were placed in a 24-well 

plate. The matrigel was allowed to polymerize for 30 min at 37°C, before 0.4 ml of migration medium 

with BSA as control or 20% FCS was added to the lower compartment. In both assays serum-starved 

cells (0.5% FCS, 18h) were added to the upper compartment (8 x 104 cells in 0.3 ml migration medium 

w/o FCS) and after 6h (haptotaxis assays) or 24 h (invasion assays) at 37°C, chambers were washed 

with PBS and cells fixed by treatment with 4% PFA in PBS. Cells were stained with 0.1% crystal violet in 
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0.2 M borate buffer (pH = 8.5) for 30 min, cells on the upper membrane surface were removed by a 

cotton tip applicator and migration values were determined by dye elution with 10% acetic acid and 

absorbance measurement at 590 nm or by counting five zoomed (40 x) fields/chamber under the light 

microscope. Mean values were obtained from three individual chambers per sample condition per 

assay.  

 

Egg preparation and chorioallantoic membrane (CAM) assay 

Fertilized chicken eggs were purchased from LSL-Rhein-Main Geflügelvermehrungsbetriebe GmbH, 

cleaned with warm water and incubated for 8 days after breeding at 37°C with 50-70% humidity. 

Similar to previous studies (Kunzi-Rapp et al., 2001; Liu et al., 2013; Xiao et al., 2015), eggs were opened 

at embryonic development day 8 (EDD8) between the two main blood vessels to create a 1 cm2 big 

window for tumor cell inoculation, after the air sac was re-located by vacuum application. Eggs were 

covered with tape and incubated until the next day (EDD9). A total of 1 x 106 serum-starved A172 

wildtype or PPM1F KO cells were re-suspended in 20 µl PBS, mixed with 20 µl growth factor-free 

Matrigel (CAS 356231, Corning, NY, USA) and added on top of the CAM into a silicon ring, before 

covering the window again with tape. After an incubation of 3 days, chicken embryos were numbed 

with anaesthetic solution (100 mg/ml benzocaine in DMSO). The CAM was removed and fixed 

overnight in fixation solution (2 % PFA, 2 % glutardialdehyde, 0.1 M NaPO4 buffer, pH 7.3). Samples 

were paraffine-embedded, 7 µm thick sections were made and stained with H&E staining before being 

imaged at the Bioimaging Center (BIC, University of Konstanz, Germany) at a Leica DME microscope 

equipped with Leica LAS EZ software.  

 

Statistics 

All data are presented as mean ± SEM or mean ± SD as indicated. All statistical significances were 

determined using a two-tailed Student's t-test or one-way ANOVA followed by Bonferroni post-hoc 

test with Prism5 (GraphPad, La Jolla, CA, USA). Significance is indicated with * = p <0.05, ** = p <0.01, 

*** = p <0.001 or ns = not significant. 
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4.8 Online Supplemental Material 
 

 

Suppl. Fig. S1 indicates similar brain size and histology of PPM1F+/- mice compared to their wildtype 

littermates. Suppl. Fig. S2 provides evidence that fibroblasts isolated from ppm1f-/- mice do not exhibit 

altered integrin surface levels or focal adhesion protein expression. Suppl. Fig. S3 shows that SK-N-MC 

cells silenced for PPM1F or filaminA by shRNA do not exhibit increased integrin surface levels or altered 

focal adhesion protein expression. Suppl. Fig. S4 shows that re-expression of PPM1F in PPM1F-

deficient cells does not alter cell growth compared to PPM1F KO cells. 

 

 

 

Figure S 1: Related to Figure 3. Ppm1f+/- adult mice have similar brain size and brain histology compared to their wildtype littermates. (A) Individual 
brain homogenates from 3-4 months old male wildtype PPM1+/+ and PPM1F+/- mice were probed by Western blotting with antibodies against murine 
PPM1F (upper panel) or tubulin (lower panel) analysis and probed with the indicated antibodies. (B) Body weight of mice as in (A). Shown is mean± 
s.e.m; n=5; unpaired t-test, ns: not significant. (C) Brains of mice in (A) were isolated, weighted, and photographed. Scale bar: 1 cm. (D) Coronal brain 
sections of PPM1+/+ and PPM1F+/- mice were stained with cresyl violet. Different magnifications do not reveal differences in cell distribution or cell 
density.  
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Figure S 2: Related to Figure 4. Fibroblasts isolated from ppm1f-/- mice do not show altered focal adhesion protein expression or increased integrin 
surface levels. (A) Lysates from mouse embryonic fibroblasts isolated from PPM1F+/+ or littermate PPM1F-/- embryos at E10.5. PPM1F-/- cells were 
stably transduced with wildtype PPM1F or PPM1F D360A. WCLs were subjected to Western blotting with the indicated antibodies against a panel of 
focal adhesion proteins; monoclonal α-tubulin antibody was used as loading control. (B) MEF cell lines from (A) were analyzed by flow cytometry for 
integrin surface expression levels. Cells were stained with the indicated integrin-specific antibodies. Unstained wildtype MEFs or MEFs stained with 
an isotype-matched irrelevant antibody (IgG control) served as controls; count ≥ 10 000 cells. 
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Figure S 3: Suppl. Figure S3: Related to Figure 5: PPM1F or filaminA knock-down SKN-MC cells do not show altered focal adhesion protein 
expression or increased integrin surface levels. (A) Bar graphs show the densitometric quantification of band intensities from PPM1F versus Tubulin 
or from filaminA versus Tubulin antibody signal from three independent experiments to evaluate the effectivity of the shRNA-mediated knock-
down of the respective proteins in SK-N-MC cells; wildtype was set to 100%. (B) Whole-cell-lysates of SK-N-MC cells silenced for PPM1F or filaminA 
by shRNA and control cells expressing scrambled shRNA were subjected to Western blotting with the indicated antibodies against a panel of focal 
adhesion proteins; monoclonal α-tubulin antibody was used as loading control. (C) SK-N-MC cell lines from (B) were analyzed by flow cytometry for 
integrin surface expression levels. Cells were stained with the indicated integrin-specific antibodies. Unstained wildtype SK-N-MC cells or cells 
stained with an isotype-matched irrelevant antibody (IgG control) served as controls; count ≥ 10 000 cells. 
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Figure S 4. Suppl. Figure S4: Related to Figure 8. Cell proliferation differs between A172 wildtype and PPM1F KO or PPM1F KO cells re-
expressing PPM1F-mKate2. 5x103 A172 wildtype, PPM1F KO and PPM1F KO cells re-expressing wildtype PPM1F were seeded into 96-wells 
in triplicate and examined for cell proliferation after one, two, three and four days by paraformaldehyde fixation, crystal violet staining, dye 
elution with 10% acetic acid and absorbance measurement at 590nm in a microplate reader. Shown are mean ± SEM values from one 
representative experiment. 
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5.1 Abstract 
 

 

Integrin-dependent cell adhesive events are controlled by complex processes involving dynamic focal 

adhesion and actin cytoskeleton remodelling. A key mechanism herein is the precise spatiotemporal 

control over integrin activity, which when imbalanced associates with multiple pathological conditions 

such thrombosis, inflammation, cancer and defective embryogenesis. A conserved phospho-switch in 

the T788/T789 motif of the β1 integrin cytoplasmic tail and the corresponding Ser/Thr phosphatase 

PPM1F have been identified to control integrin-association with filaminA, a multi-domain actin cross-

linking protein stabilizing the integrin inactive conformation. In this study, we now demonstrate that 

Ser2152 of filaminA constitutes a second phospho-switch, which contributes to distract filaminA from 

the integrin β1 tail to promote integrin activation in non-immune cells. Importantly, we identified 

PPM1F as the first filaminA Ser2152-targeted phosphatase in vitro and in cellulo. Our data indicate that 

PPM1F is a multi-pronged negative regulator of cell adhesive events by targeting several key factors in 

the integrin activation pathway.  

 

151 words 
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5.2 Introduction 
 

 

Cell adhesion to and migration along the extracellular matrix (ECM) are critically dependent on the 

dynamic interplay between heterodimeric integrin transmembrane receptors and their diverse ECM 

substrates, their intracellular signaling network, and the actin cytoskeleton contractile machinery, 

which together provide the basis for proper organ development, an efficient immune response and 

wound healing (Horton et al., 2015; Hynes, 2002; Reynolds et al., 2002; Ridley et al., 2003; Strohmeyer 

et al., 2017; Zaidel-Bar et al., 2007). Derailment of this flexible system associates with multiple 

pathological conditions such thrombosis, inflammation and cancer or causes defects in embryogenesis 

(Grabbe et al., 2002; Graus-Porta et al., 2001; Hagel et al., 2002; Hamidi and Ivaska, 2018; Nieswandt 

et al., 2009; Nurden, 2006; Reynolds et al., 2002; Sekine et al., 2012). Critical factors controlling this 

dynamic equilibrium of cell adhesive responses are filamins, large dimeric multi-domain cytoplasmic 

proteins (280kDa), organizing actin filaments into networks or bundling stress fibers and linking them 

to the cell membrane (Stossel et al., 2001; van der Flier and Sonnenberg, 2001). Additionally, filamins 

serve to integrate cell adhesion and signaling systems by providing a scaffold for various cytoskeletal 

and signaling proteins (Fig. 1) (Glogauer et al., 1998; Nakamura et al., 2011; Ohta et al., 2006; Stossel 

et al., 2001; Vadlamudi et al., 2002).  

 

 

 

Figure 1: Schematic overview of the monomeric filaminA molecule illustrating its general structure, the phospho-site Ser2152 and selected 
interaction partners. The actin-binding domain (ABD) is at the N-terminus, followed by 24 tandem immunoglobulin-like domains (Ig1-24) interrupted 
by flexible hinge regions between Ig15/16 and Ig23/24. The 24th domain is at the C-terminus and dimerizes with another identical molecule to form 
the filaminA homodimer. A calpaine cleavage site is located within hinge region 1. Numbers indicate different Ig-domains; the reported phospho-site 
at Ser2152 is marked in blue; the gray box depicts the conformational release of the intrinsic auto-inhibition between Ig19-21, which is induced by 
ligand binding or force application to expose cryptic binding sites and potentially the Ser2152 phospho-site. 



Chapter III   

151 
 

FilaminA is the most abundant and ubiquitously expressed isoform of filamins and plays an important 

role in the mechanical stabilization of cells (Stossel et al., 2001; Zhou et al., 2010). It localizes both at 

the leading edge and the rear of polarized motile cells in lamellipodia and at stress fibers, respectively, 

and is enriched at the cell cortex to reinforce connections with the extracellular adhesion sites during 

cell contraction (Campbell, 2008; Glogauer et al., 1998; Kim et al., 2008). Accumulating evidence also 

links filaminA to integrin trafficking and cell-surface recycling indicating a function for this protein in 

focal contact remodeling not only at the actin cytoskeleton interface, but also by directly interfering 

with integrins (Kim et al., 2010; Meyer et al., 1998; Pons et al., 2017). In this regard, filaminA is also 

known as one of the main integrin activity suppressors. Integrin activation is a critical process during 

focal adhesion formation and includes a huge conformational change within the integrin α and β 

subunit to gain high affinity for the extracellular ligand (Hughes et al., 1996; Shattil et al., 2010; 

Vinogradova et al., 2002; Wegener et al., 2007). FilaminA appears to contact both the α and β integrin 

cytoplasmic tails to stabilize the integrin low-affinity, closed structure and competes with the 

cytoplasmic activators talin and kindlin for overlapping binding sites centering around an evolutionary 

conserved threonine motif in the integrin β cytoplasmic tail (T788/T789 of integrin β1) (Chatterjee et 

al., 2018b; Grimm et al., 2020; Kiema et al., 2006; Liu et al., 2015; Takala et al., 2008). While filaminA 

genetic depletion or disruption of filaminA-integrin association in prior studies increased integrin 

activity and cell adhesion and led to reduced numbers of cell extensions and impaired cell migration 

(Baldassarre et al., 2009; Calderwood et al., 2001; Das et al., 2011; Hu et al., 2017; Ithychanda et al., 

2009; Kiema et al., 2006; Kim et al., 2010; Kim et al., 2008; Liu et al., 2015; Takala et al., 2008; Waldt 

et al., 2018), interfering with talin or kindlin was shown to abolish cell adhesion and impeded integrin 

activation in reverse (Calderwood et al., 2002; Malinin et al., 2009; Svensson et al., 2009; Tadokoro et 

al., 2003; Theodosiou et al., 2016).  

Interestingly, also filaminA overexpression or filaminA mutants yielding high affinity binding to integrin 

tails prevented cell migration (Calderwood et al., 2001; Pfaff et al., 1998). These findings illustrate the 

importance of a dynamic and fine-tuned regulation of filaminA localization and its binding capacity to 

different interaction partners to spatiotemporally determine its various functions during cell migration 

(Kim and McCulloch, 2011; Razinia et al., 2012; Zhou et al., 2010). Competition with locally enriched 

factors (Ithychanda et al., 2009; Kiema et al., 2006; Lad et al., 2008), proteolysis and force-dependent 

stretching to open up cryptic binding sites of filaminA were reported to play a role in defining filaminA-

interaction partner binding specificity (Lad et al., 2007; Nakamura et al., 2011; O'Connell et al., 2009; 

Pentikainen and Ylanne, 2009; Zhou et al., 2010). For example, filaminA auto-inhibition by the partial 

unfolding of repeats 19 and 20, engaging and masking the Ig21 domain, could be released upon tensile 

force or high affinity ligand binding through migfilin or integrin β1 (Fig. 1)  (Chen et al., 2009; 

Ithychanda et al., 2015; Ithychanda and Qin, 2011; Nakamura et al., 2014). However, to precisely 



  Chapter III 

152 
 

control filaminA functions in a rapid, reversible and economic manner, phosphorylation of specific 

amino acids might be of critical importance. Indeed, filaminA Ser2152, a residue located close to the 

integrin binding site between filaminA Ig20 and Ig21, was reported to become phosphorylated by a 

multitude of kinases including adenosine monophosphate (cAMP)-kinase (PKA), PKC, Ndr2, Akt or PAK, 

depending on the cell-type and stimulus (Chen and Stracher, 1989; Li et al., 2015; Pons et al., 2017; 

Tigges et al., 2003; Tirupula et al., 2015; Vadlamudi et al., 2002; Waldt et al., 2018). Additionally, 

Ser2152 phosphorylation was shown to protect filaminA against calpain cleavage (Chen and Stracher, 

1989; Garcia et al., 2006) or to affect membrane ruffle formation (Vadlamudi et al., 2002; Woo et al., 

2004) and mutation to alanine impaired cell migration. Yet a coherent molecular picture of its exact 

physiological roles and the antagonizing phosphatase(s) still remain elusive (Li et al., 2015; Woo et al., 

2004).  

Importantly, a new study demonstrated that phosphorylation at Ser2152 by Ndr2 promoted filaminA-

integrin β2 dissociation in T cells to allow for subsequent talin and kindlin-3 association and thus 

stimulation of integrin activation to initiate leukocyte extravasation by enhanced cell adhesion to the 

endothelium (Waldt et al., 2018). Although these effects could be integrin β2-specific, they indicate a 

direct change in the intrinsic integrin binding capacity of filaminA depending on this phospho-site and 

thus might attribute Ser2152 a pivotal role in the direct control over integrin activity (Ishihara et al., 

2015; Waldt et al., 2018). Accordingly, recent work shows that Ser2152 appeared also hyper-

phosphorylated in a mouse model of periventricular nodular heterotopia (PVNH) (Zhang et al., 2013a; 

Zhang et al., 2012), a human congenital brain developmental defect based on genetic defects in the 

filaminA or ARFGEF2 locus, in which neuronal progenitor cells stay in place and fail to emigrate the 

ventricular zone of the brain (Feng et al., 2006; Feng and Walsh, 2004; Fox et al., 1998; Sheen et al., 

2001; Wade et al., 2020; Zhang et al., 2013a; Zhou et al., 2010). These findings led us to hypothesize 

that filaminA Ser2152 might also constitute a phospho-switch in non-immune cells to determine 

integrin affinity through its contribution to filaminA-integrin distraction, thereby enhancing cell 

adhesiveness. Moreover, the Ser/Thr phosphatase PPM1F was recently identified as the first negative 

enzymatic regulator of integrin activity, dictating filaminA versus talin and kindlin-2 association to the 

cytoplasmic integrin β tail by controlling a phospho-switch at T788/T789 of integrin β1 (Grimm et al., 

2020). Since genetic depletion of PPM1F and filaminA resulted in striking phenotypic similarities both 

in different cell lines and in vivo, including enhanced cell adhesion and severe defects in cell migration 

accompanied by brain developmental defects (Chapter II) (Feng et al., 2006; Grimm et al., 2020), we 

suggested that PPM1F could also directly act on filaminA at Ser2152.  

Indeed, we discovered PPM1F as the first filaminA-targeted phosphatase in vitro and in intact cells, 

specifically and directly dephosphorylating Ser2152 and counteracting CaMKIIβ, which we also 
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confirmed to be a bona fide kinase for Ser2152 in vitro. Importantly and in line with data for leukocyte 

integrin β2, pseudo-phosphorylation of filaminA at Ser2152 strongly impaired its association with the 

integrin β1 cytoplasmic tail and promoted an elevated integrin activity and cell-adhesive phenotype in 

293T cells overexpressing FLNIg19-21 S2152E. In contrast the overexpression of the wildtype or 

S2152A variant worked in a dominant negative fashion. Our data add another level of control to PPM1F 

in integrin regulation and suggest that this enzyme is a key regulator of cell adhesive events by 

targeting several important factors in the integrin activation pathway. 
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5.3 Results 
 

 

CaMKIIβ phosphorylates filaminA at Ser2152 in vitro  

Among several filaminA-targeted kinases, CaMKII has been reported to phosphorylate filaminA in vitro 

(Ohta and Hartwig, 1995), but the exact target-residues were not described. We deliberately chose 

this kinase, since CaMKII has been previously suggested to be involved in integrin phosphorylation at 

the T788/T789 motif and thus might be implicated in regulating integrin activity (Grimm et al., 2020; 

Rehberg et al., 2014; Suzuki and Takahashi, 2003; Takahashi, 2001). To check whether CaMKII is a bona 

fide Ser2152-targeted kinase, we used recombinant human CaMKIIβ to phosphorylate purified 

filaminA (FLNA) Ig19-21 domains. We also constructed a constitutive open (CO) FLNA mutant, 

potentially releasing the auto-inhibition of Ig19-21 to guarantee free availability of the Ser2152 

phospho-site at Ig20 for kinase binding as shown for PKA beforehand (Ithychanda et al., 2015). 

Additionally, we mutated Ser2152 to alanine in this construct (S2152A) as non-phosphorylatable 

control and generated a glutamate mutation (S2152E) in the wildtype filaminA to mimic constitutive 

phosphorylation and to validate phospho-Ser2152 antibody recognition (Fig.2A). First, we tested 

human CaMKIIβ activity by incubating the recombinant kinase with GST-integrin β1 cytoplasmic 

domain as positive control or non-phosphorylatable T788A/T789A variant as negative control in the 

presence or absence of ATP/Calmodulin/CaCl2, which is required for auto-phosphorylation of CaMKIIβ 

to gain full activity (Fig. 2B left) (Grimm et al., 2020; Swulius and Waxham, 2008). Then, we applied the 

assay on recombinant GST-FLNIg19-21 and found that CaMKIIβ readily phosphorylated Ser2152 in both 

the wildtype and the constitutive open conformation. In contrast, both the alanine and glutamic acid 

mutants as well as the negative control (GST alone) were not phosphorylated, demonstrating that 

CaMKIIβ selectively acts on this residue in vitro and that the antibody specifically recognizes phospho-

Ser2152 (Fig. 2B middle, right). With GST-FLNIg19-21 we also confirmed time-dependent 

phosphorylation of Ser2152 by CaMKIIβ and could show that the kinase favors the wildtype over the 

constitutive open FLNIg19-21 as substrate (Fig. 2C). These findings suggest that the proposed 

conformational switch upon force or ligand binding (Ithychanda et al., 2015) might be specifically 

relevant for PKA, but not for CaMKIIβ, and could even reduce CaMKIIβ activity on the serine residue 

(Fig.2D). 
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Figure 2: CaMKIIβ phosphorylates filaminA at Ser2152 in vitro. (A) Schematic representation of filaminA constructs and mutations; mutations are 
indicated with colored polygons (red = alanine, dark blue = phospho-mimicking mutation); amino acid sequence leading to the constitutive open (CO) 
Ig19-21 domain architecture is indicated above the corresponding constructs. (B) (left panels) CaMKIIβ (120 ng) was incubated with GST-integrin β1 
cytoplasmic domain as positive and without presence of ATP/CaM/CaCl2 as negative control for 60min at 30°C; T788A/T789A GST-integrin β1 served 
as additional negative control. (middle and right panels) CaMKIIβ (120 ng) was incubated with indicted recombinant GST-FLNAIg19-21 constructs in 
the presence of ATP/Calmodulin/CaCl2 for 60min at 30°C; GST-filaminA S2152A mutant served as negative control. Samples without substrate or GST 
and GST-filaminA S2152E mutant served to test the pS2152-antibody for its phospho-specificity. All reactions were stopped via addition of SDS-sample 
buffer and subjected to Western blotting with indicated antibodies. *CaMKII = pTpT integrin β1 antibody recognizes also pT286 auto-phosphorylated 
CaMKII. (C) CaMKIIβ (120 ng) was incubated with indicated recombinant GST-FLNAIg19-21 constructs in the presence of ATP/Calmodulin/CaCl2 for 
different time periods (5-90min). GST-FLNAIg19-21 S2152E, S2152A and WT without presence of ATP/CaM/CaCl2 were incubated with CaMKIIβ for 90 
min as negative controls. All reactions were stopped via addition of SDS-sample buffer and subjected to Western blotting with indicated antibodies; 
all samples are on the same blot and were imaged simultaneously, but non-relevant probes were cut out, indicated by the black separating line. (D) 
Schematic representation of CaMKIIβ activity towards filaminA and its preference for wildtype over constitutive open filaminA Ig19-21 (gray box). 
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PPM1F dephosphorylates filaminA at Ser2152 in vitro 

PAK and CaMKII both phosphorylate filaminA at Ser2152 (Fig. 2) (Ohta and Hartwig, 1995; Vadlamudi 

et al., 2002). As these kinases are also substrates of PPM1F (Harvey et al., 2004; Ishida et al., 1998; Koh 

et al., 2002; Susila et al., 2010), it is conceivable that PPM1F indirectly controls filaminA Ser2152 

phosphorylation through regulation of these kinases. However, PPM1F might also directly act at the 

level of filaminA itself, since Ser2152 shares the amino acid sequence (K/Rx(1-2)T/SxV) surrounding the 

PPM1F target-site of known substrates (Grimm et al., 2020). We previously established a CaMKIIβ-

PPM1F phosphatase assay to assess the capacity of PPM1F to directly dephosphorylate recombinant 

GST-integrin β1 cytoplasmic domain at T788/T789 (Grimm et al., 2020). Based on the cross-reactivity 

of the pTpT-integrin β1 antibody with pThr286 of CaMKII (Fig.2B, Fig.3A left), the dephosphorylation 

of CaMKII by PPM1F can be monitored as well. Since we identified CaMKII as a filaminA Ser2152-

targeted kinase, we now transferred this assay to explore to possibility that PPM1F directly 

dephosphorylates filaminA at Ser2152. To this end, we used recombinant wildtype FLNIg19-21 

phosphorylated in vitro by CaMKIIβ and then incubated the protein with PPM1F or the phosphatase-

dead mutant PPM1F D360A as control (Fig. 3A right). GST-integrin β1 substrate was applied in a first 

approach to check for assay functionality (Fig. 3A, left). The non-phosphorylatable GST-FLNIg19-21 

Ser2152A and GST-FLNIg19-21 wildtype without CaM/Ca2+/ATP in the buffer served as control samples 

(Fig. 3A, right). Indeed, we could detect a prominent reduction in the phosphorylation of Ser2152 that 

depended on PPM1F activity, mirroring previous results obtained with integrin β1 and CaMKIIβ 

(Fig.3A). Furthermore, we could confirm direct dephosphorylation of Ser2152 filaminA and Thr286 

CaMKIIβ by PPM1F in a time-dependent manner (Fig. 3B) and additionally validated this by applying a 

recently identified PPM1F inhibitor (Cpd12) and an inactive control compound (Cpd12-like) (see 

Chapter IV). While the PPM1F inhibitor prevented Ser2152 dephosphorylation similarly as the non-

phosphatase or PPM1FD360A treated controls, Cpd12-like showed no potency and thus reduced 

Ser2152 phosphorylation as in samples without small-molecule addition but containing PPM1F 

wildtype (Fig.3B). Additionally, we performed a synthetic peptide-based phosphatase assay, where we 

incubated PPM1F wildtype and PPM1F D360A with phosphorylated peptides spanning the Ser2152 

motif of filaminA (Fig.3C). We included the pT788/pT789 and T788A/T789A integrin β1 peptides as 

positive and negative controls, respectively. Indeed, the Ser2152 phosphorylated peptide (pS2152 

FLNA) served as a suitable substrate for PPM1F and behaved comparable to the β1-pT788/pT789 

peptide also in time-dependent dephosphorylation assays (Fig.3D, E). Importantly, catalytically 

inactive PPM1F was unable to dephosphorylate any of the phospho-peptides (Fig.3 D, E).  
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Figure 3: PPM1F dephosphorylates filaminA at Ser2152 in vitro. (A) CaMKIIβ (120 ng) was incubated with GST-integrin β1 cytoplasmic domain as  
control (left panels) or indicated recombinant GST-FLNAIg19-21 domains (right panels) in the presence of ATP/Calmodulin/CaCl2 for 60min at 30°C. 
Samples without substrate and CaMKII or ATP/CaM/CaCl2 and non-phosphorylatable GST-FLNAIg19-21 S2152A mutant served as negative controls. 2 
μg GST-PPM1F was added to reactions as indicated and samples were incubated for another 60 min at 30°C. Samples without phosphatase or treated 
with 2 µg GST-PPM1F D360A phosphatase-dead mutant served as negative controls for the phosphatase reaction. All reactions were stopped via 
addition of SDS-sample buffer and subjected to Western blotting with indicated antibodies; *CaMKII = pTpTintegrin β1 antibody recognizes also pT286 
CaMKII. (B) Experimental procedure as described in (A) but incubating the samples for different time periods with 2 µg GST-PPM1F. Samples without 
kinase or ATP/Calmodulin/CaCl2 and GST-FLNIg19-21 S2152A mutant served as negative controls for the kinase reaction, samples without 
phosphatase or treated with 2µg GST-PPM1FD360A served as negative controls for the phosphatase reaction. Application of 50 µM PPM1F inhibitor 
Cpd12 or an inactive Cpd12-like substance to the phosphatase reaction served as additional controls. (C) Sequences of synthetic double-
phosphorylated integrin β1 peptide (T788/T789), T788A/T789A mutant and single-phosphorylated FLNA peptide (Ser2152); phosphate group: orange; 
phosphorylated or mutated S/T residues: red. (D) 10-500 ng of GST-PPM1F or 500 ng of GST-PPM1FD360A (negative control) were incubated with 
100 µM of synthetic FLNA pSer2152 peptides for 20 min at 30°C; pT788/pT789 and T788A/T789A integrin β1 peptides served as positive and negative 
control, respectively. Release of phosphate was measured by malachite green detection (OD620nm). Bars depict mean ± SEM of 3 independent 
experiments performed in quadruplets. Statistics was performed by one-way ANOVA with Bonferroni post-hoc test (***p <0.001, ns = not significant); 
w/o enzyme: peptide without phosphatase. (E) 100 µM pT788/pT789 β1 integrin and pSer2152 FLNA peptides were incubated with 200 ng 
recombinant GST-PPM1F or GST-PPM1F D360A for indicated time periods at 30°C. The reaction was stopped and the release of phosphate measured 
by malachite green detection (OD620nm). Data points connected by colored lines show mean phosphatase activity ± SEM for each measured time point. 
Data are derived from one representative experiment performed in quadruplets; peptide only: peptide without phosphatase. See also Figure S1. 
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To check, if other protein phosphatases could also act on Ser2152 filaminA, we expressed a panel of 

enzymes from different phosphatase families including ILKAP, an additional member of the PPM family 

present at integrin adhesion sites (Leung-Hagesteijn et al., 2001), PP1, PP5, PTPRJ, VHR and PTP1B in 

E. coli and verified the activity of the purified proteins with 4-MUP assays (Fig.S1A). Then, 200 ng of 

PPM1F and equimolar amounts of recombinant phosphatases were incubated with the pSer2152 

filaminA peptide and the β1-pT788/pT789 peptide served as positive control. While PTP1B, PTPRJ, VHR 

and ILKAP failed to dephosphorylate the filaminA peptide to a significant extent, PPM1F and PP1 were 

highly active towards pSer2152 and PP5 exhibited slight activity towards pSer2152 (Fig.S1B). We also 

tested these phosphatases in assays using in vitro phosphorylated GST-FLNIg19-21 with similar results, 

although PP1 catalytic domain exhibited substantially less activity to pSer2152 compared to the 

peptide-based assays and PP5 gained in its activity but did not reach the levels of PPM1F (Fig.S1C). 

Overall, our data show that PPM1F is a bona fide filaminA-targeted phosphatase and can directly 

dephosphorylate Ser2152. 

 

FilaminA phosphorylation at Ser2152 is triggered by stimulating integrin β1 activation and is down-

regulated by PPM1F in intact cells 

Waldt and colleagues previously showed that in T cells Ser2152 becomes highly phosphorylated upon 

TCR stimulation, which promoted filaminA dissociation from integrin β2 cytoplasmic tail and the 

stabilization of the open high affinity integrin conformation. Thereby cell adhesion was reinforced and 

tissue extravasation initiated (Waldt et al., 2018). These findings indicate a physiological relevance for 

pSer2152 in the integrin activation pathway in vivo. However, before analyzing this phospho-site in 

terms of integrin β1 interaction and integrin activity regulation, we had to verify whether integrin β1-

dependent cell adhesion impacts Ser2152 filaminA phosphorylation in non-immune cells in the first 

place. In this context, we also intended to test whether PPM1F targets Ser2152 in intact cells and might 

thus be implicated in this process. Therefore, we used our previously established glioblastoma cell 

model, consisting of wildtype, PPM1F deficient and PPM1F wildtype or D360A re-expressing A172 cells 

(Grimm et al., 2020). We either kept these cells unstimulated or stimulated them by applying a 

PMA/ionomycin stimulus (agonist-induced integrin inside-out activation via PKC and CaMKII) (Hartfield 

et al., 1993; Peter and O'Toole, 1995; Rowin et al., 1998; van Kooyk and Figdor, 2000; Ye and Field, 

2012) before seeding them on the integrin β1 substrate fibronectin (outside-in activation). Cell lysates 

were prepared from adhering cells and cells in suspension, which remained unstimulated and served 

as control. Subsequently, immuno-precipitated filaminA was probed for Ser2152 phosphorylation by 

Western Blotting. Importantly, we could show that A172 wildtype cells displayed a significant increase 

in filaminA Ser2152 phosphorylation upon integrin β1 activation (Fig. 4A left panels). Additionally, we 
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could demonstrate that upon PPM1F depletion the basal pSer2152 levels (in suspension cells) slightly 

increased and rose even stronger during cell adhesion and inside-out stimulation compared to 

phosphorylation levels from wildtype A172 cells (Fig. 4A left panels). This could be blocked by re-

expressing wildtype PPM1F but not the inactive mutant PPM1F D360A (Fig. 4A left panels). 

Accordingly, based on the strong signals in case of attached cells, we could detect these differences 

also in whole cell lysates without prior filaminA enrichment (Fig.4A right panels). Efficient filaminA-

immunoprecipitation was validated beforehand by conducting pre-trials with A172 wildtype and 

PPM1F KO cells additionally harboring a stable knock-down of filaminA (Fig. S2) (Grimm et al., 2020). 

Together, our data reveal a direct role for PPM1F in the regulation of filaminA in intact cells by 

mediating the dephosphorylation of Ser2152 (Fig. 4B) and indicate a potential physiological function 

for this phospho-site in integrin β1-mediated cell adhesion. 

 

 

Figure 4: FilaminA phosphorylation at Ser2152 is triggered by integrin β1-dependent cell adhesion and inside-out stimulation and is controlled 
by PPM1F. (A) Starved A172 wildtype and PPM1F KO cells kept in suspension for 45 min (unstimulated) or together with PPM1F wildtype or 
phosphatase-dead mutant D360A re-expressing cells were seeded onto 5µg/ml FNIII9-12 for 45 min after ionomycin (1µM) and PMA (100ng/ml) 
treatment for 10 min (stimulated). Whole cell lysates were prepared (WCL) and subjected to immunoprecipitation assays using α-filaminA 
antibody and Protein A/G beads before Western blotting with indicated antibodies (left panels) or directly loaded to perform Western blotting 
(right panels). (B) Schematic overview of opposing PPM1F and CaMKIIβ activities towards Ser2152 of filaminA. See also Figure S2. 
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Ser2152 pseudo-phosphorylation abrogates filaminA-integrin β1 interaction  

We now wanted to analyze whether filaminA Ser2152 constitutes a phospho-switch to control the 

filaminA–integrin β1 cytoplasmic tail interaction as reported beforehand for integrin β2 and β7 (Sato 

et al., 2016; Waldt et al., 2018). For this purpose, we assessed the filaminA-integrin binding capacity 

by applying recombinant GST-FLNAIg19-21 proteins in pull-down assays with the Strep-tagged integrin 

β1 cytoplasmic domain (Fig.5A). The phospho-mimicking T788D/T789D integrin β1 mutant served as 

negative control for filaminA binding and GST functioned as control for unspecific binding of the tag 

(Fig. 5A). Whereas the S2152A mutation did not interfere with the ability of filaminA to bind integrin 

β1, the phospho-mimicking mutation S2152E induced the release of filaminA from integrin β1 (Fig. 5A). 

Similar results were obtained for pull-down assays with cell lysates overexpressing different GFP-

tagged FLNAIg19-21 proteins and recombinant Strep-tagged integrin β1 (Fig.5B, C). Overexpressed 

GFP-tagged talin-1 was used as a positive control, which bound both the wildtype and the 

T788D/T789D mutant integrin β1 (Grimm et al., 2020), while GFP alone as unspecific negative control 

bound none of the integrin cytoplasmic domains (Fig. 5 B, C).  

Since filaminA stabilizes the closed conformation of the integrin heterodimer (Ishihara et al., 2015; Liu 

et al., 2015) and outcompetes the two integrin activators talin and kindlin-2 at the cytoplasmic tail 

(Grimm et al., 2020; Kiema et al., 2006; Waldt et al., 2018), reduced association of filaminA with the 

cytoplasmic integrin β1 tail might allow for enhanced talin/kindlin-2 binding and thus might promote 

integrin activation and cell adhesion as shown beforehand for integrin β2 (Waldt et al., 2018). 

Consequently, our data substantiate the idea of a functional relevance for Ser2152 in integrin β1 

activity regulation, constituting a phospho-switch to directly determine filaminA-integrin β1 binding 

capacity (Fig.5C).  
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Figure 5: Ser2152 pseudo-phosphorylation contributes to filaminA distraction from integrin β1. (A) Strep-tag-integrin β1 (Strep-ITGB1) cytoplasmic 
domains in the wildtype (WT) form or with modification of the T788/T789 motif (TT/DD) as control were incubated with GST (additional control) or 
GST-tagged FLNAIg19-21 in their wildtype form or with mutations in their auto-inhibitory domain (CO) or at Ser2152 (S/A or S/E). Upon streptactin 
pull-down, bound GST-tagged proteins were detected by Western blotting with α-GST antibody or Coomassie staining (right panels). 50% of GST-
tagged proteins were directly loaded for comparison (input, left panel). (B, C) 293T cells were transiently transfected with indicated constructs and 
after 48h WCLs were directly subjected to Western blotting with indicated antibodies (B, input) or to pull-down assays with Strep-tag-integrin β1 
(Strep-ITGB1) cytoplasmic domains in the wildtype (WT) form or with modification of the T788/T789 motif (TT/DD) as control before Western blotting 
of bound GFP-tagged proteins with α-GFP antibody or Coomassie staining (C). 50% of Strep-tagged integrins were loaded for comparison (B, input); 
eGFP was used as negative, GFP-talin-1 as positive control for the pull-down. (D) Scheme of how filaminA Ser2152 (pseudo-)phosphorylation might 
regulate filaminA-integrin interaction and thus integrin activity. 
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WT and S2152A FLNIg19-21, but not the phospho-mimicking S2152E FLNIg19-21, act in a dominant 

negative manner to inhibit integrin β1 activation and talin-stimulated cell adhesion 

We now wanted to assess the functional importance of and the causal relationship between Ser2152 

filaminA phosphorylation and integrin β1 activity regulation in intact non-immune cells. Given that 

pseudo-phosphorylation of filaminA Ser2152 negatively affected integrin β1 interaction in vitro and 

that integrin β1 stimulation triggered Ser2152 phosphorylation in A172 wildtype but stronger in PPM1F 

KO cells, we hypothesized that overexpression of wildtype or non-phosphorylatable S2152A filaminA 

would attenuate integrin β1 activity and cell adhesion, while phospho-mimicking S2152E filaminA 

would not act in such a dominant negative fashion. To test this, we transiently overexpressed different 

filaminA integrin-interacting domains (Ig19-21) in HEK 293T cells and performed integrin activity 

assays. While the GFP-tagged wildtype or constitutive open FLNIg19-21 substantially suppressed 

integrin β1 activation as compared to the GFP-control (around 25%), which was also the case for cells 

overexpressing the non-phosphorylatable S2152A mutant, overexpression of the S2152E phospho-

mimicking variant could prevent the inhibitory effect and integrin activity levels resembled that of the 

GFP-control (Fig. 6A). As positive control we overexpressed GFP-talin-1 in 293T cells, which resulted in 

enhanced integrin activation (~1.5 fold) compared to the GFP control (Fig.6A). Notably, GFP-tagged 

proteins expressed similarly as wildtype FLNIg19-21 (Fig. 6A) and did not significantly alter key focal 

adhesion protein or integrin β1 expression levels (Fig. S3).  

Since filaminA likely binds to and stabilizes the inactive integrin conformation (Liu et al., 2015), 

disrupting the filaminA-β1 integrin cytoplasmic tail interaction by S2152E mutation would clearly 

destabilize the integrin clasp and shift the equilibrium to the active, open state of the integrin. 

Consistent with this idea, cells co-transfected with GFP-talin-1 and the wildtype or S2152A mutant 

filaminA constructs exhibited decreased adhesion to the integrin β1 ligand compared to cells only 

transfected with talin-1 (Fig. 6B, C). In contrast, co-transfection with the S2152E mutant interfered 

considerably less with the strong adhesiveness caused by talin-1 overexpression (Fig. 6B, C). These data 

are also in line with previous studies in filaminA knock-down cells or in cells expressing filaminA 

integrin-non-binding mutants, which showed enhanced basal or stimulated integrin activity and 

stronger cell adhesion compared to control cells (Das et al., 2011; Ithychanda et al., 2009; Kiema et al., 

2006; Takala et al., 2008; Waldt et al., 2018). Conclusively, our findings indicate that wildtype, 

constitutive open and non-phoshorylatable S2152A filaminA potentially act in a dominant negative 

manner retaining the integrin heterodimer in the clasped inactive state by outcompeting talin and 

interacting tightly with the integrin β1 cytoplasmic tail. In contrast, phosphorylation of Ser2152 might 

impair filaminA interaction with and re-binding to the β-tail to allow for subsequent talin-mediated 
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integrin activation and enhanced cell adhesion, which would be in line with the proposed phospho-

switch mechanism published for integrin β2 in leukocytes (Waldt et al., 2018). 

 

 

 

 

Figure 6: Wildtype and S2152A FLNIg19-21, but not the phospho-mimicking S2152E FLNIg19-21, act in a dominant negative manner to inhibit 
integrin β1 activation and talin-stimulated cell adhesion. (A) Integrin activation assay showing the different effects of transiently expressed GFP 
(negative control), GFP-talin-1 (positive control), GFP-FLNIg19-21 and the GFP-FLNIg19-21 mutants (CO, S2152A, and S2152E) on the activation state 
of integrin β1. (left panels) Western blot analysis of WCL showing expression levels of GFP-tagged proteins using α-GFP antibody and tubulin as loading 
control. (right graph) Indicated cells were kept in suspension for 45 min and incubated for 15 min with 10 µg/ml FN III9-12 before stained for total (AIIB2) 
or active β1 integrin (9EG7). Samples were analyzed by flow cytometry, ≥ 10 000 counts gating on GFP-positive cells; unstained cells and an IgG-
matched irrelevant antibody served as controls. The mean fluorescence intensity (MFI) ratio of active to total β1 integrin was calculated and 
normalized to the control cell sample (= 1). Bars represent mean MFI ± SEM of 3 independent experiments; statistics was performed using one-way 
ANOVA and Bonferroni post-hoc test (p***<0.001, p**<0.01, p***<0.001, ns = not significant). (B, C) 293T cells were co-transfected with GFP 
(negative control) or GFP-talin-1 (positive control) and non-coding DNA or indicated GFP-tagged FLNIg19-21 variants 48 h before overnight starvation. 
Cell adhesion assays were performed for 20 or 60 min using 10 µg/ml FNIII9-12 as integrin-dependent matrix. After a washing step, adherent cells were 
fixed and stained with crystal violet. (B, left panels) Western blot analysis of WCL from indicated samples using α-GFP antibody and tubulin as loading 
control demonstrated equal protein expression levels. (B, right graphs) Crystal violet staining was quantified and normalized to total number of seeded 
cells. Bar graphs show mean ± SEM of 4 independent experiments done in triplicates referenced to control cell adhesion (=1) for 20 and 60 min; 
statistics was performed using one-way ANOVA and Bonferroni post-hoc test (p***<0.001, p**<0.01, p*<0.05, ns = not significant). (C) shows 
representative pictures (10x objective) after 60 min of adhesion. See also Figure S3. 
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Ser2152 constitutes a phospho-switch to determine integrin β1 activity and cell adhesion in non-

immune cells 

Previously it has been shown that ablation or decreased expression of filaminA induced spontaneous 

or enhanced β1, β2 and β3 integrin activation and promoted integrin-dependent cell adhesion to ECM 

substrates in multiple cell lines (Das et al., 2011; Grimm et al., 2020; Liu et al., 2015; Sun et al., 2013; 

Takala et al., 2008; Xu et al., 2010). Thus, to unambiguously confirm that the phospho-switch at 

filaminA Ser2152 indeed controls integrin β1 activity and cell attachment, we generated a stable 

filaminA knock-down in low adhesive 293T cells (FLNA KD), which should result in a gain of function 

phenotype, and transiently re-expressed GFP-tagged FLNIg19-21 wildtype, constitutive open, non-

phosphorylatable S2152A or phospho-mimicking S2152E variants to evaluate whether the low 

adhesive phenotype could be rescued (Fig. 7A-C). Overexpression of GFP and GFP-talin1 served as 

negative and positive control, respectively (Fig.7A-C). GFP-tagged proteins were similarly expressed in 

filaminA knock-down cells and the investigated cell lines displayed no altered key focal adhesion 

protein or integrin β1 expression levels (Fig. 7A). Notably, freshly generated filaminA knock-down cells 

also showed no increase in different integrin surface levels compared to control virus treated cells, 

which was the basis for starting with cellular assays (Fig.S4A). 

Investigating the phospho-switch hypothesis for Ser2152 in the generated 293T cell lines, depletion of 

filaminA readily induced integrin β1 activation along with increased cell adhesion, while control vector 

treated cells showed lower integrin activity levels and a low adhesive phenotype (Fig.S5A, Fig. 7B-D). 

Importantly, re-expression of the wildtype, the constitutive open or the non-phosphorylatable S2152A 

FLNIg19-21 reverted the gain-of-function phenotype of FLNA KD cells to result in low cell attachment 

comparable to the control cells and in reduced integrin β1 activation. In contrast, the S2152E 

FLNAIg19-21 re-expressing cells displayed similar integrin activity levels as FLNA KD cells and also 

showed enhanced cell adhesiveness, although not reaching the levels of GFP-transfected FLN KD cells 

(Fig. 7B-D). Overexpression of GFP-tagged talin-1 as positive control confirmed the functionality of the 

assays (Fig. 7B-D). Noteworthy, virus treatment alone had a positive effect on integrin activation in 

cells (Fig. S4B) and filaminA knock-down cells unexpectedly accumulated integrin β1 on the cell surface 

upon cell passaging (Fig. S4C). These data might explain both the discrepancy between the initial 1.5-

2-fold increase in the overall integrin affinity of FLNA KD (Fig. S4B) compared to control cells and the 

mere tendency observed in the rescue experiments (Fig. 7B) and the still exaggerated cell adhesion on 

the integrin β1-dependent matrix compared to control cells (Fig. 7C, D). Accordingly, the negative 

effect of the re-expressed wildtype or S2152A FLNIg19-21 was more penetrating in cell adhesion than 

in integrin activity assays (Fig. 7B-D).  
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Figure 7: Ser2152 of filaminA constitutes a phospho-switch to determine integrin β1 activity and cell adhesion in non-immune cells. (A) 293T 
cells were transduced with lentiviral particles harboring two different sgRNAs against human filaminA and mcherry cDNA as reporter or only 
mcherry cDNA to generate a control cell line. WCL of untreated 293T cells, mcherry-positive control cells and mcherry-positive filaminA knock-down 
(FLNA KD) cells were subjected to Western blot analysis using indicated antibodies to check for filaminA, mcherry-reporter protein and key focal 
adhesion protein expression levels. Additionally, FLNA KD 293T cells were transiently transfected with indicated GFP-tagged proteins 48h before 
WCL were prepared and also subjected to Western blot analysis; α-tubulin antibody served as loading control. (B) Indicated cell lines from (A) were 
kept in suspension for 45 min and incubated for 15 min with 10 µg/ml FNIII9-12 before stained for total (AIIB2) or active β1 integrin (9EG7). Samples 
were analyzed by flow cytometry, 10 000 counts gating on GFP-positive cells in case of transfection; unstained cells and an IgG-matched irrelevant 
antibody served as controls. (left panels) Western blot analysis to check for expression levels of GFP-constructs using α-GFP antibody and tubulin 
as loading control. (right graph) The mean fluorescence intensity (MFI) ratio of active to total β1 integrin was calculated and normalized to the 
mcherry-positive control cell sample (= 1) (negative control). Transient expression of GFP-talin-1 in FLNA KD cells served as positive control. Bars 
represent mean MFI ± SEM of 3 independent experiments; statistics was performed using unpaired Student’s t test to compare two samples, 
respectively (p*<0.05, ns = not significant). (C, D) Cell adhesion assays were performed with starved 293T cells post 48h transfection as indicated 
for 60 min using 10 µg/ml FNIII9-12 as integrin-dependent matrix. After a washing step, adherent cells were fixed and stained with crystal violet. (C) 
(left panels) Western blot analysis confirmed equal expression levels of GFP-constructs using α-GFP antibody and tubulin as loading control. (right 
graph) Crystal violet staining was quantified and normalized to total number of seeded cells. Bar graphs show mean ± SEM of 4 independent 
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experiments done in triplicates referenced to GFP-transfected control cell adhesion (=1) (negative control); statistics was performed using one-way 
ANOVA and Bonferroni post-hoc test (p***<0.001, p**<0.01, ns = not significant); GFP-talin-1-transfected cells were used as positive control. 
Representative pictures after 60 min (10x objective) are shown in (D). See also Figure S4 and S5. 

 

 

In total, our data support the idea that phosphorylation of filaminA at Ser2152 contributes to integrin 

β1 activation and thus cell adhesion in non-immune cells, which might be based on active filaminA 

distraction from the integrin β1 tail. On a molecular level our data indicate a cooperative “double-

phospho-switch model” including T788/T789 of integrin β1 (Grimm et al., 2020) and Ser2152 of 

filaminA to inhibit the filaminA-integrin β1 interaction to fine-tune integrin-dependent cell adhesion 

and migration (Fig. 8). This might be additionally supported by kindlin-2 recruited migfilin binding to 

filaminA at its integrin binding site (Ithychanda et al., 2009). Furthermore, we identified PPM1F as the 

first Ser/Thr phosphatase directly targeting Ser2152 in vitro and in vivo making it a putative multi-

pronged negative regulator of the focal adhesion-actin cytoskeleton machinery (Fig. 8). With PPM1F 

as a monomeric enzyme, integrin activation might become a druggable process with enormous medical 

potential. 
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Figure 8: Model of how the “double phospho-switch” might promote the distraction of integrin suppressor filaminA from the integrin β1 
cytoplasmic tail and how PPM1F counteracts these processes to fine-tune integrin activity. Phosphorylation of the integrin β1 tail at T788/T789 by 
CaMKII (and other kinases) (Grimm et al., 2020; Kiema et al., 2006; Takala et al., 2008) and of filaminA at Ser2152 by activated PAK or CaMKII (and 
other kinases) (Ohta and Hartwig, 1995; Vadlamudi et al., 2002) might act in concert to block filaminA association with the integrin tail to increase 
integrin affinity for extracellular ligands. This might be further facilitated by local competition with migfilin at focal contact sites (indicated by black 
arrows) (Das et al., 2011; Ithychanda et al., 2009). Migfilin binds to filaminA at its Ig21 integrin-binding site and is potentially targeted to the cell 
membrane in complex with kindlin, the main talin co-activator (not indicated for visual clarity). Phosphorylation at S2152 might also trigger individual 
downstream processes within the integrin signaling axis (indicated by green arrows). While several mechanisms drive integrin unclasping, PPM1F 
might represent a single inhibitory module to directly dephosphorylate not only filaminA and the integrin β cytoplasmic tail, but also integrin- and 
filaminA-targeted kinases PAK and CaMKII (Harvey et al., 2004; Koh et al., 2002) to rapidly and dynamically counteract these processes. Thus, PPM1F 
might be able to both restore the integrin closed inactive conformation by promoting filaminA re-binding, but could also interfere with actin 
cytoskeleton remodeling and FA turnover via PAK and filaminA regulation (Koh et al., 2002; Vadlamudi et al., 2002) to allow for efficient cell spreading 
and migration. 
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5.4 Discussion 
 

 

In this study, we contribute to an existing integrin β1 phosphorylation-based molecular model of 

integrin activity regulation from the inside-out (Grimm et al., 2020) by identifying another phospho-

switch at Ser2152 of filaminA under the control of Ser/Thr phosphatase PPM1F. Our functional data 

suggest a mechanistic machinery, in which filaminA Ser2152 phosphorylation, T788/T789 integrin β1 

phosphorylation (Grimm et al., 2020) and local competition of filaminA with migfilin at focal contacts 

(Brahme et al., 2013; Das et al., 2011; Ithychanda et al., 2009; Lad et al., 2008) act in concert to promote 

filaminA distraction from the integrin β1 tail and subsequent binding of the integrin activators 

talin/kindlin-2. Thereby integrin β1 might be stabilized in its high affinity state to enhance integrin-

dependent cell adhesion in non-immune cells, which might be counterbalanced by PPM1F in an off-

switch mechanism (Fig.8).  

In our study, we found increased pSer2152 filaminA levels in A172 cells upon integrin β1 inside-out 

stimulation and cell adhesion on fibronectin, highlighting a physiological role for this phospho-site in 

the integrin β1 activation pathway. Additionally, we demonstrated that pseudo-phosphorylation of 

Ser2152 impaired filaminA binding to the integrin β1 cytoplasmic tail and enhanced integrin activity 

and integrin-dependent adhesion of epithelial cells. Still, it might be worth to test the impact of 

wildtype versus S2152A and S2152E FLNIg19-21 expression on integrin-mediated cell adhesion in 

PPM1F knock-down cells or in cells overexpressing constitutive active CaMKIIT287D compared to 

wildtype cells to explain the dominant negative effect of the wildtype FLNIg19-21 or to better resolve 

a phenotypic difference between the wildtype and the S2152A variant samples. Indeed, we expected 

at least partial phosphorylation of the transfected wildtype FLNIg19-21 and therefore a stronger 

adhesive phenotype compared to the non-phosphorylatable S2152A mutant. It is possible that 

overexpression of the filaminA constructs might have resulted in a sufficiently large proportion of non-

phosphorylated FLNIg19-21 to actively compete with endogenous talin to a similar extent as the 

S2152A variant. Additionally, the lack of a strong enough stimulus e.g. by co-expressing talin in integrin 

activity assays might have caused an overall small phenotypic effect, making small differences between 

samples becoming indistinct. Since Ser2152 is not directly part of the integrin β tail binding sequence 

within the Ig21 domain (Liu et al., 2015), but directly located adjacent between the Ig20 and Ig21 auto-

inhibition module known for conformational flexibility (Ithychanda et al., 2015; Lad et al., 2007), it is 

plausible that phosphorylation of Ser2152 might lead to conformational changes within the filaminA 

substructure, thereby reducing its binding affinity to the cytoplasmic integrin β1 tail. Consistent with 

our findings, a comparable filaminA-based phospho-switch was previously identified for TCR-mediated 

integrin β2 inside-out activation in leukocytes. Herein, Ndr2-mediated Ser2152 phosphorylation 
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resulted in filaminA-integrin displacement and association of integrin activators talin and kindlin-3. 

This ultimately led to strong T cell-endothelium adhesion, important for the initiation of tissue 

extravasation (Ishihara et al., 2015; Waldt et al., 2018). 

Interestingly, filaminA was not completely displaced from the integrin β1 tail when Ser2152 was 

mutated to glutamic acid, while T788/T789 phosphorylation of integrin β1, which is directly located 

within the conserved filaminA Ig21 binding site (Liu et al., 2015), completely abrogated filaminA 

binding in our previous study (Grimm et al., 2020). These data might indicate that phosphorylation of 

T788/T789 integrin β1, but not of Ser2152 filaminA could be the critical mechanism to initiate or 

constantly keep filaminA apart from the integrin tail during focal adhesion establishment. Instead 

other synergistic mechanisms might fine-tune and contribute to the integrin-based mechanism. 

Accordingly, migfilin, a LIM-containing protein localizing to cell-matrix adhesions in complex with 

kindlin-2, was reported to associate with filaminA in a very similar mode as the β2 and β7 integrin tails 

do (Ithychanda et al., 2009; Lad et al., 2007; Tu et al., 2003), supporting the disconnection of filaminA 

from integrins and promoting integrin activation (Brahme et al., 2013; Das et al., 2011; Ithychanda et 

al., 2009). However, loss of migfilin had no overt consequences on murine development and 

homeostasis in contrast to the loss of PPM1F or filaminA (Chapter II) (Feng et al., 2006; Fox et al., 1998; 

Grimm et al., 2020; Moik et al., 2011), suggesting also a functionally non-essential, redundant role for 

migfilin in integrin activity regulation.  

Together, the proposed “dual phospho-switch mechanism” might work as a safeguard to initiate 

cooperative and efficient inside-out integrin activation by talin and kindlin-2 only in case talin is present 

(Grimm et al., 2020) and together with subsequently recruited migfilin through kindlin-2 it might 

stabilize integrin clusters by preventing filaminA-integrin tail re-binding (Fig. 8). Additionally, Ser2152 

phosphorylation might enable integrin-dependent downstream functions of filaminA such as F-actin 

cross-linking and actin filament re-organization to drive cell spreading and migration (Glogauer et al., 

1998; Hu et al., 2017; Kumar et al., 2019; Vadlamudi et al., 2002; Zhou et al., 2010). Indeed, filaminA 

pSer2152 was previously implicated in cell migration by affecting actin cytoskeleton structures and 

focal adhesion stability (Garcia et al., 2006; Li et al., 2015; Vadlamudi et al., 2002; Woo et al., 2004).  

Consistent with these findings, filaminA was shown not to be enriched at mature focal adhesions but 

instead accumulated at membrane protrusions in actin networks and at stress fibers (Calderwood et 

al., 2001; Ohta et al., 2006; Stossel et al., 2001; Vadlamudi et al., 2002; Zhou et al., 2010). Additionally, 

filaminA cytoplasmic re-distribution was reported to be involved in integrin and other receptor cell 

surface recycling required for efficient cell spreading, cell migration and tissue integrity (Fig. 8) (Jay et 

al., 2000; Kim et al., 2010; Muriel et al., 2011; Pons et al., 2017; Ravid et al., 2008; Zhang et al., 2013a).  

Interestingly, neither S2152A nor S2152D mutations affected filaminA interaction with the lymphocyte 

integrin β7 cytoplasmic tail in vitro (Travis et al., 2004) and also dynamic computer simulations argued 
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for the irrelevance of the S2152 phosphorylation in the direct regulation of filaminA affinity for integrin 

β7 (Chen et al., 2009). In contrast, Sato et al. recently found that mTORC2-mediated Ser2152 

phosphorylation of filaminA promoted β7 interaction and stabilized the integrin closed-conformation, 

which finally led to less FA formation and migration in melanoma cells (Sato et al., 2016). Since our 

findings for integrin β1 activity regulation are in line with results for leukocyte-specific integrin β2 

(Waldt et al., 2018), but show the complete opposite response as for integrin β7, effects of 

phosphorylated Ser2152 on integrin activation might be integrin β subunit- and even context-specific. 

Substantiating this hypothesis, slight differences in the amino acid sequence of the β tails have been 

shown to be sufficient to cause stronger filaminA-integrin β7 interaction than filaminA-integrin β1A 

association and these complex formations also affected cell migration in a different way (Calderwood 

et al., 2001; Kiema et al., 2006). The fact that different cell types express various integrin heterodimers 

in different amounts to exert different functions also indicates that integrin activity might be regulated 

individually and that our proposed model might not account to all integrins and cellular contexts 

(Arnaout et al., 2005; Huttenlocher and Horwitz, 2011; Schwartz et al., 1995).  

Several kinases such as PKA, PKC, RSK, cyclinB1/Cdk1, PAK and Ndr2 have been shown to 

phosphorylate filaminA at Ser2152 in vitro or in vivo, depending on the cell type and stimulus (Chen 

and Stracher, 1989; Cukier et al., 2007; Jay et al., 2000; Tigges et al., 2003; Vadlamudi et al., 2002; 

Waldt et al., 2018; Woo et al., 2004). In this study we could demonstrate that CaMKIIβ, which was 

previously shown to dephosphorylate filaminA in vitro but the corresponding residue(s) were not 

identified (Ohta and Hartwig, 1995), is another bona fide kinase for Ser2152 of filaminA. Noteworthy, 

we could not confirm increased Ser2152 phosphorylation by CaMKIIβ of filaminA in the constitutive 

open conformation, although it was earlier reported for PKA that the release of the auto-inhibitory 

conformation might be critical for kinase activity towards Ser2152 (Ithychanda et al., 2015). Our data 

even suggest that constitutive open filaminA suppressed CaMKIIβ-mediated filaminA phosphorylation 

at Ser2152, supporting the idea of a substrate conformation-based kinase recognition in addition to 

the kinase specificity for its substrate. Both mechanisms might mutually define the kinase binding 

preference. However, if CaMKIIβ also directly phosphorylates filaminA in vivo and in which context 

remains to be determined.  

Importantly, we also uncovered PPM1F as the first Ser/Thr phosphatase actively counteracting the 

kinase machinery at Ser2152 filaminA by directly targeting this phospho-site in vitro and in intact cells. 

In particular, upon cell adhesion on an integrin β1 ligand and integrin activation, Ser2152 

phosphorylation dramatically increased in A172 PPM1F KO cells compared to wildtype cells, which 

could be reverted by re-expressing the PPM1F wildtype, but not the inactive PPM1F D360A, clearly 

demonstrating a PPM1F-dependent effect. Indeed, the phosphatase might fine-tune the focal 

adhesion-actin cytoskeleton machinery in a switch-like manner both by acting on filaminA and the 



Chapter III   

171 
 

integrin β1 cytoplasmic tail in a direct way (Grimm et al., 2020) and by inhibiting integrin- and filaminA-

targeted CaMKII and PAK (Fig.8) (Harvey et al., 2004; Koh et al., 2002; Ohta and Hartwig, 1995; Rehberg 

et al., 2014; Takahashi, 2001; Vadlamudi et al., 2002). Although we cannot conclude from our data to 

which extent Ser2152 dephosphorylation is directly based on PPM1F activity or indirectly mediated by 

PAK and CaMKII suppression through PPM1F in living organisms, our data substantiate the idea that 

PPM1F is a multi-pronged negative regulator of the integrin β1 axis and a key player in cell adhesion 

and migration (Fig. 8). Indeed, the cooperation and interconnection of the two phospho-switches 

under the control of PPM1F might now explain the dramatic effects on the integrin-actin cytoskeletal 

machinery seen in PPM1F KO cells and the strong phenotypic correlation between filaminA and PPM1F 

genetic depletion in mice (Chapter II) (Grimm et al., 2020). Accordingly, hyperactivity of CaMKII and 

PAK in the absence of PPM1F might phenotypically enhance integrin activation and the disruption of 

focal adhesion- actin cytoskeleton dynamics. 

Also here, the requirement for PPM1F to regulate filaminA functions might differ from tissue to tissue. 

Since various stimuli and different kinases promote Ser2152 phosphorylation to act as a nexus in 

adhesive and migratory responses (Carroll and Gerrard, 1982; Li et al., 2015; Pons et al., 2017; Ravid 

et al., 2008; Sato et al., 2016; Woo et al., 2004), it is plausible that also different phosphatases are 

activated in a negative feed-back loop to counteract the reaction dependent on the cellular context, 

the life-stage or tissue-specific expression levels of phosphatases. In this regard, the PPP phosphatases 

PP1 and PP5 also exhibited some activity towards filaminA in our in vitro assays, while not being as 

efficient as PPM1F. Since we exclusively used the catalytic PPP phosphatase domains in our study, 

which rely on the interaction with specific regulatory subunits to form a holoenzyme in vivo to target 

the whole complex to the substrate or to control phosphatase activity (Barford et al., 1998; Moorhead 

et al., 2009), these phosphatases first need to be analyzed for their role in Ser2152 dephosphorylation 

in cellulo before future investigations can disentangle the detailed functions of individual phosphatases 

in specific contexts. 

Nevertheless, the potential function of filaminA Ser2152 phosphorylation in the activity regulation of 

integrin β1 and its control by PPM1F gains physiological significance in vivo based on recent findings 

that an inactivating gene mutation in the γ regulatory subunit of PKA, associated with 

thrombocytopathy and hemophilia in patients, led to a decrease in filaminA Ser2152 phosphorylation 

followed by impaired platelet activation and cytoskeleton re-organization (Manchev et al., 2014). 

Moreover, this residue appeared to be hyper-phosphorylated in a periventricular heterotopia (PVNH) 

mouse model caused by a gene mutation in the ADP-ribosylation factor guanine exchange factor 2 

(ARFGEF2 or Big2), which was shown to directly interact with filaminA and affected PKA activity 

towards filaminA (Lu et al., 2006; Zhang et al., 2013a; Zhang et al., 2012). Constitutive Ser2152 

phosphorylation in neuronal progenitor cells of Arfgef-/- mice or ventricular injection of FLNA-S2152D 
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mutant into wildtype mouse embryos at E15.5 led to impaired cortical cell migration, the major 

hallmark of the PVNH phenotype (Zhang et al., 2013a; Zhang et al., 2012). On a molecular level, 

phospho-mimicking S2152D mutation in CHP100 cells caused filaminA re-localization to the cytoplasm, 

disorganization of the actin cytoskeleton and perturbed focal adhesion formation, which finally led to 

impaired cell migration (Zhang et al., 2013a; Zhang et al., 2012). Consistently, filaminA S2152D-

expressing MEFs displayed fewer but larger paxillin-associated focal adhesions and filaminA 

distributed into the cytoplasm (Zhang et al., 2012). Since brain developmental defects and abnormal 

arrest of neuronal progenitor cells were not only linked to ARFGEF2 gene mutations (Sheen et al., 

2004), but were originally associated with loss-of-function mutations in the human filaminA gene 

(Robertson et al., 2003; Sole et al., 2009; Wade et al., 2020) and recently observed in PPM1F-/- mouse 

embryos (Grimm et al., 2020), it is conceivable that an overshooting integrin β1 T788/T789 and 

filaminA Ser2152 phosphorylation might directly translate into enhanced integrin activity and 

reinforced extracellular matrix attachment, which ultimately could impair migration of neuronal cells 

during cortex formation. Accordingly, the cytoplasmic re-localization of filaminA upon Ser2152 

phosphorylation reported by Zhang et al. fits our finding that filaminA was actively displaced from 

integrin β1 at the membrane upon phosphorylation of T788/T789 integrin β1 and Ser2152 of filaminA 

(Grimm et al., 2020; Zhang et al., 2012).  Therefore, our data might nicely complement the proposed 

molecular model for the PVNH phenotype based on filaminA-dependent effects on the actin 

cytoskeletal machinery (Vadlamudi et al., 2002; Woo et al., 2004; Xu et al., 2010; Zhang et al., 2013a; 

Zhang et al., 2012) by adding another mechanism involved: filaminA-dependent integrin β1 activity 

regulation under the control of PPM1F. Similarly, the compromised platelet activation capacity in the 

mutant PKA mouse model associated with decreased pSer2152 levels might be explained by the 

stronger filaminA association with the integrin β tail(Manchev et al., 2014), which should be 

investigated further in the future.  

Conclusively, our data might serve as a valuable contribution for elucidating the key signaling axes 

comprising the detrimental mechanisms leading to a range of filaminA-related skeletal and 

developmental diseases. Indeed, together with the reversible phospho-switch at integrin β1 

T788/T789, the Ser2152 phospho-site of filaminA might enable dynamic fine-tuning of integrin β1-

dependent cell adhesive events both at the level of integrin tails and the actin cytoskeleton. With 

PPM1F precisely controlling these critical checkpoints directly and indirectly, existing data also 

strengthen the idea that PPM1F is a key regulator of integrin function and signaling. Accordingly, the 

monomeric nature of the enzyme might open up future avenues to adjust integrin thresholds in 

multiple integrin-linked diseases by pharmacologically targeting PPM1F with small-molecule 

modulators.  
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5.6 Materials and Methods 
 

 

Antibodies 

The following antibodies were used with the corresponding dilutions for western blot analysis (WB), 

immunofluorescence (IF) or integrin activity assay (IA): α-Actinin (BM75.2, mouse anti-human, Abcam; 

1:1000 WB), α1-integrin (TS2/7, mouse anti-human, Abcam; 1:50 IF), α2-integrin (6F1, mouse anti-

human, DSHB; 1:60 IF), α3-integrin (P1B5, mouse anti-human, DSHB; 1:60 IF), α5-integrin (BIIG2, rat 

anti-human, DSHB; 1:10 IF), αv-integrin (PE-P2W7 mouse anti-human, sc-9969; IF 1:300), β1-integrin 

(AIIB2, IgG1, rat anti-human, DSHB; 1:600 IA; D2E5, rabbit anti-human, Cell Signaling; 1:1000 WB), 

active β1-integrin (9EG7, G1, rat anti-human, DSHB; 1:300 IA), pT788/789 β1-integrin (44-872G, rabbit 

anti-human, Thermo Scientific; 1:1000 WB), β3-integrin (2C9.G3, arm. hamster anti-human, 

eBioscience; 1:300 IF), β5-integrin (KN-52, mouse anti- human, eBioscience; IF 1:300), FAK (77, mouse 

anti-human, BD; 1:250 WB), ILK (EP1593Y, rabbit anti-human, Epitomics; 1:800 WB), Kindlin-2 (3A3, 

mouse anti-human, Millipore; 1:200 WB, 1:250 IF), Paxillin (5H11, mouse monoclonal, Thermo 

Scientific; 1:1000 WB), hPPM1F (17020-1-AP, rabbit anti-human, Protein-Tech; 1:1000 WB), FilaminA 

(EP2405Y, IgG, rabbit anti-human, Epitomics; 1:125.000 WB; PM6/317, IgG, mouse anti-human, 

MERCK 1µg/sample IP), Tubulin (E7, IgG1, mouse anti-human, DSHB; 1:1000), Talin (8d4, mouse anti-

human, Thermo Scientific; 1:800 WB, 1:40 IF), Vinculin (hVIN-1, mouse anti-human, Sigma; 1:2000 WB, 

1:200 IF), Zyxin (Zol301, mouse anti-human, Abcam; 1:1000 WB), GFP (Jl-8, Clontech; 1:3000 WB), GST 

(B-14 sc-138, Santa Cruz; 1:1000 WB), 6x His (H8, Thermo Scientific; 1:1000 WB), Dylight488-

conjugated goat anti-mouse IgG (Jackson; 1:200), Cy3-conjugated goat anti-rabbit IgG (Jackson; 1:200), 

Cy3-conjugated goat anti-mouse IgG (Jackson; 1:200), Cy5-conjugated goat anti-mouse IgG (Jackson; 

1:200), RhodamineRed-conjugated goat anti-rat IgG (Jackson; 1:200), RhodamineRed-conjugated goat 

anti-Armenian Hamster IgG (Jackson; 1:200),  HRP-conjugated goat anti-mouse IgG (Jackson; WB 1:10 

000), HRP-conjugated goat anti-rabbit IgG (Jackson; WB 1:3000), murine Endoglin (CD105, anti-rat, 

MJ7/18, DSHB), unspecific control IgG (anti-mouse, 96/1, generated at the TFA; University of 

Konstanz). 

Whole cell lysates (WCL) and Western blotting 

To obtain whole cell lysates (WCL), equal cell numbers were lysed by treatment with RIPA-buffer (1 % 

Triton X-100, 50 mM Hepes, 150 mM NaCl, 10 % glycerol, 1.5 mM MgCl2, 1 mM EGTA, 0.1 % w/v SDS, 

1 % v/v Deoxycholic acid) supplemented with freshly added protease and phosphatase inhibitors (10 

mM sodium pyrophosphate, 100 mM NaF, 1 mM sodium orthovanadate, 5 μg/ml leupeptin, 10 μg/ml 

aprotinin, 10 μg/ml pefablock, 5 μg/ml pepstatin, 10 μM benzamidine) and phosphatase saturating 
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substrate (pNPP; Sigma-Aldrich; 10mM). Chromosomal DNA and cell debris were pelleted by addition 

of sepharose beads and centrifugation (13000 rpm, 30 min, 4°C). Supernatant was supplemented with 

2x or 4xSDS sample buffer (2 or 4 % w/v SDS, 20% wt/vol glycerol, 125 mM Tris-HCl, 10/20% vol/vol β-

mercaptoethanol, 1% wt/vol Bromophenol blue, pH 6.8) and boiled for 5min at 95°C. The protein 

amount was adjusted via the bicinchoninic acid protein assay kit (Pierce; ThermoFisher Scientific) 

according to the manufacturer’s protocol and analyzed by WB using a prestained marker as protein 

size control (26619; Thermo Fisher Scientific). Briefly, proteins were resolved on 8–18% SDS-PAGE. 

After separation, the pro-teins were transferred to a polyvinylidene fluoride membrane(Merck 

Millipore), followed by blocking in 2% BSA containing50 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 

20, pH 7.5(TBS-T) buffer. The membrane was incubated with primary antibody in blocking buffer 

overnight at 4°C, washed three times with TBS-T, and incubated with HRP-conjugated sec-ondary 

antibody in TBS-T for 1 h at RT. The chemiluminescent signal of each blot was detected with ECL 

substrate (ThermoFisher Scientific) on the Chemidoc Touch Imaging System (Bio-Rad) in signal 

accumulation mode. Acquired images were processed in Adobe Photoshop CS4 by adjusting 

illumination levels of the whole image. 

 

Cell Culture and transient transfection 

Human embryonic kidney 293T cells and A172 glioblastoma cell lines (Grimm et al., 2020) were grown 

in DMEM supplemented with 10 % fetal calf serum. All cells were maintained at 37 °C, 5 % CO2 and 

sub-cultured every 2-3 days. For transient transfection of 293T cells, cells were seeded at 25% 

confluence the day before and transfected using standard calcium phosphate method with total 

amount of 5µg plasmid DNA/dish.  

Lentiviral production and generation of stable cell lines 

Lentiviral particles were produced as described previously (Muenzner et al., 2010). Shortly, 293T cells 

were transfected by standard calcium-phosphate co-precipitation using 7 µg pMD2.G (packaging 

cassette), 10 µg psPAX2 (viral envelope expression cassette) and 13 µg pLentiCRISPRv2-mCherry (a gift 

from Agata Smogorzewska, Addgene plasmid #99154) containing the desired sgRNA. After 72 h the 

virus containing supernatant was collected, sterile-filtered and 2 x 104 HEK293T cells were infected in 

a 24-well plate by adding a mixture of 0.5ml of each virus (sgRNA1 and sgRNA2), spinfection (1h, 800g, 

RT) with 8µg/ml polybrene and incubation for 24h at 37°C. Control cells were generated by transducing 

cells with virus harboring empty pLentiCRISPRv2-mCherry. After 48 h recovery time, target cells were 

selected by fluorescence-reporter gene expression and enriched by flow cytometry (FlowKon FACS 

facility of the University of Konstanz). Clonal colonies were expanded using conditioned and fresh 
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DMEM medium supplied with 20% FCS and 1:100 P/S. Identity of cell lines was verified by flow 

cytometry and protein expression performing Western blot analysis. 

 

sgRNA constructs and cloning 

For the production of stable filaminA knock-out cells sgRNAs were designed according to an 

appropriate gRNA target site (high efficiency predicted in earliest asymmetric exons, sequence start 

with G, avoidance of T in the last four 3’ residues, presence of PAM sequence) using the website 

CRISPinatoR (https://crispinator.com) (Tuladhar et al., 2019) and CHOPCHOP 

(https://chopchop.cbu.uib.no/) (Montague et al., 2014). Two complementary primers were 

synthesized, annealed and cloned via BsmBI restriction sites into pLentiCRISPRv2-mCherry as described 

earlier (Sanjana et al., 2014; Shalem et al., 2014). The correct insertion of the sgRNA cassette was 

verified by sequencing. The following sgRNA encoding primers were used to target either exon 3+ or 

exon 4- of human filaminA: 

filaminA sgRNA1_forward: 5’-CACCGCCCGTTACCAATGCGCGAG-3’ 

filaminA sgRNA1_reverse: 5’-AAACCTCGCGCATTGGTAACGGGC-3’ 

filaminA sgRNA2_forward: 5’-CACCGACAGAGTGCTCGTCCACGT-3’ 

filaminA sgRNA2_reverse: 5’-AAACACGTGGACGAGCACTCTGTC-3’ 

 

Plasmids 

The constitutive open (CO) FLNIg19-21 was generated according to the sequences provided by 

Ithychanda et al. (Ithychanda et al., 2015) that changed the residues “VKESITRRRRAPS” in the auto-

inhibition loop of repeat 20 to “VKEAAARRRRAPS” using site-directed mutagenesis. pDNR-Dual-LIC 

FLNIg19-21 (Grimm et al., 2020) served as template for PCR amplification with the following primers 

hFLNCAmut-forward  

5‘-GGCCGGGTGAAAGAGGCCGCTGCCCGCAGGCGTCGGGCTCC-3‘ 

hFLNCAmut-reverse  

S2152E or S2152A mutation was inserted into pDNR-Dual-LIC FLNIg19-21 construct by site-directed 

mutagenesis with the following primers 

S2152E-forward 5’-GCAGGCGTCGGGCTCCTGAAGTGGCCAACGTTG-3’ 

S2152E-reverse 5’-CAACGTTGGCCACTTCAGGAGCCCGACGCCTGC-3’ 

S2152A-forward 5’-GCAGGCGTCGGGCTCCTGCAGTGGCCAACGTTG-3 

S2152A-reverse 5‘-CAACGTTGGCCACTGCAGGAGCCCGACGCCTGC-3’ 

FLNIg19-21 cDNAs were subsequently transferred from pDNR-Dual-LIC to pEGFP-C1-loxP by Cre-

mediated recombination, generating GFP-FLNIg19-21 for mammalian expression, and to pGEX4T1 for 

bacterial expression of GST-tagged recombinant proteins. 
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In vitro phosphorylation and phosphatase assays 

The establishment of the assays was described previously (Grimm et al., 2020). Human recombinant 

CaMKIIβ (Thermo Scientific, PV4205) was re-suspended in kinase buffer (50 mM Tris-HCl pH 7.7, 10 

mM MgCl2, 5mM MnCl2 1 mM TCEP and 0.05 % Triton X-100) either supplemented with 200 µM ATP, 

1.2 µM calmodulin (Sigma Aldrich) and 2 mM CaCl2 or without supplementation and incubated for 10 

min at 30 °C. The kinase assay was started by adding 2 µg of purified GST-fusion protein and incubated 

for 60 min at 30 °C under constant shaking at 750 rpm. The reaction was stopped via the addition of 

SDS sample buffer. 

For the in vitro phosphatase assay the CaMKIIβ phosphorylated cytoplasmic tail of β1 integrin or 

FLNAIg19-21 or Ig19-24 domains were incubated with 2 µg of recombinant GST-PPM1F or D360A 

mutant or corresponding amounts other phosphatases in phosphatase buffer (50 mM Tris-HCl pH 8, 

10 mM MnCl2 and 0.01 % Tween20) for 1 h at 30 °C under constant shaking at 750 rpm. The reaction 

was stopped by the addition of either SDS sample buffer or the same volume of malachite green 

solution (54mM NH4Mo, 0.9 mM malachite green in 1 M HCl) and analyzed by Western blotting or 

photometric measurement (OD620nm) in a microplate reader, respectively. 

Phosphatase assays with phospho-peptides were conducted using peptides synthesized by Novopep 

(Singapure, China):  β1-22pT788pT789: (H-TGENPIYKSAVT(PO3)T(PO3)VVNPKYEGK-OH), β1-

22T788AT789A: (H-TGENPIYKSAVAAVVNPKYEGK-OH) and FLNA-18pSer2152: (H-

SITRRRRAPS(PO3)VVANVGSHC-OH). Dependent on the assay, recombinant GST-tagged PPM1F, 

PPM1FD360A or other phosphatases described elsewhere (Grimm et al., 2020) were incubated 

together with 100µM of synthesized phospho-peptides in phosphatase buffer for 1h at 30 °C. Reaction 

was stopped by adding the same volume of malachite green solution and OD615nm was measured. 

Activity of phosphatases was determined by 4-methylumbelliferyl phosphate assay using same molar 

amounts of each phosphatase and measuring fluorescence in a kinetic way over 600 min 

(excitation/emission 386/448nm). PPM1F wildtype was used as reference. 

 

Expression of GST-tagged FLNIg19-21 and GST- or Strep-tagged integrin β1 

Cloning of GST- or Strep-tagged integrin β1 constructs was described elsewhere (Grimm et al., 2020). 

For the production of recombinant filaminA proteins and integrin β1, the corresponding sequence-

verified construct was transformed into competent E. coli BL21 Rosetta (DE3). Bacteria were cultured 

in LB-medium containing appropriate antibiotics at 37°C and constant shaking at 200 rpm. Expression 

was induced at OD580 = 0.6 with 0.5 mM IPTG at appropriate expression times and temperatures. 

Bacteria were pelleted by centrifugation at 4700 rpm, 20 min, RT. Afterwards, bacteria were re-

suspended in PBS (pH 7.4) supplemented with 5 mM EDTA, protease inhibitors (pefablock 10 μg/ml, 
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aprotinin 10 μg/ml, PMSF 1 μM, leupeptin 5 μg/ml) and 2.5 mM DTT and sonicated at 4 °C 3x for 2 min. 

Proteins were purified using His- or GST-Trap FF column (GE Healthcare) or Streptactin Superflow 

column (IBA Life Sciences) depending on the protein and dialyzed against appropriate buffers. The 

amount and the purity of proteins were analyzed via SDS-gel electrophoresis and aliquots were 

supplemented with 10 % glycerol before frozen at -80 °C. 

Immunoprecipitation assay (IP) 

2.5µg of Strep-tagged β1 integrins were loaded onto Strep-Tactin sepharose beads (50% suspension, 

IBA Lifesciences) in IP buffer (50mM Tris pH7.5, 100mM NaCl, 10% glycerol, 0.05% Tween or lysis buffer 

containing freshly added protease and phosphatase inhibitors) for 30min at RT under continuous 

rotation. After centrifugation (2700g, 2 min, 4°C) samples were washed 3x with IP buffer. Then 

integrin-loaded beads were suspended in bait protein solution (with corresponding amounts of 

protein(s) diluted in IP buffer or 800µl cell lysate overexpressing GFP-tagged FLNIg19-21 proteins) and 

incubated 2h at 4°C under constant rotation. Samples were centrifuged (2700g, 2 min, 4°C) and washed 

again 3x with IP buffer before elution under native conditions by adding 30µl of buffer BXT (50mM Tris 

pH 8, 150mM NaCl, 50mM Biotin). After 10 min incubation at RT under constant rotation samples were 

centrifuged, supernatants mixed with 4xSDS and boiled for 5 min at 95°C before subjected to Western 

blot analysis. 

For immunoprecipitation of endogenous filaminA from cell lysates, WCLs from A172 cell lines were 

incubated for 2h at 4°C with 1µg filaminA antibody (PM6/317) under constant rotation, before adding 

lysis buffer-equilibrated protein A/G beads and incubating overnight at 4°C under constant rotation. 

After centrifugation (2700g, 2 min, 4°C) samples were washed 2x with lysis buffer before eluting bound 

proteins by adding 4xSDS and boiling for 10min at 95°C. Samples were centrifuged and the 

supernatants subjected to Western blot analysis. 

Immunofluorescence staining for FACS analysis and integrin activity assays 

Integrin staining: Cells were detached with trypsin/EDTA, pelleted and suspended in FACS buffer (0.1% 

NaAzid, 5 % FCS in PBS). After centrifugation (800 rpm, 3 min) cells were washed with FACS buffer and 

3x105 cells were transferred into Eppendorf tubes respectively, centrifuged (2500 rpm, 2 min, 4 °C) and 

incubated with 1st antibody in FACS buffer at desired concentration for 1 h at 4 °C under constant 

rotation. Cells were washed thrice with FACS buffer and incubated with 2nd antibody in FACS buffer at 

desired concentrations for 30 min at 4 °C under constant rotation in the dark. After washing thrice with 

FACS buffer cells were suspended in 1 ml of FACS buffer containing 2mM EDTA. Finally, cells were 

analyzed by flow cytometry (BD LSRII, FACSDiva™ software, BD Biosciences, Heidelberg, Germany).  
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Integrin activity assay: Starved cells were trypsinized and kept in suspension (2% BSA, 5mM glucose in 

PBS) for 45 min before they were stimulated with 10µg/ml FNIII9-12 for 15min at 37°C. Cells were put on 

ice, split into two fractions and either stained for active integrin β1 (9EG7 1:600) or total integrin β1 

(AIIB2 1:600) for 1h in PBS + 2% BSA. Cells were washed thrice with PBS and incubated with 

Rhodamine-Red conjugated secondary antibody for 45min on ice in the dark. Cells were washed and 

fluorescence intensity was measured by flow cytometry (BD LSRII, FACSDiva™ software, BD 

Biosciences, Heidelberg, Germany). 

Cell Adhesion Assay 

96-well plates were coated with PBS containing 0.4 or 10µg/ml GST-tagged fibronectin type III repeats 

9–12 (FNIII9-12; gift of M.A. Schwartz, Yale University, NewHaven, CT) overnight at 4 °C. Wells were 

blocked with DMEM + 0.25 % BSA for 1 hour at 37 °C. In parallel, cells were trypsinized and kept in 

suspension medium for 45 min. 2x104 cells/well were seeded and allowed to adhere for the indicated 

time periods at 37 °C. After incubation, non-adherent cells were removed by gently washing with PBS++ 

thrice. Adherent cells were fixed with 4% PFA in PBS for 15 min, washed with PBS and stained with 0.1 

% crystal violet in 0.2 M borate buffer (pH = 8.5) for 30 min. After intense washing, the color was 

unhinged from cells with 10 mM acetic acid and the absorption was measured at 590 nm using a 

spectrophotometer.  

 

Statistics 

All data are presented as mean ± SEM. Statistical significances were determined between groups using 

one-way ANOVA followed by Bonferroni post-hoc test with Prism5 (GraphPad, La Jolla, CA, USA). 

Significance is indicated with * = p <0.05, ** = p <0.01, *** = p <0.001 or ns = not significant. 
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5.7 Online Supplemental Information 
 

 

Figure S1 shows that PP1 catalytic domain and PP5 dephosphorylate filaminA Ser2152 in vitro with less 

potency than PPM1F. Figure S2 shows the validation of the filaminA antibody-based pull-down assay. 

Figure S3 shows that transient expression of GFP-FLNAIg19-21 constructs in HEK293T cells does not 

alter core focal adhesion protein expression levels. Figure S4 shows the effect of filaminA knock-down 

on integrin surface expression levels in HEK293T cells. 
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Figure S 1. Related to Figure 3. PP1 and PP5 dephosphorylate filaminA at Ser2152 in vitro but with less potency than PPM1F. (A) The activity of 
purified enzymes from different phosphatase families was determined using the fluorigenic substrate 4-MUP. 200 ng of GST-PPM1F and equimolar 
amounts of the indicated recombinant phosphatases were incubated with 4-MUP and the increase in fluorescence was recorded over 60 min in a 
kinetic way every 5 min (ex 360nm/em 448nm), while a sample without phosphatase (red dots, blank) served as control. Depicted are data from a 
representative experiment. (B) 200 ng of purified GST-PPM1F and equimolar amounts of indicated phosphatases from other families were incubated 
with 100 µM of pSer2152 FLNA peptides at 30°C for 20 min. Reaction was stopped and the release of phosphate measured by malachite green 
detection (OD620nm). Samples with 200 ng GST-PPM1F D360A served as negative control. 100 µM pT788/pT789 β1 integrin peptide served as positive 
control for PPM1F activity. Bars depict mean ± SEM of triplicates from one representative experiment. (C) 2 µg of GST-PPM1F and equimolar amounts 
of indicated purified phosphatases (left panels = input) were incubated for 30 min with GST-FLNA Ig19-21 domains at 30°C after prior phosphorylation 
by CaMKIIβ in vitro for 90min (right panels). A sample without CaMKIIβ served as negative control for the kinase assay. Samples without phosphatase 
or with 2 µg PPM1F D360A served as positive controls for the kinase and negative controls for the phosphatase assay, respectively. All reactions were 
stopped via addition of SDS-sample buffer and subjected to Western blotting with indicated antibodies; *CaMKII = pTpTintegrin β1 antibody 
recognizes also pT286 CaMKII. 

 

 

 

 

 

 

Figure S 2. Related to Figure 4. Validation of filaminA and pSer2152 filaminA antibodies and endogenous filaminA pull-down assay in A172 cells. 
Starved A172 wildtype or PPM1F KO cells with or without additional filaminA knock-down by shRNA (Grimm et al., 2020) were kept in suspension for 
45 min and WCL were subjected to immunoprecipitation with α-filaminA antibody and Protein A/G beads before Western blotting with indicated 
antibodies (left panels). One part of the WCL was directly loaded for comparison (input, right panels). 
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Figure S 3. Related to Figure 6. Transient expression of FLNIg19-21 variants in HEK293T cells does not alter core focal adhesion protein 
expression levels. WCL from indicated transiently transfected 293T cells were analyzed by Western blotting with antibodies against indicated 
core focal adhesion proteins. Monoclonal α-tubulin antibody was used as loading control.  
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Figure S 4. Related to Figure 7. FLNA KD in 293T cells initially did not alter integrin surface levels and showed increased integrin β1 activity, while 
after several passages cells accumulated integrin β1 on the surface. (A) Wildtype 293T cells, control or filaminA KD cells were analyzed by flow 
cytometry for surface expression levels of indicated integrins by staining with integrin-specific antibodies. IgG control: WT cells receiving an isotype-
matched control antibody; count ≥ 10 000 cells. (B) Untreated HEK 293T cells, vector control and filaminA knock-down cells from an early cell passage 
were kept in suspension for 45 min before incubated for 15 min with 10µg/ml FNIII9-12 and stained for total (AIIB2) or active β1 integrin (9EG7). Samples 
were analyzed by flow cytometry, 10 000 counts; unstained cells and an IgG-matched irrelevant antibody served as controls. The mean fluorescence 
intensity (MFI) ratio of active to total β1 integrin was calculated and normalized to the 293T sample (= 1). Bars represent MFI of one representative 
experiment with freshly generated filaminA KD cells. (C) Cell lines from (B), but after several cell passages, were kept in suspension for 45 min and 
stained for total β1 integrin (AIIB2). Samples were analyzed by flow cytometry, 10 000 counts; unstained cells and an IgG-matched irrelevant antibody 
served as controls. (left panels) Histograms of integrin β1 surface levels from one representative experiment are depicted. (right graph) Bars represent 
mean MFI ± SEM from 4 independent experiments. (right table) Absolute mean MFI values from 4 independent experiments are shown and presented 
as percentage of total integrin β1 surface levels of control cells (= 100%).  
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6.1 Significance 
 

 

In this study, Grimm et al. identify and optimize the first potent and cell-active PPM1F inhibitor 

establishing PPM1F as a novel therapeutic target in malignant tumors. 

26 words 

 

 

6.2 Abstract 
 

 

The Mg2+/Mn2+-dependent Ser/Thr phosphatase PPM1F is a key regulator of cell adhesion by fine-

tuning integrin activity and actin cytoskeleton structures. Elevated expression of this protein 

phosphatase in malignant human tumors is associated with high invasiveness, enhanced metastasis 

and poor prognosis. Thus, PPM1F is a prime target for pharmacological intervention, yet potent and 

selective inhibitors of this enzyme are lacking. Here, we detail a high-throughput screen to identify 

small-molecule antagonists of PPM1F and identify Lockdown, a reversible and non-competitive PPM1F 

inhibitor. Lockdown was selective for PPM1F, as this compound did not inhibit other protein 

phosphatases in vitro and did not induce additional phenotypes in PPM1F knock-out cells. Importantly, 

Lockdown-treated A172 glioblastoma cells fully recapitulated the phenotype of PPM1F-deficient cells 

as assessed by increased phosphorylation of PPM1F substrates and corruption of integrin-dependent 

cellular processes. Ester-modification yielded LockdownPro with increased membrane permeability and 

prodrug-like properties. LockdownPro suppressed tissue invasion by PPM1F-overexpressing human 

cancer cells, validating PPM1F as a therapeutic target and providing a novel access point to control 

tumor cell dissemination.  

168 words 
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6.3 Introduction 
 

 

Protein phosphorylation is a major posttranslational modification that helps to rapidly adjusts 

proteome function to cellular needs. Accordingly, every major physiological process in a cell is 

controlled by a tight interplay between protein kinases and protein phosphatases (Chen et al., 2017; 

Cohen, 2001; Hunter, 1995; Meeusen and Janssens, 2018). It is therefore no surprise, that imbalances 

in protein phosphorylation and dephosphorylation are often causally involved in disease states. In 

particular, excessive protein phosphorlyation by constitutive active protein kinases, such as the 

oncogenic versions of the epidermal-growth factor receptor (EGFR), B-Raf, or the Abelson kinase (c-

Abl) are the basis of cellular transformation. Thus, these enzymes are important drug targets in cancer 

treatment (Karasarides et al., 2004; Nagar, 2007; Nixon et al., 2017). While kinase inhibitors have 

revolutionized tumor therapy (Cohen, 2002), protein phosphatases have received less attention and 

specific small-molecule modulators for most members of the different protein phosphatase families 

are still lacking (Moorhead et al., 2009; Sheppeck et al., 1997; Stern et al., 2007). 

 

A major group of protein phosphatases with specificity for phospho-serine and phospho-threonine 

residues comprises the phospho-protein phosphatase (PPP) family including the well-characterized 

PP1, PP2A, and PP2B (calcineurin) enzymes (Shi, 2009; Verbinnen et al., 2017). Most PPPs operate as 

holoenzymes combining the catalytic subunits with a variety of regulatory and scaffolding proteins. 

While several natural compounds such as okadaic acid or cyclosporine A are widely used, these PPP 

inhibitors lack specificity for particular holoenzymes and can have profound side-effects in clinical 

settings (Melnikov et al., 2011; Sosa and Tubaro, 2016). A second family of phospho-serine and 

phospho-threonine-specific phosphatases is formed by the 16 members of the Mg2+/Mn2+-dependent 

protein phosphatases (PPMs; protein-phosphatases metal-dependent) encoded in the human genome 

(Cohen 2010; Shi, 2009). In contrast to the holoenzyme nature of PPPs, PPMs function as monomeric 

phosphatases (Kamada et al., 2020). Due to the absolute requirement for Mg2+ or Mn2+ cations in the 

catalytic center, it is possible to broadly interfere with PPM activity by addition of Cd2+ or Zn2+ to in 

vitro phosphatase reactions (Fjeld and Denu, 1999; Pan et al., 2013). Obviously, due to their 

interference with other enzymes and their cytotoxicity, these heavy metals are not applicable in vivo. 

As an alternative, Rogers and colleagues virtually designed structure-based inhibitors for human 

PPM1A, which target the catalytic domain (Rogers et al., 2006). However, most of these substances 

had broad inhibitory activity in vitro and also blocked PPP family members (Rogers et al., 2006). In 

addition, Sueyoshi et al. described the ability of naphthol derivates to competitively block PPM1F 

activity in vitro, but also in this case the specificity of these substances was limited (Roseth et al., 1998; 
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Sueyoshi et al., 2007). Since PPM phosphatases share a highly conserved catalytic domain, competitive 

inhibitors targeting the substrate binding site might not achive high selectivity. Instead, the different 

PPM members are characterized by individual amino- and carboxy-terminal domains flanking the 

catalytic core (Kamada et al., 2020; Moorhead et al., 2009; Stern et al., 2007). These regions could be 

targeted by allosteric inhibitors, which in principle could reach high specificity, as was recently 

demonstrated in the case of PPM1D (Gilmartin et al., 2014; Tagad et al., 2018). 

PPM1F is overexpressed in various metastatic cancer types including hepatocellular carcinoma, breast 

and colon cancer (Jurmeister et al., 2012; Luo et al., 2015; Puhr et al., 2012; Susila et al., 2010; Tu et 

al., 2016; Wang et al., 2018a; Zhang et al., 2013b; Zhang et al., 2017). This enzyme acts at least on two 

critical cellular processes, which are involved in tumor malignancy: 

 i) PPM1F is the essential integrin phosphatase, which dephosphorylates a conserved threonine motif 

in the cytoplasmic domain of the integrin β subunit to promote filaminA association (Grimm et al., 

2020). In the absence of PPM1F, integrins are constitutively associated with talin and kindlin, which 

results in a hyper-adhesive cellular phenotype (Grimm et al., 2020). Besides their direct role in cell 

adhesion, integrins also coordinate cell growth signals impinging on cyclin-dependent kinases, thereby 

guarding over cell cycle progression in adherent cells (Schwartz and Assoian, 2001; Walker and Assoian, 

2005). 

ii) PPM1F negatively regulates the p21-activated kinases (PAKs) via dephosphorylating the activation 

loop threonine residues Thr-423 (PAK1/3) or Thr-402 (PAK2) (Arias-Romero and Chernoff, 2008; Koh 

et al., 2002; Kumar et al., 2017). Thereby, PPM1F influences cortical actin dynamics and stress fiber 

formation. Both, dynamic re-organization of the actin cytoskeleton and re-modeling of integrin-based 

cell-matrix contacts are considered to be drivers of cell motility, an essential feature of metastatic 

tumor cells (Friedl and Wolf, 2003). Therefore, existing data point to a therapeutic potential of specific, 

small molecule inhibitors targeting PPM1F in metastatic tumors (Weng and Koh, 2017; Zhang et al., 

2017). However, such reagents do not exist currently. 

 

Here we report the identification of an allosteric inhibitor of PPM1F, which we term Lockdown. 

Lockdown suppressed PPM1F activity against a generic phosphatase substrate and blocked 

dephosphorylation of physiological PPM1F substrates including integrin β1 and PAK. In this regard, 

Lockdown treatment phenocopied the effect of genetic loss of PPM1F and did not provoke additional 

phenotypes in PPM1F-deficient cells. Chemical modification of Lockdown to improve cell-permeability 

yielded Lockdown-2, which had pro-drug properties and abolished tissue infiltration by invasive cancer 

cell lines in vivo. Our data highlight PPM1F as a promising novel target in tumor treatment and identify 

a lead structure for PPM1F-directed pharmacologic intervention. 
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6.4 Results 
 

 

High-throughput screening identifies small-molecule antagonists of PPM1F 

To search for small compound inhibitors of PPM1F, we employed a fluorogenic continuous 

phosphatase assay employing recombinant wildtype and inactive D360A mutant of this enzyme with 

the generic phosphatase substrate DiFMUP. After optimizing assay conditions for 384-well high-

throughput format (Suppl. Fig. S1), we screened 56,289 compounds from in-house pharmacophore 

libraries (Screening Facility University of Konstanz; Table SI) at a final concentration of 10 µM (except 

for the ChemDiv library, which was employed at 20 µM and Biomol ICCB, which was employed at 

2.5µM). Only plates with Z' factor >0.5 (Table SII) (Zhang et al., 1999) were considered for further 

analysis and candidates were defined by end-point- and slope-based calculations using KNIME 

Analytics with cheminformatic toolkits (Berthold et al., 2008; Mazanetz et al., 2012; Saubern et al., 

2011) (Suppl. Fig. S2). After filtering against potential unspecific or competitive 4-MUP sub-structure-

containing substances, pan assay interference compounds (PAINS) (Baell and Walters, 2014; Baell and 

Holloway, 2010; Dahlin and Walters, 2016; Yang et al., 2016) 

(http://rdkit.blogspot.ch/2015/08/curating-pains-filters.html), and rapid elimination of swill (REOS) 

property bearing hits (Walters and Namchuk, 2003), the remaining 201 candidates (total hit rate of 

0.36%) were further investigated (Fig. 1A) . 

PPM1F was shown to regulate integrin activity and thus cell adhesive events by dephosphorylating the 

conserved T788/T789-motif in the integrin β1 cytoplasmic domain (Grimm et al., 2020). Therefore, we 

performed a secondary screen using phospho-integrin β1 peptide as substrate. PPM1F was incubated 

with the synthetic phospho-integrin peptide in the presence or absence of the primary hit substances. 

Then, the reaction was stopped by an acidic malachit green molybdate solution, which forms a complex 

with the released free phosphate to be detected colorimetrically (Grimm et al., 2020; Sherwood et al., 

2013; Vardakou et al., 2014) (Suppl. Fig. S3A). To achieve maximal signal-to-noise ratio in this end-

point assay, the amount of enzyme and the incubation time were optimized (Suppl. Fig. S3B, C). While 

the PPM1F D360A mutant was inactive and the phospho-peptide did not show auto-hydrolysis under 

the used reaction conditions, PPM1F efficiently dephosphorylated the peptide in a dose-dependent 

manner within 30 min (Suppl. Fig. S3B, C). 26 out of the 201 primary hits consistently showed a PPM1F 

inhibitory effect >25% at a concentration of 30 µM compared to the DMSO control (Fig. 1A and B). 

Only five molecules out of these 26 compounds potently inhibited PPM1F in a dose-dependent manner 

with IC50 values in the µM range and with hill coefficients (~1), indicating single-molecule binding 

without aggregating effects (Fig. 1C, Suppl. Fig. S3D).  
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Figure 1: Confirmation of high-throughput screening hits using phospho-integrin β1 as a PPM1F substrate. (A) Overview of screened compounds 
during the different stages of in vitro hit identification and validation. (B) Performance of PPM1F inhibitors in the secondary screen. 100 ng PPM1F 
were incubated with 100 µM pT788-integrin β1 peptide and the indicated 26 compounds (at 30 µM) for 30 min and the released phosphate was 
detected by addition of malachite green solution and photometric measurement at OD620nm. Values obtained for 100 ng PPM1F D360A (= background) 
and for each compound without enzyme (accounting for auto-fluorescence or quenching effects) were subtracted from corresponding samples. Data 
were normalized to the DMSO-treated positive controls (PCmean = 100%). Plotted are mean values ± SEM of confirmed secondary hits defined by PPM1F 
activity <75% compared to PCmean in two independent experiments done in quadruplicate. Blue stars mark compounds with concentration-dependent 
inhibitory activity. (C) Dose-response curves and IC50 determination for inhibitors using the pT788-β1 integrin peptide-based assay from (B). 
Compound (Cpd) 12, 16, 17, 19 and 20 dose-dependently inhibited pT788-integrin β1 peptide dephosphorylation. Blanks (= Cpd w/o enzyme) were 
subtracted from sample values and data normalized to the positive control (1% DMSO, set to 100% activity) before plotted against the log of titrated 
compound concentrations (100-0.1µM). IC50 values were estimated by a variable slope-based non-linear fit of the data in GraphPad Prism 5.0. The 
structure and IC50 values of each compound are shown (insets). Data represent mean ± SEM of three independent experiments conducted in 
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quadruplicate. (D) Purified CaMKIIβ (120 ng) was incubated with 1µg GST-integrin β1 cytoplasmic domain in the presence or absence of 
ATP/Calmodulin/CaCl2 for 60 min at 30°C. Samples were subjected to Western blot analysis using indicated antibodies. CaMKIIβ and integrin β1 
phosphorylation was detected by α-pTpTβ1-integrin antibody (upper panel), GST-integrin β1 was detected with α-GST antibody (lower panel). (E) 1 
µg PPM1F was added to 1 µg CaMKIIβ-phosphorylated GST-integrin β1 cytoplasmic domains in the absence or presence of 100 µM of the indicated 
compound for 60 min at 30°C. Reactions were stopped by addition of SDS sample buffer and subjected to Western blot analysis with indicated 
antibodies (α-pTpTβ1-integrin antibody (upper panel), α-GST antibody (middle panel), α-PPM1F antibody (lower panel). DMSO-treated samples with 
and without PPM1F served as positive and negative controls, respectively. (F) PPM1F-mediated dephosphorylation of the CaMKII-phosphorylated 
integrin β1 cytoplasmic domain was performed as in (E). In this case, phosphate release was measured after 60 min at 30°C with malachite green 
solution. 1 µg PPM1F D360A served as negative control. Bars depict mean values ± SEM from one representative experiment performed in triplicate 
and values were normalized to the DMSO-treated PPM1F sample (= 1). See also Figure S3. 

 

 

To corroborate these findings, we performed dephosphorylation assays using the complete 

cytoplasmic domain of integrin β1 fused to glutathione S-transferase. GST-integrin β1 was in vitro 

phosphorylated by Ca2+/Calmodulin-dependent kinase IIβ (CaMKIIβ), a serine-threonine kinase able to 

phosphorylate integrin β1 and also a known substrate of PPM1F (Grimm et al., 2020; Ishida et al., 1998) 

(Suppl. Fig. S3E). Importantly, the phospho-specific antibody directed against pT788/pT789 integrin β1 

also reacted with phospho-CaMKIIβ allowing us to monitor the phosphorylation status of both 

substrates (Fig. 1D). In line with the integrin β1-peptide based assays, all five compounds potently 

inhibited PPM1F activity towards the integrin β1 cytoplasmic domain and phospho-CaMKIIβ, while 

PPM1F completely dephosphorylated these substrates in DMSO-treated controls (Fig. 1E, F). Especially 

Cpd 12, 16, and 17 were highly efficient in blocking PPM1F activity (~50-70%) (Fig. 1E, F). In DMSO-

treated samples without phosphatase (Fig. 1 E) or in samples receiving PPM1F D360A (Fig. 1F), GST-

integrin β1 and CaMKIIβ remained fully phosphorylated. Therefore, our screen identified five small 

molecule compounds with inhibitory potential towards PPM1F. 

 

Cpd12 is an allosteric, non-cytotoxic inhibitor with high selectivity for PPM1F 

To explore the specificity of the identified PPM1F inhibitors, we examined the effect of these 

compounds on the activities of other mammalian Ser/Thr and Tyr phosphatases from different families 

in vitro. To this end, PP1 and PP5 (prototype PPP family members), PTP1B and PTPRJ (protein tyrosine 

phosphatases), VHR (dual specificity phosphatase) and ILKAP (another PPM family member present at 

focal adhesion sites (Leung-Hagesteijn et al., 2001)) were recombinantly expressed and their in vitro 

activity towards 4-MUP was verified (Suppl. Fig. S4A). Treatment of the different phosphatases with 

each of the five identified PPM1F-inhibitory compounds revealed that most of these compounds 

potently disturbed the activity of multiple enzymes with IC50 values <10 µM (Fig. 2A). This low 

specificity was also true for 1-amino-8-naphtol-2,4-disulfonic acid (ANDA), which has been described 

earlier as a PPM1F-selective inhibitor (Sueyoshi et al., 2007). In contrast to these compounds, Cpd12 
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showed a high selectivity for PPM1F and did not affect the closely related phosphatase ILKAP or any of 

the other phosphatases tested (less than 10-20 % inhibition at 10 µM) (Fig. 2A). While Cpd19 seemed 

to act on Ser/Thr phosphatases only, Cpd16, Cpd17, Cpd20, and ANDA inhibited each of the tested 

phosphatase (Fig. 2A). Cpd19 might also act as a Michael acceptor, which display broad spectrum 

bioactivity as covalent modifiers (Baell and Walters, 2014; Baell and Holloway, 2010) and Cpd20 

changed its color in the absence and presence of TCEP suggesting redox reactivity or compound 

instability dependent on the redox conditions (data not shown). Therefore, Cpd19 and Cpd20 were not 

further pursued. 

Next, we tested the remaining three compounds for their effect on the viability of human A172 

glioblastoma cells and murine embryonic fibroblasts (MEFs) (Grimm et al., 2020; Harvey et al., 2004). 

As a read-out, cellular metabolic activity was monitored by the reduction of 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) into insoluble formazan by NAD(P)H-dependent 

oxidoreductases (Mosmann, 1983). While Cpd12 and Cpd16 did not compromise cell viability up to 

100 µM, Cpd17 was highly toxic against both A172 and MEF cells during the 24h incubation (A172 EC50 

= 9,061 ± 1,722 µM, MEF EC50 = 16,978 ± 1,4519 µM) (Fig. 2B). Therefore, we focused on the physical 

properties of Cpd12 and Cpd16, which appeared drug-like in terms of the rule of five and the 

combination of rotatable bonds, minimizing the probability that the absence of cytotoxicity could be 

based on their lack of cell permeability (Lipinski et al., 2001; Veber et al., 2002) (Suppl. Fig. S4B). 

Thus, we subjected Cpd12 and Cpd16 to detailed mechanistic profiling. To deduce the mode-of-action 

of these two compounds, the IC50 values obtained using different substrate concentrations and the 

enzyme kinetic parameters upon variation of the inhibitor concentration were analyzed (Fig. 2C). 

Direct competition between the inhibitory compound and the 4-MUP substrate should be reflected in 

a shift of IC50 values, when substrate concentrations are altered, and a higher apparent Km-value with 

increasing inhibitor concentrations. However, IC50 values for both Cpd12 and Cpd16 only varied 

marginally (Table SIII). Additionally, patterns of PPM1F activity curves and Lineweaver-Burk plots 

indicated that the inhibitors negatively affected Vmax/kcat values, but only weakly influenced the Km 

value with respect to 4–MUP (Fig. 2C, Table SIII, Table SIV). Increasing concentrations of Cpd12 and 

Cpd16 reduced the reaction rate rather than decreasing the substrate binding affinity, indicating that 

they act as allosteric inhibitors of PPM1F rather than competing with the substrate (Fig. 2C). An 

allosteric inhibition via an interaction outside of the conserved catalytic domain of PPM1F would also 

explain, why Cpd12 does not act on other PPM family members (Stern et al., 2007; Tada et al., 2006). 

Due to these favourable properties, we focused our further analysis on Cpd12, which appeared as a 

selective, allosteric and non-cytotoxic inhibitor of PPM1F. 
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Figure 2: Cpd12 is an allosteric, non-cytotoxic inhibitor with high selectivity for PPM1F. (A) Dose-response curves were performed for the indicated 
compounds and phosphatases using 4-MUP as a generic phosphatase substrate. Initial velocity values (RFU/min, 10-30 min) were normalized to the 1% 
DMSO-treated positive control after subtraction of blanks (compound w/o enzyme) and plotted against the log of titrated Cpd concentrations (100-0.1 
µM). IC50 values were estimated by a variable slope-based non-linear fit of the data. Data represent mean values ± SEM of one representative experiment 
done in quadruplicate; * less than 10% inhibition at 10 µM; ** less than 20% inhibition at 10 µM. (B) Column diagram of MTT assays assessing the 
cytotoxicity against A172 glioblastoma and murine embryonic fibroblast (MEF) cells for Cpd12, 16, and 17. Cells (1.5x104 ) were seeded into 96-well plates, 
before DMSO-diluted inhibitors were added at the indicated concentrations. Cells treated with 1% DMSO and medium w/o cells plus 1% DMSO served as 
controls. After 24h, 10 µl MTT (5 mg/ml in PBS) was added into wells and further incubated for 2h at 37°C. After medium removal, 100 µl DMSO were 
added and the plates incubated at RT on a shaker until the crystals were fully dissolved. Absorbance was measured at 550nm. Cell viability was calculated 
by background subtraction and normalization to the intensity of the positive controls (= 100%). EC50 values were calculated by a non-linear variable slope 
curve fit. Data represent mean ± SEM of triplicates from one representative experiment. EC50 values are given in the table. (C) Mode-of-action studies for 
Cpd12 and 16. (Left graph) Concentration-response curves for a range of 4-MUP concentrations (15.625-1000 µM) were obtained and initial velocities 
used to calculate the percentage of PPM1F activity compared to samples treated with DMSO, before plotted against the log of titrated compound 
concentrations (0-50 µM). Plots were fit by non-linear regression analysis to a variable slope dose-response model to determine corresponding IC50 values. 
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(Middle graph) Variation of PPM1F substrate reaction rates as a function of 4-MUP concentration at a range of compound concentrations (0 - 50 µM). 
Plots were fit by non-linear regression analysis to the Michaelis-Menten model to estimate the kinetic parameters Vmax and Km. (Right graph) Double 
reciprocal plots of the data indicate an allosteric mode of inhibition for Cpd12 and 16. Plotted data are mean values ± SEM from one representative 
experiment done in quadruplicate. See also Figure S4. 

 

 

Cpd12 is a reversible inhibitor with defined structure-activity profile and interacts with PPM1F in 

intact cells 

To analyze, if Cpd12 irreversibly interferes with PPM1F activity, we first immobilized the wildtype and 

the inactive enzyme on GST beads (Fig. S4C). Enzyme assays with the immobilized phosphatase and 

the phospho-T788-β1 integrin peptide as a substrate showed that the enzyme remained active on the 

beads even after multiple washing steps (Fig. S4D). Importantly, while Cpd12 inhibited the immobilized 

enzyme, PPM1F activity completely recovered after several washing steps, demonstrating the 

reversible nature of the inhibition (Fig. 3A). To get first insight into the structure-activity relationship 

(SAR) of Cpd12, we scrutinized the libraries utilized in the primary screen for structurally related 

compounds. Indeed, one compound showed a striking similarity, as it differed only by the substitution 

of succinimid groups for the ortho-phthalic acid moieties attached to the central two phenoxy-benzene 

ring units (Table SVI). Together with Cpd12, this Cpd12-like structure was re-ordered and the structural 

identity of Cpd12 and Cpd12-like was verified by 1H NMR (Fig. 3B). Most importantly, while the re-

ordered Cpd12 again showed a dose-dependent inhibition of PPM1F, Cpd12-like had only marginal 

activity at concentrations up to 50 µM (Fig. 3C). Therefore, Cpd12-like was used as a control substance 

in further experiments. Our SAR analysis also revealed additional inactive Cpd12 substructures present 

in the used compound libraries, such as p-chloro-phthalic acid or di-phthalic acid, which lack the central 

aromatic rings present in Cpd12 and which did not inhibit PPM1F in our initial screen (Table SVI). 

Importantly, connected aromatic rings with associated hydroxy groups also bear the potential to act 

as cation chelators (Baell and Walters, 2014; Baell and Holloway, 2010) and activity of PPM family 

members inherently depend on manganese ions (Debnath et al., 2018; Tanoue et al., 2013). To 

investigate, if Cpd12 acts as an ion chelator, we first titrated Mn2+ in an in vitro phosphatase assay with 

PPM1F (Suppl. Fig. S4E). At concentrations below 3.3 mM the divalent cations became the rate limiting 

factor for PPM1F activity (Suppl. Fig. S4F). When the Mn2+ concentrations were increased from 2.5 mM 

to 10 mM, the inhibition by Cpd12 could not be overcome, clearly indicating that Cpd-mediated 

inhibition is not due to chelating of Mn2+ (Fig. 3D). As before, Cpd12-like did not influence PPM1F 

activity under any of these conditions (Fig. 3D). 

 



  Chapter IV 

194 
 

 



Chapter IV   

195 
 

Figure 3: Cpd12 is a reversible inhibitor with defined structure-activity profile and interacts with PPM1F in intact cells. (A) 500 ng bead-bound GST-
PPM1F was incubated with 10 µM Cpd12 or DMSO for 10 min at 35°C. Samples were washed 3x with buffer or kept on ice (0x washed) before 50 µM 
pT788-integrin β1 peptide was added for 15 min at 35°C. Phosphate release was determined by malachite green and samples were normalized to the 
DMSO-treated controls. Data are derived from one representative experiment. (B) 1H-NMR analysis of Cpd12 and Cpd12-like verified chemical identity 
of re-ordered compounds. (C) Inhibitory activity of Cpd12 and Cpd12-like for PPM1F in the 4-MUP assay. PPM1F activity (200ng) on 4-MUP (1000µM) 
in the presence of Cpd12 (left) or Cpd12-like (right) at the indicated concentrations (0-50 µM) was recorded. 200 ng PPM1FD360A and 200 ng PPM1F 
treated with DMSO served as negative and positive controls, respectively. Data are derived from one representative experiment done in quadruplicate 
and shown are the means ± SEM. Initial velocities (10-30 min) were calculated relative to DMSO-treated samples (100%) for each compound and 
plotted against the Cpd concentration (µM). IC50 values were estimated by fitting data to a non-linear regression dose-response model and are given 
on the right. (D) 4-MUP assay (1000 µM) was conducted with 200 ng GST-PPM1F treated with 50 µM Cpd12 or DMSO in buffer containing 2.5 - 10 
mM MnCl2 to identify chelating effects. GST-PPM1F D360A with 10 mM MnCl2 served as negative control, GST-PPM1F treated with 50 µM Cpd12-like 
or DMSO in 2.5 and 10 mM MnCl2 containing buffers served as positive controls. Data represent mean values ± SEM derived from one representative 
experiment done in quadruplicate. (E) Schematic outline of the Cellular Thermal Shift Assay (CETSA) procedure. (F) Lysates from CETSA assays treated 
with 50 µM Cpd12/DMSO (upper panels) or Cpd12-like/DMSO (lower panels) were subjected to Western blot analysis using indicated antibodies; 
INPUT = samples at 4°C. Shown are Western blots from one representative experiment. Arrows point to signals of Cpd12-stabilized PPM1F at 
increasing temperatures. (G) Quantification of protein stability effects of Cpd12 and Cpd12-like. Densitometric quantification of Western blot signals 
from CETSA assays of PPM1F overexpressing cells treated with 50 µM Cpd12, Cpd12-like or DMSO. For each temperature a protein stability ratio was 
calculated (Cpd-treated samples/DMSO-treated samples) for PPM1F and the unrelated protein vinculin. Data are presented as means ± SEM, derived 
from three independent experiments for Cpd12 and one representative experiment for Cpd12-like; one-way ANOVA and Bonferroni post-hoc test 
(p***<0.001, p*<0.05). See also Figure S4. 

 

 

To get a first idea, if Cpd12 interacts with PPM1F in intact cells, we performed cellular thermal shift 

assays (CETSA), which are based on ligand-induced thermal stabilization of target proteins (Martinez 

Molina et al., 2013; Reinhard et al., 2015). We produced lysates from human glioblastoma A172 cells 

and added 50 µM Cpd12, Cpd12-like, or DMSO before thermal denaturation (Fig. 3E). Importantly, 

Cpd12 provided a stabilizing effect on PPM1F upon increasing temperatures, while the thermal 

denaturation of other cellular proteins such as vinculin or filaminA remained unaltered in the presence 

of Cpd12 (Fig. 3F, G). In contrast, PPM1F, vinculin, and filaminA showed an identical denaturation 

behaviour in the presence or absence of Cpd12-like, highlighting the specific interaction of Cpd12 with 

PPM1F, but not other cytoplasmic proteins (Fig. 3F, G). Together, these results reveal that Cpd12 

requires the phthalic acid moieties and the central flat aromatic rings to act as a selective and 

reversible inhibitor of PPM1F. 

 

Cpd12 inhibits PPM1F-mediated dephosphorylation of integrin β1 and PAK in intact cells  

Given the selective inhibition of recombinant PPM1F by Cpd12, the stabilizing effect of this compound 

on PPM1F in cells, and the low cytotoxicity of Cpd12, we wondered whether Cpd12 inhibits PPM1F 

activity in intact cells. In principle, treatment with a PPM1F-specific inhibitor should re-capitulate the 

phenotype of cells with a genetic deletion of this enzyme. In this respect, embryonic fibroblasts from 

PPM1F knock-out mice and human glioblastoma A172 cells with a CRISPR/Cas9-based disruption of 

the PPM1F gene show constitutive phosphorylation of integrin β1 T788/T789 residues resulting in 

elevated integrin-mediated matrix adhesion (Grimm et al., 2020). Furthermore, the serine/threonine 

kinase PAK is another PPM1F substrate, which exhibits elevated phosphorylation at threonine residues 
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(T423 of PAK1,3 and T402 of PAK2) in PPM1F-deficient cells, concomitant with disruption of actin stress 

fiber formation (Koh et al., 2002; Manser et al., 1997; Susila et al., 2010) (Chapter II).  

To address the inhibitory potential of Cpd12 in intact cells, we employed the human glioblastoma A172 

cell line, which has been our starting point to create PPM1F-deficient cells (PPM1F KO) by CRISPR/Cas9-

mediated gene disruption (Fig. 4A). Compared to A172 WT cells, the PPM1F KO cells show similar 

surface levels of different integrin subunits and similar expression of core focal adhesion proteins 

(Grimm et al., 2020), but show enhanced integrin-mediated adhesion (Fig. 4B). Importantly, incubation 

of A172 WT cells with Cpd12 triggered increased matrix adhesion, while the elevated matrix adhesion 

seen in PPM1F KO cells was not boosted further, providing clear evidence for a PPM1F-dependent 

effect of Cpd12 on integrin function (Fig. 4B). More specifically, the heightened phosphorylation levels 

of integrin β1 and PAK known from PPM1F KO cells, were also observed in A172 WT cells following 

treatment with Cpd12 (Fig. 4C). These results strongly suggest that Cpd12 functions as a specific PPM1F 

inhibitor in intact cells, as Cp12 treatment mirrors the cellular phenotype of PPM1F deficiency. 

In many tumor cells, PPM1F protein levels are elevated. To mimic such a situation, we created an 

additional A172 cell line with stable overexpression of PPM1F (referred to as PPM1F++) (Fig. 4D). The 

PPM1F++ cells did not show altered levels of core focal adhesion proteins (Suppl. Fig. S5A). 

Importantly, treatment of PPM1F++ cells with Cpd12 resulted in increased levels of phospho-integrin 

β1 (Fig. 4E). A major consequence of the increased phosphorylation of integrin β1 in PPM1F-deficient 

cells, is the enrichment of active integrin co-localizing with Talin (Fig. 4F) and Kindlin (Suppl. Fig. S5B) 

in a circular arrangement in the periphery of the cell as reported before (Grimm et al., 2020). This 

peculiar cellular morphology, which is due to enhanced integrin activity and increased matrix adhesion, 

is accompanied by loss of stress fibers and accumulation of disorganized cortical actin filaments as a 

consequence of constitutive PAK activity in the PPM1F KO cells (Fig. 4F, Suppl. Fig. S5B). In contrast to 

this hyper-adhesive phenotype of PPM1F KO cells, the A172 wildtype cells and PPM1F++ cells showed 

normal cell spreading, fibrillar like focal adhesions, and regular formation of stress fibers (Fig. 4F, Suppl. 

Fig. S5B). Most importantly, Cpd12-treatment of A172 WT cells and PPM1F++ cells altered the 

morphology of these cells to mirror the phenotype of PPM1F-deficient cells (Fig. 4F, Suppl.Fig. S5B). 

Clearly, the penetrance of this hyper-adhesive phenotype was more pronounced in PPM1F KO cells 

(70-90% of the cells showed this morphology) compared to the Cpd12-treated A172 wildtype or 

PPM1F++ cells (~30-40% of cells were affected) indicating that Cpd12 treatment is not able to suppress 

PPM1F activity completely (Fig. 4F, Suppl. Fig. S5B). However, inhibition of PPM1F by Cpd12 was 

sufficient to elevate integrin activity and to hinder cell spreading in PPM1F++ cells (Fig. 4G, H), 

demonstrating that this PPM1F inhibitor could be a promising lead structure to interfere with integrin-

dependent processes in tumor cells.  
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Figure 4: Cpd12 inhibits PPM1F-mediated dephosphorylation of integrin β1 and PAK in intact cells. (A) Whole cell lysates (WCL) of A172 wildtype 
(WT) and PPM1F KO cells were subjected to Western blotting using α-PPM1F antibody (upper panel). Tubulin antibody was used as a loading control 
(lower panel). (B) Cell adhesion assays were performed with serum-starved A172 WT and PPM1F KO cells for 20 and 60 min using 0.4 or 10 µg/ml 
FNIII9-12 as integrin-dependent substrate. Before seeding, cells were pre-incubated for 45 min with 100 µM Cpd12 or DMSO. After washing, adherent 
cells were fixed and stained with crystal violet. Staining was quantified and normalized to the total number of seeded cells. Representative pictures 
after 60 min adhesion are shown (left); scale bar: 150µm. Bars represent mean values ± SEM from three independent experiments done in triplicate. 
Data were normalized to adhesion of WT cells in presence of DMSO (=1). Significance was tested using one-way ANOVA and Bonferroni post-hoc test 
(p***<0.001, p*<0.05, ns = not significant). (C) Serum-starved A172 WT and PPM1F KO cells were taken in suspension and pre-incubated for 45 min 
with indicated compound concentrations or DMSO. Cells were seeded onto 5 µg/ml FNIII9-12 for 45 min and WCL subjected to Western blotting with 
antibodies against pT788/pT789 Integrin β1, total integrin β1, pT402 PAK, or total PAK. Tubulin antibody was used as a loading control. (D) A172 WT 
cells were stably transduced with lentiviral particles harboring a bicistronic GFP and hPPM1F wildtype expression cassette to obtain PPM1F-
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overexpressing A172 cells (PPM1F++). WCL of A172 WT and PPM1F++ cells were analyzed by Western blotting with α-PPM1F (upper panel). α-Tubulin 
antibody (lower panel) served as loading control. (E) Serum-starved PPM1F++ cells were kept in suspension for 45 min in presence of 100 µM Cpd12 
or DMSO before seeding onto 2 µg/ml FNIII9-12 for 45 min in presence of the compound. WCL were subjected to Western blot analysis using antibodies 
as in (C). PPM1F KO cells served as positive control. (F) Serum-starved A172 PPM1F WT, PPM1F KO, and PPM1F++ cells were treated with 100 µM 
Cpd12 or DMSO for 45 min in suspension and seeded onto 2 µg/ml FNIII9-12 for 1.5 h. Fixed cells were stained against active integrin β1 (9EG7), talin 
(8d4), and F-actin (phalloidin-Cy5)  and were analyzed by confocal microscopy; scale bar: 20µm. Arrows point to active integrin β1/talin enrichment 
and typical actin structures within the cells. Insets: Higher magnification of boxed area; scale bar: 5µm. (G) Serum-starved PPM1F++ and PPM1F KO 
cells were kept in suspension for 45min in serum-free medium containing 100µM Cpd12 or DMSO before stimulation for 15 min with 10 µg/ml FN III9-

12. Samples were stained for active integrin β1 (9EG7 antibody) or total integrin β1 (AIIB2 antibody) and analyzed by flow cytometry; ≥ 10 000 counts. 
Cells stained with an isotype-matched irrelevant antibody served as controls. The mean fluorescence intensity (MFI) ratio of active to total β1 integrin 
was calculated and normalized to the PPM1F++ DMSO-treated sample (= 1). Bars represent MFI values ± SEM from three independent experiments; 
statistics was performed using one-way ANOVA and post-hoc Bonferroni test (*p<0.05, **p < 0.01, ***p < 0.001, ns = not significant). (H) Cells were 
treated as in (F) and seeded onto 10 µg/ml FNIII9-12 for 1.5h. Cells were fixed, stained with Cy5-Phalloidine and DAPI, before analysis by confocal 
microscopy. Shown are representative pictures of the same magnification; scale bar: 20µm. Quantification of cell area from n ≥ 99 cells from three 
independent experiments. Bars show mean and 95% confidence intervals. Statistics was performed using one-way ANOVA, followed by Bonferroni 
post-hoc test, (***p < 0.001, ns = non-significant). See also Figure S5. 

 

 

 

It is worthwhile mentioning, that the previously proposed PPM1F inhibitor ANDA (Sueyoshi et al., 

2007) completely failed to suppress PPM1F activity in intact cells, as integrin β1 and PAK 

phosphorylation were decreased, rather than increased, upon treatment with this compound (Suppl. 

Fig. S5C). Together, these data demonstrate that treatment with Cpd12 recapitulates the full spectrum 

of cellular phenotypes associated with PPM1F deficiency providing strong evidence that Cpd12 is a 

selective inhibitor of PPM1F in intact cells. Due to the hyper-adhesive cellular phentoype that can be 

induced by this inhibitor, we re-named Cpd12 into “Lockdown” (LD), as it essentially locks cells to the 

extracellular matrix due to exaggerated integrin-mediated adhesion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter IV   

199 
 

 

Ester-modified Lockdown acts as a prodrug and facilitates PPM1F inhibition in intact cells 

While Lockdown inhibited PPM1F in vitro phosphatase activity with an IC50 of 16 µM, cellular effects 

were only obtained at higher concentrations of this compound. Therefore, we reasoned that the 

overall polarity of Lockdown might limit access to its cytoplasmic target. To optimize the cell 

permeability of Lockdown, we esterified the terminal carboxy groups to produce LockdownPro (Fig. 5A). 

As esterification can be reversed by cellular esterases, which are often overexpressed in cancer cells, 

this modification should allow unaltered functionality of Lockdown once inside the cell (Imai et al., 

2005; McGoldrick et al., 2014; Peters, 1982). Synthesis of LockdownPro was performed by addition of 

acidified EtOH yielding a mixture of 4-fold and 3-fold ethylated Lockdown (Lockdown-2), which was 

verified by 1H-NMR (Fig. 5A, B). Interestingly, LockdownPro showed dramatically reduced inhibition of 

purified PPM1F in vitro, in line with the idea that the free carboxyl groups are critical for the potency 

of Lockdown (Suppl. Fig. S6A). LockdownPro was tolerated up to 50 µM by human cells, while some 

degree of cytotoxicity was observed at 100 µM LockdownPro in both A172 wildtype and PPM1F KO cells, 

suggesting unspecific effects at such high compound concentrations (Fig. 5C). Using LockdownPro 

concentrations well below the cytotoxic threshold, a 2-fold increase in pT788/pT789 integrin β1 

phosphorylation and a 4-fold increase in T402 PAK2 phosphorylation was observed (Fig. 5D). 

Importantly, 25 µM of LockdownPro produced effects comparable to the application of 100 µM 

Lockdown, clearly indicating a higher in vivo potency of the esterified compound (Fig. 5D). As observed 

before, PPM1F KO cells with their elevated basal phosphorylation of the PPM1F substrates PAK and 

integrin β1 did not respond to Lockdown treatment, further attesting to the specificity of this inhibitor 

(Fig. 5D). At 25 µM, LockdownPro was also a potent inducer of the hyper-adhesive phenotype of A172 

cells, with the peripheral accumulation of active integrin β1 and talin, and the disappearance of stress 

fibers (Fig. 5E). These effects on cell morphology occurred in ~50% of LockdownPro treated cells and 

mirrored the phenotype of PPM1F KO cells, which remained unaffected by treatment with either 

compound (Fig. 5E, Suppl. Fig. S6B). These findings suggest, that LockdownPro acts in a prodrug-like 

manner to penetrate intact cells, and upon esterase-catalyzed hydrolysis within the cell, LockdownPro 

can inhibit PPM1F to affect integrin- and PAK-dependent processes. 
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Figure 5: Ester-modified Lockdown (LDPro) acts as a prodrug and facilitates PPM1F inhibition in intact cells. (A) Schematic overview of the 
esterification procedure for Cpd12 (Lockdown; LD) to result in LockdownPro. (B) 1H-NMR analysis of LockdownPro (LDPro) dissolved in methanol verified 
chemical identity of the compound. (C) MTT assays assessing the cytotoxicity against A172 WT and PPM1F KO cells for LDPro compared to LD. Cells 
were grown for 24 h in the presence of indicated compounds [100-0.33 µM]. Cells treated with 1% DMSO served as controls. Data represent mean ± 
SEM from three independent experiments performed in triplicate; Significanc was tested by one-way ANOVA and Bonferroni post-hoc test (p**<0.01, 
p*<0.05). (D, E) Serum-starved A172 WT (D) or PPM1F KO cells (E) were kept in suspension for 45 min in the presence of LD, LDPro, or DMSO. Cells 
were seeded onto 5 µg/ml FNIII9-12 for 45 min, lysed and WCLs subjected to Western blotting with indicated antibodies. Bar graphs depict densitometric 
quantification of band intensities from pT788/pT789-integrin β1 versus total integrin β1 (upper graphs) or pT402 PAK2 versus total PAK antibody 
(lower graphs) for n ≥ 3 independent experiments; DMSO treated A172 WT was set to 1. Significance was tested by one-way ANOVA, followed by 
Bonferroni post-hoc test (***p < 0.001, **p < 0.01, *p < 0.05, ns = not significant). (F) Serum-starved A172 WT were pre-treated as in (D) and seeded 
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onto 5 µg/ml FNIII9-12 for 1.5 h. Cells were fixed, stained against active integrin β1 (9EG7), talin (8d4), and F-actin (phalloidin-Cy5), and analyzed by 
confocal microscopy; scale bar: 20 µm. Arrowheads point to active integrin β1/talin enrichment or typical actin structures observed in cells. Insets: 
Higher magnification of boxed area; scale bar 5 µm. See also Figure S6. 

 

 

 

LockdownPro selectively blocks the invasive phenotype of PPM1F overexpressing tumor cells in vitro 

and in an in vivo CAM model 

PPM1F, via its effect on cell adhesiveness and contractility, has been linked to the invasive phenotype 

in carcinoma cells (Desgrosellier and Cheresh, 2010; Jurmeister et al., 2012; Luo et al., 2015; Puhr et 

al., 2012; Singh et al., 2011; Susila et al., 2010; Tu et al., 2016; Ye and Field, 2012; Zhang et al., 2013b; 

Zhang et al., 2017). Indeed, the mesenchymal-like MDA-MB-231 breast cancer cells and the HEPG2 

hepatocellular carcinoma cells, which express high levels of PPM1F, are highly invasive, while the 

epithelial-like MCF-7 breast cancer cells, which express low levels of PPM1F, are hardly able to 

penetrate a 3D-matrigel barrier in in vitro invasion assays (Fig. 6A and B) (Susila et al., 2010) (Chapter 

II). Importantly, treatment of these tumor cells with LockdownPro dramatically reduced their invasive 

behavior (Fig. 6B). To unequivocally demonstrate a role for LockdownPro-mediated inhibition of PPM1F 

in this context, we used A172 glioblastoma cells and the derived PPM1F KO cells. As reported before, 

A172 glioblastoma WT cells showed a pronounced serum-stimulated invasion through a 3D-Matrigel 

barrier (Chapter II), and this invasive motility was inhibited in a dose-dependent manner by 

LockdownPro (Fig. 6C). In contrast, PPM1F KO cells had a reduced capability to overcome the 3D-

matrigel barrier and application of LockdownPro did not further diminish the matrigel invasion by 

PPM1F KO cells, pointing to a high degree of specificity of this inhibitor (Fig. 6C). To investigate, if 

LockdownPro is able to block tissue invasion in vivo, we inoculated the chicken chorioallantoic 

membrane (CAM) with A172 WT cells in the presence or absence of 30 µM LockdownPro and allowed 

the tumor cells to invade the tissue. While in the DMSO-treated eggs, the A172 cells had deeply 

invaded into the chicken mesoderm after three days, the LockdownPro-treated samples completely 

lacked detectable A172 cells within the tissue (Fig. 6D). Therefore, our data support the idea that 

LockdownPro, as the first potent, cell-permeable PPM1F inhibitor, is a promising lead compound to 

harness PPM1F blockade as a means to control tumor cell dissemination. 
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Figure 6: LockdownPro selectively blocks the invasive phenotype of PPM1F overexpressing tumor cells in vitro and in an in vivo CAM model. (A) 
MDA-MB231, MCF-7, and HEPG2 carcinoma cells were lysed and WCLs subjected to Western blot analysis with a-PPM1F antibodies (upper panel). α-
Tubulin antibody (lower panel) served as loading control. (B) In vitro matrigel invasion assays were performed using 20% FCS or 2% BSA as stimuli. 
Serum-starved cancer cells were pre-treated in suspension with either 25 µM LDPro or DMSO for 30 min before seeding on top of a matrigel basement 
membrane (30 µg/chamber). DMSO or compound was present during the assay at the indicated concentrations. After 24 h, cells invaded through the 
matrigel layer were fixed, stained with crystal violett and representative pictures were taken; scale bar: 50 µm. (left). Crystal violett was eluted and 
OD590nm determined. Bar graph (right) show means ± SEM from three independent experiments performed in triplicate. Significance was tested by 
one-way ANOVA and Bonferroni post-hoc test (p***<0.001, ns = not significant, p = 0.1811 for LDPro 25 µM in HEPG2 cells). (C) Matrigel invasion 
assays (30 µg/chamber) were performed as described in (B) with serum-starved A172 WT or PPM1F KO cells. Representative pictures of the lower 
porous membrane surface are shown (left); scale bar: 50 µm. Crystal violett was quantified as in (B); data were normalized to the DMSO-treated 
wildtype sample (= 1). Bars (right) depict means ± SEM from three independent experiments. Significance was tested by one-way ANOVA and 
Bonferroni post-hoc test (p**<0.01, p*<0.05, ns = not significant). (D) 1x106 serum-starved A172 WT were seeded on top of the chorioallantoic 
membrane (CAM) of chicken embryos at developmental day E9 in the presence of 30 µM LDPro or DMSO. Three days after tumor cell inoculation, the 
tissue was removed, fixed, paraffine-embedded and sections were H&E stained. Arrows indicate the invaded tumor islands in the CAM mesoderm of 
DMSO-treated samples, which are absent in the LDPro-treated samples; shown are representative images; n = 4 eggs per condition; scale bars, 200µm.  
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6.5 Discussion 
 

 

The ability of transformed cells to migrate from the site of the primary tumor and to infiltrate the 

surrounding tissue is prerequisite for cancer metastasis and involves the regulation of integrin-

dependent cell-ECM interactions and acto-myosin contractility (Friedl and Wolf, 2003; Hamidi and 

Ivaska, 2018; Hanahan and Weinberg, 2000). PPM1F not only regulates both of these processes, but is 

also overexpressed in a number of highly motile and invasive human tumor types (Jurmeister et al., 

2012; Luo et al., 2015; Puhr et al., 2012; Susila et al., 2010; Tu et al., 2016; Wang et al., 2018a; Weng 

and Koh, 2017; Zhang et al., 2013b; Zhang et al., 2017). As potent and cell-active inhibitors of PPM1F 

are currently lacking, we have pursued an unbiased screening approach comprising ~55,000 natural 

and synthetic small-molecules to finally identify Lockdown, a specific PPM1F inhibitor, which 

suppresses tumor cell invasion into 3D tissues.  

A major consideration in our initial screening set-up was to avoid the classic end-point assay format 

and resort to a continuous fluorogenic measurement of phosphatase activity. The continuous assay 

format allowed us to combine end-point- and slope-based calculations to better demarcate the 

primary hits. Employing several filtering strategies to exclude PAINS, REOS, 4-MUP derivatives and 

inherently fluorescent or fluorescence-quenching compounds further minimized false positive hits, as 

such compounds have a notorious propensity to mar high throughput screening efforts (Baell and 

Walters, 2014; Baell and Holloway, 2010; Dahlin and Walters, 2016; Yang et al., 2016). This allowed us 

in the subsequent phospho-integrin β1 peptide-based secondary screen to focus on a small set of 

promising lead structures and to identify Lockdown, as a reversible and non-competitive inhibitor of 

PPM1F. 

Lockdown exhibits dose-dependent potency against PPM1F in the micromolar range in vitro and shows 

weak inhibitory potential against a panel of other protein phosphatases. The exquisite specificity of 

Lockdown is best documented by its negligible activity against ILKAP, a closely related enzyme of the 

PPM family, which also localizes to integrin-rich focal adhesions (Kamada et al., 2020; Leung-Hagesteijn 

et al., 2001). The selectivity of Lockdown is remarkable and already suggests that this inhibitor might 

not associate with the conserved PP2C-like reactive center of PPM1F, but that it rather acts in an 

allosteric manner. This is in contrast to other PPM1F inhibitors, which have been described previously, 

such as the azo dyes Evans Blue or Chicago Sky Blue and the derived substructure 1-amino-8-naphthol-

2,4-disulfonic acid (Kamada et al., 2020; Sueyoshi et al., 2007). Though these cell-active competitive 

inhibitors have a relatively low IC50 value for PPM1F in vitro (between 1 µM and 6 µM), they also 

interfere with various other types of phosphatases (Fig. 3A). Indeed, Sieriecki and colleagues 

uncovered that azo dyes are potent inhibitors of PPM3A (also known as PHLPP), suggesting a lack in 



  Chapter IV 

204 
 

specificity at least with regard to other PPM phosphatase members (Sierecki et al., 2010). Additionally, 

such substances have been identified previously as aggregate-forming, redox-reactive, or oxygen-

quenching false positive hits during small-molecule drug screenings (Baell and Holloway, 2010; 

McGovern et al., 2002; Roseth et al., 1998). It is important to stress, that 1-amino-8-naphthol-2,4-

disulfonic acid not only harmed isolated human cells in our current study, which would question its 

use in vivo, but this naphthol derivative also did not re-capitulate the increases in characteristic 

phospho-proteins known from PPM1F-depleted cells. 

In this regard, it is astonishing how Lockdown treatment phenocopied the effect of PPM1F deficiency 

with increased phosphorylation levels of known PPM1F substrates, PAK (Koh et al., 2002) and integrin 

β1 (Grimm et al., 2020). Attesting to the striking selectivity of Lockdown, this inhibitor did not cause 

further alterations in PPM1F KO cells. Rather, when applied to wildtype cells, Lockdown reproduced 

the gain of function phenotypes observed in PPM1F knock-out murine fibroblasts and PPM1F-deficient 

glioblastoma cells (Grimm et al., 2020) (Chapter II). These cells display constitutive integrin activity 

with active integrins arranged in a peripheral circular arrangement (active integrin belt), a peculiar 

morphology also observed in a fraction of the Lockdown-treated cells (Fig. 4F, Fig. 5E). The resulting 

exaggerated matrix adhesion might be the reason, why these cells fail to spread upon contact with an 

integrin ligand, and could also explain the lack of invasive motility observed in vitro and in vivo. 

Interestingly, impaired cell migration and integrin function has also been reported for cells with 

compromised function of other negative regulators of integrin activity (Baldassarre et al., 2009; 

Hosooka et al., 2001; Pouwels et al., 2013). For example, cells overexpressing a dominant-negative 

variant of DOK-1, a binding partner of the integrin β1 cytoplasmic domain, exhibit reduced cell 

migration (Hosooka et al., 2001). Similarly, cells lacking SHARPIN, a protein promoting the inactive 

conformation of integrins, can not properly release adhesive contacts at the cell rear, slowing down 

migratory speed (Pouwels et al., 2013). Furthermore, cells deficient for filaminA, a protein associating 

with the intracellular domains of the integrin α- and β-subunits to keep the heterodimers in the 

clasped, inactive form (Liu et al., 2015), also have a spreading and migration defect (Baldassarre et al., 

2009). These results can be best reconciled with the notion that productive integrin-based cell 

migration relies on active integrins to form novel cell contacts at the protrusive cell front, but at the 

same time also requires the release of existing integrin-matrix connections at the rear of the cell (Hood 

and Cheresh, 2002; Howe and Addison, 2012; Ridley et al., 2003). Accordingly, blockade of an integrin-

inactivating enzyme, such as PPM1F, is able to lock cells in their place, which is why we propose the 

name Lockdown for the newly identified PPM1F inhibitor  

Unfortunately, the charged terminal carboxy-groups of Lockdown, though seemingly important for its 

activity, compromise the membrane permeability of this compound. As we demonstrate in our study, 

this limitation can be overcome by chemical esterification (Lipinski et al., 2001; Veber et al., 2002; Yang 
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et al., 2016). Indeed, ester pro-drugs appear ideally suited for such a purpose, since cytoplasmic 

esterases removing this modification are often overexpressed in cancer cells (Bardos et al., 1969; Imai 

et al., 2005; McGoldrick et al., 2014; Peters, 1982). While the modified LockdownPro lost activity in vitro, 

it showed activity at lower concentrations compared to Lockdown in cell-based assays as 

demonstrated by e.g. increased T788/T789 integrin β1 phosphorylation. 

 

Though these promising results indicate that the esterified inhibitor was able to overcome the plasma 

membrane barrier and to keep its specificity upon conversion inside the cell, the potency of 

LockdownPro still needs further improvement. Our comparative approach to juxtapose Lockdown in 

opposition to structurally similar, inactive compounds from our primary screen already points to the 

importance of several conjugated aromatic rings with charged carboxyl groups at the margin of the 

central aromatic system. This conclusion is based on the inactivity of a 4-chlorobenzene-1,2-

dicarboxylic acid fragment tested in the primary screen and the low activity of a control compound 

harboring the same central aromatic ring structures, but substituting succinimid moieties for the 

terminal carboxyl-groups. Clearly, a more detailed analysis of the structure-activity-relationship would 

require further derivatization of the Lockdown lead structure and could profit enormously from a 

better understanding of PPM1F tertiary structure. Exploiting the available crystal structure of PPM1A, 

Rogers and colleagues predicted three potential binding pockets close to the active site of this 

phosphatase (Rogers et al., 2006). In particular, they identified a narrow binding pocket in PPM1A 

(termed site III), which seems to allow relatively flat aromatic moieties such as phenyl rings to enter, 

while charged side chains lining this pocket could interact with polar groups, features which are in 

striking accord with the structural characteristics of Lockdown (Rogers et al., 2006). Moreover, 

substances encompassing central planar aromatic ring systems with or without nitrogen heterocycles 

combined with terminal polar/charged functional groups were also among high ranking hits in prior 

screens targeting PPM enzymes (Iyer et al., 2004; Rayter et al., 2008; Sierecki et al., 2010; Swierczek et 

al., 2003). In this regard, obtaining a detailed structural view of PPM1F would allow in silico docking 

strategies to delineate options for further inhibitor optimization and to identify a potential Lockdown 

binding site on PPM1F (McGovern and Shoichet, 2003). As we observed a stabilizing effect of Lockdown 

on PPM1F during thermal denaturation, the inhibitor could facilitate renewed efforts to crystallize this 

enzyme, an avenue worth exploring in the future. 

 

In conclusion, we describe a high-throughput strategy to derive a specific, allosteric inhibitor of PPM1F. 

A pro-drug version of this compound, LockdownPro, showed highly selective activity inside human cells 

and reproduced the characteristic phenotype of genetic PPM1F deficiency. Importantly, LockdownPro 

strongly promoted integrin function leading to a hyper-adhesive phenotype and intercepting aberrant 
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migration of invasive human tumor cells. Given the important role of integrins in thrombus formation, 

wound healing, leukocyte extravasation or inflammation (Balcioglu et al., 2015; Clemetson and 

Clemetson, 1998; Goodman and Picard, 2012; Grabbe et al., 2002; Nurden, 2006; Svensson et al., 

2009), the new drugability of PPM1F and the instantaneous control over PPM1F activity afforded by 

LockdownPro not only provide a valuable novel research tool, but also open the door to fine tune 

integrin activity in pathological situations. 
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6.7 Materials and Methods 
 

 

Reagents and compounds 

DiFMUP (Cat. AB166291, ABCR GmBH, Karlsruhe, Deutschland) was dissolved in DMSO (10 mM) and 

stored at -50°C. 4-MUP (Cat.3368-04-5, Sigma Aldrich, Taufkirchen, Germany) was dissolved in assay 

buffer w/o TCEP or MnCl2 and stored at -20°C (10mM). Further dilutions were prepared in assay buffer 

w/o MnCl2. Chemical compound libraries for the primary screen and cherry-picked compounds for the 

counter screen were provided by the Screening facility of the University of Konstanz (Table SI) and the 

FMP Berlin (Leibniz-Research Institute for Molecular Pharmacology, Germany). For further compound 

evaluation, hits were re-ordered via the online platform MolPort (https://www.molport.com). 

Reordered compounds were dissolved in DMSO, aliquoted and stored at -80°C (10 mM). Titrations of 

test compounds were prepared in DMSO and further in assay buffer to result in the same amount of 

DMSO in all wells (≤1%).  

 

Cloning, expression and purification of recombinant proteins in E.coli 

The cloning, expression and purification of recombinant GST, GST-tagged integrin β1 cytoplasmic 

domain, human GST-PTP1B, human GST-PPM1F, human GST-PPM1FD360A and human 7xHis-TEV 

ILKAP (Addgene; plasmid #34817, pQTEV vector by Konrad Buessow) was described previously (Grimm 

et al., 2020). Recombinant human Trx-His-S-PP5 and VHR/DUSP were a kind gift from D. Dietrich 

(University of Konstanz, Germany (Altaner et al., 2020)). The 6xHis-human PP1α catalytic domain 

(pQE80, bacterial expression vector) was described before (Hafner et al., 2014). For the production of 

recombinant 6xHis-Sumo-tagged human PTPRJ-PTP domain, the human PTPRJ wildtype cDNA in pmT2 

vector, a kind gift from I. Royal (CRCHUM, Montréal (Spring et al., 2014)) was amplified by PCR with 

the primer pair PTPRJ-PTPdomain_LIC_sense: 5’ –CCCCACTAACCCGGGCGATGTAACCATTGG–3’ and 

PTPRJ-PTPdomain _LIC_anti: 5’-

ACTCCTCCCCCGCCATGGGATGTATAAAATCAAAAGGGAAAGACAGAAAGAAGAGGAAAGATGC– 3’ and 

cloned into pDNRDual-LIC by LIC-cloning. Then, cDNA was transferred into pET24a His-Sumo 

(Andreasson et al., 2008) by restriction digest with NotI/SacI and ligation. PP1α catalytic domain and 

PTPRJ were expressed in BL21DE3, purified using His-FF column (GE Healthcare, Chalfont St Giles, UK) 

and dialyzed against appropriate buffers. GST-tagged fibronectin type III repeats 9-11 (FNIII9-11; gift of 

M.A. Schwartz, Yale University, CT) were expressed in E.coli as described previously (Grimm et al., 

2020). 
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Fluorescence-based phosphatase assay with DiFMUP or 4-MUP 

4-MUP assay in a 96-well format was done as described previously (Grimm et al., 2020). For compound 

screening, the assay was carried out in solid black non-binding flat-bottom 384-well plates 

(Cat.781900, Greiner Bio-One, Germany) in a final volume of 80 µl. All steps were conducted on ice. 

Recombinant human GST-hPPM1F or the inactive mutant hPPM1FD360A were pre-diluted 

appropriately in phosphatase buffer (50 mM TrisHCl, pH 8.0, 150 mM NaCl, 20 mM MnCl2, 2 mM TCEP, 

0.01% Tween), freshly supplemented with TCEP (Cat. C4706, Sigma Aldrich, Taufkirchen, Germany) and 

MnCl2, as was the case for substrate dilutions. To conduct the assay, 40 µl/well of phosphatase buffer 

without (controls) or with PPM1F (samples) were mixed with 20 µl/well of different compound 

solutions (100µM - 0µM) and added to the plate depending on the assay and pre-incubated for 10 min 

at 35°C under constant shaking (5 Hz). The reaction was started by addition of 20 µl/well substrate 

solution yielding a final concentration of 100 µM DiFMUP (or 1000 µM 4-MUP). For the substrate 

saturation curve and for dual titration assays titrations of DiFMUP in assay buffer (7.8125-2000 µM) 

were applied. Fluorescence intensities of the hydrolyzed DiFMU (or 4-MU) (excitation 360nm/emission 

448nm) were monitored by a microplate reader (Tecan or Varioscan, Thermo Fisher Scientific) every 5 

min over 60-120 min at 35°C. Each sample was tested in quadruplicate, controls and blanks were tested 

in octets.  

DiFMUP/4-MUP assay analysis was performed using KNIME and GraphPad Prism 5.0 software. 

Depending on the assay, calculations were done by subtracting mean background values w/o enzyme 

but with compound or w/o enzyme and w/o compound from values measured in sample wells 

(containing substrate, compound and PPM1F) at each time-point to account for auto-fluorescence or 

quenching effects, reactions of the compound with the buffer or substrate and for auto-hydrolysis of 

the substrate. To set each starting point to zero, relative fluorescence units (RFU) measured in a “pre-

read” at time-point 1 (T0) were subtracted from the RFUs measured in the following plate reads. These 

adjusted values were used for time course graphs and percent inhibition calculations relative to the 

DMSO treated controls. The change in relative fluorescence between 10 and 30 min was considered 

enzyme activity (initial velocity conditions) and used for the substrate saturation curves and IC50 

determinations. PPM1F kinetic parameters Km, Vmax were determined by directly fitting data to non-

linear Michaelis-Menten equation v = Vmax [S]/Km + [S].  

 

Primary High-Throughput Screen for PPM1F inhibitors 

Auomated screening of small compound libraries was done on a Freedom evo screening unit (Tecan 

Group AG, Männedorf, Schweiz) at constant room temperature of 22°C in 384-well plate format in a 

final volume of 80 µl. Recombinant human GST-PPM1F was expressed in E.coli and freshly diluted in 

phosphatase buffer (50 mM Tris-HCl pH 8.0, 0.01% Tween, 2 mM TCEP and 20 mM MnCl2) to result in 
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62.5 ng phosphatase per sample. TCEP and excess of manganese ions were applied due the the redox-

sensitivity of PPM1F (Baba et al., 2012) and its strict dependency on Mn2+-ions (Debnath et al., 2018; 

Lee et al., 2012; Liebler and Guengerich, 2005; Stern et al., 2007; Tanoue et al., 2013). 60 μl of 

phosphatase solution was dispensed into each well of columns 1-22 (samples) and the upper 8 wells 

of column 23 (positive control = PC) using the multichannel arm (MCA) and a MCA 384 adapter for 

disposable tips (DiTis 125 µl, Tecan Group AG, Männedorf, Schweiz). To minimize PPM1F denaturation, 

the protein solution was stored at 4°C during the whole assay. PPM1F dissolved in assay buffer without 

MnCl2 (negative control = NC) was pipetted into the lower 8 wells of column 23 using the four-channel 

liquid handling arm (LiHa, DiTis 200 µl, Tecan Group AG, Männedorf, Schweiz). Column 24 was filled 

with 60 µl of buffer with or w/o MnCl2 in the absence of the enzyme to monitor background values and 

auto-hydrolysis of the substrate over time (= blanks). From compound library stocks (10 mM in DMSO; 

20 mM for ChemDiv library) 10-20 µM of substances in 80 nl (4-5% error rate) were transferred into 

the plate via the MCA with a 384-fixed tips tool (Tecan Group AG, Männedorf, Schweiz). Then, plates 

were pre-incubated for 10 min at 35°C under constant shaking (5 Hz) prior to reaction start by addition 

of 20 µl substrate solution (DiFMUP, 10 mM stock solution, dissolved in assay buffer w/o MnCl2, end-

concentration 100 μM; DMSO end-concentration ≤ 1% due to enzyme sensitivity) using a Multidrop 

384 reagent dispenser (Thermo Scientific, Waltham, MA). Substrate solution was kept at 4°C in the 

dark during the screen. Fluorescence intensities (excitation 360 nm/emission 448 nm) were measured 

in each well in kinetic mode every 5 min over a 60 min period at 35°C in an infinite F500 plate reader 

(Tecan Group AG, Männedorf, Schweiz).  

 

High-Throughput Data analysis and Statistics 

Data from 171-screened 384-well plates were analyzed using KNIME analytics platform (Berthold et 

al., 2008; Mazanetz et al., 2012) (www.knime.org). Time-series data were subjected to linear 

regression analysis to obtain enzyme activities after subtraction of background values from DiFMUP 

only containing wells (= blanks) for each time-point (accounting for substrate auto-hydrolysis) and 

subtraction of time-point zero values for each individual well (to account for compound auto-

fluorescence, quenching or assay interference and to merge the reaction starting points to zero). For 

stringent hit determination, all time-points were used to calculate relative enzymatic activities (total 

slope). These enzyme activity values and end-point values from compound treated samples were 

referenced to the mean values of positive (PCmean = 100%) and negative controls (NCmean = 0%) on each 

sample plate to yield relative enzyme activities and end-point values. Hits were defined as inhibitors, 

if the total slope was ≤ 50% and the end-point value ≤ 35% compared to PCmean. Plate-level statistics 

(z’) as quality controls were calculated for every plate (Zhang et al., 1999) and plates with a z’-value 

lower than 0.5 were re-screened. Primary hits were filtered against 4-MUP derivatives using a KNIME 
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substructure identification tool. Next, a PAINS and a REOS filter was applied using a variety of 

cheminformatics toolkits such as RDKIT (Baell and Walters, 2014; Baell and Holloway, 2010; Riniker 

and Landrum, 2013; Saubern et al., 2011; Walters and Namchuk, 2003) 

(http://rdkit.blogspot.ch/2015/08/curating-pains-filters.html). As a result, 201 compounds were 

selected for further analysis. 

 

Structure-similarity analysis with primary screening data 

Structure similarity analysis was conducted in KNIME using a Molecular Fingerprint Tool developed by 

the FMP Berlin (Leibniz-Research Institute for Molecular Pharmacology, Germany). Shortly, Tanimoto 

similarity coefficients T (1 = highest similarity, 0 = no similarity) were calculated to identify small-

molecule structures similar to Cpd12. T was set to 0.35 to identify sub-structures or functional groups 

determining the inhibitory activity towards PPM1F. 

 

Biochemical mode-of-action analysis by dual titration assays 

Dilutions of 4-MUP were prepared in assay buffer and dilutions of test compounds were prepared in 

DMSO (1% final concentration) and further in assay buffer. Inhibitor was added to PPM1F (100 ng/well) 

diluted in assay buffer in a 384-well plate format, followed by addition of 4-MUP dilutions to start the 

reactions. Assay plates were read continuously using a microplate reader. Data analysis was performed 

according to previous studies using GraphPad Prism 5.0 software (Gilmartin et al., 2014; Hayashi et al., 

2011; Sancenon et al., 2015). First, enzyme reaction rates were determined from the linear part of the 

reaction (10-30min). Then, IC50 curves, corresponding IC50 values and hill coefficients were obtained by 

plotting these PPM1F activity rates (normalized to DMSO control = 100%) against log(compound [µM]) 

and fitting data to an inhibitory dose-response curve under variable slope conditions. In addition, 

PPM1F kinetic parameters Km and Vmax were determined by plotting PPM1F activity rates against 

substrate concentrations and directly fitting the data points to the classical non-linear Michaelis-

Menten equation (1).  

𝑣 =
∗ [ ]

[ ]
  (1) 

Data were graphed on double-reciprocal plots and fitted by the Lineweaver-Burk equation (2) to 

visualize effects of increasing inhibitor concentrations on Vmax (inverse of the intercept of the vertical 

Y axis) and Km (inverse of the intercept on the abscissa). 
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Finally, data were fitted to a general inhibition model (3) to generate apparent Ki (affinity for the free 

enzyme), apparent Ki′ (affinity for enzyme–substrate complex) and α values (α = Ki/Ki′). Mode of 

inhibition is considered competitive when α > 10, indicating that an inhibitor possesses a >10-fold 

binding affinity for the free enzyme form than the enzyme–substrate complex. Mode of inhibition is 

considered non-competitive when α = 1, indicating an equivalent binding affinity for the free enzyme 

form and the enzyme–substrate complex and uncompetitive when 1 > α > 0, meaning a higher binding 

affinity for the enzyme-substrate complex than to the free enzyme. 

𝑣 = 𝑉𝑚𝑎𝑥
[ ]

[ ]
[ ] [ ]      (3) 

 

V = enzyme reaction velocity 
Vmax = maximal reaction velocity [RFU/min] 

Km = Michaelis Menten constant [µM] 
Ki and Ki’ = inhibition constants [µM] 

[I] = inhibitor concentration [µM] 
[S] = substrate concentration [µM] 

 

 

Compound specificity analysis 

Equal molar amounts of recombinant human phosphatases from different families were used in 4-

MUP (1000 µM) compound titration assays [30 µM – 0 µM]. IC50 values were determined by plotting 

PPM1F reaction rates (determined from 10-30 min) against compound concentrations and fitting the 

data to a non-linear regression model under variable slope conditions in GraphPad Prism 5.0. IC50 

values were defined as the concentration of an inhibitor that caused a 50% decrease in the 

phosphatase activity. Activity of recombinant phosphatases was confirmed beforehand with 4-MUP 

assays using same molar amounts of each phosphatase. As negative controls, phosphatases were 

inhibited by 100 mM EDTA, 20 mM NaF, or 250 µM PTP1B specific inhibitor (Merck Millipore, 

CAS765317-72-4) and activity was determined by measuring fluorescence over 30 min 

(excitation/emission 386/448nm). PPM1F wildtype was used as reference. 

 

Manganese Dilution assay to test for chelating activity 

Experimental procedure was as described for the 4-MUP assay, but using buffer without manganese 

ions. 200 ng PPM1F in assay buffer (20 µl/well) was mixed with DMSO or Cpd12 in assay buffer (20 

µl/well, 50 µM end-concentration) and 20 µl/well of different Mn2+ dilutions were added (10 mM - 

0.0001 mM end-concentration). The reaction was started by adding 20 µl/well 1000 µM 4-MUP and 

incubated at 35°C for 75 min in a plate reader continuously measuring the relative fluorescence every 
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5 min. The limiting Mn2+concentration at which the enzyme activity started to be impaired (2.5 mM) 

was used to compare the inhibitory potency of Cpd12 with samples containing increasing amounts of 

Mn2+ (5-10 mM) in order identify potential chelating effects. 

 

Determination of released phosphate by Malachite Green 

Phosphatase activity measurement with the phospho-integrin β1 peptide and malachite green was 

performed as described (Grimm et al., 2020). Hits from the primary screen were tested in a 

miniaturized version of this assay. Briefly, 40 µl of reaction mix/well was provided in a white 384-well 

flat bottom plate (Cat. 781095, Greiner Bio-One, Germany) containing 100-500 ng purified 

recombinant GST-hPPM1F, GST-hPPM1FD360A (negative control), or Calf intestinal alkaline 

phosphatase (CIAP; positive control, Cat. 713023, Hoffmann-La Roche AG, Basel, Schweiz), 1% DMSO 

or compound dissolved in DMSO, 20 µl 2x assay buffer (50 mM TrisHCl, pH 8.0, 150 mM NaCl, 20 mM 

MnCl2, 2 mM TCEP, 0.01 % Tween), ddH2O to fill up to 35 µl and as a reaction starter 5 µl pT788 integrin 

β1 peptide (H-TGENPIYKSAV[pT]TVVNPKYEGK-OH, NovoPep Limited, Shanghai, China) dissolved in 

ddH2O (50-100 µM). After incubation for 30 min at 35 °C under constant shaking (600 rpm, Varioscan, 

Thermo Scientific, Waltham, MA), the reaction was stopped by addition of 40 µl acidic malachite green 

molybdate solution (54 mM NH4Mo, 0.9 mM Malachite Green oxalate salt (CAS 2437-29-8, #M6880, 

Sigma Aldrich, Taufkirchen, Germany) in 1 M HCl). After 20 min incubation at RT, photometric 

measurement at OD620nm was performed in a microplate reader (Varioscan, Thermo Scientific, 

Waltham, MA). Percent inhibition was calculated relative to the positive control (mean of DMSO-

treated PPM1F-containing samples = 100%) after background subtraction (compound with substrate, 

w/o PPM1F). Confirmed hits were defined by showing <75% activity of PCmean in two independent 

experiments pipetted in quadruplicate. IC50 curves were obtained by plotting PPM1F activity rates (in 

% of control) against log(compound [µM]) and data fitted to a non-linear inhibitory dose-response 

curve under variable slope conditions, from which IC50 values were estimated. Data analysis and 

statistics were performed using GraphPadPrism 5.0 software.  

 

Reversibility assay with pT788-integrin β1 peptide 

500 ng recombinant GST-PPM1F was coupled to glutathione sepharose beads (Cat. 17-0756-01, GE 

Healthcare, Chalfont St Giles, UK) in GST-pulldown buffer (20 mM Tris-HCl pH 7.9, 0.1 M NaCl, 10% 

glycerol, 5 mM MgCl2, 0.1% NP-40, 1 mM dithiothreitol (DTT), 0.2 mM phenylmethylsulfonyl fluoride 

(PMSF)) for 4h, 4°C under constant rotation. After centrifugation (2700g, 2 min, 4°C) and washing three 

times with ice-cold GST-pulldown buffer, samples were incubated with 10 µM Cpd12 or DMSO for 10 

min at 35°C in phosphatase buffer (50mM Tris-HCl pH 8, 0.01% Tween, 2 mM TCEP, 20 mM MnCl2) and 

subsequently kept on ice (0x washed controls) or washed 3x with phosphatase buffer. Then, the 
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phosphatase reaction was started with 50 µM pT788-integrin β1 peptide in phosphatase buffer and 

incubated for 15 min at 35°C, 750 rpm. Free phosphate was detected with malachite green solution 

and photometric measurement.  

 

In vitro phosphatase assay with CaMKIIβ-phosphorylated GST-integrin β1 

The assay was described previously (Grimm et al., 2020). For in vitro phosphorylation of purified GST-

integrin β1, recombinant human CaMKIIβ (Thermo Scientific, Waltham, MA, PV4205) in kinase buffer 

(50 mM Tris-HCl pH 7.7, 10 mM MgCl2, 5mM MnCl2 1 mM TCEP and 0.05 % Triton X-100) was 

supplemented with 200 µM ATP, 1.2 µM calmodulin (Sigma Aldrich, Taufkirchen, Germany) and 2 mM 

CaCl2 and incubated for 10 min at 30 °C. The reaction was started by adding 2 µg of purified GST-

integrin β1 cytoplasmic domain and incubated for 1h at 30°C under constant shaking at 750 rpm. For 

the in vitro phosphatase assay the CaMKIIβ phosphorylated GST-integrin β1 was incubated with 2 µg 

of recombinant GST-PPM1F or PPM1FD360A in phosphatase buffer (50 mM Tris-HCl pH 8, 10 mM 

MnCl2 and 0.01% Tween20) for 1h at 30°C under constant shaking at 750 rpm. The reaction was 

stopped by the addition of either 4xSDS sample buffer or the same volume of malachite green solution 

(54 mM NH4Mo, 0.9 mM malachite green in 1 M HCl) and analyzed by Western blotting or photometric 

measurement with OD620nm. Photometric data were referenced to DMSO-treated PPM1F samples (= 

1). 

 
1H-NMR analysis of Cpd 12 and Cpd12-like 

 

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.87 (d, J = 8.6 Hz, 1H), 7.28 (d, J = 8.7 Hz, 3H), 7.06 (dd, J = 
8.6, 2.7 Hz, 1H), 7.02 (s, 1.62 Hz, 2H).  
 

 

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.81 (s, 1H), 7.32 (s, 2H), 7.28 (s, 1H), 7.23 (s, 1H), 7.07 (s, 
2H), 2.97 (s, 3H), 1.66 (s, 3H). 
 

 

Cell culture and transient transfection 

Human embryonic kidney 293T cells (ATCC CRL-3216™), human A172 glioblastoma wildtype cells and 

genetically modified A172 cells (ATCC CRL-1620™), MDA-MB-231 cells (ATCC CRM-HTB-26™), MCF-7 
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cells (ATCC HTB-22™) and HEPG2 cells (ATCC HB-8065™) were grown in DMEM supplemented with 

10% fetal calf serum. Mouse embryonic fibroblasts (MEFs) (Grimm et al., 2020) were cultured in DMEM 

supplemented with 10 % fetal calf serum, non-essential amino acids and sodium pyruvate. All cells 

were maintained at 37°C, 5% CO2 and sub-cultured every 2-3 days.  

For transient transfection of 293T cells, cells were seeded at 25% confluence the day before and 

transfected using standard calcium phosphate method with a total amount of 5 µg plasmid DNA/10 

cm dish.  

 

 

Lentiviral production and generation of stable cell lines 

A172 cells stably overexpressing PPM1F/GFP (PPM1F++) or GFP (Control) were produced as described 

previously using pRRL/pUltra vector containing hPPM1F/eGFP or eGFP cDNA (Chapter II). Generation 

of A172 PPM1F KO cells was described previously (Grimm et al., 2020). 

 

Whole cell lysates and Western blotting 

To obtain whole cell lysates (WCL), equal cell numbers were lysed with RIPA-buffer (1% Triton X-100, 

50 mM Hepes, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl2, 1 mM EGTA, 0.1% w/v SDS, 1% v/v 

deoxycholic acid) supplemented with freshly added protease and phosphatase inhibitors (10 mM 

sodium pyrophosphate, 100 mM NaF, 1 mM sodium orthovanadate, 5 μg/ml Leupeptin, 10 μg/ml 

Aprotinin, 10 μg/ml Pefablock, 5 μg/ml Pepstatin, 10 μM Benzamidin) and phosphatase saturating 

substrate (pNPP, Sigma, 10 mM). Chromosomal DNA and cell debris were pelleted by addition of 

sepharose beads and centrifugation (13000 rpm, 30 min, 4°C). Supernatant was supplemented with 2x 

or 4xSDS sample buffer (2 or 4 % w/v SDS, 20 % w/v Glycerol, 125 mM Tris-HCl pH 6.8, 10 or 20 % v/v 

β-Mercaptoethanol, 1 % w/v Bromophenol blue) and boiled for 5 min at 95°C. The protein amount was 

adjusted via BCA protein assay kit (Thermo scientific, Pierce BCA protein assay kit) according to the 

manufacturer’s protocol. Proteins were resolved on 8–18% SDS-PAGE alongside a pre-stained marker 

(#26619 Thermo Fisher Scientific). Separated proteins were transferred to a PVDF membrane (Merck 

Millipore, Darmstadt, Germany), followed by blocking in 2% BSA containing TBS-T buffer (50 mM Tris-

HCl pH 7.5, 150 mM NaCl, 0,05% Tween20). The membrane was incubated with primary antibody in 

blocking buffer overnight at 4°C, washed three times with TBS-T and incubated with HRP-conjugated 

secondary antibody in TBS-T for 1 h at room temperature. The chemiluminescent signal of each blot 

was detected with ECL substrate (Thermo Scientific, Waltham, MA) on the ChemidocTM Touch Imaging 

System (Bio-Rad Laboratories Inc., Hercules, CA) in signal accumulation mode. Acquired images were 

processed in Adobe Photoshop CS4 by adjusting illumination levels of the whole image. 
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Antibodies 

The following antibodies were used with the corresponding dilutions for Western blot analysis (WB), 

immunofluorescence (IF) or integrin activity assay (IA): α-Actinin (BM75.2, mouse anti-human, Abcam; 

1:1000 WB), β1-integrin (AIIB2, IgG1, rat anti-human, DSHB; 1:600 IA; D2E5, rabbit anti-human, Cell 

Signaling; 1:1000 WB), active β1-integrin (9EG7, IgG1, rat anti-human, generous gift of D. Vestweber 

(MPI for Molecular Medicine, Münster, Germany); 1:600 IA, 1:300 IF), pT788/789 β1-integrin (44-872G, 

rabbit anti-human, Thermo Scientific; 1:1000 WB), Ezrin (MAB3822, mouse anti-human, Millipore; 

1:200 WB), FAK (77, mouse anti-human, BD; 1:250 WB), ILK (EP1593Y, rabbit anti-human, Epitomics; 

1:800 WB), Kindlin-2 (3A3, mouse anti-human, Millipore; 1:200 WB, 1:250 IF), 

pT423PAK1,3/pT402PAK2 (#2601, rabbit anti-human, Cell Signaling; 1:1000 WB), PAK1/2/3 (#2604, 

rabbit anti-human, Cell Signaling; 1:1000 WB), Paxillin (5H11, mouse monoclonal, Thermo Scientific; 

1:1000 WB), hPPM1F (17020-1-AP, rabbit anti-human, Protein-Tech; 1:1000 WB), FilaminA (EP2405Y, 

IgG, rabbit anti-human, Epitomics; 1:125.000 WB), Tubulin (E7, IgG1, mouse anti-human, DSHB; 1:1000 

WB), Talin (8d4, mouse anti-human, Thermo Scientific; 1:800 WB, 1:40 IF), Vinculin (hVIN-1, mouse 

anti-human, Sigma; 1:2000 WB, 1:200 IF), Zyxin (Zol301, mouse anti-human, Abcam; 1:1000 WB), GST 

(B-14 sc-138, Santa Cruz; 1:1000 WB), 6x His (H8, Thermo Scientific; 1:1000 WB), Dylight488-

conjugated goat anti-mouse IgG (Jackson; 1:200), Cy3-conjugated goat anti-rabbit IgG (Jackson; 1:200), 

Cy3-conjugated goat anti-mouse IgG (Jackson; 1:200), Cy5-conjugated goat anti-mouse IgG (Jackson; 

1:200), RhodamineRed-conjugated goat anti-rat IgG (Jackson; 1:200), Cy5- or Cy2-conjugated 

Phalloidin (A22287, Mol.Probes; 1:100), HRP-conjugated goat anti-mouse IgG (Jackson; WB 1:10 000), 

HRP-conjugated goat anti-rabbit IgG (Jackson; WB 1:3000), murine Endoglin (CD105, anti-rat, MJ7/18, 

DSHB), unspecific control IgG (mouse IgG1, 96/1, generated at the Tierforschungsanlage; University of 

Konstanz), DAPI (Höchst #33342, 2mg/ml in DMSO; 1:1000 IF). 

 

MTT-based cytotoxicity assay 

1.5x104 A172 or MEF cells (Grimm et al., 2020) were seeded in 100 µl DMEM + 10% FCS in 96-wells in 

triplicate. Compounds were pre-diluted in DMSO and 1 µl (final conc. 1% DMSO) was pipetted into 

each well before incubating 24 h at 37°C. Cells treated with 1% DMSO without inhibitor and medium 

without cells and 1% DMSO served as controls. 10 µl MTT-PBS solution (5mg/ml 3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, AppliChem, Darmstadt, Germany) was added to the 

wells and incubated for 2 h at 37°C. Medium was removed and 100 µl/well DMSO was added before 

incubating the plate under constant shaking at 37°C for >30min until the formazan crystals were fully 

dissolved. Absorbance was measured using Varioscan microplate reader (Thermo Scientific, Waltham, 

MA) at 550nm. Cell viability was calculated by normalizing sample intensities to the intensity of the 

control wells. EC50 was calculated by a non-linear curve fit (variable slope) in Graph Pad Prism 5.0. 
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Replating Assay for pT788/pT789 β1 integrin and pT423 PAK1,3/pT402 PAK2 analysis in intact cells 

10 cm dishes were coated with 2 μg/ml FNIII9-11 in PBS overnight at 4°C. Cells were starved with DMEM 

+ 0.5% FCS overnight at 37°C. The next day, dishes were blocked with DMEM + 0.25% BSA for 1h at 

37°C. In parallel, cells were trypsinized, trypsin-inactivated with soybean trypsin inhibitor (AppliChem, 

Darmstadt, Germany), counted and kept in suspension medium for 45 min at 37°C. Afterwards, the 

same cell numbers were seeded onto coated dishes and allowed to adhere for corresponding time 

periods at 37°C. Dishes were washed with PBS and WCLs subjected to Western blot analysis. Protein 

phosphorylation was detected by phospho-specific antibodies. Densitometric analysis was performed 

by ImageJ software. The amount of phosphorylated integrin β1 or PAK was normalized to total integrin 

β1 or PAK expression levels. 

 

IF staining for confocal microscopy and cell spreading analysis 

The experimental procedure was performed essentially as described previously (Grimm et al., 2020). 

Sterile coverslips were coated with 0.4-10 μg/ml FNIII9-11 in PBS overnight at 4°C in a 24-well plate and 

cells were starved with DMEM + 0.5% FCS for 15 h. The next day, coating solution was removed and 

wells were blocked with suspension medium (DMEM + 0.25% BSA). In parallel, cells were trypsinized, 

trypsin-inactivated with soybean trypsin inhibitor (AppliChem, Darmstadt, Germany, 12.5 mg in 50 ml 

DMEM, sterile filtered), counted and kept in suspension medium for 45 min at 37°C. 2.5x104 cells were 

seeded onto coverslips and allowed to adhere for indicated time periods. Cells were fixed with 4% 

paraformaldehyde supplemented with 0.1% Triton X-100 for 5 min at RT and again without Triton for 

20 min. Coverslips were washed thrice with PBS++ (0.9 mM CaCl2, 0.5 mM MgCl2 in 1x PBS) and blocked 

for 20 min with blocking solution (10% CS in PBS). Primary antibody solution was added for 1 h at RT. 

After washing thrice with PBS++ and blocking for another 20 min, coverslips were treated with 

secondary antibody in blocking solution and optionally with phalloidin-Cy5 or DAPI for 1 h at RT in the 

dark. Finally, cells were washed thrice with PBS++ and mounted with Dako mounting medium (Dako, 

Glostrup, DK). Samples were imaged on a LEICA SP5 confocal microscope equipped with a 63.0 × /1.40 

NA oil HCX PL APO CS UV objective and acquired in xyz mode with 1024 × 1024 pixel format and 100 Hz 

scanning speed at 8 bit resolution. All images were analyzed in ImageJ Software. For spreading assays, 

a macro was set-up together with the Bioimaging Center (BIC) at the University of Konstanz and used 

for quantitative picture analysis. Unrecognized cells were analyzed manually in the Leica LAS AF Lite 

software. 

 

Integrin activity assay with flow cytometry 

Serum-starved cells were trypsinized and kept in suspension (2% BSA, 5 mM glucose in PBS) for 45 min 

before they were stimulated with 10 µg/ml FNIII9-12 for 15 min at 37°C or kept unstimulated by adding 
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ddH2O. Cells were put on ice and split into two fractions, which were either stained for active integrin 

β1 (9EG7 1:600) or total integrin β1 (AIIB2 1:600) for 1h on ice in PBS + 2% BSA. Cells were washed 

thrice with PBS and incubated with Rhodamine-Red conjugated secondary antibody for 45 min on ice 

in the dark. Cells were washed and fluorescence intensity was measured by flow cytometry (BD LSRII, 

FACSDiva™ software, BD Biosciences, Heidelberg, Germany). 

Cell Adhesion Assay 

96-well plates were coated with PBS containing indicated concentrations of FNIII9-11 overnight at 4 °C. 

Wells were blocked with DMEM + 0.25% BSA for 1 hour at 37°C. In parallel, cells were trypsinized and 

kept in suspension medium for 45 min. 2x104 cells/well were seeded and allowed to adhere for the 

indicated time at 37°C. After incubation, non-adherent cells were removed by gently washing with 

PBS++ thrice. Adherent cells were fixed with 4% paraformaldehyde in PBS for 15 min, washed with PBS 

and stained with 0.1% crystal violet in 0.2 M borate buffer (pH 8.5) for 30 min. After intense washing, 

the cell stain was dissolved with 10 mM acetic acid and the absorption was measured at 590 nm using 

a spectrophotometer. 

Cellular Thermal Shift Assay (CETSA) 

Cellular thermal shift assays in cell lysates were performed according to previous studies (Martinez 

Molina et al., 2013; Reinhard et al., 2015). A172 hPPM1F/eGFP overexpressing cells were grown to 

confluency and harvested (800 rpm, 3 min). Then, the cell pellet was washed with PBS and 

resuspended in 12 ml lysis buffer supplemented with protease inhibitors (5 μg/ml Leupeptin, 10 μg/ml 

Aprotinin, 10 μg/ml Pefablock, 10 μM Benzamidin). Cells were lysed by three freeze-thaw-cycles 

transferring lysates from liquid nitrogen to RT and back. Cell lysates were cleared by centrifugation (20 

000 g, 20 min, 4°C) and aliquots of the supernatant were frozen at -80°C. For each experiment, a fresh 

700 µl aliquot was thawed and either DMSO (final conc. 0.5%) or 50 µM compound was added for 20 

min at RT. 50 μl aliquots (in 0.2 ml PCR tubes) were subjected to heat denaturation in a temperature 

gradient for 3 min using a PEQSTAR 96-well universal gradient thermocycler (PEQLAB Biotechnlogie 

GmbH, Radnor, PA) followed by incubation at RT for 3 min. Denatured protein aggregates were 

removed by centrifugation (20,000 g, 20 min, 4°C) and 10 µl 4x SDS buffer was added to the 

supernatants before soluble proteins were analyzed by Western blotting with indicated antibodies. 
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Chemical esterification of Cpd12 

 

Cpd12 (5 mg, 9 µmol, 1.0 eq) was dissolved in ethanol (0.5 ml). Catalytic amounts of H2SO4 (3 M 

aqueous solution, 1.0 µl, 3 µmol, 0.3 eq) were added. The mixture was stirred for 12 h under reflux 

and neutralized with saturated solution of NaHCO3. Solvents were removed in vacuo and the crude 

mixture was suspended in 5 ml water and extracted with ethyl acetate (3 × 5 ml). The combined organic 

layers were evaporated and a mixture of Xa and Xb was obtained (4.0 mg, 5.9 µmol, 66% yield). 

1H NMR (400 MHz, Methanol-d4): δ [ppm] = 7.90 – 7.74 (m, 1H, H-6), 7.46 – 7.31 (m, 2H, H-11, H-9), 
7.21 – 7.09 (m, 2H, H-3, H-5), 7.07 – 6.98 (m, 2H, H-12, H-8), 4.33 (qd, J = 7.1, 3.3 Hz, 2H, CH2-CH3), 1.75 
(s, 3H, CH3), 1.35 (dt, J = 9.2, 7.1 Hz, 6H, CH2-CH3). 
  

 

3D Matrigel Invasion Assay 

Invasion assays were performed as described (Hauck et al., 2002; Hauck et al., 2001) (Chapter II). 

Shortly, growth-factor reduced Matrigel (CAS 356231, Corning, NY, USA) was diluted in serum-free 

DMEM on ice to yield 30 µg Matrigel in 100 µl total volume, which was added to the topside of modified 

Boyden chambers (Millicell, 8-µm pore size, 12-mm diameter; Millipore, Bedford, MA) placed in a 24-

well plate. The matrigel was allowed to polymerize for 30 min at 37°C, before 0.4 ml of migration 

medium with BSA or 20% FCS was added to the lower compartment. Serum-starved cells (0.5% FCS, 

18h) were added to the upper compartment (8 x 104 cells in 0.3 ml migration medium w/o FCS) and 

after 24 h at 37°C, chambers were washed with PBS and cells fixed by treatment with 4% 

paraformaldehyde in PBS. Cells were stained with 0.1% crystal violet in 0.2 M borate buffer pH 8.5 for 

30 min, cells on the upper membrane surface were removed by a cotton tip applicator and migration 

values were determined by dye elution with 10% acetic acid and absorbance measurement at 590nm 

in a spectrophotometer. Mean values were obtained from three individual chambers per sample 

condition per assay. Potential inhibitory compounds or DMSO were pre-incubated for 30min with 

suspended cells and also included in the invasion assay at the indicated concentrations. 
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Chicken egg chorioallantoic membrane (CAM) assay 

Fertilized chicken eggs were purchased from LSL-Rhein-Main Geflügelvermehrungsbetriebe GmbH, 

cleaned with warm water and incubated for 8 days at 37°C at 50-70% humidity. After the air sac was 

re-located by a small hole and vacuum application, eggs were opened at embryonic development day 

8 (EDD8) between the two main blood vessels to create a 1 cm2 window for tumor cell inoculation 

(Kunzi-Rapp et al., 2001). Egg windows were covered with tape and incubated until the next day 

(EDD9). A total of 1x106 serum-starved A172 wildtype or PPM1F KO cells were re-suspended in 20 µl 

PBS containing either DMSO or LockdownPro to result in the indicated concentrations, mixed with 20 µl 

growth factor-free Matrigel and added on top of the CAM into a silicon ring, before covering the 

window again with tape. After 3 days, chicken embryos were anaesthesized (100 mg/ml benzocaine in 

DMSO). The CAM was removed and fixed overnight (2 % paraformaldehyde, 2 % glutardialdehyde, 0.1 

M sodium phosphate buffer pH 7.3). Samples were paraffin-embedded, 7 µm thick sections were made 

and stained with H&E before being imaged at the Bioimaging Center (BIC, University of Konstanz, 

Germany) using a Leica DME microscope using Leica LAS EZ software.  

 

Statistics 

All data are presented as mean ± SEM or mean ± SD as indicated. All statistical significances were 

determined using a two-tailed Student's t-test or one-way ANOVA followed by Bonferroni post-hoc 

test with Prism5 (GraphPad, La Jolla, CA, USA). Significance is indicated with * = p <0.05, ** = p <0.01, 

*** = p <0.001 or ns = not significant. 
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6.8 Online Supplemental Information 
 

 

Fig. S1 describes the evaluation of a continuous DiFMUP assay screening format to identify PPM1F 

antagonists. Fig. S2 illustrates the robustness and sensitivity of the DiFMUP-assay during the primary 

screen for PPM1F inhibitors and provides a schematic overview of the data analysis and hit 

confirmation strategy. Fig. S3 shows the biochemical assay optimization for the phospho-peptide-

based secondary screen for hit validation. Fig. S4 verifies the enzymatic activity of the different 

recombinant phosphatases used and determines the minimum manganese concentration requried for 

PPM1F activity. Fig. S5 reveals no alterations in the expression of key focal adhesion proteins in PPM1F 

overexpressing cells and that Cpd12, but not ANDA, induces the integrin β1 and PAK-dependent 

phenotypes reported for PPM1F KO cells. Fig. S6 shows that LockdownPro has reduced potency in vitro, 

but also causes no additional phenotype in PPM1F KO cells. 



  Chapter IV 

222 
 

 

 
Figure S 1: High-throughput screening identifies small-molecule antagonists of PPM1F. (A) Recombinant GST-PPM1F and GST-PPM1F D360A were 
expressed in E. coli, purified and analyzed together with a BSA standard by Coomassie staining (upper panel) or by Western blotting with α-human 
PPM1F specific antibody (lower panel). (B) General outline of the fluorescence-based 6,8-Difluoro-4-methylumbelliferyl phosphate (DiFMUP) assay 
optimized for high-throughput screening. The generic phosphatase substrate is dephosphorylated by PPM1F to yield fluorescent 6,8-Difluoro-4-
methylumbelliferon (DiFMU) (ex.: 360nm/em.: 448nm). Continuous measurement over time allows detection of changes in PPM1F activity. (C) 
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Indicated amounts of PPM1F or 500 ng inactive PPM1F D360A were incubated with 100 µM DiFMUP at 35°C and fluorescence intensities were 
continuously measured every 5 min. The graph shows mean values ± SEM of one representative experiment done in quadruplicate. While PPM1F 
D360A was inactive, PPM1F wildtype efficiently processed DiFMUP in a dose-dependent manner. (D) Initial velocities [RFU/min] calculated from 10-
30 min of (C) are plotted in relation to the enzyme amount. The graph shows mean values ± SEM derived from one representative experiment done 
in quadruplicate. (E) Time courses of PPM1F activity (200 ng) for indicated DiFMUP concentrations. 200 ng of the inactive PPM1FD360A and buffer 
without enzyme (blank) served as negative controls. The graph depicts mean values ± SEM derived from one representative experiment done in 
quadruplicate. (F) Initial velocities for PPM1F (v0) were determined for three independent DiFMUP titration experiments done in quadruplicate as in 
(E) and plotted against the substrate concentrations (in µM). The indicated curve was obtained by a direct non-linear fit of the data to Michaelis-
Menten equation to determine Vmax and Km values. (G) General outline of the high-throughput screening procedure. GST-PPM1F was pre-incubated 
for 10 min (5Hz at 35°C) with DMSO-solved compounds (2.5, 10 or 20 µM; = samples) in assay buffer containing Mn2+ ions (complete assay buffer). 
DMSO was added to positive (PC: enzyme in complete assay buffer) and negative (NC = enzyme in assay buffer w/o MnCl2) controls. In addition, 8 
blank samples containing complete assay buffer without enzyme, and 8 blank samples with assay buffer lacking MnCl2 were used per 384-well plate. 
The reaction was started by addition of 100 µM DiFMUP and plates were incubated for 60 min at 35°C, 5Hz, while fluorescence intensities were 
measured every 5 min. The raw data obtained from 171 measured plates were evaluated using KNIME platform. 
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Figure S 2: Robustness of results obtained with 171 screened 384-well plates using the DiFMUP substrate. (A) Distribution of all end-point mean 
values from positive (PPM1F with Mn2+, PC, blue) and negative (PPM1F w/o Mn2+, NC, green) controls, from background controls (complete assay 
buffer (Blank1, red) and assay buffer w/o Mn2+ (Blank2, yellow)) and from single-well samples (Samples, purple) for each screening plate. Data were 
normalized to blanks (BL1 or BL2) for each time point before subtraction of T0 values from each individual well. The DiFMUP assay showed consistency 
over time. (B) Overview of data evaluation and hit identification. The number of processed compounds, the evaluation method and resulting hits are 
listed (table). Primary screening data evaluation in KNIME. Values from the first measurement (T0) were subtracted to account for auto-fluorescent 
or quenching compounds, after blanks for each time-point were subtracted to account for auto-hydrolysis of DiFMUP over time. Plotted are typical 
data points calculated in KNIME and visualized via GraphPad Prism 5.0 together with the corresponding non-linear regression curves (variable slope, 
four parameters). Hit criteria were defined by slope or end-point values in relation to PCmean values. Finally, hits were filtered by REOS, PAINS, 4-MUP 
derivatives and outliers in KNIME to obtain the 201 primary screening hits. 
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Figure S 3: Related to Figure 1. Optimization of a pT788-integrin β1 peptide-based phosphatase assay for PPM1F inhibitor confirmation. (A) General 
outline of the phospho-integrin β1 peptide-based phosphatase assay detecting released phosphate via malachite green. (B) 100 µM phospho-T788-
integrin β1 peptide was incubated with increasing amounts of GST-PPM1F for 30 min at 35 °C before the release of phosphate was measured by 
malachite green complex formation and photometric analysis. Bars depict mean ± SEM of one representative experiment done in quadruplicate (left); 
Calf intestinal phosphatase (CIAP) was used as positive control, buffer only (= blank), peptide only (= w/o enzyme) and 200 ng PPM1F D360A were 
used as negative controls. In parallel, a standard curve was generated by titrating KH2PO4 and measuring free phosphate with malachite green solution 
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(right graph and representative picture of dilution row). (C) 50 or 100 ng PPM1F were incubated for the indicated time with 100 µM pT788-integrin 
β1 peptide and free phosphate was detected as in (B). PPM1F D360A and buffer without enzyme (= blank) were used as control. Non-linear regression 
curves were obtained by fitting data to Michaelis-Menten equation and used to calculate the optimal time-point for reaction stop (T1/2 equal to Km) 
to detect inhibitors and to stay in a detection window with appropriate signal-to-noise ratio. Dots depict mean values ± SEM of one representative 
experiment performed in quadruplicate. (D) Overview of Hill coefficients and IC50 values for the PPM1F-mediated dephosphorylation of pT788-integrin 
β1 in the presence of the indicated compounds. (E) Schematic overview of the combined CaMKIIβ-integrin-phosphorylation-PPM1F-mediated 
dephosphorylation assay. Recombinant CaMKIIβ (120 ng) in kinase buffer (pH 7.7) was activated by ATP/Ca2+/Calmodulin allowing auto-
phosphorylation at Thr286. Activated CaMKIIβ phosphorylated 2 µg recombinant GST-integrin β1 during 60 min at 35°C, 750rpm. 100 µM compound 
or DMSO in phosphatase buffer (pH 8.0) was added and the phosphatase reaction started by adding 1 µg GST-PPM1F. Reaction was either stopped 
with 4xSDS after 60 min of shaking at 31.8°C, 750 rpm and sample heating at 95°C for 5 min, before pT788/pT789 integrin β1/CaMKII phosphorylation 
levels were detected by Western blotting using phospho-specific antibodies (upper scenario), or the released phosphate was detected by malachite 
green (lower scenario).  
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Figure S 4: Related to Figure 2 and 3. The used protein phosphatases are active in vitro and Cpd12 shows drug-like properties. (A) 200 ng PPM1F or 
the indicated recombinant phosphatases were employed in 4-MUP-based phosphatase assays. The increase in fluorescence of 4-MU was recorded 
over 30 min for each enzyme (blue dots), while samples without phosphatase (orange dots) or including the phosphatase together with a phosphatase 
inhibitor (red triangle) served as controls. Depicted is one representative experiment done in quadruplicate. (B) Overview of physico-chemical 
properties of Cpd12 and Cpd16 in relation to criteria desired for a drug-like substances (Lipinski et al., 2001). (C) The indicated amounts of purified 
GST, GST-PPM1F or phosphatase-dead PPM1F D360A were incubated with glutathione-beads. After pelleting the beads, the supernatants were loaded 
and probed with α-PPM1F or α-GST antibodies demonstrating that all proteins had bound to the beads. After three washing steps, bead-bound 
proteins were eluted in sample buffer and subjected to Western blot analysis using α-PPM1F (top panel) or α-GST antibodies (lower panel). GST-
PPM1F remained associated with beads. (D) 500 ng bead-bound PPM1F was incubated before or after three washing steps with 50 µM pT788-integrin 
β1 peptide for 15 min at 35°C and free phosphate was detected with malachite green solution; GST and GST-PPM1F D360A served as negative controls. 
Shown is one representative experiment. (E) MnCl2 was titrated in the range of 0-10 mM in combination with 200 ng GST-PPM1F and the substrate 
4-MUP (1000 µM) to identify the limiting Mn2+ concentration required for full PPM1F activity. 10 mM MnCl2 containing buffer with 200 ng GST-PPM1F 
D360A was used as negative control. Data represent mean values ± SEM derived from one representative experiment performed in quadruplicate.  
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Figure S 5: Related to Figure 4. Cpd12, but not 1-amino-8-naphthol-2,4-disulfonic acid induces integrin β1 and PAK-dependent effects 
known from PPM1F KO cells. (A) WCL of A172 wildtype cells (WT), GFP-reporter gene (GFP) and GFP-reporter gene/ hPPM1F (PPM1F++) 
expressing cells were analyzed by Western blotting with indicated antibodies against core focal adhesion proteins. α-Tubulin antibody was 
used as loading control. (B) Starved A172 WT, PPM1F KO or PPM1F++ cells were treated with 100 µM Cpd12 or DMSO for 45 min in suspension 
and then seeded onto 2 µg/ml FNIII9-12 for 1.5 h. Fixed cells were stained with antibodies against active integrin β1 (9EG7) and Kindlin-2 (3A3) 
together with DAPI and Phalloidine-Cy5 before being analyzed by confocal microscopy; scale bar: 10 µm. Arrows point to clusters of active 
integrin β1/Kindlin-2 and typical actin structures within the cell. Insets: Higher magnification of boxed area; scale bar: 5µm. (C) Starved A172 
PPM1F++ and PPM1F KO cells were pre-treated with 100 µM of 1-amino-8-naphthol-2,4 disulfonic acid (ANDA) (Sueyoshi et al., 2007) or 
DMSO as control for 45 min in suspension. Cells were seeded onto 2 µg/ml FN III9-12 for 15 or 45 min as indicated, before WCL were prepared 
and subjected to WB analysis using indicated antibodies to monitor phosphorylation levels of integrin β1 and PAK. α-Tubulin antibody was 
used as loading control. 
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Figure S 6: Related to Figure 5. LockdownPro shows impaired potency in vitro and does not trigger adverse effects in PPM1F deficient cells. (A) 
Inhibition by Lockdown (LD) and LockdownPro (LDPro) was tested using 200 ng purified GST-PPM1F in 4-MUP assays. 200 ng GST-PPM1F D360A served 
as negative control. The enzymes were incubated with 12.5, 25 or 50 µM of LD, LDpro, Cpd12-like, or DMSO. The increase in fluorescence was recorded 
over 100 min and values from T0 subtracted to set the starting point to zero. Data show mean values ± SEM from three independent experiments 
done in quadruplicate (left panel). Fluorescence intensities of 4-MU after 90 min were plotted. Bars show mean ± SEM from three independent 
experiments done in quadruplicate (right panel); significance in relation to the DMSO-treated PPM1F sample was evaluated using one-way ANOVA 
and Bonferroni post-hoc test (p***<0.001, p**<0.01, ns = not significant). (B) Serum-starved A172 PPM1F KO cells were pre-treated for 45 min in 
suspension with LD, LDPro, or DMSO and seeded onto 5 µg/ml FNIII9-12 for 1.5 h. Cells were fixed, stained with antibodies against active integrin β1 
(9EG7) and Talin (8d4) and analyzed by confocal microscopy; scale bar: 20 µm. Arrowheads point to active integrin β1/talin enrichment or typical 
actin structures identified in cells. Insets: Higher magnification of boxed area; scale bar: 5 µm. 
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6.9 Supplementary Tables 
 

 

Table SI: Small molecule libraries screened in this study. In total 56 289 compounds were 
screened with a total hit rate of 0.357 %. 

 

ChemBioNet1-4: 93 plates with 32511 substances and 114 hits correspond to a percentage of 0.351 % 
hits in this unknown target library. 

  

Library 

Number 
of Plates 

384-well 

Number of 
Compounds 

Concentrati
on 

(µM) 

Number of 
Hits 

Hits 

(in %)  
Type of Cpd 

ChemBioNet 1 48 16671 10 40 0.240% 
unknown 
Targets 

ChemBioNet2 10 3520 10 17 0.483% 
unknown 
Targets 

ChemBioNet3 20 7040 10 16 0.227% 
unknown 
Targets 

ChemBioNet4 15 5280 10 41 0.777% 
unknown 
Targets 

ChemDiv 27 8298 20 27 0.326% 
unknown 
Targets 

Maybridge 29 9000 10 29 0.322% 
unknown 
Targets 

Analyticon 
Discovery 1 

4 1000 2.5 14 1.400% natural Cpds 

Analyticon 
Discovery 2 

16 5000 10 10 0.200% 
semi-natural 

Cpds 

Biomol ICCB 2 480 10 7 1.460% 
known 
Targets 
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Table SII: Robustness of HTS assay by z’-factor calculation of each assay plate. 

 Max. value 

(PCmean/NCmean) 

Range (PCmean/NCmean) Total slope 

(PCmean/NCmean) 

Mean of all plates 0.7365 0.6952 0.6705 

 

Library-ID of plate 
Max. value 

(PCmean/NCmean) 
Range 

(PCmean/NCmean) 
Total slope 

(PCmean/NCmean) 

AD151 0.8626 0.8182 0.6950 
AD152 0.8058 0.8467 0.7638 
AD153 0.7664 0.6983 0.7032 
AD154 0.7661 0.7390 0.6131 
CBP1 0.7239 0.6650 0.6505 
CBP10 0.6389 0.6623 0.6528 
CBP1001 0.5107 0.5360 0.6731 
CBP1002 0.5797 0.5138 0.5286 
CBP1003 0.6677 0.6504 0.5331 
CBP1004 0.7881 0.6218 0.4695 
CBP1005 0.6776 0.6218 0.6237 
CBP1006 0.8354 0.7659 0.7997 
CBP1007 0.5961 0.6187 0.6086 
CBP1008 0.6807 0.5904 0.4978 
CBP1009 0.8138 0.7644 0.8200 
CBP1010 0.6031 0.5232 0.5100 
CBP1011 0.7979 0.8134 0.7818 
CBP1012 0.5579 0.5635 0.7389 
CBP1013 0.5865 0.5698 0.6635 
CBP1014 0.4888 0.4773 0.4803 
CBP1015 0.6912 0.5440 0.4879 
CBP1016 0.7128 0.7259 0.5882 
CBP1017 0.6278 0.5768 0.5897 
CBP1018 0.8106 0.7062 0.7089 
CBP1019 0.7185 0.6759 0.7193 
CBP1020 0.7191 0.6970 0.6877 
CBP1021 0.5840 0.6078 0.5654 
CBP1022 0.8321 0.7907 0.6711 
CBP11 0.8045 0.7115 0.7091 
CBP12 0.7087 0.6580 0.7024 
CBP13 0.8402 0.7359 0.7035 
CBP14 0.9384 0.8933 0.7965 
CBP15 0.7635 0.7417 0.6041 
CBP16 0.6388 0.6374 0.5713 
CBP17 0.8551 0.7391 0.7857 
CBP18 0.8693 0.8207 0.7316 
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CBP19 0.6044 0.4989 0.4873 
CBP2 0.8109 0.8559 0.8045 
CBP20 0.7931 0.7306 0.7278 
CBP21 0.8383 0.7086 0.6461 
CBP22 0.6375 0.6032 0.7052 
CBP23 0.8520 0.6965 0.7823 
CBP24 0.7540 0.6719 0.5319 
CBP25 0.8370 0.7083 0.6815 
CBP26 0.8149 0.7559 0.6100 
CBP27 0.7803 0.7483 0.7537 
CBP28 0.7926 0.7757 0.7331 
CBP29 0.5589 0.5888 0.4907 
CBP3 0.7790 0.7478 0.7818 
CBP30 0.8636 0.8248 0.7548 
CBP3001 0.7954 0.7107 0.7556 
CBP3002 0.8242 0.7600 0.7133 
CBP3003 0.8096 0.7718 0.8554 
CBP3004 0.6205 0.5462 0.5792 
CBP3005 0.7599 0.6506 0.6582 
CBP3006 0.7153 0.7367 0.6415 
CBP3007 0.8099 0.7380 0.8143 
CBP3008 0.7777 0.6703 0.5159 
CBP3009 0.7059 0.6438 0.6515 
CBP3010 0.8311 0.7839 0.8048 
CBP3011 0.7089 0.6452 0.7673 
CBP3012 0.6288 0.6209 0.5354 
CBP3013 0.7773 0.7117 0.7975 
CBP31 0.9085 0.8761 0.8468 
CBP32 0.7089 0.6229 0.4560 
CBP33 0.6630 0.6892 0.6710 
CBP34 0.7924 0.8269 0.8003 
CBP35 0.6114 0.6167 0.6760 
CBP36 0.6819 0.6026 0.5452 
CBP37 0.7876 0.7449 0.7869 
CBP38 0.7110 0.6295 0.5917 
CBP39 0.7374 0.6610 0.7299 
CBP4 0.7698 0.7810 0.7592 
CBP40 0.6750 0.6171 0.6395 
CBP4003 0.5345 0.4634 0.5403 
CBP4004 0.7520 0.6788 0.6053 
CBP4005 0.7059 0.6297 0.6454 
CBP4006 0.7343 0.6560 0.3536 
CBP4007 0.8517 0.8020 0.5853 
CBP4008 0.7664 0.7014 0.5717 
CBP4009 0.7196 0.6474 0.6446 
CBP4010 0.7722 0.7198 0.5865 
CBP4011 0.7428 0.6680 0.6809 
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CBP4012 0.8354 0.7118 0.8775 
CBP41 0.7322 0.7500 0.6995 
CBP42 0.7342 0.6985 0.6709 
CBP43 0.8500 0.7652 0.6852 
CBP44 0.6884 0.7001 0.6634 
CBP45 0.5951 0.5886 0.6085 
CBP46 0.7596 0.7594 0.8045 
CBP47 0.7079 0.7635 0.6538 
CBP48 0.6384 0.6229 0.6630 
CBP5 0.8511 0.8001 0.7416 
CBP6 0.7516 0.6902 0.7021 
CBP7 0.7384 0.6854 0.6607 
CBP8 0.6746 0.6743 0.6831 
CBP9 0.7193 0.7275 0.7866 
CD101 0.9273 0.8607 0.8443 
CD102 0.8003 0.7589 0.6786 
CD103 0.9010 0.8220 0.8712 
CD104 0.7353 0.6967 0.7472 
CD105 0.6543 0.6188 0.7358 
CD106 0.9011 0.8153 0.8149 
CD107 0.7534 0.6558 0.6977 
CD108 0.8812 0.8348 0.8340 
CD109 0.7289 0.6689 0.6593 
CD110 0.7350 0.7991 0.8313 
CD111 0.5026 0.5213 0.5403 
CD112 0.7682 0.6859 0.5144 
CD113 0.8609 0.8270 0.7412 
CD114 0.9014 0.8137 0.7038 
CD115 0.8421 0.8041 0.8155 
CD116 0.8434 0.7988 0.8937 
CD117 0.9626 0.9397 0.8820 
CD118 0.7819 0.7131 0.5745 
CD119 0.7693 0.6921 0.7131 
CD120 0.9024 0.8101 0.8447 
CD121 0.8214 0.8360 0.7798 
CD122 0.8366 0.8123 0.8167 
CD123 0.4922 0.7483 0.6244 
CD124 0.7689 0.6743 0.7028 
CD125 0.7042 0.5488 0.6063 
CD126 0.8305 0.7265 0.7253 
CD127 0.8748 0.8144 0.8300 
ICCB204 0.6614 0.6777 0.6106 
ICCB205 0.7512 0.7078 0.6981 
MB001 0.8121 0.7584 0.7961 
MB002 0.7496 0.7634 0.8207 
MB003 0.8066 0.7692 0.7151 
MB004 0.8026 0.7781 0.6802 
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MB005 0.7805 0.7096 0.6026 
MB006 0.7922 0.7546 0.8014 
MB007 0.9078 0.8732 0.7941 
MB008 0.6632 0.6172 0.4741 
MB009 0.8191 0.8657 0.7898 
MB010 0.7071 0.6587 0.5838 
MB011 0.6209 0.6085 0.6552 
MB012 0.7634 0.7870 0.7621 
MB013 0.7751 0.7268 0.6429 
MB014 0.6972 0.6605 0.5921 
MB015 0.7427 0.6141 0.4939 
MB016 0.5466 0.5866 0.5141 
MB017 0.7221 0.7075 0.6411 
MB018 0.8219 0.7656 0.6756 
MB019 0.4971 0.5022 0.6870 
MB020 0.6441 0.5946 0.6146 
MB021 0.9365 0.9156 0.7338 
MB022 0.8482 0.8331 0.7309 
MB023 0.8279 0.7530 0.7775 
MB024 0.5849 0.5948 0.6069 
MB025 0.8112 0.7499 0.6506 
MB026 0.6254 0.5872 0.6396 
MB027 0.8209 0.7635 0.7616 
MB028 0.6167 0.5445 0.6095 
MB029 0.6217 0.6247 0.5526 
NATx1 0.6149 0.5262 0.5862 
NATx10 0.4247 0.4647 0.5448 
NATx11 0.4544 0.4744 0.4068 
NATx12 0.7644 0.6661 0.6625 
NATx13 0.6943 0.6140 0.4967 
NATx14 0.6831 0.6586 0.6259 
NATx15 0.6166 0.5897 0.3554 
NATx16 0.8844 0.8167 0.7808 
NATx2 0.8089 0.8194 0.6290 
NATx3 0.6250 0.5536 0.5813 
NATx4 0.7460 0.7470 0.6828 
NATx5 0.6289 0.6223 0.5828 
NATx6 0.6092 0.6242 0.6142 
NATx7 0.6957 0.6369 0.5036 
NATx8 0.5102 0.4256 0.5120 
NATx9 0.6807 0.6916 0.7400 
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Table SIII: Effect of 4-MUP concentration on compound log(IC50) [µM]. The inhibitor potency was 
determined by 4-MUP assays using different compound concentrations and a non-linear fit of the data 
(variable slope) to obtain IC50 values. 

Compound 

4-MUP concentration [µM] and corresponding IC50 values 

1000 500 250 125 62,5 31,25 15,625 

12 
1.125 ± 

0.04934 

1.054 ± 

0.09550 

0.8903 ± 

0.3081 

1.112 ± 

0.1049 

1.128 ± 

0.1305 

1.130 ± 

0.1100 
1.254 ± 0.2475 

16 
0.6628 ± 

0.01478 

0.5029 ± 

0.01547  

0.4138 ± 

0.003593 

0.3730 ± 

0.02702 

0.3828 ± 

0.02480 

0.3687 ± 

0.01265 
0.4866 ± 0.0356 

Compound 

Hill slope for IC50 curves 

1000 500 250 125 62,5 31,25 15,625 

12 
0.7670 ± 

0.2047  

0.7812 ± 

0.07062 

0.9622 ± 

0.07207 

1.067 ± 

0.1686 

0.8615 ± 

0.1170 

0.7490 ± 

0.06845 
0.9184± 0.2317 

16 
1.067 ± 

0.0316  

1.006 ± 

0.03112 

1.036 ± 

0.00806 

1.054 ± 

0.06411 

0.8790 ± 

0.04133 

1.060 ± 

0.03041 
1.018 ± 0.07485 

  

 

Table SIV: Evaluation of compound concentration effects on apparent PPM1F-4-MUP kinetic 
parameters by a non-linear fit of the data to Michaelis-Menten equation. 

Kinetic 

parame-ters 

Compound concentration [µM] 

Cpd 12 50 25 12.5 6.25 3.125 1.5625 0.78125 0 

Vmax 

(RFU/min) 

0.821 ± 

0.071 

1.834 ± 

0.058 

2.626 ± 

0.154 

3.669 ± 

0.202 

4.998 ± 

0.248 
5.451 ± 0.299 5.987 ± 0.366 

6.890 ± 

0.3966 

Km (µM) 
57.59 ± 

22.89 

147.5 ± 

16.70 

116.5 ± 

26.11 

134.8 ± 

27.26 

168.7 ± 

29.03 
160.2 ± 30.92 169.4 ± 35.95 183.7 ± 35.96 

Cpd 16 50 25 12.5 6.25 3.125 1.5625 0.78125 0 

Vmax 

(RFU/min) 

11.53 ± 

0.509 

9.783 ± 

0.4000 

8.584 ± 

0.3342 

6.795 ± 

0.3090 

4.551 ± 

0.1537 

2.149 ± 

0.1168 

0.7413 ± 

0.09501 

0.09108 ± 

0.01785 

Km (µM) 
350.0 ± 

44.3 

428.6 ± 

47.30 

485.1 ± 

49.20 

590.3 ± 

65.87 

721.9 ± 

56.16 
560.1 ± 75.87 471.2 ± 152.2 101.1 ± 75.23 
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Table SV: Tanimoto fingerprint similarity analysis for Cpd12 in KNIME (T >0.35) with DiFMUP primary 
screen data 

Molecular Structure Similarity value 
Slope-based PPM1F 

activity (% of PCmean) 

 

1 27.96951207 

 

0.48 89.27380818 

 

0.43 79.04051157 

 

0.43 93.81214641 

 

0.41 101.6627933 
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0.4 82.48393559 

 

0.4 87.87716441 

 

0.4 103.3936958 

 

0.39 76.20004283 

 

0.38 87.74644265 
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0.38 117.5072515 

 

0.38 107.1822207 

 

0.37 93.13389337 

 

0.37 87.93704044 

 

0.36 86.46171733 
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0.36 102.4162428 

 

0.36 98.57853766 

 

0.36 88.02344141 

 

0.36 102.1726183 

 

0.36 92.97667631 
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0.36 101.5780076 

 

0.36 89.79780314 

 

0.36 83.24715656 

 

0.35 75.4115179 
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7 General discussion and further perspectives 
 

 

Chapter I: The dynamic shift of integrin receptor conformations is indispensable for cells to reversibly 

attach to the ECM so as to actively migrate along the connective tissue and to consistently sense and 

respond to their micro-environment (Morse et al., 2014; Shattil et al., 2010). Both physiological and 

pathophysiological events ranging from organ development to leukocyte extravasation and platelet 

aggregation to cancer metastasis depend on this dynamic integrin cycling (Harburger and Calderwood, 

2009; Hauck et al., 2006; Hynes, 2002). However, integrin regulation is unusually complex comprising 

>200 cytoplasmic signaling and adaptor molecules, which compete for overlapping binding sites at the 

integrin tails. They are governed by the interplay of their expression levels and proteolysis, their 

subcellular distribution, structural accessibility and post-translational modifications (Bouvard et al., 

2013; Gahmberg et al., 2019; Legate and Fassler, 2009; Morse et al., 2014).  In particular, the fine-

tuning of integrin activity requires tightly controlled transitions from active, talin/kindlin-bound, to 

inactive, filaminA-bound integrin, sharing their core binding site around a conserved threonine motif 

in the cytoplasmic tail of the integrin β subunit (T788/T789 of integrin β1, T788 replaced by serine in 

human integrin β3, β5, β6) (Kiema et al., 2006; Li et al., 2017a; Liu et al., 2015; Takala et al., 2008; 

Wegener et al., 2007). Although prior studies have suggested a phospho-switch at this motif to regulate 

integrin affinity (Craig et al., 2009; Fagerholm et al., 2005; Hibbs et al., 1991; Nilsson et al., 2006; 

Wennerberg et al., 1998), the direct mechanistic link to the cytoplasmic factors involved in vivo, in 

particular the molecular function of kindlin together with the enzymatic machinery operating this 

phospho-switch within the cell, remain obscure. 

Here, we provide a novel mechanistic framework of how integrin activation from the inside might be 

controlled in a fast, economic and precise way by phosphorylation of the conserved integrin β1 

T788/T789 motif. Indeed, we might now be in a position to explain on a molecular level how integrin 

phosphorylation enforces cooperation between the integrin activators talin and kindlin-2 in a step-

wise manner to overcome filaminA-mediated inhibition of integrins (phosphorylation-guided 

cooperation), while at the same time safeguarding integrins against a kindlin-2-mediated inside-out 

activation in the absence of talin. On top, we uncovered the enzymatic machinery selectively and 

directly controlling this phospho-switch in vitro and in intact cells - the metal-dependent cytoplasmic 

Ser/Thr phosphatase PPM1F. PPM1F represents the first in vivo enzymatic negative regulator of 

integrins and might thus allow to actively interfere with integrin activity thresholds in future 

therapeutic approaches.  
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In our proposed model, filaminA readily displaces talin and kindlin-2 from the β1 integrin tail in the 

resting integrin state in the absence of Thr788/Thr789 phosphorylation (Fig. D1). Stimulation of 

phosphorylation and the resulting dissociation of filaminA (Grimm et al., 2020; Kiema et al., 2006; 

Takala et al., 2008) grants talin access to the proximal NPxY motif, which promotes integrin unclasping 

and extension of the extracellular domains. In this case, talinF3 binding to the T788/T789 

phosphorylated integrin tail is critical to allow kindlin-2 to associate adjacent to talin at the distal NxxY 

motif. Kindlin-2 binding stabilizes the active integrin conformation and then contributes to integrin 

clustering (Fig. D1) (Bledzka et al., 2012; Harburger et al., 2009; Haydari et al., 2020; Li et al., 2017a; Ye 

et al., 2013). Additionally, kindlin-2 recruited migfilin might contribute to filaminA displacement and 

robust integrin activation (Brahme et al., 2013; Ithychanda et al., 2009; Lad et al., 2008).  

Our discovered integrin β1-mechanism complements previous findings in the leukocyte integrins β2 

and β7 (Kiema et al., 2006; Takala et al., 2008) and nicely combines with the proposed mechanism by 

Gahmberg et al. into a coherent picture of integrin activation from within the cell (Gahmberg et al., 

2019; Gahmberg et al., 2014). Neither α-chain phosphorylation is excluded as a gatekeeper in 

leukocyte integrins (Jahan et al., 2018), nor competitive binding of 14-3-3 with talin for the 

phosphorylated threonine motif after integrin activation (Takala et al., 2008). However, it requires 

clarification, whether 14-3-3 actually plays a role in non-immune cells and if in case of 14-3-3-phospho-

integrin binding talin is completely displaced or might also stay attached adjacent to the adaptor 

protein via its proximal integrin binding site and via membrane interaction through PIP2 and 

Rap1/RIAM binding (Cho et al., 2020; Gingras et al., 2019; Kukkurainen et al., 2020, Gingras, 2019 

#9367). Both proteins strengthen the connection to the actin cytoskeleton and promote focal adhesion 

maturation and cell spreading (Fig. D1) (Calderwood and Ginsberg, 2003; Gronholm et al., 2011; Legate 

and Fassler, 2009; Nurmi et al., 2007). Further studies are also required to disentangle the binding 

properties of kindlin in context of 14-3-3 abundance at the phosphorylated integrin. Kindlin requires 

an intact threonine motif to directly bind the integrin tail (Li et al., 2017a) and depends on talin upon 

threonine-phosphorylation (Grimm et al., 2020), but also was shown to be present in the 14-3-

3/pThr758 integrin β2 complex (Chatterjee et al., 2018b). Therefore, kindlin might boost integrin 

activation and clustering either bound directly to integrins or indirectly in complex with 14-3-3 (Bledzka 

et al., 2012; Chatterjee et al., 2018b; Gahmberg et al., 2019; Haydari et al., 2020; Li et al., 2017a). 

Interestingly, 14-3-3 proteins were also shown to actively displace Dok1 and filaminA upon Thr758 

phosphorylation from integrin β2, thereby directly contributing to integrin activation (Chatterjee et al., 

2016).  

Finally, at late stage fibrillar adhesions, talin was shown to be replaced by tensin upon tyrosine 

phosphorylation of the proximal NPxY motif (Y783 of integrin β1), which also favored the binding of 

integrin inhibitor Dok1 (Oxley et al., 2008). Together with PPM1F-mediated threonine 
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dephosphorylation to displace talin/kindlin (and 14-3-3) in a switch-like manner, pY783 might thus 

function as a means to induce force-resistance and cell contractility and to restore filaminA and Dok1 

binding to flip the integrin back into the inactive conformation for the start of a new activation cycle 

(Fig. D1).  

 

 
 
 
Figure D 1: A novel phosphorylation-based model of integrin activation from within the cell. FilaminA stabilizes the low-affinity integrin 
conformation by outcompeting talin and kindlin-2 at the integrin β tail. Stimulation of phosphorylation by integrin-targeted Ser/Thr kinase(s) and the 
resulting dissociation of filaminA grants talin access to the proximal NPxY motif, which promotes integrin unclasping and extension of the extracellular 
domains. Talin-initiated tail re-orientation promotes cooperative kindlin association (sequentially or simultaneously), integrin clustering and further 
integrin downstream signaling. Kindlin-mediated migfilin recruitment might contribute to keep filaminA apart from the activated integrin tails by 
binding to its integrin-binding site within the Ig21 domain. Part of this mechanism could also be 14-3-3/Tiam1 recruitment and binding to the 
phosphorylated threonine motif, thereby competing with talin binding and promoting downstream cytoskeleton remodeling via Rac1/Cdc42 
activation. If 14-3-3 displaces talin from the integrin tail or if they can bind simultaneously in a scenario in which talin stays attached to the integrin 
tail via its proximal integrin binding site and its membrane association, remains to be determined as well as if this mechanism is leukocyte-specific. 
Accordingly, it is not known if kindlin indirectly stays attached to the 14-3-3/integrin complex and if it still allows for integrin clustering in this scenario. 
Phosphorylation of the tyrosine within the proximal NPxY motif might result in an exchange of talin to tensin at later stages of focal adhesion 
maturation to promote cell contractility. Counteracting these processes, PPM1F-mediated dephosphorylation of integrin β1 T788/T789 allows (re-
)association of filaminA, which displaces talin and kindlin (and potentially 14-3-3) from the cytoplasmic tail and favors the closed integrin 
conformation. Accordingly, Dok1 might be recruited to the NPx(p)Y tail (not shown) to help inactivating integrins before a new activation cycle starts. 
P, phospho-; T, threonine; w/o, without; leukocyte-specific α-chain phosphorylation is not shown. 

 

 

Importantly, the described regulatory mechanisms might not apply to all integrin heterodimers and 

could also exist independently based on the cell-type or tissue. However, since this threonine motif is 



  General discussion and further perspectives 

244 
 

highly conserved in the cytoplasmic domains of human integrins (β1, β2, β3, β5, β6, β7), it is 

conceivable that the threonine phospho-switch might be a key mechanism to control integrin activity 

and that PPM1F controls a larger set of integrins. 

 

Discussing in more detail the mechanistic contribution of kindlin-2 with regard to integrin activation, 

our phosphorylation-guided cooperation model might solve the long-lasting dispute about the 

dependency of kindlin on talin in inside-out signaling. Indeed, talin binding to pT788/pT789 integrin β1 

might be critical to enable (sequential or simultaneous) kindlin-2 association adjacent to but without 

contacting talin, to strengthen the integrin-matrix interaction (Bledzka et al., 2012; Grimm et al., 2020; 

Haydari et al., 2020). Thereby, T788/T789 phosphorylation might not only be a means to displace the 

negative regulator filaminA from the integrin tail, but also a safeguard mechanism to restrict robust 

integrin activation to situations, in which the talin head has been released from its auto-inhibition and 

bound the integrin tail. Since both proteins do also not interfere with focal adhesion recruitment of 

the other protein (Grimm et al., 2020; Kahner et al., 2012), it remains to be determined how exactly 

talin-integrin interaction allows for kindlin-2 association in the phosphorylated state or if the integrin 

tail is structurally re-oriented by talin binding, e.g. by deciphering the crystal structure of the (pseudo-

)phosphorylated integrin β1-talin-kindlin-2 complex. However, our data now explain, why 

overexpression of the talin FERM domain could robustly trigger inside-out integrin β1/3 activation, 

while kindlin overexpression on its own was insufficient in doing so, but rather intensified talin-

initiated integrin affinity and augmented receptor clustering (Harburger et al., 2009; Haydari et al., 

2020; Li et al., 2017a; Ma et al., 2008; Ye et al., 2010; Ye et al., 2013). Accordingly, mutations blocking 

talin binding to integrins inhibited both talin- and kindlin2-driven integrin activation, while mutations 

blocking kindlin-integrin association still permitted talin-mediated activation, although they 

suppressed the kindlin enhancement effect (Ye et al., 2010).  

Focusing on the molecular mechanisms during outside-in signaling, it is known that kindlin can bypass 

talin to stabilize the high affinity integrin state and acts as a scaffold to recruit integrin signaling and 

actin cytoskeleton remodeling proteins such as ILK, paxillin, actin and GIV to drive cell spreading and 

adhesion (Bottcher et al., 2017; Montanez et al., 2008; Rohena et al., 2020; Theodosiou et al., 2016; 

Zhu et al., 2019). Consequently, kindlin-2 might obtain a dual role in focal adhesion assembly: On the 

one hand, it might collaborate closely with talin for a robust integrin activation in inside-out signaling, 

but on the other hand might be critically involved in integrin activation in a talin-independent manner, 

when cells respond to an integrin ligand and re-organize their cytoskeleton during outside-in-signaling 

(Fig. D2) (Bottcher et al., 2017; Montanez et al., 2008; Rohena et al., 2020; Theodosiou et al., 2016). In 

this regard, ligand binding might be sufficient to transmit conformational changes into the cell, leading 

to the unclasping of the integrin subunits and to kindlin-2 binding to the non-phosphorylated integrin 
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without the need for talin. Kindlin-mediated migfilin recruitment might also contribute to filaminA 

displacement in outside-in integrin activation (Fig. D2) (Brahme et al., 2013; Ithychanda et al., 2009; 

Lad et al., 2008). In turn, Akt/PI3K and FAK activation might then stimulate talin-dependent inside-out 

activation including kindlin-2 recruitment to phosphorylated integrins, now in a talin-dependent 

manner (Fig. D2) (Bledzka et al., 2016; Bottcher et al., 2017; Fukuda et al., 2014; Theodosiou et al., 

2016; Lawson et al., 2012; Rohena et al., 2020; Zhu et al., 2019).  Since both mechanisms are coupled 

and positively influence each other, controversial results of the past might have partially originated 

from the difficulty to separate these mechanisms. This might also be the reason why in platelets, which 

are strongly dependent on ligand-mediated outside-in stimulation, kindlin-3 was found to be essential 

to initiate integrin activation despite normal talin expression levels (Moser et al., 2008).  

Noteworthy, in our study we applied the ubiquitously expressed kindlin-2 isoform, which has been 

reported to bind integrin β1 with high affinity (Fitzpatrick et al., 2014). Accumulating evidence in the 

integrin field yet indicate specific and controversial functions for individual kindlin isoforms (Gao et al., 

2019; Huet-Calderwood et al., 2014; Kadry et al., 2020) next to their tissue specificity (Bialkowska et 

al., 2010; Ussar et al., 2006). Thus, it would be worthwhile to test if epithelial kindlin-1 and 

hematopoietic kindlin-3 cooperate in the same way with talin as kindlin-2 does to assess the universal 

validity of our identified mechanism. 
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Figure D 2: Molecular model of how kindlin regulates integrin activation in outside-in and inside-out signaling. In outside-in signaling, kindlin 
associates in a talin independent manner to the integrin cytoplasmic tail upon ECM ligand binding, which potentially triggers phosphorylation-
independent heterodimer unclasping and displacement of filaminA, supported by kindlin-2-mediated recruitment of migfilin. Kindlin-2 acts as a 
scaffold for ILK-Pinch-Parvin, recruits paxillin, GIV and Arp2/3 and binds actin to trigger cell spreading, integrin signaling and in turn activation of 
T788/T789 phosphorylation-dependent talin-mediated inside-out activation to form stable force-resistant attachment sites. Only upon a potential 
conformational switch of the phosphorylated integrin tail by talin, kindlin-2 can bind to the cytoplasmic domain adjacent to talin to cooperatively 
enhance integrin activation from within the cell. In both cases kindlin dimerization might promote integrin clustering and help establishing the full 
integrin adhesome. Inside-out signaling events create a positive feedback-loop and reinforce also outside-in signaling processes until active 
antagonizing mechanisms and proteolytic degradation of involved proteins lead to focal adhesion turnover. 

 
 

Additional studies are warranted to clearly dissect if PPM1F is the main integrin-targeted phosphatase 

or in which tissues, physiological contexts or life stages PPM1F is responsible for integrin 

dephosphorylation. Indeed, PPP phosphatase inhibitor okadaic acid has been shown to inhibit T cell 

adhesion (Valmu and Gahmberg, 1995) and PP2A affected T788/T789 phosphorylation in myoblasts 

(Kim et al., 2004), although genetic experiments were not attempted and data thus seem to be 

preliminary. Nevertheless, the prominent and consistent gain-of-function in T788/T789 integrin 

phosphorylation, integrin activity and cell adhesion in various PPM1F depleted cells, which could be 

reverted by re-expression of the wildtype enzyme, and the severe phenotypic outcome in vivo (Grimm 

et al., 2020) argues for a central role of PPM1F in the control of integrin activity. Importantly, we 

demonstrated that cooperative talin/kindlin-2 versus filaminA recruitment to the integrin tail was 

directly affected by overexpression of PPM1F, but not the inactive variant, providing a mechanistic 

explanation for the cellular phenotype on a molecular level and confirming previous findings in GD25 

cells, which appeared to be looked either in the active or inactive situation when expressing integrin 

β1 T789D and integrin β1 TT788/789AA, respectively (Nilsson et al., 2006; Wennerberg et al., 1998). 

 

However, another central question remains: Where exactly in the cell does PPM1F mediate the 

transition from ligand-engaged, extended integrins to their inactive conformation? Although PPM1F 

has been identified as a constituent of focal adhesions (Dong et al., 2016; Schiller et al., 2011) and is 

known to associate with the focal adhesion proteins β-PIX (Koh et al., 2002) and paxillin (Turner et al., 

1999), providing a potential physical link between PPM1F and active integrin clusters, we could not 

detect accumulation of either endogenous or overexpressed PPM1F at these sites or in membrane 

ruffles. Noteworthy, serine/threonine phosphatases generally have high on-off rates with regard to 

phospho-site binding, making it particularly difficult to detect them in association with their substrates. 

Accordingly, the situation of PPM1F reflects also what is known for other negative regulators of 

integrin activity such as ICAP-1 and Sharpin (Bouvard et al., 2003; Rantala et al., 2011). However, 

preliminary data indicate a general cytosolic distribution of PPM1F with filaminA co-localization along 

actin stress fibers and enrichment around the nucleus (data not shown). Since filaminA is not enriched 

at FA sites either (Calderwood et al., 2001; Vadlamudi et al., 2002) and both inactive and active ligand-
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bound integrins are reported to undergo trafficking along different endosomal recycling routes, among 

which some run along f-actin based stress fibers (Arjonen et al., 2012), one could also think of a 

scenario, in which integrin inactivation occurs outside FAs at endosomal compartments (Bouvard et 

al., 2013). From these filaminA might travel with inactive integrins (held in the unphosphorylated, 

inactive state by the co-occurance of PPM1F) along stress fiber tracks to nascent adhesions in the cell 

cortex, where integrin activation takes place.This scenario would be consistent with the idea that 

PPM1F and filaminA are associated with non-phosphorylated, inactive integrin heterodimers, while 

active integrins within focal adhesions might be predominantly surrounded by integrin kinase(s) 

promoting and maintaining integrin phosphorylation. To investigate this idea in the future, live cell 

microscopy with cells expressing fluorescently-tagged PPM1F in different contexts might illuminate 

these aspects. 

Unravelling the spatiotemporal distribution of PPM1F within the cell is also important, since PPM1F 

does not only regulate integrin phosphorylation states, but also acts on actin remodelers and kinases 

to fine-tune integrin-mediated responses (Harvey et al., 2004; Ishida et al., 2018; Koh et al., 2002; Xie 

et al., 2008). One future approach to both narrow down its place of action and to spatiotemporally 

resolve the protein interaction network of PPM1F might be combining proximity-dependent biotin 

labeling (BioID) and quantitative proteomic profiling in living cells with SILAC-based methods (Fig. D3 

A, B) (Chastney et al., 2020; Chen and Perrimon, 2017; Dong et al., 2016; Kim and Roux, 2016; Lobingier 

et al., 2017). For this purpose, ascorbic acid peroxidase (APEX)-fused PPM1F (sample), APEX alone 

(unspecific biotinylation control) and PPM1F alone (non-biotinylating control) might be expressed in 

our generated A172 PPM1F KO cells and the cells grown in “heavy, medium and light” SILAC medium. 

Either when detaching cells or after seeding cells on an integrin-dependent matrix, we could apply 

H2O2 in presence of biotin-phenol, before conducting protein enrichment and integrative proteomics, 

analyzing both the identity and the phosphorylation status of purified biotinylated proteins. Indeed, 

this experimental setup might give us a one-minute snapshot (temporal) of PPM1F substrate activity 

in specific situations and thus also a hint, where (spatial) it might be located in these moments (Fig. D3 

B, C) (Hung et al., 2016; Kim et al., 2016; Kim and Roux, 2016; Lobingier et al., 2017; Rhee et al., 2013). 

Additionally, one could think of inserting targeting cues (e.g. myristoylation for membrane-targeting) 

into the constructs to artificially promote its activity at FAs.  
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Figure D 3: Spatio-temporally resolved proximity labeling to identify the protein interactome and subcellular localization of PPM1F. (A) Scheme 
of APEX-based BioID. APEX, fused to the protein of interest or to targeting sequences triggering the accumulation at specific cellular 
compartments, can be expressed in living cells. Depending on the experimental context its biotinylating activity can be activated at a desired 
moment (~1min) by adding Biotin-phenol and H2O2 to the medium. The endogenous proteins in the closest proximity (~20nm radius) will be 
labeled with biotin (modified from Ree et al. 2013).  (B) Workflow to identify a local protein network composition in a specific time-resolved 
snapshot. (1) 30s-1min APEX labeling for a time-resolved snapshot of the local proteome. (2) APEX spatial reference to extract background signals 
and (3) a two-step mass spectrometric analysis to compare relative abundances of proteins biotinylated by the target protein and by spatial 
references (Lobingier et al. 2017). (C) Schematic view of a potential live-cell proteomics experiment in PPM1F KO A172 cells. In a three-state SILAC 
experiment, cells expressing APEX-PPM1F are grown in in heavy (H) medium, cells expressing APEX only are grown in medium heavy (M) medium 
and cells expressing PPM1F without APEX or being non-transfected are grown in light (L) medium. Streptavidin-enrichment is performed with a 
mixture of the two lysates after seeding cells for a definite time on an integrin-dependent matrix or detaching cells before adding biotin-phenol 
with H2O2 for 1 min. After streptavidin-purification, in-gel digest and LC-MS/MS, MS-detected peptides can be analyzed for their intensity ratios. 
For each peptide the H/L intensity ratio reflects the extent of biotinylation by APEX-PPM1F. The H/M ratio reflects the extent, to which that 
peptide is preferentially biotinylated by APEX-PPM1F versus cytosolic APEX alone (modified from Hung et al. 2016). 

 

To get an overall picture of the PPM1F-dependent mechanisms involved in cell adhesive events and to 

identify further substrates within the integrin axis and in cross-talking pathways, direct phospho-

proteomic studies might also be a straight forward approach. Using the wildtype and PPM1F KO A172 

cells generated in this work, one could disclose differences between these cell lines but also within one 

cell line kept in suspension or seeded on integrin ligands with regard to their protein phosphorylation 

spectrum. Previous quantitative studies were based on non-specifically cultured PPM1F 

overexpressing NIH3T3 cells and PPM1F knock-down MDA-MB-231 cancer cells, phospho-peptide 

enrichment and classical LC-MS/MS analysis (Singh et al., 2011; Zhang et al., 2013b). This method lacks 

sensitivity due to the required protein enrichment and thus is also attended by a dramatic loss of 

material. A recently developed method to specifically study the phosphorylation of proteins in defined 

signaling pathways with high sensitivity and without prior enrichment of material is DigiWest-high 

content protein profiling. It uses Western blot-based antibody screening with phospho-specific and 

total protein antibodies accompanied by big data analysis to provide a normalized quantitative and 

comparative data set (https://www.nmi-tt.de/pharmaservices/digiwest/) (Treindl et al., 2016). 
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Although protein-protein interaction itself can affect downstream functions of a substrate or can 

indirectly bring PPM1F in close proximity to the actual substrate and is therefore not detected, 

DigiWest might still be an easily applicable approach to gain further knowledge about PPM1F and its 

interplay with other cellular factors.  

Paxillin, as a scaffold protein within the integrin adhesome and mediating RhoGTPase activation at 

focal adhesions, might be such a promising PPM1F substrate candidate. Its localization and 

downstream signaling is well known to be regulated by tyrosine and serine phosphorylation, also upon 

integrin activation (Lopez-Colome et al., 2017; Webb et al., 2005). Moreover, paxillin was reported to 

be a substrate of PAK and to promote βPIX/PAX/GIT complex recruitment to the leading edge of the 

cell to affect focal adhesion turnover (Brown et al., 1998; Nayal et al., 2006; Rajah et al., 2019; Turner 

et al., 1999; Zhao et al., 2000). Since PPM1F has been demonstrated to interact with βPIX/PAK, it might 

also be brought into proximity of paxillin at focal adhesions (Koh et al., 2002). A further substrate of 

PPM1F might be filaminA itself (see Chapter III). Such a multipronged regulatory action is typical for 

proteins driving switch-like behaviours. 

 

Highlighting OPTIC as a sensitive method to qualitatively and quantitatively study focal adhesion 

assembly in intact cells (Baade et al., 2019; Grimm et al., 2020), we could visualize subtle differences 

in the recruitment of direct integrin β1 binding partners based just on one point mutation. We could 

further demonstrate that the approach is sensitive enough to display phosphorylation-dependent 

effects on protein-protein interaction in a complex cellular environment. This makes it a promising 

method to study the phosphorylation-dependent integrin engagement of other cytoplasmic 

regulatory, adaptor and signaling proteins and to investigate the enzymatic machinery behind. By using 

protein knock-down HEK293T cells, one might additionally be able to examine the direct consequence 

of taking out a focal adhesion protein on the integrin association of other factors, which could help to 

clarify how integrin regulators compete with each other in a cellular environment. For example, by 

silencing filaminA we should be able to verify whether the T788/T789 phospho-switch indeed governs 

talin versus filaminA integrin tail binding under the control of PPM1F. Irrelevant of PPM1F 

overexpression, talin should be strongly recruited to the wildtype β1 integrin and also its localization 

to the T788A/T789A mutant should be enforced (Fig. D4A). 

Thinking in the direction of PPM1F as a potential therapeutic target in integrin activity-linked diseases, 

OPTIC assays might also serve as a read-out to validate PPM1F inhibitors in a cellular background. 

Based on our data that overexpression of wildtype PPM1F promoted talin displacement and filaminA 

recruitment instead, while the phosphatase-dead PPM1FD360A mutant was ineffective, cell-active 

small-molecule antagonists of PPM1F should abolish the effect of overexpressed PPM1F, displaying a 

phenotype similar to the scenario with the inactive PPM1F variant. Contrarily, enhancing PPM1F 
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activity with a yet unidentified activator or actively targeting PPM1F to the cell membrane might 

potentiate talin displacement and filaminA enrichment. Of course one could also think of optimizing 

the OPTIC assay for screening approaches to identify small-molecule modulators directly affecting the 

association of talin/kindlin-2 or filaminA with the integrin tail, thus developing a potential strategy 

bypassing PPM1F to treat integrin-related pathologies (Fig. D4B). 

 

 

Figure D 4: Scheme of potential OPTIC applications. (A) Overexpression of PPM1F in filaminA depleted 293T cells should result in increased GFP-
talin or GFP-kindlin recruitment to the Ngo-clustered CEACAM-integrin β1 fusion proteins if the T788/T789 integrin β1 phospho-switch hypothesis 
holds true. (B) High-content screening for potential chemical compounds disrupting talin-integrin interaction at integrin tails might be applicable 
with an optimized OPTIC assay and automatic microscope-imaging. (C) Putative optogenetic approach to control integrin phosphorylation. Ngo-
clustered CEACAM-integrin (green-blue) and CEACAM-Cry2 (green-orange) fusion proteins and co-expressed CIB-fused kinase (or phosphatase 
(pink-yellow) can be brought in close proximity by UV-light triggered Cry2-CIB interaction, resulting in high-stoichiometric phosphorylation (or in 
case of the phosphatase, dephosphorylation) of the integrin tails. This can be used to study focal adhesion complex assembly or consequences for 
protein recruitment at integrin tails. (D) Optimized system from (C) implementing an orthogonal red light-inducible photoactivatable protein pair 
(PhyB and PIF3) to study focal adhesion dynamics with more precision. 

 

 

Considering integrin phosphorylation, it might also be warranted to better characterize the kinase 

machinery behind this process. Although existing data indicate that multiple Ser/Thr kinases can 
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transmit signals originating from different extra- and/or intracellular cues toward the integrin 

cytoplasmic domain (such as PKC enzymes, Ndr1, CaMKII) (Chatila et al., 1989; Fagerholm et al., 2002; 

Rehberg et al., 2014; Takahashi, 2001; Valmu et al., 1991), detailed mechanisms of how and when the 

conserved threonine motif (and other phospho-sites) become phosphorylated by which specific 

kinase(s) remains to be identified or has not yet been described in vivo. This is also true for CaMKII, 

which we could confirm is a bona fide integrin kinase selectively phosphorylating the T788/T789 motif 

of integrin β1 in vitro, but the physiological trigger remains elusive. As a first screening approach to 

search for the enigmatic integrin threonine kinase(s) and systematically investigate their individual 

contribution in cellulo, one could employ our generated A172 PPM1F KO cells, which exhibit elevated 

levels of phospho-T788/T789 integrin β1. Pharmacological kinase inhibition using a diverse set of 

specific inhibitors (such as inhibitors targeting CaMKIIβ, PKC, or PAK) or genetic depletion should lead 

to diminished integrin β1 T788/T789 phosphorylation. In a parallel gain-of-function screening 

approach, potential integrin kinases from different families carrying an artificial membrane-targeting 

myristoylation signal, which renders them constitutive active (Boehm et al., 2007), could be 

overexpressed in A172 wildtype cells mimicking phenotypic effects of PPM1F depletion e.g. by 

displaying enhanced integrin β1T788/T789 phosphorylation and cell adhesion on fibronectin.  

Accordingly, direct targeting to focal adhesions by an opto-genetic approach expressing light-inducible 

protein-protein interaction domains of Arabidopsis thaliana in PPM1F/CaMKII and paxillin as a focal 

adhesion constituent (Liu et al., 2008a), could provide additional evidence for the negative function of 

PPM1F/the positive function of CaMKII in integrin activity regulation: Upon photo-activation, 

PPM1F/CaMKII accumulates at focal adhesions, changes T788/T789 phosphorylation and thus integrin 

affinity ultimately inducing impaired/stronger attachment of cells. Going one step further, one could 

think about the development of an opto-genetic live-cell OPTIC system to demonstrate focal adhesion 

complex dynamics on a single cell level according to integrin phosphorylation levels. In this regard, one 

could combine CEACAM-integrin chimeras with CEACAM-cryptochrome 2 (Cry2) proteins and fuse 

either PPM1F or CaMKIIβ with cryptochrome-interacting basic-helix-loop-helix protein (CIB) (Duan et 

al., 2017; Liu et al., 2008a). By UV-light triggered dimerization of these domains and local enrichment 

of the phosphatase or kinase at the bacterial infection sites, one could directly analyze 

phosphorylation-dependent differences in protein recruitment e.g. of talin/kindlin-2 versus filaminA 

in living cells (Fig. D4C). Moreover, one could add an orthogonal photoactivatable protein pair to the 

system using A. Thaliana phytochrome B (PhyB), which binds in a red light-inducible manner to the 

downstream transcription factor Phytochrome Interaction Factor 3 (PIF3) (Levskaya et al., 2009), to 

implement both the kinase and the phosphatase in one system (Fig. D4D). It would be intriguing to see 

if by altering sample illumination one could switch from integrin phosphorylation to integrin 

dephosphorylation to study focal adhesion dynamics with sub-cellular precision.  
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Chapter II: Given the critical role for integrins in embryonic development and tissue integrity (Czuchra 

et al., 2006; Hynes, 1996; Milner and Campbell, 2002), we next examined the physiological relevance 

of PPM1F in vivo. By inactivating the ppm1f gene in mice via a ppm1f-gene trap, we expected a severe 

phenotype based on prior studies in zebrafish (Nimura et al., 2007; Sueyoshi et al., 2009). Indeed, we 

observed that homozygous knock-out of PPM1F caused a preterm embryonic death around day E10.5, 

while heterozygous ppm1f+/- littermates were viable and fertile (see also Chapter I) (Grimm et al., 

2020). Importantly, these results are reminiscent of what is reported for filaminA-deficient embryos, 

which also die shortly after implantation in the uterus (Feng et al., 2006), indicating that integrin 

activity regulation at the T788/T789 motif might be essential for mammalian development and that 

PPM1F might be the major enzyme carrying out this function without being compensated by other 

Ser/Thr phosphatases. This idea is also corroborated by the less severe phenotypic effects in mice 

depleted for other non-enzymatic negative integrin regulators such as migfilin (Moik et al., 2011), ICAP-

1 (Bouvard et al., 2007; Bouvard et al., 2003) or Dok-1 (Di Cristofano et al., 2001; Niki et al., 2016), 

implying that these factors rather add to integrin activity regulation and can be compensated by other 

proteins in situations such as tissue development and growth.  

Further characterization of ppm1f-gene trap mice revealed that PPM1F is highly expressed in the 

central nervous and hematopoietic system. Consistently, we observed severe cerebellar 

malformations in ppm1f-/- embryos besides strong vascular disruption and an overall smaller size of 

the embryos. Analysis of the developing ppm1f-/- cortex revealed a disorganized tissue layering and 

disorientation of neuronal progenitor cells within the ventricular zone of the caudal telencephalon, 

while the brain morphology of viable adult ppm1f+/- mice showed no obvious abnormalities or 

changes in cortical thickness. Nevertheless, in preliminary open field tests we could detect a non-

significant trend for hyperactivity (increased exploratory activity; data not shown) of ppm1f+/- mice 

compared to their littermates, which is consistent with results obtained by the Jackson Laboratory 

(http://jaxmice.jax.org/strain/005831.html). Moreover, recent studies found changed PPM1F 

expression levels or single-nucleotide polymorphisms (SNPs) in the ppm1f gene locus to correlate with 

the neural integrity of the prefrontal cortex and the pathogenesis of human neurological disorders 

such as adult attention-deficit/hyperactivity disorder, schizophrenia or depression and posttraumatic 

stress disorder (PTSD) (Lesch et al., 2008; Sullivan et al., 2019; Wingo et al., 2018). To determine 

mechanistically whether the described neurodevelopmental and neuropsychiatric defects are a direct 

consequence of changes in integrin activity or to which extent they originate from deregulation of 

other PPM1F substrates, we might have to await the generation of tissue-specific inducible knock-out 

mice. Indeed, PPM1F is known to control also the function of kinases, cytoskeletal proteins and 

apoptosis regulators (Harvey et al., 2004; Ishida et al., 2018; Koh et al., 2002; Zhang et al., 2013a), 

among which PAK and CaMKII have both been not only reported to be potential integrin- and filaminA-
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targeted kinases (Ohta and Hartwig, 1995; Rehberg et al., 2014; Takahashi, 2001; Vadlamudi et al., 

2002), potentially enhancing the filaminA-integrin-dependent processes in ppm1f-/- mice, but also to 

be implicated in neuronal actin re-organization, synaptic plasticity and spine formation in an 

independent manner (Arruda-Carvalho et al., 2014; Civiero and Greggio, 2018; Fukunaga et al., 2009; 

Ishida et al., 2018; Kreis and Barnier, 2009; Santiago-Medina et al., 2013; Shi and Ethell, 2006; Shonesy 

et al., 2014; Takemoto-Kimura et al., 2017; Wang et al., 2018b). Consistently, CaMKII+/- mice also 

showed decreased anxiety-like behavior and increased aggressiveness (Chen et al., 1994) similar to 

what was reported for PPM1F+/- mice (http://jaxmice.jax.org/strain/005831.html). However, with the 

conditional knock-out in vivo model, we might be able to not only analyze the cerebral cortex at 

defined developmental stages and in the adult, but also in different blood cells, to reveal the 

mechanistic link of PPM1F to human neurological and cardiovascular diseases.  

Focusing on the neurodevelopmental phenotype of ppm1f-/- embryos analyzed in our study, it showed 

intriguing similarities to filaminA-null embryos (Feng et al., 2006; Nagano et al., 2004; Zhang et al., 

2013a), which is in line with the idea that PPM1F-mediated dephosphorylation of the integrin β1 

T788/T789 motif is prerequisite for filaminA interaction with the integrin cytoplasmic tail and filaminA-

mediated integrin inactivation (Chapter I) (Grimm et al., 2020). Indeed, the prominent gain-of-function 

phenotype in primary fibroblasts isolated from ppm1f-/- embryos and in PPM1F or filaminA knock-

down neuroepithelial cells (displaying exaggerated T788/T789 phosphorylation and integrin activity, 

which directly translated into enhanced cell-matrix attachment and impaired haptotaxis migration) 

supports the idea that PPM1F regulates integrin activity in a filaminA-dependent way in vivo (Chapter 

I) (Grimm et al., 2020). In particular, our findings might provide a potential mechanistic explanation for 

the accumulation of neural progenitor cells at the ventricular region of the brain, which is not only 

restricted to PPM1F- and filaminA-deficient mice, but also occurs as a hallmark in patients of 

periventricular nodular heterotopia (PVNH), a human condition associated with filaminA loss-of-

function mutations (Fox et al., 1998; Sheen et al., 2001) (see also Chapter III).  

 

Directed cell migration is not only critical for organ formation, but is also prerequisite for cancer cell 

metastasis. In line with its role in integrin regulation, PPM1F is overexpressed in a number of highly 

invasive human tumor types (Jurmeister et al., 2012; Luo et al., 2015; Puhr et al., 2012; Susila et al., 

2010; Tu et al., 2016; Wang et al., 2018a; Weng and Koh, 2017; Zhang et al., 2013b; Zhang et al., 2017). 

Interestingly, we could confirm that the actin cytoskeleton regulator PAK is a substrate of PPM1F (Koh 

et al., 2002; Manser et al., 1997; Md Hashim et al., 2013; Moshfegh et al., 2014)). However, since PAK 

has been reported to contribute to cell motility and invasion, it remains enigmatic why the 

overexpression of PPM1F, as a negative regulator of this kinase, could trigger tumor metastasis 

(Dummler et al., 2009; Huynh et al., 2010; Radu et al., 2014; Sells et al., 1999). Contributing to this 



  General discussion and further perspectives 

254 
 

paradox, Susila and colleagues showed that both overexpression of constitutive active PAK and PPM1F 

promoted an invasive behavior of MDA-MB-231 cells (Koh et al., 2002; Susila et al., 2010). Our finding 

that PAK inhibitor FRAX597 failed to improve cell spreading of strongly attached immotile PPM1F KO 

cells on an integrin-dependent matrix (despite increased PAK activity and despite numerous actin-

based cell protrusions), suggests that the motility of tumor cells might, in a PAK-independent manner, 

primarily arise from PPM1F controlling integrin functions. Accordingly, the elevated levels of active 

integrin β1 found in PPM1F KO cells remained unaffected by pharmacological inhibition of PAK, clearly 

segregating these two downstream targets of PPM1F.  

In essence, high PPM1F levels might support efficient cell motility mainly by releasing integrin-based 

adhesive contacts, thereby ultimately dictating the ability of transformed cells to overcome 

extracellular matrix barriers. This we could illustrate by the strong tissue infiltration of PPM1F-

expressing glioblastoma cells in an in vivo chicken CAM model. While genetic ablation of PPM1F 

completely abrogated the ability of these cells invade the CAM tissue, re-expression of PPM1F fully 

restored the metastatic phenotype. Finally, we confirmed the causal correlation between the 

development of an invasive phenotype in transformed cells and PPM1F overexpression by applying 

the knock-out-re-expression A172 cell model (Chapter I) and different breast and hepatocellular 

carcinoma cell lines with different PPM1F expression patterns in 3D-Matrigel invasion assays (Susila et 

al., 2010; Wang et al., 2018a). Specific reduction of PPM1F strongly suppressed cell invasion through a 

3D-Matrigel barrier, while cells with higher PPM1F levels or cells re-expressing wildtype, but not the 

inactive PPM1F D360A, showed enhanced invasive potential.  

It is also interesting to note that PPM1F mainly affected PAK2 in our study, whose depletion has been 

shown to increase RhoA activity, phosphorylation of MLC and thus actomyosin-based contractility in 

contrast to PAK1 depletion (Coniglio et al., 2008; Radu et al., 2014). In fact, enhanced cell contractility 

is known to play a role in epithelial-mesenchymal transition (EMT) to enable a faster migration mode 

(Friedl and Wolf, 2003; Jurmeister et al., 2012; Mierke et al., 2011). This would be in line with the 

finding that PPM1F overexpression increased phospho-MLC levels in cancer cells in a prior study and 

would add to the integrin-dependent effects on cell migration (Jurmeister et al., 2012). Consistently, 

PPM1F has recently been shown to support the acquisition of anoikis resistance and thus EMT of 

cancer cells by activating LATS1-dependent Hippo pathway through dephosphorylation of LATS1 

kinase on Thr1079. This leads to the upregulation of proliferation- and anchorage independence-

related gene expression, which finally allows tumor cells to survive within the circulation without ECM-

interaction (Rahmat et al., 2019).  

Together, PPM1F-driven low ECM-adherence, loss of cell-cell N-cadherin contacts (Hoon et al., 2014; 

Phang et al., 2014) and strong actomyosin-based contractility might promote a highly invasive 

phenotype in initial metastatic cancer stages, ultimately leading to the complete detachment of 
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transformed cells to reach distant organs via the blood circulation (Fig. D5) (Destaing et al., 2010; Friedl 

and Wolf, 2003; Grimm et al., 2020; Kim et al., 2020b; Mierke et al., 2011; Morini et al., 2000). At later 

cancer stages however, lower levels of PPM1F might instead favor sustained integrin-dependent cell 

adhesion, angiogenesis, growth and proliferation via constantly increased integrin activation, 

enhanced ECM- and cell-cell connection, anti-apoptotic signaling pathways and the secretion of 

cytokines and pro-angiogenic factors to drive tumor progression (Fig. D5) (Grimm et al., 2020; Kim et 

al., 2020b; Weng and Koh, 2017; Zhang et al., 2017). This overlaps with studies implicating PAK2 

hyperactivity in tumorigenesis, including the acquisition of growth signal autonomy, apoptosis evasion 

and enhanced angiogenesis (Boscher et al., 2019; Radu et al., 2014). 

 

 

 
 

 

Figure D 5: PPM1F acts as a multifaceted regulator of cancer metastasis depending on the tumor stage. PPM1F overexpression in early stage 
metastatic cancer cells might cause a low adhesive, highly invasive phenotype with enhanced metastatic potential by promoting cell contractility 
and dynamic focal adhesion turnover via integrin and PAK2 inactivation (green arrows, left graph). Low PPM1F expression in late metastatic 
stages might block the dynamic focal adhesion-actomyosin machinery resulting in a highly adhesive, low contractile cell state accompanied by 
increased integrin- and TAK1-mediated growth and survival signaling. Enhanced cell-cell contacts by induced N-cadherin transport to the cell 
surface and secretion of cytokines and pro-angiogenic factors might contribute to tumor progression in distant organs (green arrows, right graph). 
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In sum, our data confirm the hypothesis that PPM1F is a negative key regulator of integrin activity in 

vivo and illustrates its indispensability for tissue integrity and proper organ development in mammals 

without being compensated by other phosphatases. As integrin activity regulation is central to many 

homeostatic processes in the human body including platelet aggregation, wound healing and the 

immune response, further investigation of PPM1F in these directions might be promising. Finally, we 

demonstrated that PPM1F expression is connected to the invasive potential of carcinoma cells by 

functioning as an important coordinator of integrin-dependent cell adhesion and motility. 

Consequently, PPM1F appears as an appealing therapeutic target in the control of human tumor cell 

dissemination, suggesting PPM1F antagonists as promising pharmacological tools to treat early 

metastatic cancers. 
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Chapter III:  Based on the striking phenotypic similarities when genetically depleting filaminA and 

PPM1F (Chapter I, II), we analyzed in this part whether PPM1F also directly acts on filaminA to 

modulate integrin functions. Indeed, we could demonstrate that Ser2152 of filaminA becomes 

phosphorylated upon integrin β1 stimulation and ECM-cell contact, indicating a physiological role for 

this phospho-site in the integrin activation pathway in non-immune cells. This is in line with a previous 

study in leukocytes, showing that filaminA Ser2152 phosphorylation prohibited filaminA–integrin β2 

binding and, thus, promoted integrin activity in T cells to initiate extravasation (Waldt et al., 2018). In 

particular, pseudo-phosphorylation of Ser2152 contributed to distract filaminA from the integrin β1 

tail to promote integrin activation and cell adhesion of 293T embryonic kidney cells. Since Ser2152 is 

not directly part of the integrin β tail binding sequence within the Ig21 domain (Liu et al., 2015), but 

directly located adjacent between the Ig20 and Ig21 domain of the auto-inhibition module known for 

conformational flexibility (Ithychanda et al., 2015; Lad et al., 2007), it is plausible that phosphorylation 

of Ser2152 might lead to structural changes within the filaminA subdomains, thereby potentially 

reducing its binding affinity to the cytoplasmic integrin β1 tail. Importantly, we could not only confirm 

CaMKIIβ as another bona fide Ser2152-targeted kinase in vitro (Ohta and Hartwig, 1995), but also 

identified PPM1F as the first filaminA Ser2152-targeted phosphatase in vitro and in cellulo. While 

multiple kinases are known to phosphorylate filaminA upon different stimuli to act as a nexus in 

migratory responses (Chen and Stracher, 1989; Cukier et al., 2007; Jay et al., 2000; Li et al., 2015; Sato 

et al., 2016; Tigges et al., 2003; Vadlamudi et al., 2002; Waldt et al., 2018; Woo et al., 2004), the 

corresponding antagonizing phosphatase machinery remained unidentified so far. If PPM1F directly 

controls filaminA also independent of integrins yet requires further studies. For example, filaminA 

phosphorylation could be analyzed in our generated MEF and A172 cell models in context of other 

cellular pathways or stimuli or upon seeding cells on other non-integrin ECM ligands. 

 

Collectively, our three studies reveal a fascinating novel framework by which two phospho-switches, 

consisting of the reversible phosphorylation of the integrin β1 T788/T789 motif and filaminA Ser2152, 

act in concert to initiate and facilitate filaminA displacement from the integrin cytoplasmic tail to 

instead allow the cooperative binding of talin and kindlin-2 to strengthen cell-matrix adhesion from 

within the cell. In addition to this phosphorylation-guided cooperation, the local competition of 

filaminA with kindlin-2-recruited migfilin might fine-tune the system, impeding filaminA re-binding and 

integrin inactivation during FA maturation in membrane protrusions (Das et al., 2011; Ithychanda et 

al., 2009) (Fig. D6). All these processes together might ultimately prevent random and cooperatively 

trigger robust integrin activation upon strong enough stimuli, while at the same time promoting 

individual downstream actions e.g. actin remodeling via PAK to stabilize FAs and to drive cell spreading 

(Fig. D6) (Glogauer et al., 1998; Hu et al., 2017; Kumar et al., 2019; Oakes et al., 2012; Ohta et al., 2006; 
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Parsons et al., 2010; Stossel et al., 2001; Vadlamudi et al., 2002; Xu et al., 2010). In contrast, PPM1F as 

the potential multi-pronged negative regulator of the integrin axis might antagonize the whole system 

by its direct activity towards integrin and filaminA, but also by reverting the auto-phosphorylation of 

CaMKII at Thr286 (Harvey et al., 2004; Ishida et al., 1998) and of PAK1-3 at Thr402/Thr423 (Koh et al., 

2002; Susila et al., 2010). Thereby, it might not only shift the balance towards the non-phosphorylated, 

filaminA-bound inactive integrin, but also adjust integrin β1-dependent cell adhesive events on the 

level of the actin cytoskeleton, promoting stress fiber stability and actomyosin-based cell contractility 

(Chapter II). This might cause FA disassembly to initiate cell detachment during cell movement and 

integrin recycling to the leading edge of the cell (Arjonen et al., 2012; Koh et al., 2002; Susila et al., 

2010). By regulating mDia1 upon RhoA activation (Xie et al., 2008) and affecting glycogen synthase 

kinase-3 and MAPK1/3 signaling (Singh et al., 2011; Zhang et al., 2013b), PPM1F has also been reported 

to fine-tune actin and microtubule structures and integrin β1 and MLC2 expression levels to control 

cell adhesion, contractility and polarity (Fig. 6D). These pieces of a mosaic might in total combine into 

a conceivable picture of how integrin-mediated cell adhesion can be spatiotemporally regulated on a 

molecular level by PPM1F. Yet this complex machinery might just be one of several cross-talking 

regulatory mechanisms dictating integrin functions. 

 

As described in Chapter II, cortex malformations coming along with abnormal arrest of neuronal 

progenitor cells in the ventricular zone of the forebrain have been reported in mice embryos lacking 

either PPM1F or filaminA and in humans suffering from periventricular nodular heterotopia (PVNH) 

(Feng et al., 2006; Fox et al., 1998; Grimm et al., 2020; Sheen et al., 2001). A recent study now also 

found Ser2152 hyper-phosphorylated in a PVNH mouse model, which was accompanied by filaminA 

cytoplasmic re-localization, perturbed focal adhesion formation and cell migration defects (Lu et al., 

2006; Zhang et al., 2013a; Zhang et al., 2012). Since we could show that Ser2152 (pseudo-

)phosphorylation contributed to distract filaminA from the integrin β1 cytoplasmic domain, our study 

might add to the mechanistic explanation of this phenotype by a change in the filaminA-integrin 

binding capacity based on the Ser2152 phosphorylation state. No matter which genetic scenario, the 

promotion of integrin T788/T789 and/or filaminA Ser2152 phosphorylation as part of the molecular 

outcome might directly translate into reinforced extracellular matrix attachment and impaired cell 

migration, ultimately causing accumulation of neuronal progenitor cells in the ventricular zone of the 

brain. Consistently, the cytoplasmic re-localization of filaminA upon Ser2152 phosphorylation 

observed by Zhang et al. in vivo fits our finding that phospho-filaminA was actively displaced from 

integrin β1 (and thus from focal adhesion sites at the cell membrane) (Zhang et al., 2012). Thus, apart 

from the integrin phospho-switch, Ser2152 phosphorylation might directly contribute to integrin 

activity regulation in vivo. 
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Figure D 6. Model summarizing the key functions of PPM1F in the control of integrin activity (“double phospho-switch hypothesis”) and the focal 
adhesion-actin cytoskeleton machinery to fine-tune cell adhesive events. Phosphorylation of the integrin β1 tail at T788/T789 by CaMKII (and other 
kinases) (Grimm et al., 2020; Kiema et al., 2006; Takala et al., 2008) and of filaminA at Ser2152 by activated PAK or CaMKII (and other kinases) (Ohta 
and Hartwig, 1995; Vadlamudi et al., 2002) potentially act in concert to block filaminA association with the integrin β1 tail to allow for the binding of 
talin/kindlin-2 to increase integrin affinity and to impede filaminA re-binding. This might be further facilitated by local competition with migfilin (Das 
et al., 2011; Ithychanda et al., 2009). Phosphorylation at Ser2152 might also trigger individual downstream processes within the integrin signaling axis 
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including reciprocal PAK activation and recruitment of Cdc42/Rac1, which together promote lamellipodia/filopodia formation via Arp2/3-mediated 
actin polymerization and inhibition of cofilin, an actin filament severing and depolymerization protein. Moreover, stress fiber formation and cell 
contractility are blocked by MLCK inhibition to drive cell spreading (Etienne-Manneville and Hall, 2002; Manser et al., 1997; Vadlamudi et al., 2002; 
Zhang et al., 2012). Cytoplasmic filaminA can also interact with FilGAP and RhoA/ROCK at the rear of the cell (Zhou et al., 2010) to inhibit cell protrusive 
forces and to drive stress fiber formation, focal adhesion maturation and cell contractility. Activated RhoA/ROCK inhibits MLCP (Kimura et al., 1996), 
activates mDia1 (Watanabe et al., 1999) and directly phosphorylates MLC2. While several mechanisms drive integrin unclasping and downstream 
signaling, PPM1F might represent a multi-pronged single-entity inhibitory module, which directly dephosphorylates filaminA and the integrin β 
cytoplasmic tail, but also integrin- and filaminA-targeted kinases PAK and CaMKII (Harvey et al., 2004; Koh et al., 2002) to rapidly and dynamically 
counteract these processes. PPM1F thus might both mediate the integrin “off-switch” to restore the integrin closed conformation by promoting 
filaminA re-binding, but also might interfere with actin cytoskeleton and focal adhesion dynamics via PAK and filaminA regulation e.g. triggering stress 
fiber formation and stability via PAK inhibition (Koh et al., 2002; Vadlamudi et al., 2002). PPM1F also modulates SRF-mediated gene transcription, 
both indirectly via PAK inhibition and directly via mDia1 interaction after RhoA activation (Susila et al., 2010; Xie et al., 2008) to additionally fine-tune 
cell attachment, spreading and migration by shifting the ratio between free cytoplasmic G-actin and F-actin, thereby regulating gene expression of 
MLC2 and integrin β1; green = stimulation; red = inhibition; black antiparallel arrows = protein-protein interaction; black curved arrows = 
dephosphorylation; purple = RhoGTPases; green arrows = stimulation; red arrows = inhibition; black straight arrows = interaction; black curved arrows 
= switch. 

 

 

Efficient endocytosis of inactive integrin receptors at the rear of the cell, but also internalization of 

active ligand-bound integrins throughout the cell body and transport to the leading edge via 

endosomal recycling pathways, are critical for sustained cell adhesion and cell migration (Arjonen et 

al., 2012; Caswell et al., 2009; Pellinen and Ivaska, 2006). Existing data indicate a correlation between 

filaminA expression and integrin β1 surface levels (Kim et al., 2010; Meyer et al., 1998; Muriel et al., 

2011; Phang et al., 2014; Pons et al., 2017; Susila et al., 2010; Zhang et al., 2013a). Accordingly, 

FilaminA has been previously implicated in vesicle trafficking of integrin receptors and adhesion 

molecules by a vimentin-PKC-dependent mechanism depending on filaminA accumulation at the 

cytoplasm (Ivaska et al., 2005; Kim and McCulloch, 2011; Kim et al., 2010) (Fig. D7 A).  

Since several integrin transport routes are F-actin and Arf-dependent (Arjonen et al., 2012; Powelka et 

al., 2004), impaired filaminA binding to actin fibres and cytoplasmic re-localization mediated by 

Ser2152 phosphorylation might indeed interfere with integrin trafficking (Zhang et al., 2012). Recent 

studies assumed that phosphorylation of Ser2152 facilitated the accumulation of filaminA on actin-

enriched endosomal micro-domains to support receptor exocytosis and thereby could potentially 

tether also integrins to the peripheral actin rim, so as to stabilize the cortical structure and epithelial 

membrane (Jay et al., 2000; Muriel et al., 2011; Pons et al., 2017; Ravid et al., 2008; Sayner et al., 2011; 

Zhang et al., 2013a). The finding that filaminA also affects Big2, which is known to regulate vesicle 

budding from the Golgi or endosomal membrane compartments and Arf1-dependent vesicle 

trafficking at the periphery (Chen et al., 2013; Sheen et al., 2004; Zhang et al., 2013a; Zhang et al., 

2012), additionally argues for a function of pSer2152 filaminA in integrin recycling (Fig. D7 B). 

 As it is still unclear where in the cell the transition occurs from ligand-engaged integrins to their 

inactive conformation, integrin inactivation by PPM1F and filaminA-integrin binding might partially 

take place at endosomal compartments. It is tempting to speculate that PPM1F activity might be 

required to promote vimentin-mediated exocytosis of the dephosphorylated filaminA-inactive integrin 
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complex (Kim et al., 2010) or filaminA re-attachment to actin filaments to drive integrin recycling from 

the cell rear to leading edge protrusions on Arf-dependent actin transport routes (see also Chapter I; 

Fig. D7A, B). Supporting this idea, reinforcement of the integrin association to F-actin was shown 

before to be promoted by the dephosphorylation of the integrin β1 T788/T789 motif (Kim et al., 2004; 

Takahashi, 2001).  

 

 

 
 

Figure D 7: Schematic model of how filaminA Ser2152 phosphorylation and PPM1F might be implicated in integrin β1 trafficking to the 
surface. (A) Cytoplasmic filaminA presence is required to associate vimentin with protein kinase C-ε, thereby enabling vimentin 
phosphorylation, which drives vimentin-encapsulated β1 integrin-containing vesicles to the cell surface and, after vimentin disassembly, 
membrane insertion. Integrins then can become activated (Ivaska et al., 2005; Kim and McCulloch, 2011; Kim et al., 2010); question marks 
indicate that it is still unclear if filaminA is attached to integrin tails to mediate this function and if Ser2152 phosphorylation (or PPM1F) plays 
a role. (B) pSer2152 filaminA leads to a re-distribution of the protein from the cell cortex to actin-enriched endosomal micro-domains to 
support receptor recycling and exocytosis via F-actin and Arf-dependent transport routes, potentially after re-binding to F-actin upon 
pSer2152 dephosphorylation (Arjonen et al., 2012; Pons et al., 2017; Powelka et al., 2004; Zhang et al., 2013a). This could be mediated by 
PPM1F at endosomal compartments, where it might also inactivate internalized active integrins by T788/T789 dephosphorylation; the 
question mark indicates the speculative character of these assumptions.  

 

 

 

The amino acid sequences surrounding the known PPM1F target motifs in PAK and CaMKII (K/Rx(1–

2)TxV) (Harvey et al., 2004; Ishida et al., 1998; Ishida et al., 2008; Koh et al., 2002) are highly reminiscent 

of the sequence (Kx2TTV) encompassing T788/T789 in integrin β1 and of the sequence (Rx2SVV) 

containing Ser2152 in filaminA. These findings point toward a putative common recognition motif for 

PPM1F substrates. Interestingly, another yet uncharacterized phospho-site located within the Ig22 

domain of filaminA, Thr2336, also shares this sequence and occurred phosphorylated in vivo (Fig. D8 
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A) (Beck et al., 2014; Ithychanda et al., 2015; Jay et al., 2000; Peverelli et al., 2018), indicating a 

physiological function for this phospho-site and denoting PPM1F as the corresponding regulatory 

enzyme behind. To test for this hypothesis, we performed first PPM1F phosphatase assays applying 

filaminA peptides spanning the pThr2336 motif. pT788/pT789 and T788A/T789A integrin peptides 

served as controls (Fig. D8 B). Indeed, dephosphorylation of the filaminA pThr2336 peptide (pT2336 

FLNA) was even more efficient than dephosphorylation of the β1-pT788/pT789 peptide (Fig. D8 C) and 

time-dependent dephosphorylation assays also revealed a faster kinetics for pThr2336 (Fig. D8 D), 

suggesting that PPM1F has a preference for pThr2336 filaminA. Importantly, catalytically inactive 

PPM1F (D360A mutant) was unable to dephosphorylate any of the phospho-peptides (Fig. D8 C, D). 

We also tested the activity of other phosphatases on pThr2336-peptides and found ILKAP, another 

PPM family present at integrin adhesion sites (Leung-Hagesteijn et al., 2001), PP1 and PP5 to act on 

this motif as well (Fig. D8 E). Noteworthy, ILKAP was highly specific for the threonine residue as it 

strongly dephosphorylated the pThr2336 filaminA peptide, but lacked activity towards pSer2152 

filaminA and pT788/pT789 integrin β1 (Chapter I and III). 

 

These data confirm that PPM1F directly acts on more than one phospho-site to regulate filaminA, albeit 

it might not be the only kinase-antagonizing machinery involved. In this regard, co-targeting of filaminA 

by ILKAP might substantiate the possibility of this phospho-site to function in integrin-dependent 

events. Based on its localization directly adjacent to the auto-inhibited Ig19-21 repeats in the Ig22 

domain (Ithychanda and Qin, 2011; Liu et al., 2015) one could speculate that Thr2336 exerts long 

distance effects on the filaminA conformation to indirectly modulate interaction partner affinities (Fig. 

D8 A). pThr2336 might promote the release of filaminA auto-inhibition to make Ser2152 accessible for 

kinases (Ithychanda et al., 2015; Lad et al., 2007) or might directly affect the binding affinity of Ser2152-

targeted kinases to regulate integrin binding. The role of Thr2336 phosphorylation in regulating 

integrin–filaminA binding and its general functional relevance in vivo require to be determined, but 

are likely to provide useful insights into the cellular signaling mechanisms employed to control cell 

migration. Moreover, our data support the idea of a potential common PPM1F targeting motif (K/Rx(1–

2)T/SxV), which might serve in the future to discover yet unknown substrates by data base analysis of 

amino acid sequences and surface availability of such motifs in proteins. 
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Figure D 8. PPM1F directly targets phospho-Thr2336 filaminA in vitro. (A) Schematic overview of the monomeric filaminA molecule with its reported 
phosphorylation sites and important interaction partners; ABD = actin-binding domain; 1-24 = immunoglobulin-like domains; the two reported 
phospho-sites at Ser2152 and Thr2336 are marked in blue; gray boxes depict the conformational switch at Ig19-21 between the auto-inhibited and 
open conformation; question marks and arrow illustrate the open question if Thr2336 phosphorylation indirectly controls integrin interaction by 
affecting filaminA conformation or Ser2152 phosphorylation. (B) Sequences of synthetic double phosphorylated T788/T789 or T788A/T789A mutated 
integrin β1 peptides and single-phosphorylated FLNA peptide at Thr2336; phosphate group: orange; phosphorylated or mutated S/T residues: red. 
(C) 10-500 ng of GST-PPM1F or 500 ng of GST-PPM1FD360A (negative control) were incubated with 100 µM of synthetic FLNA pThr2336 peptides for 
20 min at 30°C; pT788/pT789 and T788A/T789A integrin β1 peptides served as positive and negative control, respectively. Release of phosphate was 
measured by malachite green detection (OD620nm). Bars depict mean ± SEM of 3 independent experiments performed in quadruplets. Statistics was 
performed by one-way ANOVA with Bonferroni post-hoc test (***p <0.001, ns = not significant); w/o enzyme: peptide without phosphatase. (D) 100 
µM pT788/pT789 β1 integrin and pThr2336 FLNA peptides were incubated with 200 ng recombinant GST-PPM1F or GST-PPM1F D360A for indicated 
time periods at 30°C. The reaction was stopped and the release of phosphate measured as in (C). Data points connected by colored lines show mean 
phosphatase activity ± SEM for each measured time point. Data are derived from one representative experiment performed in quadruplets; peptide 
only: peptide without phosphatase. (E) 200 ng of purified GST-PPM1F and equimolar amounts of indicated phosphatases from other families were 
incubated with 100 µM of pThr2336 FLNA peptides at 30°C for 20 min. The reaction was stopped and the release of phosphate measured as in (C). 
Samples with 200 ng GST-PPM1F D360A served as negative control. 100 µM pT788/pT789 β1 integrin peptide served as positive control for PPM1F 
activity. Bars depict mean ± SEM of triplicates from one representative experiment. 
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Chapter IV: The ability of transformed cells to migrate from the site of the primary tumor and to invade 

the surrounding tissue is prerequisite for cancer metastasis and involves the regulation of integrin-

dependent cell-ECM interactions and actomyosin-based contractility (Friedl and Wolf, 2003; Hanahan 

and Weinberg, 2000). PPM1F not only regulates both of the described processes (Chapter I-III) and is 

also overexpressed in a number of highly invasive tumor types (Chapter II), but also acts as a single-

entity enzyme. Therefore it might directly serve as an attractive chemotherapeutic target for the 

treatment of metastatic tumors (Jurmeister et al., 2012; Luo et al., 2015; Puhr et al., 2012; Susila et al., 

2010; Tu et al., 2016; Wang et al., 2018a; Weng and Koh, 2017; Zhang et al., 2013b; Zhang et al., 2017). 

Yet specific and potent in vivo antagonists of PPM1F are still missing.  

 

In this final part, we thus screened 56,289 compounds from in-house pharmacophore libraries 

(Screening Facility University of Konstanz) in a high-throughput 384-well format to identify PPM1F 

inhibitors. For this approach, we continuously monitored the recombinant enzyme activity in an 

unbiased, robust and sensitive fluorogenic assay with DiFMUP as substrate. Adding TCEP and excess of 

manganese ions to the assay buffer (Baba et al., 2012; Kamada et al., 2020) and combining end-point 

and slope-based data analysis with sophisticated filtering strategies, plus conducting a physiological 

substrate-based secondary screen with phospho-integrin β1 peptide, we could dramatically reduce 

false positive, chelating, redox-reactive or competitive hits to ultimately uncover Cpd12 as a reversible, 

allosteric PPM1F antagonist.  

Cpd12 showed both dose-dependent potency in the micromolar range in vitro and recapitulated the 

gain-of-function phenotype of PPM1F deficiency in intact cells with regard to integrin- and PAK-

dependent processes. This included increased integrin activity, enhanced cell-matrix adhesion and 

impaired motility (Chapter II) (Grimm et al., 2020; Koh et al., 2002). Since the inhibitor was able to lock 

the cells in their place, we termed it “Lockdown”. Importantly, Lockdown did not induce additional 

effects in PPM1F knock-out cells and showed only weak inhibitory potential against a panel of other 

protein phosphatases in vitro, in particular ILKAP, a close PPM family member localizing at integrin-

rich focal adhesions (Leung-Hagesteijn et al., 2001). Consequently, our data provide striking evidence 

for the cellular on-target activity of Lockdown, which is supported by the specific increase in thermal 

stability of PPM1F upon Lockdown-treatment in a cellular environment, while other proteins remained 

unaffected. Additionally, these findings indicate that the substance does not associate with the quite 

conserved PP2C-like catalytic center of PPM1F (Kamada et al., 2020; Stern et al., 2007), but could 

instead bind in an allosteric manner to unique N- or C-terminal folds. These regions are believed to be 

essential for substrate recognition, structural stability and activity regulation of PPM phosphatases and 

might also undergo conformational changes upon substrate binding (Chida et al., 2013; Ishida et al., 

2005; Tada et al., 2006). Indeed, in our conducted mode-of-action analysis the inhibitor reacted non-
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competitively towards PPM1F. In contrast, the previously published azo dye derivative 1-amino-8-

naphthol-2,4-disulfonic acid (ANDA), which has been described as a potent competitive inhibitor core 

complex for PPM1F (in vitro IC50 value 1-6 µM) (Sueyoshi et al., 2007), interfered with several other 

types of phosphatases in our study and was unable reproduce the effect of PPM1F depletion in cells. 

Indeed, Sierecki and colleagues uncovered that azo dyes are potent inhibitors of PPM3A (also known 

as PHLPP), suggesting a lack in specificity at least with regard to other PPM phosphatase members 

(Sierecki et al., 2010) and emphasizing the requirement for pharmacophores exploiting individual 

structural properties of the target to gain sufficient selectivity for cellular applicability. 

 

Focusing on the structure-activity-relationship, we could demonstrate the importance of the carboxy-

groups flanking the aromatic inhibitor core structure for the activity of Lockdown, while at the same 

time we excluded chelating effects. Indeed, PPM phosphatases require a weakly-bound third 

Mg2+/Mn2+ ion adjacent to the tightly-bound bi-metal cluster in the catalytic core and are highly 

sensitive towards non-specific chelators (Bellinzoni et al., 2007; Debnath et al., 2018; Mazur et al., 

2017; Pullen et al., 2004; Tanoue et al., 2013). Yet these charged groups also potentially interfere with 

cell permeability, which is why we applied an esterification strategy to overcome this limitation 

(Lipinski et al., 2001; Veber et al., 2002; Yang et al., 2016). With regard to cancer treatment, ester pro-

drugs might even provide an advantage in terms of specificity, since esterases removing this 

modification are often overexpressed in cancer cells. So they could selectively activate the anti-tumor 

drug in transformed cells, while minimizing toxic effects on normal tissues (Bardos et al., 1969; Imai et 

al., 2005; McGoldrick et al., 2014; Peters, 1982). Indeed, the modified inhibitor LockdownPro showed 

cellular activity at lower concentrations than Lockdown, e.g. comparing T788/T789 integrin β1 

phosphorylation levels, and effectively suppressed tumor cell invasion both in vitro and in an in vivo 

CAM model without further affecting PPM1F KO cells. These data pinpoint PPM1F as an important 

regulator of cell migration, which relies on the dynamic formation of novel integrin-based cell contacts 

at the protrusive cell front, but at the same time also the release of existing integrin-matrix connections 

at the cell rear (Hood and Cheresh, 2002; Howe and Addison, 2012; Ridley et al., 2003). Accordingly, 

our data support the further development of the PPM1F inhibitor with regard to the treatment of 

highly invasive metastatic tumor types (Fig. D9). 
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Figure D 9: Schematic model of how LockdownPro might block tumor metastasis by interfering with PPM1F. PPM1F overexpression in early stage 
metastatic cancer cells might cause enhanced cell motility and a low adhesive, highly invasive phenotype potentially through the stimulation of cell 
contractility and dynamic focal adhesion turnover via integrin and PAK2 inactivation (green arrows, left graph). Upon LockdownPro treatment however, 
intracellular esterases might free the carboxy groups of the pro-drug to activate the PPM1F inhibitor (indicated by scissors), which then is able to 
block the dynamic focal adhesion-actomyosin machinery via PPM1F activity downregulation. This might result in a more adhesive, lower contractile 
cell state (green arrows, right graph), which prevents overactive migratory and invasive tumor cell behavior and thus suppresses tumor metastasis. 

 

Based on its unspecific cytotoxicity at higher concentrations and the fact that only a 30-40% fraction 

of the Lockdown-treated cells reproduced the characteristic phenotype of genetic PPM1F deficiency, 

the inhibitor definitely requires chemical optimization. Indeed, a minimal proportion of active PPM1F 

in some compound-treated cells might have been sufficient to ensure a fairly normal phenotype, 

substantiating the need for an extra-ordinarily potent inhibitor with higher PPM1F affinity for in vivo 

applications. This becomes even more important when considering the high PPM1F abundance in 

various types of cancer. Finding out about subtle differences in the substance composition might also 

be critical in context of other existing studies towards PP2C, PPM1A and PPM1D. Herein, fused 

symmetric ring components out of two (naphthalene, quinolone) or three (phenanthrene, phenazine) 

rings, often including amino groups or nitrogen-heterocycles and combined with polar/charged 

functional groups at the edge were also among high ranking hits (Iyer et al., 2004; Rayter et al., 2008; 

Rogers et al., 2006; Swierczek et al., 2003). Against this background it is urgently required to decipher 

the tertiary structure of PPM1F to localize the inhibitor binding site in silico and to allow for structure-
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based strategies to tune the inhibitor qualities in terms of affinity, while keeping its specificity 

(McGovern and Shoichet, 2003). Identifying the inhibitor binding site will further enable the generation 

of PPM1F single-amino acid mutants or swap-domain experiments, exchanging non-homologous 

sequence parts e.g. with those of other PPM family members, to uncover the exact Lockdown 

interacting motif(s)/amino acids and to confirm inhibitor specificity. Accordingly, a complete activity 

screen for all genetically encoded PPM phosphatases might be required to verify that the next-

generation inhibitor is able to discriminate between small structural differences among PPM 

phosphatases. 

Based on the observed PPM1F-stabilizing effect upon Lockdown binding, we might already be in the 

position to co-crystallize PPM1F in complex with the inhibitor. Co-administration of a PPM1F substrate 

might further stabilize the complex in a less flexible state, but a trapping or cross-linking strategy might 

be required to strengthen or even fix the substrate-phosphatase interaction. Although such strategies 

are well-known for PTP phosphatases (Fahs et al., 2016; Xie et al., 2002), PPM phosphatases catalyze 

dephosphorylation through the coordination of metal ions and are hence inapt for such approaches. 

Indeed, for the PPM member PP2Cα2 (Takekawa et al., 1998) and also for the C.elegans homolog of 

PPM1F Fem-2 (Chin-Sang and Spence, 1996) inactivating mutations located in the highly conserved 

catalytic core are reported (R326 and D360 of PPM1F) and were also applied in our studies as 

phosphatase-dead variants (ChapterI-IV). However, we were not able to detect accumulation of the 

inactive phosphatase at specific compartments e.g. at focal adhesions or clustered integrins in the 

OPTIC approach and could not co-immunoprecipitate PPM1FD360A with integrin β1, confirming this 

as a non-productive trapping strategy. Instead, it might be a promising approach to create 

phosphatase-trapping mutants of known PPM1F substrates, since recent studies demonstrate the 

feasibility of site-specifically inserting non-hydrolyzable pSer/pThr analogues into an amino acid 

sequence e.g. by applying phosphonate mimics having replaced the oxygen with a difluoromethylene 

group (Chen and Cole, 2015; Panigrahi et al., 2009). Alternatively, the recently flourishing nanobody-

technology could enable the use of such small (12-15 kDa) single-domain antigen-binding fragments 

as crystallization chaperones to reduce the flexibility of the PPM1F molecule and to allow for the 

formation of defined crystals (De Groof et al., 2019; Lam et al., 2009; Rasmussen et al., 2011; Schoof 

et al., 2020). Nanobodies are easily produced in bulk and have advantages in stability, protease 

resistance, solubility and cost compared to conventional antibodies (De Groof et al., 2019; Nieto et al., 

2021; Zimmermann et al., 2020).  

Moreover, an independent parallel strategy to narrow down the inhibitor binding site at PPM1F might 

be the chemical synthesis of a photoactivatable Lockdown molecule (e.g. exchanging one carboxy-

group with a benzophenone moiety). UV light-initiated cross-linking of the modified substance with 

recombinant PPM1F might then lead to the identification of the primary labeling and thus the inhibitor 
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binding site via tryptic digest, LC-MS/MS and structure modelling using crystallized human PPM1A as 

template (Gilmartin et al., 2014). Noteworthy, this photoaffinity labeling only makes sense together 

with a sophisticated protection strategy to exchange only one carboxy-group of Lockdown so that the 

substance retains at least part of its inhibitory activity to PPM1F. This obviously requires prior in vitro 

inhibitor activity tests. 

 

In sum, we describe a high-throughput strategy to derive a specific, allosteric inhibitor of PPM1F. 

Accordingly, our screening approach can be easily transferred to other PPM phosphatases, for which 

we are also still lacking potent activity modulators. A pro-drug version of our identified hit compound 

displayed profound selectivity in cells and recapitulated the characteristic phenotype of genetic PPM1F 

deficiency, “locking” cells in their position by promoting integrin function. Importantly, LockdownPro 

suppressed the migration of invasive human tumor cells with high PPM1F abundance, providing a 

novel therapeutic starting point in the control of cancer metastasis (Fig. D9). Given the important role 

of integrins in thrombus formation, wound healing, leukocyte extravasation or inflammation (Balcioglu 

et al., 2015; Clemetson and Clemetson, 1998; Goodman and Picard, 2012; Grabbe et al., 2002; Nurden, 

2006; Svensson et al., 2009), an optimized version of the substance might not only find utility as a 

valuable research tool to further study PPM1F in integrin-dependent processes, but also to fine-tune 

integrin activity in other pathological situations than cancer.  

Importantly, the inhibitor might also help to dissect other downstream targets of PPM1F and their 

mechanistic contribution to diverse human diseases. For example, PPM1F was reported to 

dephosphorylate and inactivate metabolic AMPK at Thr172 (Voss et al., 2011), which usually reduces 

glucose production and increases glucose utilization (Zhou et al., 2001). Consequently, small-molecule 

inhibition of PPM1F might contribute to type 2 diabetes treatment through activation of AMPK. 

Furthermore, PPM1F is a well-known regulator of multifunctional CaMKs and Ca2+ signaling cascades 

in the brain and heart (Fujisawa, 2001; Harvey et al., 2004; Ishida et al., 1998; Ishida et al., 2008; Kitani 

et al., 1999; Ozaki et al., 2016). Consistently, PPM1F has been involved in multiple neuropsychiatric 

diseases including addiction, depression, schizophrenia, post-traumatic stress and bipolar disorder, but 

also in cardiomyocyte function and thus cardiac hypertrophy (Backs et al., 2006; Erickson et al., 2011; 

Previlon et al., 2014; Takemoto-Kimura et al., 2017; Yamauchi, 2005). If the brain and cardiovascular 

dysfunctions, are also based on derailment of integrin activity remains to be investigated (see also 

Chapter I-III). In this regard, PAK2 phosphorylation has also been reported to be strongly involved in 

neurite outgrowth and neuronal differentiation and loss of PAK2 also induced cardiac damage and 

heart failure in an ER-dependent pathology (Binder et al., 2019; Kreis and Barnier, 2009; Peng et al., 

2016). Consequently, local application of PPM1F antagonists, but also of yet unidentified agonists, 

might serve to clarify, which substrates are mechanistically involved in these pathological scenarios. 
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Accordingly, they might also bear therapeutic potential in mental diseases and in heart failure due to 

hypertension. 

In the light of both the substrate variety and the broad expression spectrum of PPM1F, the remaining 

key question is still how to avoid systemic side-effects and to acquire tissue- or cell type-specificity for 

chemical PPM1F modulators in different therapeutic applications. To transport the substance or 

restrict the treatment only to the target organ or to cancer cells definitely requires the development 

of sophisticated solutions in the future (Danhier et al., 2010; Senapati et al., 2018; Zhao et al., 2020). 

Nevertheless, PPM1F represents a desired drug-target to adjust integrin activation thresholds and 

other substrate activities in various pathophysiological scenarios. 

 

Thinking further in this direction, also human microbial pathogens are known to hijack and exploit the 

integrin-actin cytoskeleton machinery for efficient entry into host cells. This raises the interesting 

question if PPM1F might also be part of and if we could actively interfere with this system using our 

established genetic and pharmacological tools (Chapter I-IV).  

Entero-pathogenic gram-negative Yersinia species for example indirectly bind to ECM proteins or 

directly engage with different β1 integrin receptors by bacterial invasins to trigger integrin-mediated 

uptake and thus bacterial invasion (Isberg and Barnes, 2001; Isberg et al., 2000; Isberg and Tran Van 

Nhieu, 1995). Similarly, gram-positive staphylococci mediate their endocytosis and survival via 

integrin-mediated phagocytosis (Agerer et al., 2005; Hauck and Ohlsen, 2006; Isberg et al., 2000). 

Staphylococcus aureus for example is the leading cause of bacteremia and infective endocarditis as 

well as skin, soft tissue, pleuropulmonary, and device-related infections with an increasing trend for 

antibiotica-resistance worldwide (Kern, 2010; Turner et al., 2019). It indirectly engages integrin α5β1 

via fibronectin binding protein (FnBP)-mediated attachment to fibronectin, thereby inducing the 

formation of fibrillar adhesion-like protein complexes, which are characterized by clustered integrins 

enriched with tensin, FAK, zyxin and vinculin (Fig. D9 A) (Agerer et al., 2005; Hauck and Ohlsen, 2006; 

Isberg et al., 2000). Since dynamic remodeling of integrin structures is central in this bacterial uptake 

process, interfering with any regulatory protein in this system, potentially also with PPM1F, might 

render cells defective in phagocytosis. In this regard, compromising Src or FAK functions have already 

been shown to suppress the increased tyrosine phosphorylation at bacterial attachment sites and to 

abrogate bacterial internalization (Agerer et al., 2005; Agerer et al., 2003; Fowler et al., 2003). This 

highlights also the importance of phosphorylation as a central regulatory means to control this process.  

Furthermore, integrin-mediated phagocytosis involves actin cytoskeleton remodeling via formins, 

Arp2/3 and RhoGTPases to induce membrane extensions, making an implication of PPM1F even more 

likely (Fig. D10 A) (Dupuy and Caron, 2008; Hauck and Ohlsen, 2006; Koh et al., 2002; Xie et al., 2008). 

Interestingly, a prior study investigated also Yersinia pseudotuberculosis uptake in non-
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phosphorylatable T788A/T789A compared to wildtype β1 integrin expressing GD25 cells, which 

resulted in a marked reduction of bacterial internalization and cell-associated bacteria. While a 

conformational disruption of the integrin tail between the two conserved NPXY motifs was assumed 

to change the binding capacities for important intracellular signaling molecules to cause this 

phenotype (Gustavsson et al., 2002), it is tempting to speculate based on our newly identified 

phospho-switch at the threonine motif (Chapter I) that rather an alteration in the phosphorylation 

state of these residues might be the corresponding regulatory mechanism to change integrin affinities 

critical for bacterial uptake. Accordingly, PPM1F might be the enzymatic machinery controlling this 

switch besides its potential role in fine-tuning actin cytoskeleton structures (Fig. D10 A). Further 

substantiating this idea, Bhalla et al. recently showed that tissue pressure stimulated integrin β1 

T788/T789 phosphorylation in THP-1 macrophages and that a phospho-mimicking T789D substitution 

enhanced phagocytosis of FBS-opsonized latex beads upon pressure, while cells expressing the 

T788A/T789A integrin β1 mutant showed reduced bead uptake (Bhalla et al., 2009). However, data 

with pathogenic bacteria in this context are lacking.  

To analyze, whether PPM1F is indeed implicated in integrin-mediated host cell binding and uptake of 

pathogenic bacteria, we performed first experiments with S. aureus and HEK293T cells and could show 

that PPM1F expression levels might indeed directly affect bacteria internalization (Fig. D10 B-D). We 

were able to recover ~1.4-fold more bacteria in PPM1F knock-down cells and only around 60-70% of 

the bacteria in PPM1F-overexpressing cells compared to control cell lines, although integrin β1 

expression levels were slightly elevated in PPM1F overexpressing cells (Fig. D10 B). Internalized 

bacteria were absent in case of S. carnosus infection, which served as non-pathogenic control (Fig. D10 

B-D). These data hint towards a role for PPM1F-dependent integrin β1 regulation in S. aureus uptake 

and are in line with the marked reduction of bacterial internalization in T788A/T789A integrin β1A 

expressing GD25 cells (Gustavsson et al., 2002) and the finding that T789D substitution enhanced FBS-

opsonized bead phagocytosis upon pressure in THP-1 macrophages (Bhalla et al., 2009). 

Still it remains to be analyzed whether PPM1F might function also independent of the threonine motif 

in the S. aureus triggered integrin outside-in signaling axis. Accordingly, further experiments are 

required to examine not only recovered and thus internalized, but also cell-surface attached bacteria 

to discriminate integrin activity from actin remodeling effects mediated by PPM1F (e.g. using confocal 

microscopy or FACS and intracellular/extracellular staining of bacteria and also implementing the 

PAK1-3 inhibitor into experiments) (Agerer et al., 2004). Additionally, live cell imaging during bacterial 

infection or electron microscopy experiments with fixed samples at different time points of the 

bacterial infection might shed light on the dynamics of S. aureus engulfment with regard to actin re-

organization and membrane ruffling in context of different PPM1F expression levels. It might also be 

worthwhile to test other pathogenic bacteria species to dissect the role of PPM1F in integrin-
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dependent and -independent host cell infection and to examine complement-opsonized beads in 

integrin β2-mediated phagocytosis in white blood cells with regard to its PPM1F-dependency (Aderem 

and Underhill, 1999; Agramonte-Hevia et al., 2002). 

 

 
 

Figure D 10. Implication of PPM1F in integrin-mediated host cell infection by S. aureus. (A) Schematic model of α5β1 integrin-mediated host cell 
signaling and induction of phagocytosis after S. aureus engagement and the possible functions of PPM1F (indicated by question marks). S. aureus 
associates with type I repeats of host-derived fibronectin (FN) through FN binding protein (FNBP), mediating the recognition by the cellular integrin 
α5β1 receptor, which binds the RGD motif within the protein. Bacteria induced activation and clustering of integrins results in the accumulation of a 
focal adhesion-like protein complex in the vicinity of attached bacteria, containing vinculin, zyxin, tensin, FAK and Src kinases. Downstream factors 
are phosphorylated and recruited to infection sites to result in actin cytoskeletal rearrangements through Arp2/3 complex and mDia1 and endocytosis 
through dynamin. PPM1F might be involved in the dynamic remodeling of integrins and the actin cytoskeleton as a negative regulator to fine-tune 
both bacterial attachment and phagocytosis. Application of a PPM1F agonist might thus disrupt the system to counteract bacterial infections. (B) 
Whole cell lysates (WCL) of HEK 293T cells stably transduced with pLKO.1 empty vector or pLKO.1 harboring shRNA against human PPM1F and of 
HEK293T cells transiently transfected with a vector harboring mCherry or mCherry-PPM1F cDNA were prepared and subjected to Western blotting 



  General discussion and further perspectives 

272 
 

using the indicated antibodies and α-tubulin antibody as loading control. (C, D) Staphylococcus protection assays were performed similarly as 
described earlier (Agerer et al., 2005; Borisova et al., 2013; Schmitter et al., 2004). Shortly, S. aureus (Cowan) and non-pathogenic S. carnosus (TM300) 
were cultured in tryptic soybean broth (TSB; BD Biosciences) and harvested in the mid-logarithmic phase. Prior to infection, bacteria were washed 
three times in sterile PBS and adjusted to 1x107 cfu/ml in PBS. 5x105 cells of 293T cell lines from (B) were seeded on 10 µg/ml poly-L-lysine for 2 h in 
24-wells in triplicate before being infected with bacteria at a multiplicity of infection (MOI) 20 in DMEM + 10% FCS. After centrifugation (300 g, 2 min, 
RT), cells were incubated 25 min at 37°C before the medium was replaced by DMEM containing 50 µg/ml gentamicin and 20 µg/ml lysostaphin. After 
45 min incubation at 37°C, intracellular bacteria were released by incubation with 0.5% saponin in PBS for 15 min at RT. Samples were diluted in PBS 
(1:2, 1:5, 1:10) and plated on TSB agar plates to determine the recovered colony forming units (cfu). Data quantification (mean ± SEM) derived from 
three independent experiments performed in triplicates (C, D left graphs) and images of TBS agar plates with all three dilutions from one replicate 
sample out of one experiment are shown (C, D right images); Student’s unpaired t-test (p**<0.01). 

 

Despite further research is required to decipher the molecular mechanisms involved, our preliminary 

data suggest an important role for PPM1F in host-pathogen interaction and bacterial tissue infiltration. 

Additionally, our data indicate that PPM1F agonists could provide a clinical benefit in the treatment of 

acute bacterial infections caused by integrin-dependent pathogens, highlighting the importance to 

identify and develop also selective and potent PPM1F agonists in the future (Fig. D10A). 

 

Conclusion 

This work discovered new details about the regulation of cell adhesion and cell migration in context of 

the dynamic interplay between integrin activation, actin cytoskeleton remodeling and focal adhesion 

organization. Additionally, our studies demonstrate a key role of the Ser/Thr phosphatase PPM1F for 

releasing integrin-based contacts between human cells and the extracellular matrix. As the first 

identified negative enzymatic integrin regulator, PPM1F directly targets and dephosphorylates the 

conserved threonine motif in the integrin β tail (T788/T789 of β1), but also protein factors determining 

integrin activation and actin organization such as filaminA (S2152, T2336) and the corresponding 

kinases PAK (T423 of PAK1/3 or T402 of PAK2) and CaMKII (T286). Thereby, PPM1F fine-tunes integrin 

functions at several key points within the integrin axis in a switch-like manner, making it a major 

determinant of the integrin regulatory network. The physiological significance of PPM1F is illustrated 

by the severe vascular- and neurodevelopmental defects upon PPM1F depletion in vivo, ultimately 

leading to prenatal death at day E10.5. Thus, our data prove the critical relevance of PPM1F for 

mammal development and show that the loss of the enzyme cannot be compensated by other 

phosphatases. The herein identified mechanistic framework and the lead compound inhibitor for 

PPM1F might serve as a solid basis to further elucidate the regulatory mechanisms under the control 

of PPM1F in a multiplicity of (patho-)physiological contexts, including cancer metastasis, thrombosis, 

leukocyte-adhesion deficiency, neurodevelopmental and neuropsychological diseases. Finally, this 

work highlights protein (de-)phosphorylation as a sophisticated signal transduction system. It connects 

the complex cross-talk and feedback mechanisms within the molecular cell machinery to govern critical 

processes in a fast and dynamic manner and allows cells to quickly sense and coherently respond to 

extra- and intracellular signaling cues.   
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10  Abbreviations 
 

% Percent 

µm Micrometer 

µM micromolar 

ADMIDAS Adjacent to MIDAS 

APEX Ascorbic acid peroxidase 

Arp2/3 Actin-related protein 2/3 

BioID Proximity-dependent biotin identification 

BSA Bovine serum albumin 

CAM Chorioallantoic membrane 

CaMKP Ca2+/Calmodulin-dependent kinase phosphatase 

Cas9 CRISPR-associated 9 

CEA Carcinoembryonic antigen 

CEACAM Carcinoembryonic atnigen-related cell adhesion molecule 

CH Calponin homology 

CRISPR Clustered regularly interspaced short palindromic repeats 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 

EMT Epithelial-mesenchymal transition 

Et al et alii; and others 

FACS Fluorescence activated cell sorting 

FAK Focal adhesion kinase 

FCS Fetal calf serum 

FERM Band 4.1, ezrin, radixin, moesin 

FN Fibronectin type III 

g gramm 

GAP GTPase activating protein 

GEF Guanine nucleotide exchange factor 
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GFP Green fluorescent protein 

GFR Growth factor receptor 

GPCR G-protein coupled receptor 

GST Glutathion S-transferase 

GTP Guanosine triphosphate 

H hour 

HAD Haloacid-dehalogenase-like hydrolase domain 

HEK Human embryonic kidney 

ICAM-1 Intercellular adhesion molecule-1 

Ig Immunglobulin 

ILK Integrin-linked pseudo kinase 

IP Immuno-precipitation 

kDa Kilo Dalton 

KO Knock-out 

LAD Leukocyte adhesion deficiency 

LIC Dynein light intermediate chain 

M molar 

MEF Mouse embryonic fibroblast 

MFI Mean fluorescence intensity 

Mg milligramm 

MIDAS Metal-ion dependent adhesion site 

miRNA microRNA 

Ml milliliter 

MLC Myosin II regulatory light chain 

mM millimolar 

MOI Multiplicity of infection 

NF-κB Nuclear factor ‚kappa-light-chain-enhancer‘ of activated B-cells 

Ngo Neisseria gonorrhoeae 

Nm nanometer 

Opa Opacity-associated 

PAK P21-activated kinase 

PBS Phosphate-buffered saline 
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PCR Polymerase chain reaction 

PFA Paraformaldehyde 

PIP2 Phosphatidylinositol 4,5-bisphosphate 

PH Pleckstrin homology 

POPX Partner of PIX 

PPM Metal-dependent protein phosphatases 

PPP Phospho-protein phosphatases 

PTB Phosphotyrosine binding domain 

PTM Post-translational modification 

PTPR Receptor-type protein tyrosine phosphatase 

PVNH Periventricular nodular heterotopia 

RNA Ribonucleic acid 

ROCK Rho-associated coiled-coil containing kinase 

ROI Region of interest 

ROS Reactive oxygen species 

RT Room temperature 

SD Standard deviation 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM Standard error of means 

sgRNA Single guide RNA 

SILAC Stable isotope labeling with amino acids in cell culture 

siRNA Small interfering RNA 

SNP Single nucleotide polymorphism 

SFK Src family kinases 

SRF Serum response factor 

TCR T-cell receptor 

TLR Toll-like receptor 

VCAM-I Vascular cell adhesion protein 1 

WASP Wiskott-aldrich syndrome protein 

WAVE WASP-family verprolin homologous protein 

WCL Whole cell lysate 

WT wildtype 
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