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1 Summary 

Protein phosphatase 2A (PP2A) is a multifaceted heterotrimeric Ser/Thr phosphatase with 

broad implications in cellular regulations such as signaling pathways, cell cycle progression, 

DNA damage response, and embryonic development, to mention only a few. PP2A-B56 was 

shown to function in the regulation of the APC/C inhibitor XErp1 in oocytes arrested in 

metaphase of meiosis II (MII) and in embryos during the rapid embryonic cleavage cycles of 

the African clawed frog Xenopus laevis (1, 2). PP2A’s dephosphorylation activity sustains 

XErp1’s active inhibitory state by continuously counteracting Cdk1-Cyclin B and thereby 

essentially contributes to the arrested MII state. According to the current model, PP2A-B56 

is thought to similarly contribute to the mitotic regulation of XErp1 during the fast embryonic 

divisions (1, 3). 

We were intrigued to examine the spatiotemporal regulation of PP2A-B56 during mitotic exit 

of the rapid embryonic cleavage cycles in Xenopus laevis. It is still unclear if and how PP2A 

is regulated to provide sufficient time for mitotic exit to occur before re-instating XErp1’s 

inhibitory activity on the APC/C in interphase. First, we revisited PP2A’s involvement during 

the MII arrest and could show that addition of a high affinity PP2A-B56 binding peptide 

triggered a meiotic exit phenotype without activation of the Ca2+-induced CaMKII pathway. 

Surprisingly and contrary to our expectations, XErp1 dverweis not remain 

hyperphosphorylated in the presence of the B56 binding peptide but instead was rapidly 

dephosphorylated. This result indicates that PP2A-B56 is involved in the maintenance of the 

MII arrest but seems to be dispensable for XErp1’s complete dephosphorylation as 

additional phosphatases are evidently competent to target XErp1. With regards to XErp1’s 

phosphorylation state at meiotic exit we observed a comparable situation in Xenopus 

embryo extract: XErp1 was rapidly and completely dephosphorylated upon mitotic exit 

independent of B56 binding peptide addition. This result suggests that B56 containing 

phosphatases are not crucial for XErp1’s regulation at mitotic exit of the early embryonic 

divisions. Most likely, other mitotic exit phosphatases like PP2A-B55 and/or PP1 are 

partaking in the dephosphorylation of XErp1. 

In addition, we searched for novel PP2A-B56 protein inhibitors, substrates and non-

substrate interactors by two independent approaches: 1) a bioinformatics PSI-BLAST 

search and 2) a biochemical approach by combining a PP2A-B56ɛ IP from frog embryo 

extract with a LC-MS/MS analysis. We did not identify any PP2A-B56 protein inhibitors but 

identified several putative interactors strongly indicating a role for PP2A-B56 in centrosome-

dependent processes.
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2 Zusammenfassung 

Die Protein Phosphatase 2A (PP2A) ist eine vielseitige heterotrimere Ser/Thr Phosphatase, 

die an diversen zellulären Regulierungssprozessen beteiligt ist. PP2A’s Beteiligung wurde 

unter anderem bereits bei intrazellulären Signalwegen, dem Ablauf des Zellzyklus, bei der 

DNS-Schadensantwort und während der frühen embryonalen Entwicklung nachgewiesen. 

Es wurde gezeigt, dass PP2A-B56 an der Regulierung des APC/C Inhibitors XErp1 im 

Afrikanischen Krallenfrosch Xenopus laevis beteiligt ist. Diese Regulierung findet in 

Oozyten, welche in der Metaphase der zweiten Meiose (MII) arretiert sind, als auch in 

Embryos, die sich in den frühen und schnellen Teilungszyklen befinden, statt. Durch die 

Dephosphorylierungsaktivität von PP2A, die der hohen Cdk1-Cyclin B Aktivität fortlaufend 

entgegenwirkt, wird die inhibitorische Wirkung von XErp1 aufrechterhalten. Dies wiederum 

trägt zur Aufrechterhaltung des MII arretierten Zustandes bei. Dem gegenwärtigen Modell 

zufolge trägt PP2A-B56 auf ähnliche Weise auch zur mitotischen Regulierung von XErp1 

während der schnellen Zellteilungen im frühen Embryo bei. 

Wir waren daran interessiert die räumliche und zeitliche Regulierung von PP2A-B56 

während des mitotischen Austrittes in den schnellen embryonischen Teilungszyklen von 

Xenopus laevis zu untersuchen. Es ist immer noch nicht geklärt ob und wie PP2A reguliert 

wird, damit die Zelle ausreichend Zeit für den mitotischen Austritt zur Verfügung hat bevor 

XErp1’s inhibierende Wirkung auf den APC/C in der Interphase wiederhergestellt wird. 

Zunächst haben wir überprüft wie entscheidend die Beteiligung von PP2A während des MII 

Arrestes ist. Durch Zugabe eines stark affinen B56-Bindungspeptides in CSF Extrakt wurde 

ein Meiose-II-Austritt vergleichbarer Phänotyp ausgelöst. Der meiotische Austritt fand 

zudem ohne die Aktivierung des Kalzium-induzierten CaMKII Signalweges statt. 

Überraschenderweise und im Gegensatz zu unseren Erwartungen blieb XErp1 nicht in 

seinem hyperphosphorylierten Zustand, sondern wurde sehr schnell dephosphoryliert. 

Dieses Ergebnis deutet darauf hin, dass PP2A-B56 an der Aufrechterhaltung des MII 

Arrestes beteiligt ist, jedoch für die vollständige Dephosphorylierung von XErp1 

vernachlässigbar zu sein scheint, da andere Phosphatasen offensichtlich kompetent sind 

um XErp1 zu dephosphorylieren. Im Hinblick auf den Phosphorylierungszustand von XErp1 

während des meiotischen Austrittes konnten wir eine vergleichbare Beobachtung in 

Xenopus Embryoextrakt machen: Die Zugabe des B56-Bindungspeptides hatte keinen 

Einfluss auf die schnelle und vollständige Dephosphorylierung von XErp1 während des 

mitotischen Austrittes. Dieses Ergebnis weist darauf hin, dass B56 enthaltende 

Phosphatasen nicht entscheidend für XErp1’s Regulierung beim mitotischen Austritt 

während der frühen embryonalen Zellteilungen sind. Höchstwahrscheinlich sind andere 

Phosphatasen wie z.B. PP2A-B55 und/oder PP1 an der Dephosphorylierung von XErp1 

beim mitotischen Austritt beteiligt. 
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Des Weiteren haben wir mittels zwei unabhängiger Vorgehensweisen nach neuen 

Proteininhibitoren, Substraten und Interaktoren von PP2A-B56 gesucht. Der erste, 

bioinformatische Ansatz beinhaltete eine PSI-BLAST Suche, die sich an bereits bekannten 

PP2A Proteininhibitoren orientierte. Beim zweiten, biochemischen Ansatz wurde eine PP2A-

B56ɛ Immunopräzipitation aus Froschembryoextrakt durchgeführt und mit einer LC-MS/MS 

Analyse kombiniert. Wir haben keine funktionalen Proteininhibitoren von PP2A-B56 

gefunden, konnten jedoch zahlreiche potenzielle Proteininteraktionspartner identifizieren, 

die darauf hinweisen, dass PP2A-B56 an Zentrosomen-abhängigen Prozessen beteiligt ist. 
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3 Introduction 

3.1 The eukaryotic cell cycle 

All life on earth follows the same fundamental principles of cell propagation in its most simple 

way including replication of the genetic material and its division into two identical daughter 

cells. Obviously, this description of a cell’s life cycle is very simplistic and over time 

evolutionary processes cumulated in a highly intricate and well-orchestrated eukaryotic cell 

cycle consisting of distinct consecutive phases: G1, S-phase, G2, M-phase and cytokinesis 

(Figure 1). The first Gap phase (G1) provides time to prime the cell for the next cell cycle 

round: this includes cell growth, protein synthesis and priming of the DNA for replication 

purposes. Only when the G1/S checkpoint senses optimal proliferation signals, the cell 

commits to the subsequent S-phase. In S-phase (Synthesis) the genome is duplicated and 

this process is monitored by DNA replication surveillance mechanisms to ensure correct 

replication. Once the genome is completely replicated the cell progresses to the second Gap 

phase (G2), during which cell growth and protein synthesis is resumed. Then, cell cycle 

progression is stalled at the G2/M boundary by the DNA damage checkpoint to ensure the 

presence of error-free duplicated DNA before allowing the transition into the next M-phase 

(Mitosis). Entry into mitosis is promoted by the master regulator of the cell cycle, the 

serine/threonine targeting Cyclin-dependent-kinase 1 (Cdk1) in complex with its activator 

Cyclin B (4-6). In general, phase specific Cdk-Cyclin complexes are the main driver of cell 

cycle progression and different cyclins are expressed at distinct times in a cell to promote 

cell cycle specific events (7). During G2, Cyclin B gradually accumulates and forms 

increasing amounts of Cdk1-complexes in the cytoplasm (8, 9). Full Cdk1 activation 

encompasses several consecutive regulatory steps: In G2, binding of Cyclin-B to Cdk1 

induces conformational changes in Cdk1’s active site and allows the phosphorylation of 

Cdk1’s activation-loop (T-loop) by a Cdk-activating kinase (CAK). This renders the Cdk1-

Cyclin B complex fully active by increasing the efficient binding to a protein substrate (10-

12). To prevent premature entry into mitosis, Cdk1 is additionally regulated by inhibitory 

phosphorylations on residues T14 and Y15 by the cytoplasmatic located Myt1 kinase and 

the nuclear located Wee1 kinase (13-15). In contrast, Cdc25, a dual-specificity phosphatase, 

antagonizes the inhibitory phosphorylations on Cdk1 and sustains Cdk1’s activity (16-18). 

In turn, Wee1/Myt1 and Cdc25 are regulated by active Cdk1-Cyclin B in a negative and 

positive manner, respectively (19-21). Thus Cdk1-Cyclin B inactivates its inhibitory kinase 

and activates its own activator creating a positive feedback loop which promotes a switch-

like activation of inactive Cdk1-Cyclin B complexes and an irreversible transition into mitosis. 

High Cdk1-Cyclin B activity is vital for mitotic progression as a plethora of mitotic substrates 

and key mitotic regulators is controlled by phosphorylation events. Together they orchestrate 
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mitotic processes which lead to the faithful segregation of chromosomes and the generation 

of two daughter cells.  

The mitotic phase is divided into prophase, prometaphase, metaphase, anaphase (A and B) 

and telophase which is followed by cytokinesis, the physical division of two identical 

daughter cells. In prophase the cell initiates several processes to prepare for the upcoming 

event of chromosome segregation: this includes DNA condensation, the movement of 

centrosomes and nuclear envelope breakdown (NEBD) which is triggered upon nuclear 

import of Cdk1-Cyclin B (22). In prometaphase, the mitotic spindle starts to assemble and 

the first spindle microtubule-kinetochore (MT-KT) attachments are established which then 

drive the congression of chromosomes towards the spindle equator. 

 
Figure 1: Organization of the eukaryotic cell cycle. In G1 (gap phase 1) cells grow and stop at the G1/S 
checkpoint to control whether the cell is ready to commit to the next S-phase. In addition, depending on external 
nutrition and differentiation signals a cell might decide to exit the cell cycle and enter a quiescent state (G0). In 
S-phase the genome is duplicated once and only once to generate two chromatid chromosomes, a pre-requisite 
for cell propagation and the generation of identical daughter cells. In G2 (gap phase 2) cells continue to grow 
and prepare for mitotic events. Crucially, cells stop at the G2/M border triggered by the DNA damage checkpoint 
to ensure that the DNA is complete and error-free replicated before commencing the next M-phase. Mitosis 
consists of five phases: prophase, prometaphase, metaphase, anaphase and telophase with the main purpose 
of faithfully and equally segregating the duplicated genome onto two daughter cells which are then physically 
separated during cytokinesis. The main text provides detailed information about the different phases and mitotic 
progression regulatory mechanisms. 

Only when all chromosomes are aligned at the metaphase plate and sister chromatids 

display correct amphitelic KT-MT attachments, the spindle-assembly-checkpoint (SAC) is 

satisfied (23). Silencing of the SAC triggers the metaphase-to-anaphase transition. This 

means that the anaphase-promoting-complex/cyclosome (APC/C), an E3-ubiquitin-ligase in 
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complex with its coactivator Cdc20, is liberated from its inhibitory interaction with the SAC 

induced mitotic checkpoint complex (MCC) (24). Prior to mitosis the APC/CCdh1 is restrained 

by the early mitotic inhibitor 1 (Emi1) to allow the accumulation of M-cyclins. However, upon 

entry into mitosis, Emi1 is degraded to release the APC/C for its mitotic function (25). In 

mitosis full activation of the APC/C is only achieved by Cdk1-Cyclin B mediated multisite 

phosphorylations (26, 27). Then, fully active APC/C marks Cyclin B and the separase 

inhibitor securin for ubiquitin mediated proteasomal degradation thereby promoting the 

metaphase-to-anaphase transition (28). Consequently, Cdk1-Cyclin B initiates its own 

destruction pathway by activating the APC/C. The drop in Cdk1-Cyclin B activity marks the 

end of mitosis and permits the subsequent dephosphorylation of mitotic substrates, which is 

necessary to promote mitotic exit (29, 30). Then, at anaphase onset free separase cleaves 

centromeric cohesin, a ring complex tethering sister-chromatids together (31). This allows 

the segregation of sister-chromatids towards opposite poles of the elongating cell. The 

spindle poles move further apart, and as the further elongating cell progresses into telophase 

the mitotic spindle breaks down and the nuclear envelope starts to reassemble around the 

decondensing DNA. At the same time, cleavage furrow ingression initiates the physical 

process of daughter cell separation, termed cytokinesis, releasing the cells into G1 of the 

next interphase. 

3.2 From MII arrested oocytes to developing embryos of Xenopus laevis 

As this work mainly focused on the regulatory mechanisms acting during the meiotic exit of 

eggs arrested in metaphase of meiosis II and mitotic exit in the rapid embryonic cleavage 

divisions of the African clawed frog Xenopus laevis (X. laevis) the following two sections 

provide an overview about the relevant developmental stages of this amphibian and the 

underlying cell cycle control mechanisms (Figure 2). 

3.2.1 Meiotic control mechanisms in unfertilized eggs of X. laevis 

In the female germline of X. laevis gametogenesis proceeds until the formation of immature 

oocytes which arrest in prophase of meiosis I. Resumption of meiosis I is triggered upon 

secretion of a hormone called progesterone by the surrounding somatic cells. Meiotic 

resumption is accompanied by germinal vesicle breakdown (GVBD) and extrusion of the first 

polar body (PBE) followed by progression into the second meiotic division (32, 33). 

Groundbreaking experiments from the 70’s and 80’s demonstrated that the driving force 

behind the first meiotic resumption and oocyte maturation constitutes a Maturation 

Promoting Factor called MPF which was later identified to be Cdk1-Cyclin B the master 

regulator of the cell cycle (5, 6, 34). Gametogenesis in the female frogs ends with the 

production of hundreds of fertilizable eggs which are stably arrested in metaphase of 

meiosis II (MII) (35). The MII arrest is maintained despite a constitutively high Cdk1-Cyclin B 
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activity and an absent SAC leaving the APC/C apparently uninhibited. For a long time it 

remained elusive how this state is preserved in the vertebrate eggs without resulting in 

immediate and full APC/C activity followed by the completion of meiosis II. Early experiments 

by Masui and Markert indicated that a cytostatic factor (CSF) must be present in the MII 

oocyte to counteract full APC/C activation (5, 36). Eventually, it became evident that 

Xenopus Emi1-related protein (XErp1 or Emi2) represents the sought-after cytostatic factor 

that functions as APC/C inhibitor. Binding to the APC/C is mediated via XErp1’s 

unphosphorylated Carboxy-terminal RL-tail which further promotes the inhibitory interaction 

of XErp1’s zing-binding-region (ZBR) domain with the APC/C (2, 3, 33, 37, 38). This binding 

then constrains the E3-ligase activity of the APC/C (2). During CSF arrest the multisite 

phosphoprotein XErp1 underlies heavy regulation by Cdk1-Cyclin B and the antagonizing 

type 2A protein phosphatase PP2A-B56 (39-41). Binding of PP2A-B56 to XErp1 was shown 

to be promoted through phosphorylation of S335 and T336 by p90rsk, which is activated by 

the Mos/MEK/MAPK cascade (39, 41, 42). Furthermore, the phosphorylated residues S342 

and S344 also mediate PP2A-B56 binding (39). The N-terminal region of XErp1 serves not 

only as docking platform for Cdk1-Cyclin B but also for Polo-like kinase 1 (Plk1) and Casein 

kinase 1δ/ɛ (CK1δ/ɛ). The two latter kinases only bind to primed residues which are 

phosphorylated by Cdk1-Cyclin B. At the same time, these phospho-docking sites (CK1: 

pT239, pT267, Plk1: pT267) are constantly antagonized by PP2A-B56 phosphatase activity. 

(3). However, both kinases (Plk1, CK1) were shown to have a weak effect on XErp1 during 

the MII arrest, but contribute significantly to its regulation at meiotic exit (2). During CSF 

arrest it seems that the kinase and phosphatase activities acting on XErp1 are not changing, 

but in fact this state is best described as a controlled thermostat: High Cdk1-Cyclin B activity 

results in the phosphorylation of XErp1’s regulatory N- and functional C-terminal residues 

which abolishes inhibitory binding towards the APC/C. Thus, Cdk1-Cyclin B activates the 

APC/C which in turn targets its own activator by marking Cyclin B for destruction. This 

causes a temporal drop in Cdk1-Cyclin B activity which is sufficient to tip the balance in favor 

of PP2A acting on XErp1. PP2A-B56 relieves XErp1 from its constraining C-terminal 

phosphorylations (T545, T551, S641, S644), and hence reactivates its function as potent 

APC/C inhibitor (3). Eventually, re-synthesis of Cyclin B leads to a rise in Cdk1-Cyclin B 

activity thus closing the reciprocal regulatory circuit and maintaining CSF arrest. Upon 

fertilization the second meiotic division is completed, including the extrusion of the second 

polar body (PB) and the creation of a zygote which develops into a frog embryo. Entry of a 

single sperm leads to the elevation of free cytosolic Ca2+-ions in the egg by triggering their 

release from the endoplasmatic reticulum (ER). The excess of free Ca2+-ions sets off an 

avalanche of kinases ultimately leading to XErp1’s degradation, APC/C activation and 

meiotic exit. Most upstream of all, Calcium/calmodulin-dependent-protein-kinase II (CaMKII) 
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is activated by calcium-ions and directly phosphorylates XErp1 at T195 promoting strong 

binding of Plk1 in a polo-box domain (PBD) dependent manner (43-45). A pool of Plk1 is 

weakly bound to N-terminal Cdk1 sites on XErp1 and phosphorylates residues T170 and 

T195 which turn into strong docking sites for more Plk1 molecules (3). In the end, Plk1 

targets residues in the destruction box motifs DSG (DS33GX3S38) and DSA 

(DS275AX2S279) marking XErp1 for SCFβ-TRCP mediated proteasomal destruction (2, 37). 

At the same time, Cdk1-Cyclin B (T545, T551, S641) and CK1δ/ɛ (S644) continuously 

phosphorylate multiple C-terminal residues on XErp1 including the RL-tail contributing to 

XErp1’s inactivation (3). 

 
Figure 2: Developmental time line of X. laevis female gametogenesis till the blastula stage. The 
developmental stages are illustrated starting from immature oocytes till the embryo reaches the blastula stage. 
Immature stage VI oocytes arrested in prophase of meiosis I resume meiotic progression upon stimulation with 
progesterone and mature into fertilizable eggs arrested in metaphase of meiosis II. Fertilization triggers 
completion of meiosis II and initiates transition into the next interphase of the first mitotic cleavage cycle (90 min). 
Then, 11 rapid cycles (~30 min) alternating only between M- and S-phase follow till the blastula stage is reached, 
at which the cell cycle is remodeled and undergoes major changes which are essential for the further 
development of the embryo. For detailed explanation of the meiotic and mitotic regulatory pathways acting on 
XErp1 see main text in section 3.2, respectively. MBT: midblastula transition; S: S-phase; M: Mitosis. 
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In the end, the conglomerate of kinases overpowers the persistently counteracting PP2A-

B56 phosphatase, rendering XErp1 inactive and finally liberating the APC/C: destruction of 

Cyclin B is followed by meiotic exit and the transition into the first mitotic division of the fast 

embryonic cleavage cycles. In addition, it was shown using X. laevis egg extracts that 

activation of a PP2B phosphatase, Calcineurin is also required for meiotic exit, however, it 

remains elusive which substrate(s) depend on its activity (46, 47). 

Early on, the potential of X. laevis MII arrested eggs was recognized and considered to be 

a valuable tool to study meiotic exit and the transition into the subsequent interphase in a 

test tube. To this end a cell-free cytosolic egg extract (CSF extract) system was established 

which reconstitutes the events during the MII arrest and which can be exploited to investigate 

cell cycle regulatory mechanisms. Using the CSF extract system entails a diverse range of 

tools which can be used to manipulate the extract: this includes the removal of proteins by 

immunodepletions or the addition of recombinant exogenous proteins, mRNAs or chemicals. 

3.2.2  Mitotic control mechanisms in the early embryo of X. laevis 

The first mitotic cleavage cycle takes about 90 min and thus lasts three times as long as the 

11 subsequent rapid cycles (30 min) (48). During the first prolonged cycle the sperm 

undergoes chromatin remodeling processes and converts into the male pronucleus. The 

diploid zygote proceeds through S-phase and just prior to the first mitotic division the male 

and female pronuclei fuse to become one (49). XErp1 is re-synthesized during interphase 

to inhibit the APC/C and to allow accumulation of Cyclin B. The first cycle differs from the 

subsequent rapid cycles as the change in Cdk1-Cyclin B activity is still controlled by the 

inhibitory Wee1/Myt1 kinase and the counteracting phosphatase Cdc25A, which in turn 

underlie regulation by Plk1 and the c-Mos/MAPK pathway (50). 

After the first mitotic division the cell cycle is drastically remodeled, and the succeeding 11 

cycles are characterized by their synchrony and rapidness, alternating only between S- and 

M-phase, without detectable inhibitory phosphorylations on Cdk1, suppressing zygotic 

mRNA transcription and omitting any surveillance mechanisms (50). During the rapid cycles 

the embryo does not waste time on cell growth, as indicated by the lack of gap phases, but 

invests in the exponential increase in cell number by reducing cell divisions till the blastula 

is formed consisting of about 4000 cells (51). At this stage, which is referred to as midblastula 

transition (MBT) cell cycle events are again considerably remodeled encompassing changes 

such as: 1) complete activation of zygotic transcription (zygotic genome activation, ZGA), 2) 

restoration of checkpoints, 3) cell growth including gap phases, and 4) the presence of 

inhibitory phosphorylations on Cdk1 (52). 

In order to ensure the proper execution of the 11 rapid cleavage cycles in Xenopus embryos 

the regulatory circuits acting on Cdk1-Cyclin B have to be adapted. Taking into account that 

the inhibitory phosphorylations on Cdk1 seem to be repressed by an excess of available 
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Cdc25A isoforms throughout the fast divisions (53), Cdk1 has to be controlled by other 

means to guarantee the indispensable oscillating Cdk1-Cyclin B activity that drives the cell 

cycle. In brief, it was demonstrated by Groisman et al. that timely onset of Cdk1 activity is 

regulated through the synthesis of its coactivator Cyclin B which is only initiated just prior to 

and during early M-phase (54, 55). This step is regulated on the posttranscriptional level by 

a cytoplasmic polyadenylation element-binding protein (CPEB), which promotes the 

polyadenylation-induced translation of Cyclin B (54, 55). As the oscillating Cdk1 activity 

depends on both the synthesis and degradation of Cyclin B, the translation-inducing-trigger, 

i.e. the polyadenylation signal has to be reversed at the end of mitosis. This regulatory 

process was shown to be relying on the action of maskin (55). Over the past years a clearer 

picture about the dynamic and quite often reciprocal interplay between various kinases and 

phosphatases emerged. It expanded our understanding about cell cycle control mechanisms 

especially regarding mitotic progression, not only in vertebrates but also in higher 

eukaryotes. 

Mitotic entry requires Cdk1-Cyclin B activity to be above a certain threshold to initiate 

substantial phosphorylation of mitotic substrates, however the opposite has to be preserved 

in interphase to prevent precocious entry into mitosis. For this reason, two different 

regulatory modules, present in X. laevis, reciprocally influence each other ensuring that 

mitosis commences in a timely ordered manner. On the one hand, XErp1 acts as APC/C 

inhibitor allowing the accumulation of Cyclin B leading to an increase in active Cdk1-Cyclin B 

complexes and eventually mitotic entry. At that time XErp1’s inhibitory function is guaranteed 

by the Cdk1 counteracting phosphatase PP2A-B56 bound to a phosphorylated docking site 

on XErp1 (S335, T336, S342, S344), which in the early embryo is created by protein kinase 

A (PKA) (1). This interaction provides close proximity for PP2A-B56 to act on the most C-

terminal residues in the RL-tail of XErp1 thus sustaining XErp1’s role as APC/C inhibitor (1). 

A second Ser/Thr phosphatase, namely PP2A-B55 is essential to preserve the interphase 

state, i.e. to keep mitotic Cdk1 targets such as Cdc25 unphosphorylated and inactive. 

Consequently, mitotic entry can only take place when PP2A-B55 phosphatase activity is 

constrained, which was recently demonstrated to be reciprocally orchestrated by Cdk1-

Cyclin B in vertebrates and higher eukaryotes (56-58). Rising Cdk1-Cyclin B activity 

stimulates the AGC-type kinase Greatwall (Gwl) in its activation loop triggering 

conformational rearrangements (57, 59). Only now Gwl gains the ability to further auto-

activate itself (60). Fully active Gwl phosphorylates and activates Arpp19 and thereby 

creates a high affinity inhibitor of PP2A-B55 (58, 61). Simultaneous inhibition of PP2A-B55 

and a switch-like boost in Cdk1-Cyclin B activity irreversibly promote mitotic 

commencement. As soon as Cdk1-Cyclin B activity peaks in metaphase it prevails over the 

still antagonizing PP2A-B56 phosphatase targeting XErp1. Thus it promotes anaphase 
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onset by causing XErp1’s hyperphosphorylation, followed by activation of the APC/C, 

proteasomal destruction of securin and Cyclin B and finally mitotic exit. As Cyclin B levels 

and hence Cdk1 activity drastically drop at mitotic exit PP2A-B56 can act on XErp1 without 

any opposing kinase activity. At this point it still remains elusive how or to which extent 

PP2A-B56 is regulated at the end of mitosis to allow proper mitotic exit without promoting 

premature reactivation of XErp1. This is important to keep in mind as XErp1 is not targeted 

for proteasomal destruction during the fast embryonic cycles (1) but is only regulated by 

posttranslational modifications (PTMs). An untimely re-inhibition of the APC/C could cause 

incomplete Cyclin B degradation and consequently impair mitotic exit or cause cytokinesis 

defects. 

To the same degree as PP2A-B55 inactivation was shown to be crucial for mitotic entry its 

reactivation is essential at mitotic exit to promote substrate dephosphorylation not only in 

Xenopus but also in higher eukaryotes (29, 56, 57). Once primed by Cdk1-Cyclin B, Gwl 

kinase auto-activates itself and continuously phosphorylates Arpp19. This poses the 

question of how both activities are restrained at the end of mitosis to liberate PP2A-B55 and 

initiate dephosphorylation of mitotic substrates. When Cdk1 activity declines at anaphase 

onset another pivotal mitotic exit phosphatase, protein phosphatase 1 (PP1) activates itself 

through auto-dephosphorylation of the Cdk1 mediated inhibitory phosphorylation on T320 

(62). Active PP1 can now reverse phosphorylations on a subset of Cdk1 targets. This 

includes the removal of the auto-activating phosphorylation (S883) on Gwl which renders 

the kinase partially inactive (63). Consequently, the conversion of Arpp19 into a potent 

PP2A-B55 inhibitor is slowed down (63). In addition, active phospho-Arpp19 was shown to 

be inactivated by a TFIIF-associating CTD phosphatase-1 (Fcp1) contributing to the release 

of PP2A-B55 (64). Finally, PP2A-B55 contributes to its own activation by removing the 

priming phospho-sites on Gwl catalyzed by Cdk1-Cyclin B and hence inactivates the 

inhibitory cascade directed against it (63). In the end, combined action of mitotic exit 

phosphatases (PP2A-B55 and PP1) orchestrate the dephosphorylation of mitotic substrates 

and together initiate the final steps of the mitotic exit program: reassembly of the Golgi 

apparatus and the nuclear envelope is accompanied by the physical separation of the two 

daughter cells and the transition into the subsequent interphase.  

3.3 Protein Phosphatase 2A 

Dynamic phosphorylation events represent a fundamental regulatory mechanism occurring 

ubiquitously in a cell. Thus, it is not surprising that as much as 30 % of proteins in a 

eukaryotic cell are subjected to phosphorylations which display the most commonly 

occurring reversible posttranslational modification (65). This covalent modification affects 

proteins in numerous but distinct ways such as: 1) acting as an on/off switch for protein 

activity; 2) influencing protein binding affinity; 3) influencing the subcellular localization and 
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4) affecting protein stability. Approximately 500 kinases in humans are taking part in these 

crucial regulatory mechanisms targeting serine and threonine or tyrosine residues (66). 

Naturally, to maintain a balance of regulatory events in a cell phosphate-modifications have 

to be reversed by a counteracting activity. This is accomplished by various protein 

phosphatases. One of the most studied phosphatases is the heterotrimeric protein 

phosphatase 2A (PP2A) which is abundantly expressed in a cell and makes up ~0.2 % of 

total cellular proteins (67). This major Ser/Thr phosphatase in conjunction with PP1 carries 

out more than 90 % of phosphoserine and -threonine dephosphorylation events. PP2A 

participates in numerous essential cellular processes and deregulation of this pivotal 

phosphatase can be detrimental for a cell. For this reason, already the biogenesis of the 

heterotrimeric complex is tightly regulated and will be elucidated in the next paragraph. 

3.3.1 PP2A holoenzyme structure and biogenesis 

Despite efforts by several groups there are still many unresolved questions about the 

mechanistic regulation of PP2A complex assembly. A decade ago, the first crystal structure 

of a heterotrimeric PP2A-B56 complex was solved shedding light on how the scaffolding A 

(PP2A-A, 65 kDa), the catalytic C (PP2A-C, 36 kDa) and one of the numerous regulatory B-

subunits interact to form an active heterotrimeric holoenzyme (68-70). In order to impede 

promiscuous phosphatase activity cells developed an elaborate multi-level system to control 

the biogenesis of active PP2A complexes (Figure 3). The scaffold A subunit, present as Aα 

and Aβ isoform, adopts an elongated L-shaped form and comprises 15 HEAT (huntingtin-

elongation A subunit TOR-like) repeats. Upon binding of PP2A-C the scaffold undergoes 

substantial conformational rearrangements which are further reinforced by B-subunit binding 

resulting in a horseshoe-shaped fold of PP2A-A (69, 71). To restrain promiscuous 

phosphatase activity, the globular C-subunit (Figure 3), present as Cα and Cβ isoform, is 

synthesized as inactive protein and first associates with chaperonins and then with non-

substrate interactors like α4 to retain its stable but inactive conformation (72). Only upon 

dissociation of α4, PP2A-C can bind to the scaffold A and generate a stable dimeric core 

enzyme. One third of the PP2A population in a cell is present as PP2A-AC dimer and 

naturally they have to be controlled to protect the cell from unspecific phosphatase activity. 

PP2A precursors are handled by the PP2A phosphatase activator (PTPA) which not only 

stabilizes but also fully activates AC-dimers by catalyzing conformational changes near the 

active site of the C-subunit (73). 

At this stage the core enzyme can exhibit substantial phosphatase activity, however, without 

any substrate specificity. Thus, a third variable B-subunit is essential to fill the vacancy. In 

humans 15 genes coding for different regulatory B-subunits were identified and classified 

according to their sequence similarities into four subfamilies: B55 (PR55), B’56 (PR61), B’’ 

(PR72) and B’’’ (striatins). Each of the subfamily comprises several isoforms some of which 
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exist as multiple variants due to alternative splicing and translation giving rise to at least 23 

B-subunit isoforms (74). In humans, the B56 subfamily represents the largest regulatory B-

subunit family comprising at least 8 members. Several studies described additional PP2A 

stimulating mechanisms involving a specific leucine carboxyl methyl-transferase (LCMT-1) 

which methylates the carboxylate group of L309 in the highly conserved C-terminal tail of 

PP2A-C (75). This PTM was shown to be a prerequisite for B55 subunit recruitment and to 

a lesser extent to facilitate B56 and B’’ binding (71, 76). Targeted inactivation of the AC core 

enzyme through hampering B-subunit binding is conferred by a specific PP2A methyl 

esterase (PME-1) (77). Last but not least inhibitory phosphorylation of Y307 in the C-terminal 

tail of the C-subunit was shown to interfere with B55 and B56-subunit binding by preventing 

methylation of L309 and by destabilizing the interaction of the C-subunit tail with the B-

subunits (78). Once the fully assembled PP2A holoenzymes are active the question remains 

how substrate selection is mediated to confine unspecific phosphatase activity. This aspect 

will be addressed in the next paragraph. 

 
Figure 3: PP2A biogenesis model and heterotrimeric holoenzyme structure. Newly synthesized PP2A-Cα/β 
associates with chaperonins and α4 to stabilize its inactive conformation and restrain promiscuous phosphatase 
activity. Dissociation of α4 allows binding to PP2A-Aα/β whose elongated L-shaped scaffold undergoes 
substantial conformational rearrangements upon binding of PP2A-C. The inactive PP2A-AC core enzyme is 
modulated by the PP2A phosphatase activator (PTPA) through conformational changes in the active site. The 
active AC-dimer is subjected to posttranslational modifications such as methylation by a leucine carboxyl 
methyltransferase (LCMT1) in the C-terminal tail of the C-subunit. This stimulates B-subunit binding, which in 
turn induces further conformational changes in the scaffold. Inactivation of the core dimer is promoted by 
association with a PP2A methyl-esterase (PME-1). Fine-tuning phosphatase activity and conferring substrate-
specificity is accomplished by binding of an individual regulatory B-subunit (B55, B’56, B’’ or B’’’). 

3.3.2 Molecular details of PP2A substrate recognition 

Owing to the large number of variable B-subunits (23 in humans) more than 90 distinct PP2A 

holoenzymes can be assembled (74). This represents a crucial step in the fine-tuning 

process of PP2A’s phosphatase activity. But how is it accomplished that different PP2A 

holoenzymes can interact with many different substrates excluding redundancies between 

the PP2A subfamilies? A closer examination of the structural features of the two regulatory 

subunit families B55 and B56 provides the answer.  
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Figure 4: PP2A crystal structure and molecular details of substrate recognition. (A) Cartoon illustration of 
the “top” and “front” view of the PP2A-B55α heterotrimeric crystal structure. The scaffold Aα is colored in grey, 
the catalytic Cα in red and the regulatory B55α in green. PP2A is depicted as secondary structure and surface 
representation. The acidic binding patches on the B55 surface are highlighted in orange. Protein data bank (PDB) 
accession code 3dW8 (70). (B) Cartoon illustration of the “top” and “front” view of the PP2A-B56γ1 crystal 

structure. The color code is the same as in (A). The hydrophobic and partially basic substrate binding groove on 
the B56 surface is highlighted in orange. PDB accession code 3fga (79). (C) Surface representation of the PP2A-
B56γ1 crystal structure in complex with a BubR1 fragment (highlighted in purple) comprising the substrate 

recognition motif. The BubR1 fragment binds to B56γ1 in the conserved binding pocket (orange). PDB accession 

code 5jja was superimposed on 3fga (79, 80). (D) Surface representation of the PP2A-B56γ1 crystal structure in 

complex with a non-substrate interactor Sgo1 (blue). Sgo1 does not interact via the binding groove on B56 but 
interacts with C-terminal residues of B56 and additional residues of the PP2A-C subunit. PDB accession code 
3fga (79). (E) Amino acid requirements of the PP2A-B56 interactor recognition motif are highlighted in blue. 
Residues in position 1 [LFM] and 4 [IVL] are degenerate hydrophobic amino acids. The aa in position 6 is 
invariant and requires glutamic acid. Phosphorylation of position 2, 7, 8 and 9 or acidic residues in position 7-9 
substantially increase the binding affinity to PP2A-B56. Positions indicated by X can be any residue. Crystal 
structure images in A-D were generated with PyMOL using the respective PDB accessions. 

B55 subunits consist of a 7-bladed β-propeller and adopt a globular fold (70) (Figure 4A). In 

contrast, B56 subunits are built of 8 pseudo-HEAT repeats and adopt a solenoid-shaped 

structure (69) (Figure 4B). Hence, association of an individual B-subunit with the AC-dimer 

creates a defined interface with the C-subunit limiting the access to the active site to a subset 

of substrates. This provides the much needed substrate specificity and restrains 

promiscuous PP2A activity. Due to the structural differences of the B-subunits and the 

resulting divergence in their targets, PP2A-holoenzymes can act in many different cellular 
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pathways. For a long time it was unclear on which criteria PP2A’s bias towards its substrates 

is based and if the created PP2A-BC-interface is sufficient for substrate recognition. While 

phosphatases dephosphorylate residues without any hint of consensus sequences lying 

proximal to the target residue as was described for kinases, specific substrate recognition 

still remains an enigma for most phosphatases (81). Solving the crystal structure of the 

heterotrimeric PP2A-B56 holoenzyme and additional independent functional interaction 

studies provided first clues about a putative B56 binding motif (69, 80, 82, 83). Only recently, 

this led to the identification and thorough characterization of a substrate recognition motif 

which promotes specific PP2A-B56 binding (82). The short linear motif comprising 

[LFM]xx[IVL]xE (Figure 4E) is present throughout eukaryotes and was shown to be 

recognized by a conserved binding pocket on the apical surface of B56 subunits (Figure 4B, 

highlighted in orange). While residues in position 1 and 4 were found to be degenerate 

hydrophobic amino acids (Figure 4E), the key determinant in position 6 was identified as 

glutamic acid. Furthermore, Hertz et al. determined that substrate binding affinity increases 

when residues in position 2 and directly downstream of the motif (position 7-9) are acidic or 

phosphorylated (82). It is important to keep in mind that not all PP2A-B56 substrates have 

to possess this binding motif as phosphatase recruitment can also occur via non-substrate 

interactors which contain this motif. BubR1 was identified as such a non-substrate interactor, 

and rather functions as recruiting or bridging protein to promote close proximity of PP2A 

targets (83). In this case the B56 subunit serves not only the purpose of specific substrate 

recognition via the defined BC-interface but also determines the subcellular localization of 

PP2A holoenzymes. Superimposing the crystal structure of B56γ in complex with a BubR1 

fragment comprising the binding motif on the structure of PP2A-B56γ revealed that BubR1 

binds to the conserved binding pocket of B56 (Figure 4C) (80). Furthermore, other yet not 

deciphered motifs might exist which could promote PP2A-B56 binding and recruitment. This 

assumption is backed by the interaction between PP2A and shugoshin 1 (Sgo1, Figure 4D), 

which was shown to occur on a different region of the B56 surface (79). Binding of Sgo1 

does not occur via the B56 binding groove but is mediated via C-terminal residues of B56 

and additionally features strong contacts with the C-subunit independent of the active site 

(79). This establishes Sgo1 as adaptor protein that targets PP2A-B56 holoenzymes to the 

centromere (84, 85). The mode of substrate recognition was also examined for PP2A-B55 

holoenzymes but was found to be less defined as the B56 binding motif. Cundell et al. 

discovered that B55 substrates share a bipartite polybasic recognition stretch that lies 

directly up- and downstream of the targeted Cdk1 dephosphorylation site and is recognized 

by acidic binding patches on the B55 subunit (Figure 4A, highlighted in orange) (86). 

Furthermore, they showed that B55 holoenzymes favor phosphothreonines over 

phosphoserines and that this substrate code influences dephosphorylation rates and thus 
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facilitates the temporal order of dephosphorylation events during mitotic exit (86). In 

summary, recent studies substantially expanded our knowledge about the structural features 

promoting the binding and recruitment of PP2A holoenzymes. However, the above 

mentioned docking motifs do not apply to all putative PP2A substrates and interactors and 

future studies will most likely discover additional binding determinants for PP2A interactors. 

3.3.3 Regulation of PP2A activity by cellular protein inhibitors 

To date only a handful of intracellular protein inhibitors were reported that specifically target 

a subset of PP2A holoenzymes and consequently interfere with PP2A’s ability to bind to and 

to dephosphorylate target substrates. Considering the large number of PP2A holoenzyme 

combinations and the importance of properly controlled phosphatase activity throughout the 

cell cycle, it seems conceivable that more, yet unidentified proteins function as inhibitors and 

regulators of PP2A. In addition, a subset of the reported endogenous PP2A inhibitors acts 

during a specific cell cycle phase, namely mitosis, stressing the importance of regulating 

phosphatase activity at this vital time of a cell’s life. 

cAMP-regulated phosphoprotein of 19 kDa (Arpp19) and the closely related α-Endosulfine 

(ENSA) represent the only known specific intracellular inhibitors targeting B55 containing 

PP2A holoenzymes (61). Both closely related regulators were identified as small heat-stable 

proteins indispensable for mitotic entry and exit in Xenopus egg extracts (58, 61). In 

Xenopus, Arpp19 is phosphorylated at S62 by Gwl at the G2/M transition and thereby turned 

into a potent inhibitor of PP2A-B55. This promotes mitotic entry and allows the stable 

phosphorylation of mitotic substrates by Cdk1-Cyclin B (61). When Cdk1-Cyclin B activity 

drops at anaphase-onset, phospho-Arpp19 is inactivated by TFIIF-associating CTD 

phosphatase-1 (Fcp1), releasing PP2A-B55 which rapidly starts to dephosphorylate mitotic 

substrates and thereby contributes to the mitotic exit program (63, 64). 

Biorientation defective 1 (Bod1) like ENSA/Arpp19 is a small heat-stable protein, and was 

initially identified as novel kinetochore protein in mammalian cells which is required for 

chromosome biorientation (87). In a subsequent study Bod1 was demonstrated to inhibit 

PP2A-B56 at kinetochores in prometaphase of mitosis promoting proper sister chromatid 

cohesion and localization of Plk1 to centromeres (88). Besides, Bod1 was implicated to be 

required for cognitive function in humans and Drosophila (89). 

Over the years it became evident that PP2A plays a major role as tumor suppressor being 

involved in the signaling of crucial cellular pathways which contribute to cell proliferation and 

migration. In this context, PP2A’s activity was shown to antagonize events that otherwise 

might lead to cellular transformation and cancer formation. Studies demonstrated that many 

forms of cancer (e.g. head and neck cancer, colon cancer, leukemia) are deficient in PP2A 

activity which is caused by an aberrant expression of cellular PP2A inhibitors like SET, 

CIP2A or ANP32a (90). Consequently, hyperphosphorylated oncogenic drivers such as Akt 
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kinase, proto-oncogene c-Myc, tumor suppressor p53 and apoptotic regulators of the Bcl-2 

family accumulate and promote cellular transformation and malignant cell growth (90-92). 

Acidic nuclear phosphoprotein 32a (ANP32a or Inhibitor-1 of PP2A (I1PP2A)) together with 

SET (Inhibitor-2 of PP2A (I2PP2A), also termed template activating factor Taf-1β) were the 

first endogenous protein inhibitors identified to target PP2A (93-95). ANP32a was shown to 

inhibit PP2A in vitro, but as ANP32a has multiple cellular functions (e.g. tumor suppression, 

signal transduction) it has not been clarified how PP2A inhibition by ANP32a affects those 

cellular functions (90, 96). Mechanistically, Hino et al. showed that ANP32a preferentially 

targets PP2A containing B’’ over B56 subunits (96). Recently, aberrant overexpression of 

ANP32a was linked to PP2A deficiency causing hyperphosphorylation of tau which is a 

common trigger for neurodegenerative diseases like Alzheimer’s (92). So far, an inhibitory 

role for ANP32a targeting PP2A in mitosis was not reported. 

Nuclear oncogene SET (Su(var)3-9, Enhancer-of-zeste and Trithorax) comprises a large 

nucleosome assembly protein (NAP) domain, allocating SET to the NAP protein family, and 

additionally encompasses a PP2A binding domain (90). Recently, SET was reported to 

negatively regulate PP2A-B56 activity making it indispensable for sister chromatid 

segregation in mouse meiosis II (97). Similar results were obtained from in vivo studies of 

Drosophila NAP1 (SET homolog) which showed that constraining PP2A activity mediated 

sister chromatid resolution (98). Independent of its PP2A inhibitory functions in meiosis and 

mitosis, SET was linked to chromatin remodeling processes, histone chaperone function 

and DNA damage repair (96, 99, 100). 

Cancerous inhibitor of PP2A (CIP2A) is only active after homodimerization and targets B56 

containing PP2A holoenzymes (101). It exhibits oncogenic activity by perturbing PP2A-B56 

activity towards the cancer drivers c-Myc and Akt kinase and this promotes cellular 

transformation into malignant cells particularly when CIP2A is heavily overexpressed (90, 

91, 101). In general, CIP2A is linked to deregulation of cell survival and proliferation 

pathways but was not shown to perturb regulation of mitotic processes. 

Taking into account the vast amount of different PP2A holoenzyme combinations it is likely 

that there must exist more yet unidentified proteins which control the spatiotemporal activity 

of PP2A. Thus, we are awaiting the discovery of further cellular inhibitors regulating PP2A 

activity during the cell cycle. 

3.3.1 PP2A’s role through development and cell cycle control 

The following summarized cellular functions of PP2A holoenzymes represent only an 

excerpt of PP2A’s so far discovered cellular roles and are meant to provide a brief overview 

of its different contributions to highlight the multitasking ability of this phosphatase.  

The complexity of PP2A holoenzyme composition and the association with non-substrate 

interactors allows the heterotrimeric phosphatase to display pleiotropic functions in a cell. 
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Independent of PP2A’s role as XErp1’s activating phosphatase during the MII arrest and 

during the early embryonic cycles of X. laevis, PP2A was shown to play roles in multiple 

signal transduction pathways like the Wnt/β-catenin pathway, the plane cell polarity (PCP) 

pathway and the Hedgehog (Hh) pathway (102). With regards to PP2A’s roles in cell growth 

and signaling several studies demonstrated that PP2A has a genuine tumor suppressor 

function as its deregulation was associated with malignant cellular transformation and 

aggressive cancer progression (103, 104). In addition, PP2A was associated with 

cytoskeleton dynamics, cell mobility, initiation of DNA replication and DNA damage 

surveillance mechanisms (102, 105-108). 

Besides the hitherto mentioned functions of PP2A-B55 and –B56 in meiotic and mitotic cell 

cycle control, PP2A-B56 also contributes on other levels to proper mitotic progression 

including the regulation of protein networks at the kinetochore and the central spindle. It was 

demonstrated in human cells that during prometaphase PP2A-B56 is recruited to the outer 

KTs by binding to the phosphorylated kinetochore attachment and regulatory domain 

(KARD) of the pseudo-kinase BubR1. PP2A-B56 was shown to oppose Aurora B kinase 

activity and dephosphorylate proteins of the KNL1/MIS12/NDC80 complex leading to the 

stabilization of initial KT-MT attachments (83, 109). This step is necessary to establish 

bipolar spindle attachments and thus enabling the chromosomes to congress to the spindle 

equator. 

Furthermore, PP2A-B56 in complex with its regulator Sgo1 was identified as protector of 

centromeric cohesion by preventing premature sister chromatid separation before the onset 

of anaphase (85, 97). PP2A-B56 facilitates centromeric sister-chromatid cohesion by 

dephosphorylating Sororin which opposes Wapl-mediated cohesin removal at the 

centromere (110).  

3.4 Primary cilia 

During the course of my study of the molecular regulation of PP2A-B56 we performed a 

PP2A-B56 immunoprecipitation (IP) in combination with a LC-MS/MS analysis and were 

intrigued by our results which hinted towards a potential involvement of PP2A-B56 in the 

ciliogenesis program. For this reason the next section covers the basic principle of 

ciliogenesis including the structural features of a primary cilium and its cellular functions. 

3.4.1 Steps of ciliogenesis 

Primary cilia are small hair-like organelles that protrude from the surface of almost all 

differentiated and quiescent eukaryotic cells (111). Cilia are vital cellular extensions: non-

motile cilia were linked to signal transductions pathways such as Hh and Wnt signaling 

whereas motile cilia were shown to move extracellular fluids and cells which for example is 

important during embryonic development and for the reproductive system (112, 113). Thus 
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both types of cilia are essential for the development of a healthy organism. Furthermore, it 

is not surprising that an abnormal ciliary structure, caused by mutations in cilia-related 

genes, can compromise the function of a cilium as photosensor, mechanosensor and 

biochemical sensor giving rise to a number of human diseases termed ciliopathies like for 

example cystic kidneys, infertility or retinal degeneration (114). More than 650 cellular 

proteins were reported to be involved in the assembly, maintenance and disassembly of 

ciliary structures highlighting the complex nature of this process and the functional 

significance for the development of an organism (115). 

The ciliogenesis program is only triggered when G1 cells decide due to environmental 

signals to transition into a non-proliferating state (G0) or to differentiate into a special cell 

type and thus, stop cell growth. In G1 the centrosome consists of two centrioles: the younger 

daughter centriole and the older mother centriole that functions as the central hub of cilium 

formation. As cells exit the cell cycle and enter G0 the mother centriole undergoes structural 

changes and matures into the basal body (BB). This process takes place intracellularly and 

ends with the basal body docking at the apical cellular membrane to allow growth of the 

ciliary axoneme which is encapsulated by a ciliary membrane and emanates from the cell 

surface (Figure 5) (116). The centriolar protein Cep164 was identified as major component 

of the distal appendages and its presence was shown to be essential for the assembly of a 

primary cilium (117-119). Additional centrosomal proteins (Cep83, Cep89, Cep170, ninein) 

constitute the distal appendages and together serve as platform for the docking of 

cytoplasmic distal appendage vesicles (DAVs) which are presumably generated in the Golgi 

and recycling endosomes (116). DAVs contain membrane shaping proteins like EHD1, 

EHD3 and snap29, a snare membrane fusion regulator, which are needed to initiate 

ciliogenesis at the ciliary base. They promote the fusion of DAVs at the distal end of the 

mother centriole resulting in the formation of a ciliary vesicle (CV) (120). At this point, a 

crucial negative regulator of cilium formation, the centriolar coiled-coil protein 110 (CP110), 

has to be removed to allow the docking of vesicles forming the ciliary vesicle at the mother 

centriole (121). In contrast to that, CP110 together with its interacting centrosomal protein 

Cep97 have to be retained at the daughter centriole to prevent aberrant cilium formation 

(121, 122). Dissociation of ciliogenesis inhibitors is positively regulated by the tau tubulin 

kinase-2 (Ttk2) and Microtubule affinity regulating kinase 4 (Mark4) (119, 123, 124) and 

subsequently allows the recruitment of additional ciliary constituents like transition zone (TZ) 

proteins (Cep290) and intraflagellar-transport protein 20 (IFT20) that contribute to the 

development of a correct ciliary structure (125-127). IFT20 facilitates the assembly of 

multisubunit IFT complexes at the ciliary base which are essential for the protein-cargo 

transport within the cilium. IFT complexes function as transport units along the MT-based 

axoneme (128): IFT-B delivers new building blocks such as tubulin to the ciliary tip via 
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anterograde transport powered by the molecular motor kinesin-2 (129, 130). IFT-A 

transports old proteins to the ciliary base for recycling purposes via retrograde transport 

mediated by cytoplasmic dynein-2. Generation of the transition zone is further accompanied 

by the formation of the early ciliary membrane which encapsulates the nascent axoneme. 

This process is catalyzed by the Rab11-Rab8 cascade, small GTPases which trigger post-

CV ciliogenesis processes (131, 132). 

 

Figure 5: Intracellular pathway of primary cilium formation. In G0 the mother centriole matures into the basal 
body (BB). During this process the distal appendages (green) serve as docking platform for distal appendage 
vesicles (DAVs) and cytoplasmic preciliary vesicles generated by the Golgi. Membrane shaping proteins are 
recruited to the distal appendages of the BB and promote the formation of the ciliary vesicle (CV) by fusion of 
DAVs. The nascent MT-based axoneme elongates into and deforms the CV thereby generating an outer 
membrane (sheath) and an inner membrane (shaft, blue) that later constitutes the ciliary membrane. The 
developing cilium migrates towards the apical periphery of the cell where the sheath fuses with the plasma 
membrane and releases the primary cilium by exocytosis. The axoneme continues to grow till it reaches its 
steady-state length.  

At the same time, the primary cilium precursor complex migrates towards the cell periphery 

where the outer membrane of the CV, the ciliary sheath, fuses with the apical plasma 

membrane and releases the primary cilium by exocytosis. Axoneme elongation continues till 

the cilium reaches its steady-state length, which strongly varies among cell types, i.e. 3-

10 µm in multiciliated cells and up to 200 µm in olfactory neurons (114). Only when cells re-

enter the cell cycle the disassembly program is initiated and the primary cilium disintegrates 

through resorption starting in S-phase and proceeding till G2 to liberate the centrosome for 

its function as mitotic spindle machinery (133-135). Despite intensive research over the past 

decades the detailed mechanistic events that govern cilium formation are yet not fully 

understood leaving us to discover the answers of still many unresolved questions. 



  3  Introduction 

21 

3.4.2 Structural elements of a primary cilium 

When the centrosome, which consists of two centrioles aligned in a perpendicular angle to 

each other, is liberated at the end of mitosis from its role as mitotic spindle machinery the 

mother centriole can undergo structural changes in G0 and mature into the basal body. The 

basal body then serves as base for the formation a primary cilium. Centrioles comprise a 9-

fold symmetry of triplet microtubules arranged in a cylinder and are surrounded by a 

pericentriolar material. The mother centriole is characterized by subdistal and distal 

appendages and thus, can be distinguished from the daughter centriole which lacks those 

structures. The subdistal appendages are converted into the basal feet and the distal 

appendages first serve as recruitment platform for ciliary proteins and vesicles and later are 

crucial for the anchoring of the basal body to the plasma membrane and are transformed 

into transition fibers marking the gateway into the ciliary compartment (115). Thus, only the 

mother centriole can give rise to a cilium. Most proximal to the basal body and marked-off 

by the transition fibers lies the transition zone. The axoneme of the primary cilium extends 

from the basal body comprising the cylindrical centriolar MT structure into this zone, though 

only the A and B tubules forming the outer MT doublets are elongated. Non-motile primary 

cilia usually lack the two central MT singlets (9+0), which distinguishes them from the 

majority of motile cilia with a 9+2 axonemal structure (112). The TZ is structurally 

distinguished by Y-shaped link proteins which associate with necklace proteins in the ciliary 

membrane of the ciliary pocket and the outer MT doublets to stabilize the cilium at the base 

of its outgrowth (136). At first the peripheral MT doublets of the ciliary axoneme extend 

beyond the TZ and eventually, only the A tubules of the outer MT doublets are further 

elongated extending into the tip of the cilium (114). 
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3.5 Aim of this project 

PP2A is a complex heterotrimer which succumbs to multiple layers of regulation, ranging 

from its controlled biogenesis and association with regulatory B-subunits, to PTMs and the 

interaction with endogenous protein inhibitors. We aimed to examine the spatiotemporal 

regulation of PP2A-B56 activity during mitotic exit of the rapid early embryonic divisions of 

X. laevis. It remains elusive how PP2A-B56 activity is restrained at mitotic exit to prevent 

premature re-activation of XErp1 when Cdk1-Cyclin B activity has substantially dropped and 

is deficient to oppose PP2A-B56 on XErp1. We set out to investigate how crucial PP2A-B56 

is for XErp1’s regulation at mitotic exit during the fast cleavage cycles and if this 

phosphatase is potentially regulated by yet undiscovered protein inhibitors. Several groups 

independently showed that the activity of different PP2A holoenzymes can be regulated 

through interactions with cellular inhibitors like Arpp19 or Bod1 during a defined temporal 

window of the cell cycle, i.e. in mitosis (61, 88). To investigate if this form of regulation would 

also apply to the early embryonic cell divisions we chose two independent approaches to 

identify novel protein inhibitors and regulators of PP2A-B56: 1) a bioinformatics search using 

PSI-BLAST and 2) a PP2A-B56ε IP with a subsequent MS analysis. Furthermore, we 

reasoned that PP2A inhibition in mitotic Xenopus embryo extract should perturb the balance 

with counteracting kinases like Cdk1, leading to premature exit from mitosis. To this end, we 

sought to specifically inactivate a subset of PP2A complexes be decreasing the endogenous 

level of individual regulatory B subunits. 
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4 Results 

4.1 Generation of antibodies directed against Xenopus PP2A-B56 subunits  

In order to examine the spatiotemporal regulation of PP2A-B56 activity in the rapid early 

embryonic divisions of X. laevis, specific antibodies against all regulatory B56 subunits 

present in X. laevis had to be generated. The genome database (Xenbase, National Center 

for Biotechnology Information) yielded mRNA sequences coding for B56α (ppp2r5a), B56β 

(ppp2r5b), B56ɣ (ppp2r5c) and B56ɛ (ppp2r5e) (Figure 6A). Multiple sequence alignments 

revealed that the regulatory B56 subunits are highly conserved in their core sequence but 

divergent at the amino acid level in their amino- and carboxy-termini. Overall they share a 

sequence identity of 52.4 %. Sequence identities among the single B56 subunits are 

summarized in Figure 6A. Strikingly, B56α and B56β display the highest sequence identity 

of 96.4 %, whereas sequence identities among the other B56 subunits ranged between 

64 - 77 % with B56ɣ being the least similar B56 subunit. To avoid cross-reactions between 

B56 antibodies we decided to select short subunit specific peptides as antigens for the 

immunization procedure. 

 

Figure 6: Multiple sequence alignment of X. laevis B56 subunits. (A) Comparison of B56 subunits present 
in X. laevis. A sequence identity matrix of B56α, B56β, B56ɣ and B56ɛ was generated with Clustal2.1 and 
identities are depicted in %. L- and S-appendix in the gene name indicates homoeologue chromosome affiliation 
of the two subgenomes. (B) Multiple sequence alignments of the N- and C-terminal part of X. laevis (Xl) B56 
subunits were created with T-Coffee. Asterisk (*): fully conserved residues; colon (:): similar residues with 
strongly conserved properties, period (.): similar residues with weakly conserved properties. The peptide 
sequences which were selected as antigens for the immunization are highlighted in cyan for B56αβ1-20aa, in green 
for B56ɣ1-20aa and in yellow for B56ɛ448-463aa. 
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We therefore targeted either the most N-terminal part in case of B56α, B56β and B56ɣ or 

the C-terminal end in case of B56ɛ and avoided the highly conserved core region. (Figure 

6B). However, due to the high sequence similarity between B56α and B56β it was not 

possible to derive unique peptide sequences for these two proteins. For this reason, we 

used one peptide for the generation of antibodies recognizing both isoforms. 

To verify B56 antibody specificity we used in vitro transcribed and translated (IVT) flag-

tagged B56 and flag-B55δ proteins and performed western blot analysis (Figure 7A). The 

anti-B56αβ antibody detects a band at the calculated weight of the endogenous protein 

(55 kDa) in CSF extract and specifically detects only the flag-B56α and flag-B56β proteins 

at ~58 kDa (Figure 7A, left panel). In the same way, specificity was confirmed for anti-B56ɛ 

and anti-B56γ antibodies. 

 

Figure 7: Characterization of antibodies generated against X. laevis B56 subunits. (A) Immunoblot analysis 
to verify specificity of anti-B56αβ, anti-B56ɣ and anti-B56ɛ antibodies. CSF extract and IVT derived recombinant 
flag-tagged B56 subunits and flag-B55δ samples alone were separated by SDS-PAGE and used for immunoblot 
analysis probing with the anti-B56 antibodies. Arrowheads indicate endogenous and respective IVT flag-tagged 
B56 subunits. (B) Immunoprecipitation from CSF extract using anti-B56αβ antibody (2 rounds) and anti-B56ɛ 
and anti-B56ɣ antibodies (3 rounds). Unspecific rabbit IgGs were used as a control. Samples were separated by 
SDS-PAGE and analyzed by immunoblotting. Co-IP of other PP2A-subunits was verified by probing for the 
catalytic subunit (PP2A-C). SN: supernatant; IP: immunoprecipitated protein. Asterisk denotes unspecific bands. 

Both detected a band migrating at the height of the corresponding endogenous protein, i.e. 

55 kDa in case of B56ɛ and 70 kDa in case of B56γ (calculated weight 67 kDa), and 

specifically detected only the respective IVT flag-B56 subunit (Figure 7A, middle and right 

panel). It has to be noted that the B56ɛ antibody recognizes an unspecific band at 60 kDa 

in all of the tested flag-B56 and flag-B55 IVT samples. The same unspecific band was 

detected in an empty IVT (water control) sample. Furthermore, we could exclude cross-
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reactivity with the B55 family of regulatory subunits by showing that none of the generated 

B56 antibodies detected IVT derived flag-B55δ in western blots (Figure 7A). All generated 

B56 antibodies were capable to specifically immunoprecipitate the corresponding 

endogenous B56 subunit from CSF extract and in all B56 IPs the catalytic PP2A subunit was 

detected suggesting that the whole PP2A complex was retrieved (Figure 7B). Thus, we 

conclude that the generated B56ɛ and B56γ antibodies specifically recognize and 

immunoprecipitate only their respective antigen without cross-reacting with other B56 and 

B55 subunit isoforms. The B56αβ antibody specifically recognizes only the B56α and B56β 

isoform, but does not cross-react with the other B56 and B55 subunits. 

4.2 PP2A-B56 expression level are constant during the fast embryonic divisions 

Next, we were asking if PP2A activity underlies temporal regulation in the early embryo by 

means of protein expression levels or protein turnover mediated by the UPS. Since the large-

scale zygotic transcription machinery in X. laevis is not turned on before MBT (stage 8.5) 

(48), we first addressed the question whether maternal mRNAs coding for the various 

regulatory B subunits are present at that stage. For this reason we performed Reverse 

Transcription (RT-) PCR on RNA isolated from MII arrested oocytes and in vitro fertilized 

embryos in the 8-cell stadium to confirm the presence of mRNAs coding for B55δ, all four 

B56 subunits and a member of the third subfamily B``β. All investigated transcripts were 

present in both developmental stages (Figure 8A) suggesting that the corresponding 

proteins could be expressed. To address whether all four B56 subunits are present at the 

same time or are differently expressed depending on the developmental stage of the embryo 

we compared protein levels of PP2A-C and the regulatory B subunits in ovulated MII 

arrested oocytes and in in vitro fertilized embryos collected over 1-8 hours or 23 h post 

fertilization (hpf) (Figure 8B). The different developmental phases of the embryo were 

assessed by probing for Cyclin A1, A2 and B2 (Figure 8A; green box): Cyclin B2 is degraded 

upon fertilization (1 hpf) and indicative of meiotic exit. Maternally expressed Cyclin A1 is 

present during the fast embryonic cycles and disappears upon MBT (compare 8 hpf to 

23 hpf). Cyclin A2 underlies zygotic expression and is upregulated upon zygotic 

transcriptional activation during and after MBT. Immunoblot analysis of λ-phosphatase 

treated embryo lysate samples showed that the protein levels of B56αβ, B56γ, and also 

B55 δ were constant throughout the examined developmental time span (Figure 8A; red 

box). Interestingly, an additional protein at approximately 67 kDa appeared in the B56γ blot 

(indicated by asterisk) at 3 hpf which was not present in meiosis II and the first long cycle 

(0-2 hpf). B56ε levels increased only marginally over time with a stronger expression at 6 hpf 

onwards and an additional up-regulation at 23 hpf. PP2A-C subunit was constantly 

expressed throughout the fast embryonic divisions (comparable to levels in ovulated MII 

oocytes) but became upregulated during or after MBT (compare 8 hpf to 23 hpf). To further 
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dissect the temporal regulation of PP2A we collected samples from embryos every 5 min 

from the 2-cell to the 4-cell stage to determine whether protein levels changed in a cell cycle 

phase specific manner. However, examination of λ-phosphatase treated samples did not 

reveal any changes in PP2A-B56 or PP2A-C subunit levels (Figure 8C; red box). 

 

Figure 8: Expression profile of PP2A subunits during the early embryonic development of X. laevis. (A) 
RT-PCR for B56α (1431 bp), B56β (1431 bp), B56γ (1734 bp), B56ɛ (1404 bp), B55δ (1344 bp) and B’’β 
(1698 bp) was performed on cDNA generated from RNA which was isolated from X. laevis MII oocytes and from 
in vitro fertilized 8-cell embryos. (B) Western blot analysis of PP2A-B56 expression pattern during early 
embryonic development (MII to 23 hpf). Ovulated oocytes arrested in meiosis II (MII) and IVF embryos were 
collected at indicated time points (hpf: hours post fertilization at 18°C). Samples were treated with λ-phosphatase 
and subjected to immunoblotting in order to probe for B56αβ, B56γ, B56ɛ, B55δ and PP2A-C (red box). Embryos 
at 23 hpf correspond to stage (st.) 12 of the X. laevis development. p150glued served as loading control. Cyclin 
A1, A2 and B2 levels served as marker for the developmental stages of the embryo (green box). (C) B56 
expression profile analysis from the 2-cell to the 4-cell stage. Samples were taken at indicated time points and 
processed with or without λ-phosphatase and subjected to immunoblotting in order to probe for B56αβ, B56γ, 
B56ɛ and PP2A-C (red box). p150glued served as loading control. Asterisk denotes unspecific band. 

Additionally, we probed for XErp1 and Cyclin B2 to distinguish between the different cell 

cycle phases. XErp1 and Cyclin B2 are degraded upon fertilization (30 min) indicative of 

meiotic exit and were re-synthesized 90 min post fertilization during the first long division. 

Cyclin B2 levels oscillated during the 2nd and 3rd rapid cleavage cycles indicative of mitotic 

entry (high levels) and mitotic exit (degradation). This behavior correlates with the 

hyperphosphorylation of XErp1 (high Cdk1-Cyclin B activity) and XErp1’s dephosphorylation 

upon mitotic exit (absent Cdk1-Cyclin B activity). 

In summary we could not detect significant changes in PP2A-B56 protein levels in early 

embryos before MBT. Moreover, B56 subunit expression is not up- or downregulated in a 

cell cycle specific manner during the rapid early embryonic divisions. 
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4.3 PP2A’s function at meiotic and mitotic exit 

4.3.1 Immunodepletion of PP2A-B56 does not trigger exit from CSF arrest 

Previous experiments in CSF extract and X. laevis embryos revealed that PP2A-B56αβε 

holoenzymes target XErp1 and dephosphorylate key residues in the C-terminal region which 

is crucial for the inhibition of the APC/C (1, 3). We therefore hypothesized that depletion of 

PP2A-B56αβε from CSF extract would disrupt XErp1 mediated APC/C inhibition and 

subsequently lead to release from the meiotic metaphase II (MII) arrest (Figure 9B). Since 

B56γ was not implicated to interact with XErp1 we decided to neglect it for this depletion 

experiment (1, 3). Immunodepletion with specific anti-B56ɛ and anti-B56αβ antibodies 

reduced the protein levels to 15 % and 5 %, respectively, compared to an IgG control (mock 

depletion). Importantly, probing for B56γ confirmed that the utilized anti-B56αβ and anti-

B56ε antibodies did not affect B56γ levels (Figure 9C). According to the current model 

(Figure 9B) PP2A-B56 inactivation should cause hyperphosphorylation of XErp1, and 

subsequently loss of its inhibitory interaction with the APC/C. Activation of the APC/C will 

trigger degradation of key regulators like Cyclin B2 and result in release from the arrested 

MII state, dephosphorylation of meiotic substrates and exit from meiosis. The control 

depleted extract maintained the CSF arrest, indicated by stable Cyclin B2 levels and no 

change in the phosphorylation state of XErp1 and Cdc27. Despite decreasing protein levels 

of Cyclin B2 the B56αβε depleted extract also maintained the MII arrest, indicated by the 

hyperphosphorylation of XErp1 and Cdc27, a phosphorylated APC/C subunit. This result 

indicates that a small pool of the APC/C was activated and targeted Cyclin B2 for 

destruction. However, this pool of active APC/C was not sufficient to trigger meiotic exit. 

Both extracts were shown to be functional as they progressed through meiosis after addition 

of CaCl2, which mimics the elevated Ca2+-ion levels at fertilization, and thus stimulates the 

meiotic exit program. This amounts to Cyclin B2 degradation, XErp1 hyperphosphorylation 

and subsequent degradation, and Cdc27 (APC subunit 3) dephosphorylation (Figure 9C). 

Together, these results indicate that depletion of B56αβε to this extend is not sufficient to 

significantly disrupt XErp1-mediated inhibition of the APC/C and to trigger meiotic exit. 
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Figure 9: Depletion of B56αβε from CSF extract does not trigger meiotic exit. (A) CSF extract was prepared 
and subjected to five rounds of depletion for 20 min each on ice. For this purpose anti-B56ε antibodies were 
used in round 1-3 and anti-B56αβ antibodies in rounds 4-5 (SN B56αβε). Reductions in B56αβ and B56ε protein 
levels were analyzed after the 2nd, 3rd and fifth depletion round. Unspecific rabbit IgG were used as control (mock 
depletion). Extracts were supplemented with water or CaCl2 to trigger release from CSF arrest. (B) Current model 
of the kinase-phosphatase interplay acting on XErp1 to sustain CSF arrest and Ca2+-triggered meiotic exit 
pathway activation upon fertilization. (C) Immunoblot analysis of the stepwise performed B56αβε depletion and 
subsequent time course experiment at 20°C with or without the addition of CaCl2. Samples were taken at 
indicated time points (min after water or CaCl2 addition). Supernatant (SN) was analyzed after 2, 3, and 5 rounds 
of depletion. Tubulin served as loading control. Asterisk denotes unspecific band. 

4.3.2 PP2A-B56 deficiency does not impair exit from mitosis 

When Cyclin B levels and hence Cdk1 activity drastically drop at mitotic exit in X. laevis early 

embryos, PP2A-B56 can act on XErp1 without any opposing kinase activity. It still remains 

elusive how or to which extent PP2A-B56 is regulated at the end of mitosis during the fast 

embryonic divisions to allow proper mitotic exit without promoting premature reactivation of 

XErp1 and untimely re-inhibition of the APC/C. First, we examined how pronounced PP2A-

B56’s contribution is for mitotic exit in X. laevis early embryos. To this end, we made use of 
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a previously established embryo extract protocol (1) which is comparable to the CSF extract 

system. In brief, ovulated MII arrested oocytes are fertilized in vitro, cultivated at 20°C and 

collected at the transition from the 2-cell to the 4-cell stadium as judged by cleavage furrow 

ingression. After centrifugation a cytosolic fraction constituting an interphasic Xenopus 

embryo extract (XEE) can be recovered.  

 

Figure 10: PP2A-B56 deficiency does not impair exit from mitosis. (A) Schematic description of embryo 
extract preparation and successively implemented experimental procedure. Each PP2A-B56 subunit was 
immunodepleted from interphasic embryo extract using antibodies targeting specifically only X. laevis B56αβ, 
B56γ or B56ε. Unspecific rabbit IgGs were used in control conditions. Afterwards, the B56 and mock depleted 
interphasic embryo extract was supplemented with CycB∆90 to induce mitotic entry (30’ CycB∆90 corresponds to 
0’ of the time course). Roscovitine, a small molecule inhibitor of Cdk, was added to promote mitotic exit. DMSO 
was used as solvent control. (B) Immunoblot analysis of time course experiment described in (A). Tubulin served 
as loading control. Asterisk denotes unspecific band. 

To investigate their function in mitotic exit we immunodepleted all four B56 subunits from 

XEE and then supplemented non-degradable Cyclin B1 (CycB∆90) to artificially drive the 

extract into a pseudo-mitotic state (Figure 10A). CycB∆90 lacks the N-terminal D-box which 

is essential for its ubiquitylation and subsequent degradation upon APC/C activation at 

anaphase onset. Judging from immunoblot analysis B56αβ and B56γ were completely 

depleted from XEE and only in the case of B56ε residual protein was detected (Figure 10B). 

Both B56αβγε and mock depleted extracts were competent to enter mitosis after addition of 

CycB∆90 and incubation for 30 min at 20°C (lane: 0` + 30´ CycB∆90) judging from the retarded 

mobility of XErp1 and Cdc27 indicative of their highly phosphorylated mitosis specific state. 

The DMSO supplemented control extract and the B56 deficient XEE maintained the mitotic 

state throughout the duration of the time course. In order to visualize whether PP2A-B56 
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activity is contributing to mitotic exit and to concomitant dephosphorylation events we 

inactivated Cdk1-Cyclin B∆90 artificially by addition of roscovitine, a pan-Cdk inhibitor, and 

thereby induced mitotic exit. Eliminating the prevailing constitutively high Cdk1-Cyclin B 

activity enables the observation of antagonizing phosphatase activity by monitoring the 

stability of phosphorylations on key regulatory proteins. Inhibition of Cdk1 by roscovitine in 

the control extract leads to fast dephosphorylation of XErp1 and Cdc27 within 5 min implying 

functional exit from mitosis (Figure 10B) and the presence of active Cdk1-counteracting 

phosphatases. However, the same response was observed in the B56 deficient XEE after 

inhibition of Cdk1. This result suggests that dephosphorylation of XErp1 and subsequent 

mitotic exit can occur independently of PP2A-B56. It is also conceivable that the residual 

PP2A-B56 holoenzymes were sufficient to target XErp1 for complete dephosphorylation.  

4.3.3 Competitive binding of PP2A-B56 by a B56 binding motif peptide 

 B56b peptide interacts with PP2A-B56 holoenzymes in CSF 

Recently, Hertz et al. identified a binding pocket on B56 subunits which promotes tight 

binding to a subset of substrates or interactors of PP2A-B56 (82). In addition, they 

characterized a genuine recognition motif ([LFM]xx[IVL]xE) on B56 target substrates and 

derived a 20 amino acid short B56b binding peptide from this sequence (Figure 11A). First 

we validated that the B56b binding peptide is capable to interact with PP2A-B56 

holoenzymes in CSF extract. To this end, we performed a pull-down using biotinylated B56 

peptides as bait (Figure 11A, B). A biotinylated non-binding B56nb peptide comprising a 

mutated B56 binding motif (residues at position 4 and 6 were mutated to alanine) was used 

in the control PD (Figure 11A, B). 

 

Figure 11: Biotin-conjugated B56b peptide binds PP2A-B56 holoenzymes in CSF extract. (A) Comparison 
of Biotin-conjugated binding B56b and non-binding B56nb peptide sequences. The B56 binding motif of PP2A-
B56 interaction partners is highlighted in green in B56b (LxxIxE). Residues with acidic properties at positions 7-
9 (highlighted in magenta in the B56b peptide) were shown to confer high binding affinity of substrates to PP2A-
B56. Mutating residues at position 4 and 6 of the binding motif to alanine (red amino acids in B56nb) abolishes 
binding to PP2A-B56. The binding affinity of the B56b peptide to human B56α is Kd: 100 nM (personal 
communication with Jakob Nilsson). (B) Pull-down of PP2A-B56 holoenzymes from CSF extract using biotin-
conjugated B56 peptides. Samples were analyzed by Western Blot. Loaded PD samples are 37-fold of the CSF 
input sample. Asterisk denotes unspecific band. 
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The B56b peptide bound to all regulatory B56 subunits in CSF extract displaying a higher 

affinity for B56αβ and B56γ subunits compared to B56ε. Western blot analysis of the PP2A-

C subunit indicated that the whole PP2A holoenzyme was pulled down (Figure 11B). The 

B56nb peptide bound weakly to all B56 subunits despite containing a mutated B56 binding 

motif. 

 B56b peptide binding to PP2A-B56 triggers a meiotic exit phenotype 

Our previous attempts to abolish PP2A activity in CSF extract by immunodepleting the 

regulatory B56 subunits did not yield any phenotype (section 4.3.1). However this could be 

due to residual functional PP2A-B56 complexes owing to incomplete depletion. Having a 

potent B56 binding peptide in hand we tested whether addition of B56b to CSF extract would 

affect the activity of PP2A-B56 and thus the stable MII arrest (Figure 12A, C). As control we 

used a non-binding B56 peptide (B56nb), which comprises mutations of essential residues in 

the B56 substrate recognition motif (Figure 12B). Control-treated CSF extract (buffer, H2O) 

maintained the arrest state throughout the duration of the time course, indicated by stable 

Cyclin B2 levels and an intermediate phosphorylation state of XErp1 (Figure 12C). Addition 

of CaCl2 to buffer-treated CSF extract triggered meiotic exit, confirming that the extract was 

functional and capable to perform the transition into interphase. 

 

Figure 12: B56b peptide addition triggers a meiotic exit phenotype in CSF extract. (A) CSF extract was 
treated with buffer (control), binding B56b or non-binding B56nb peptides (7 µM), mixed on ice, and supplemented 
with water or CaCl2. Subsequently a time course at 20°C was performed. (B) Comparison of B56b and B56nb 
peptide sequences. The substrate binding motif of PP2A-B56 on its interaction partners is highlighted in green 
in B56b (LxxIxE). Residues with acidic properties at positions 7-9 (highlighted in magenta in the B56b peptide) 
were shown to confer high binding affinity of the B56b peptide to PP2A-B56. Mutating residues at position 4 and 
6 of the binding motif to alanine (red amino acids in B56nb) abolishes binding to PP2A-B56. The binding affinity 
of B56b is Kd: 75.3 ± 8.8 nM (personal communication with Jakob Nilsson). (C) Western blot analysis of CSF time 
course as described in (A). For each time point samples were taken as replicate and one set was treated with λ-
phosphatase to control for total protein level (+λPP). Tubulin served as loading control. 
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When we supplemented B56b alone without CaCl2 we witnessed hyperphosphorylation of 

XErp1 within the first 5 min followed by a complete dephosphorylation of XErp1 (down-shift 

to 80 kDa from 10 to 20 min). At the same time Cyclin B2 was degraded indicative of APC/C 

activation and subsequent meiotic exit. Intriguingly, XErp1’s hyperphosphorylation did not 

entail its subsequent degradation leaving XErp1’s total protein levels unchanged. This is in 

contrast to its rapid degradation following hyperphosphorylation in CaCl2 treated extract 

(XErp1 +λ-PP panel, Figure 12C). We did not observe precocious exit from meiosis II in 

B56nb treated extract. These results suggests that binding of B56b to PP2A-B56 occurs in a 

competitive manner causing the dissociation of PP2A-B56 from XErp1 followed by XErp1’s 

hyperphosphorylation and inactivation. Furthermore, XErp1’s quick dephosphorylation in the 

B56b peptide sample implies that additional phosphatases are competent to target XErp1. 

In summary, addition of B56b peptide and competitive binding to PP2A-B56 in MII arrested 

extract causes a meiotic exit phenotype without affecting XErp1’s stability. 

 PP2A-B56 does not control XErp1 at mitotic exit in XEE 

Next, we investigated if binding of PP2A-B56 by the B56b peptide affects mitotic exit in XEE. 

Interphasic XEE was supplemented with non-degradable CycB∆90 and incubated for 30 min 

to allow activation of Cdk1 and consequently entry into mitosis. Western blot analysis 

confirmed that control XEE entered mitosis visualized by hyperphosphorylation of XErp1 

(Figure 13A, B, lane 1 and 2). DMSO was added as solvent control and immunoblot analysis 

confirmed that the mitotic state was preserved over the duration of the time course (Figure 

13A, B). Cdk1 remained constantly activated in the presence of CycB∆90 resulting in 

activation of the APC/C and consequently destruction of endogenous Cyclin B2 (Figure 13A-

C). CycB∆90 lacks the N-terminal D-box which is essential for its ubiquitylation and 

subsequent degradation upon APC/C activation at anaphase onset. Thus, to investigate the 

contribution of PP2A-B56 in the regulation of XErp1 at mitotic exit in this experimental set 

up, Cdk1 has to be artificially inactivated to induce mitotic exit. For this reason, we 

supplemented the mitotic XEE with roscovitine, a potent pan-Cdk inhibitor. Inhibition of Cdk1 

resulted in the dephosphorylation of XErp1 within 5 min indicating functional exit from mitosis 

(Figure 13A, B). We first checked the effect of the B56 peptides in mitotic XEE without 

addition of roscovitine (Figure 13A and C-ii). As expected, the mitotic state was maintained 

over the duration of the time course in both B56 peptide conditions. Any potential 

dephosphorylation activity contributed by PP2A-B56 in the B56nb condition would be 

outperformed by the constantly high Cdk1 activity (same as in the DMSO control). Thus, 

simultaneous addition of roscovitine and the B56 peptides was chosen to study PP2A-B56’s 

contribution at mitotic exit. 
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Figure 13: PP2A-B56 does not control XErp1 at mitotic exit in XEE. (A) XEE was supplemented with CycB∆90 

to obtain mitotic XEE which than was treated either with DMSO, roscovitine, non-binding B56nb or binding B56b 
peptides to examine PP2A-B56 activity at mitotic exit. Samples were taken at indicated time points (min), 
separated by SDS-PAGE and analyzed by immunoblotting. (B) The same mitotic XEE as in (A) was additionally 
treated either with B56nb or B56b peptides and roscovitine at the same time. Samples were taken at indicated 
time points (min), separated by SDS-PAGE and analyzed by immunoblotting. (C) Summary of phosphorylation 
states of XErp1 depending on if Cdk1 or PP2A-B56 activity prevails in mitotic XEE. i) Expected 
hyperphosphorylation of XErp1 when Cdk1 is constitutively active (+CycB∆90). ii) Competitive B56b peptide 
binding releases PP2A-B56 from XErp1. XErp1 maintains its hyperphosphorylated state. iii) Simultaneous 
inhibition of Cdk1 by roscovitine and competitive binding of B56b peptide to PP2A-B56 results in rapid 
dephosphorylation of XErp1 by unknown phosphatase(s). 

Since we assumed that PP2A-B56 is important for XErp1’s dephosphorylation by 

antagonizing Cdk1 activity we anticipated to observe a dephosphorylation of XErp1 in the 

B56nb condition (+ roscovitine) but expected the opposite, i.e. the preservation of the 
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hyperphosphorylated state in the presence of B56b (Figure 13 C-iii, left image). Surprisingly, 

despite addition of the B56b binding peptide XErp1 was dephosphorylated with the same 

kinetics as in the B56nb sample (Figure 13B). This strongly implies that PP2A-B56 is not the 

main phosphatase acting towards XErp1 during mitotic exit in the rapid early embryonic 

divisions but rather hints towards the involvement of other XErp1 targeting phosphatases 

(Figure 13C-iii, right image). 

4.4 Mediating PP2A activity by cellular interactors and protein inhibitors 

In addition, we sought to investigate how PP2A-B56 activity is regulated in a spatiotemporal 

manner. We hypothesized that PP2A-B56 might be controlled by a fast acting protein 

inhibitor as was previously reported for other PP2A holoenzymes (58, 61, 88, 97). PP2A 

activity is not only controlled by protein inhibitors but also by interacting proteins which can 

indirectly mediate PP2A activity by recruiting the phosphatase to a specific subcellular 

localization. Thus, we set out to specifically discover interacting and regulatory proteins of 

PP2A-B56 choosing a biochemical approach combined with a mass spectrometry (MS) 

analysis (see section 4.4.3) and an independent bioinformatics approach using Position-

specific iterated BLAST (PSI-BLAST) to find distantly related proteins of known PP2A 

inhibitors (see 4.4.1).  

4.4.1 Identification of potential PP2A inhibitors using PSI-BLAST 

We sought to identify putative protein inhibitors of PP2A by taking advantage of a powerful 

homology search tool, i.e. the Position-specific iterated BLAST (PSI-BLAST) (137), which 

can reveal close and distant relatives of known proteins that might display related biological 

functions. For this reason we used the sequences of two previously identified PP2A-B56 

inhibitors, X. laevis SET-b (I2PP2A) and Bod1 (88, 97) as query in two individual PSI-BLAST 

searches. The search outputs were analyzed using CLANS (Cluster Analysis of Sequences) 

to visualize the relationship among the hit proteins (138) found in all searched species. 

Searching for Bod1-related proteins did not reveal any related sequence groups other than 

Bod1 or Bod1-like proteins in other species (Figure 14A). On the contrary, searching for 

SET-b-related proteins found SET and TSPY-like proteins as closely related and NAP1-like 

proteins as more distantly related group. The more closely related sequence groups 

harbored SET and SET-like proteins and various members of TSPY-like proteins. All 

identified proteins have in common that they belong to the nucleosome assembly protein 

(NAP) family (139, 140). The more distantly related sequence group which also belongs to 

the NAP family encompassed only NAP1-like1 proteins (Figure 14A). Out of these sequence 

groups we selected all X. laevis proteins which were related to the query sequence SET-b 

and retrieved four potential inhibitor candidates: SET-a nuclear proto-oncogene (SET-a), 

testis-specific Y-encoded-like protein 2 (TSPY-l2), nucleosome assembly protein 1-like 1-A 
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(NAP1-like1A) and nucleosome assembly protein 1-like 1-B (NAP1-like1B) (Figure 14B, C). 

TSPY-l2, also named Cell division autoantigen-1 (CDA1), was shown to act as negative 

regulator for cell proliferation in mammalian HeLa cells (139, 141). NAP1 proteins were 

reported to act as linker histone chaperones in Xenopus eggs (140). Furthermore, Kellogg 

and colleagues showed that NAP1 interacts with Cyclin B1 and B2 in Xenopus embryos and 

that it is phosphorylated by Cdk1-Cyclin B in Saccharomyces cerevisiae (142). These cell 

cycle relevant features of TSPY-l2 and NAP1 encouraged us to further investigate a potential 

inhibitory role towards PP2A. 

 

Figure 14: PP2A protein inhibitor candidates discovered by PSI-BLAST. (A) X. laevis Bod1 and SET-b were 
used as query sequences to identify distantly related proteins of known PP2A inhibitors. Hit sequences were 
analyzed by CLANS to visualize the relationships among the proteins and were clustered according to their 
degree of relationship. Grey lines connect proteins related to each other. Note there is no connection between 
the Bod1 group (blue cluster) and the SET (red and green cluster) / NAP (orange cluster) groups. (B) Four hit 
proteins were selected from the SET and NAP1-l1 group of related proteins. The expect value (e-value) 
represents the likelihood that the hits are truly related to the query sequence and are not matching by chance. 
(C) Percentage of shared sequence similarity of the selected proteins with the query sequence SET-b. 

4.4.2 Addition of recombinant SET, TSPY-l2 and NAP1-l1 does not perturb the MII 

arrest 

To assess whether the selected proteins actually act as PP2A-B56 inhibitors we expressed 

and purified His-tagged SET-a, SET-b, TSPY-l2, NAP1-l1A and NAP1-l1B from E. coli by 

affinity chromatography and added each of the putative recombinant inhibitors to CSF 

extract (Figure 15A). Buffer-treated control extract remained in a MII arrested state as 

indicated by stable Cyclin B2 levels and an intermediate phosphorylation state of XErp1 

(~90 kDa) as a result from high Cdk1-Cyclin B2 and antagonizing PP2A activity (Figure 

15B). Upon addition of CaCl2, exit from MII was observed: hyperphosphorylation and 

subsequent degradation of the APC/C inhibitor XErp1 was followed by the activation of the 

APC/C leading to the destruction of Cyclin B2. Endogenous XErp1 and CyclinB2 were re-

synthesized 20 min and 60 min after the release, respectively. According to our hypothesis 

and implicated by the B56 peptide experiments in section 4.3.3.1, inhibition of PP2A would 

destabilize the kinase-phosphatase-balance of this system and trigger a premature meiotic 
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exit as a result from hyperphosphorylated and inactivated XErp1. However, addition of SET-

b, NAP1-l1A and TSPY-l2 alone did not trigger meiotic exit and resembled the buffer control 

without CaCl2 (Figure 15B). Furthermore, the putative inhibitors did not perturb exit from 

CSF arrest upon addition of CaCl2. 

 

Figure 15: SET-b, TSPY-l2 and NAP1-l1A proteins do not perturb the MII arrest. (A) Scheme of the 
experimental set-up. (B) His-SET-b, phosphomimetic His-SET-b (2D), His-NAP1-l1A, His-TSPY-l2 or CSF-XB 
buffer as control were added to CSF egg extract and incubated for up to 90 min at 20°C with or without CaCl2. 
Samples were taken at indicated time points and were separated by SDS-PAGE and further analyzed by 
immunoblotting. 

We contemplated that the inhibitor candidates might be positively regulated by 

phosphorylation events as it was previously reported for the known PP2A-B55 inhibitors 

ENSA/Arpp19 (61, 63). In addition, Vasudevan and colleagues described that the human 

protein SET is actually phospho-regulated at residues Ser9 and Ser93 by Phosphoinositide 

3-kinase γ (PI3Kγ) (143). Phosphorylation of these two residues activates the inhibitor SET 

and thus promotes binding to PP2A. Based on this evidence, we decided to generate a 

phosphomimetic SET-b (2D) mutant by mutating the corresponding X. laevis residues Ser7 

and Ser91 to aspartate (Figure 15B). However, SET-b (2D) likewise did not induce exit from 

meiosis II in the absence of CaCl2 and did not significantly affect the timing of meiotic exit 

upon addition of CaCl2. Since the generation of a phosphomimetic mutant does not 

guarantee the same protein functionality as encompassed by a genuine phosphorylation we 

performed in vitro thiophosphorylation of NAP1-l1A, NAP1-l1B, SET-a, SET-b, and TSPY-

l2 with recombinant Cdk1-Cyclin B1 prior to testing their activity in CSF extract. Still, addition 

of the thiophosphorylated inhibitor candidates did not cause premature exit from the MII 

arrest and did not affect meiotic exit timings upon addition of CaCl2 (Figure 16B). In summary 
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none of the proteins which were identified by PSI-BLAST and further tested in CSF extract 

perturbed the arrested MII state. 

 

Figure 16: Thiophosphorylated SET, TSPY-l2 and NAP1-l1 do not perturb the CSF arrest state. (A) Scheme 
of the experimental set-up. (B) Thiophosphorylated His-SET-a, His-SET-b, MBP-NAP1-l1A, MBP-NAP1-l1B, 
His-TSPY-l2, or CSF-XB buffer as control were added to CSF egg extract and incubated for up to 120 min with 
or without CaCl2. Samples were taken at indicated time points, separated by SDS-PAGE and further analyzed 
by immunoblotting. 

4.4.3 Identification of putative PP2A-B56 regulators 

As a second approach to identify cell cycle specific regulatory interactors of PP2A-B56ɛ we 

set up a large scale label-free immunoprecipitation (IP) from mitotic and interphasic XEE 

combined with a succeeding mass spectrometry analysis (Figure 17A). The prepared 

interphasic and mitotic XEEs were in the respective cell cycle state indicated by 

unphosphorylated (~80 kDa) and hyperphosphorylated XErp1 (pXErp1), respectively (I: 

interphasic; M: mitotic; Figure 17B). B56ɛ was depleted from the embryo extract and the 

PP2A-C subunit was co-immunoprecipitated indicating that the whole PP2A-B56 

holoenzyme was retrieved from the extract (shown only for mitotic IP samples, Figure 17C). 

Subsequently co-immunoprecipitated proteins were identified by LC-MS/MS. Using a 

modified T-Test (FDR<0.01, s0=6.0), 161 proteins were found to be significantly enriched in 

the mitotic B56ɛ IP compared to the IgG control (Figure 17D and Appendix Supplementary 

Table 8).  
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Figure 17: MS analysis of cell cycle phase specific PP2A-B56ɛ IP from X. laevis embryos. (A) XEE was 
prepared as previously described. Interphase and mitotic (+ CycB∆90) XEE were used for the large scale IP using 
anti-B56ɛ and unspecific IgG antibodies. Co-immunoprecipitated proteins were identified by LC-MS/MS analysis. 
(B) Exemplary immunoblot analysis of XEE to confirm correct cell cycle phase (I: interphase; M: mitosis. (C) 
Immunoblot analysis of mitotic B56ɛ and IgG pull-down samples. Asterisk denotes antibody heavy chain. (D) 
Volcano plot representing data of the mitotic B56ɛ IP. The negative logarithmic p-values of the t-test (5 technical 
replicates) were plotted against the median logarithmic difference of protein intensities in the mitotic B56ɛ and 
the IgG control IP. Light grey dots depict non-significant interactors. The dashed line marks the significance 
threshold for specific PP2A-B56 ɛ interacting proteins which were determined using a modified T-Test 
(FDR >0.01, s0 = 6.0). All PP2A subunits (PP2A-Cα, PP2A-Cβ, PP2A-Aα, PP2A-Aβ) including the bait protein 
B56ɛ and the catalytic PP6 subunit were significantly enriched and are highlighted in red. Core components of 
the IFT-B complex are marked in dark blue. Components associated with translation initiation (EIF2 complex) 
are marked in light grey. (E) Overrepresentation of GO Cellular Component (CC) terms among mitotic interactors 
of B56ɛ with an enrichment factor >10. A Fisher Exact Test was used to calculate the relative enrichment of GO 
terms associated with mitotic interactors of B56ε relative to those of all proteins contained in the FASTA database 
used to search the MS data.       (legend continued on next page) 
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(F) Volcano plot representing data of the interphasic and mitotic B56ɛ IP. Negative logarithmic p-values of the t-
test (5 technical replicates) were plotted against the median logarithmic difference of protein intensities of the 
mitotic and interphase B56ɛ IP. Grey circles indicate non-significant interactors. Identified proteins which were 
specifically enriched in the mitotic IP are highlighted in green, and enriched interactors from the interphase IP 
are highlighted in magenta. 

As expected, the bait protein B56ɛ (Figure 17D, red box), as well as both scaffold (PP2A-Aα 

and -Aβ) and catalytic (PP2A-Cα and -Cβ) isoforms were among the highest enriched 

proteins both in the mitotic (Figure 17D, highlighted in red), as well as in the interphase IP 

(data not shown). Interestingly, another member of the phosphoprotein phosphatase P 

(PPP) family, namely PP6 catalytic subunit was significantly enriched in the mitotic IP (Figure 

17D, highlighted in red). Although the number of potential interactors appeared very high, 

several of the identified proteins may represent substrates of PP2A, which is known to 

interact with numerous proteins (144). Additionally, we found previously confirmed PP2A 

interactors such as Sgo1 and Sgo2 (79, 84, 110) and components of the prefoldin complex 

(145) in our B56ɛ IP. Unexpectedly, XErp1, a previously established interactor of PP2A-B56 

was not identified in our MS analysis (1, 3). 

We classified the set of hit proteins according to the Gene Ontology (GO) term Cellular 

Components (CC) and carried out a Fisher’s Exact Test to identify GO terms which are 

significantly overrepresented among the mitotic interactors (Figure 17E). Strikingly, several 

GO CC terms related to cilium assembly and intraciliary transport (e.g. IFT-core complex) 

were significantly overrepresented. Furthermore, there were many proteins involved in 

intracellular protein transport, microtubule-based processes and movement, gene 

expression, and translational initiation processes (Figure 17E). Since we were keen to 

identify cell cycle phase specific interactors and regulators of PP2A, we examined which hits 

were significantly enriched in the interphase IP compared to the mitotic IP (Figure 17F). The 

significantly enriched proteins from the interphase IP (Figure 17F, highlighted in green) were 

predominantly associated with mitochondria associated functions (respiratory chain and 

cristae formation). In contrast to that, the significantly enriched proteins from the mitotic IP 

(Figure 17F, highlighted in purple) were implicated in different processes ranging from 

regulation of Ubiquitin-protein ligase activity, cellular amino acid metabolic processes and 

regulation of gene silencing by miRNAs. Since our main investigative attention was set on 

the regulation of PP2A-B56 in mitosis and mitotic exit we decided to focus on the hit proteins 

that were identified from the mitotic IP. 

Taken together, our mass spectrometric analysis revealed a number of potential PP2A-B56ɛ 

interactors in Xenopus embryos. Although we were unable to identify strong candidates for 

cell cycle specific B56ɛ interactors, the striking overrepresentation of proteins related to 

cilium assembly and intraciliary transport prompted us to initiate a series of experiments to 

validate a potential functional role of PP2A-B56 in these processes (see section 4.5). 
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4.5 PP2A-B56 and its connection to primary cilium assembly 

4.5.1 Loss of B56 perturbs the formation of primary cilia 

Classification of the mitotic PP2A-B56ɛ IP hits in GO terms and statistical analysis with the 

Fisher’s Exact Test showed that several GO Cellular Component (CC) terms were 

significantly overrepresented among the mitotic interactors (see section 4.4.3). Strikingly, 

the terms related to cilium assembly and intraciliary transport were overrepresented and 

included proteins of the entire 16 subunits comprising IFT-B complex, except core subunit 

IFT70 (Figure 18A). Furthermore, we identified positive and negative regulators of cilium 

biogenesis among the hit proteins. Negative regulators include CP110, Cep97 and Nek2 

(Figure 18A). CP110 and Cep97 localize to the distal end of both mother and daughter 

centriole and prevent the formation of a cilium in cycling cells and more importantly, inhibit 

aberrant cilium assembly at the daughter centriole (121). Nek2 was reported to ensure the 

timely disassembly of cilia during the cell cycle (133, 146). Positive regulators like Cep164, 

Cep350 and FOP were reported to drive early steps in the ciliogenesis program and to be 

essential for the recruitment of ciliary vesicles to the mother centriole (117, 118, 147). 

However, in X. laevis ciliated cell precursors form only as early as stage 12-14 (148) and 

cilia formation has not been reported to play a role during the fast early embryonic divisions. 

In order to investigate whether PP2A-B56 might be involved in the regulation of the 

ciliogenesis program we chose to use a non-cancerous human immortalized retinal pigment 

epithelial (hTERT-RPE1) cell line which is frequently used to study primary cilium formation. 

Upon nutrient and mitogen deprivation, RPE1 cells exit the cell cycle, enter G0 and start to 

form a primary non-motile cilium (Figure 18B). In order to abolish PP2A-B56 activity, cells 

were treated with B56 subunit targeting small interfering RNA (siRNA) or non-targeting 

control siRNA for 24 h. Cells were starved for 30 h, fixed and then primary cilia were 

visualized by staining for pericentrin and acetylated tubulin. Pericentrin is an integral 

component of the pericentriolar material surrounding the centrosome and is used to identify 

the base of the cilium. The MT-based axoneme of a cilium is acetylated, a PTM which 

confers stability to the axoneme and which can be used as marker for assembled cilia 

(Figure 18B, C). Immunofluorescence microscopy analysis showed that 57.9 ± 7.6 % of 

starved control cells assembled a primary cilium (Figure 18D). siRNA mediated targeting of 

B56β or B56ɛ significantly decreased the percentage of ciliated cells to 40.2 ±12.5 % and 

36.1 ± 19.9 %, respectively. Single knock-down (KD) of B56α (50.8 ± 12.3 %), B56γ 

(59.5 ± 15.5 %) and B56δ (52.8 ± 15.8 %) did not perturb primary cilium formation 

significantly (Figure 18D). Because regulatory B-subunits are known to be able to act 

redundantly we performed double and triple KD experiments of B56β, B56δ and B56ɛ 

(Figure 18E, F). 
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Figure 18: Knock-down of PP2A-B56 in hTERT-RPE1 cells perturbs primary cilium assembly. (A) List of 
significant hit proteins from the mitotic PP2A-B56ɛ IP that are associated with ciliary biogenesis and regulation. 
15 (bold) out of 16 Intraflagellar-transport complex B (IFT-B) subunits were significantly overrepresented 
according to the GO CC term classification. (B) Primary cilium assembly assay. hTERT-RPE1 cells were treated 
with siRNAs targeting B56 subunits followed by serum withdrawal (DMEM/F12 / 0 % FCS) for 30 h to induce cell 
cycle exit and formation of a primary cilium. (C) Representative immunofluorescence images of fixed RPE1 cells 
which were treated with control or a pool of B56βδɛ targeting siRNAs and starved for 30 h. Cells were stained 
with antibodies directed against pericentrin (green) and acetylated tubulin (red); DNA (blue) was visualized with 
Hoechst. Insets show a magnification of the centrosome region indicated by white dashed lines. Scale bar 
represents 10 µm and 2 µm in the insets, respectively. (D) Mean percentage (± SD) of ciliated cells upon KD of 
single B56 subunits. Data was obtained from three independent experiments counting between n = 50-100 cells 
per condition. Cells were only considered for the quantification if they were negative for the proliferation marker 
Ki67 (IF data not shown). (E) Mean percentage (± SD) of ciliated cells upon double or triple KD of B56βδɛ 
subunits. Data was obtained from 6 independent experiments counting between n = 50-100 cells per condition. 
(F) Western blot analysis of a representative experiment showing KD efficiency after targeting B56βδɛ subunits 
in RPE1 cells as described for (E). p150glued served as loading control. Plotted bars represent standard deviations 
(SD). (*): p < 0.05; (**): p < 0.01. 

Triple KD of B56βδɛ significantly reduced the percentage of ciliated cells from 55.6 ± 11.9 % 

in the control to 14.8 ± 4.5 % indicating a synergistic effect of these B56 subunits on primary 

cilium formation. Next, we performed double KD experiments to examine whether the 
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observed synergistic effect was due to the KD of only two B56 subunits. Combined targeting 

of B56βδ did not significantly affect cilium formation (39.9 ± 29.2 %). However, double KD 

of B56δɛ (28.8 ± 10.0 %) and especially B56βɛ (9.8 ± 4.3 %) significantly decreased the 

percentage of the ciliated cell population, with the latter affecting cilium formation to levels 

comparable to the triple KD of B56βδɛ (Figure 18E, F). This suggests that PP2A-B56β and 

-B56ɛ might act synergistically and dephosphorylate regulatory ciliary proteins which are 

important for the controlled assembly of a primary cilium. 

4.5.2 B56 KD perturbs cell cycle progression 

Primary cilia are only formed when cells exit the cell cycle and enter a quiescent state, the 

G0 phase. To assess the index of ciliated cells in a G0 population we had to ensure that we 

were quantifying only non-proliferating G0 cells that had exited the cell cycle. To this end we 

made use of an antibody directed against Ki67 protein, which is only present in proliferating 

cells (149, 150) and thus a potent marker to distinguish between cycling cells 

(asynchronous) and G0 (mitogen deprived) cells (Figure 19A). This immunostaining 

procedure was always applied when performing primary cilium assays and determining the 

percentage of ciliated cells. 

 

Figure 19: B56βδɛ KD in hTERT-RPE1 cells perturbs cell cycle progression. (A) Cells were treated as 
described in (B) and analyzed by immunofluorescence microscopy. Cells were stained with antibodies directed 
against the proliferation marker Ki67 (grey), pericentrin (green) to visualize centrosomes and acetylated tubulin 
(red) to detect the ciliary axoneme. DNA was stained with Hoechst. Scale bar represents 10 µm. (B) Flow 
cytometric analysis of cellular DNA content after cells were treated with control or B56βδɛ siRNA for 24 h 
(asynchronous cells) and after serum withdrawal for subsequent 24 h (mitogen deprived cells). DNA was stained 
with propidium iodide. 

Furthermore, we performed cellular DNA content analysis by flow cytometry to exclude that 

PP2A-B56 KD perturbs cell cycle progression and thereby causing a decline in the ciliated 

cell population. To this end we determined the cellular DNA content 24 h after siRNA 
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treatment and repeated the analysis again 24 h after serum withdrawal. DNA content 

analysis revealed that 24 h after siRNA treatment control and B56βδɛ targeted cells 

displayed a similar cell cycle phase distribution. In both conditions the majority of cells (72 %) 

were in G1/G0 phase whereas the remaining cells were assigned to the S- or G2/M-phase 

overall corresponding to an expected cell cycle phase distribution of an asynchronous cell 

population (Figure 19B). 24 h after serum withdrawal 83 % of control cells accumulated in 

G1/G0, whereas the G2/M population was reduced from 15.6 % to 0.7 % and the S-phase 

cell population declined from 9.8 % to 5.9 %. This indicates that cells exited the cell cycle 

and most likely entered G0. Knock-down of B56βδɛ resulted in a modest increase of G1/G0 

cells from 72 % in the asynchronous cell population to 76 % upon starvation. However, 

PP2A-B56βδɛ KD cells showed an increase in the S-phase cell population (15 %) after 

serum starvation compared to 8.2 % of S-phase cells 24 h after siRNA treatment. This 

suggests that PP2A-B56 KD has an impact on cell cycle progression and might be partially 

required for S-phase progression, including S-phase and G2 entry. Despite a modest 

perturbation in cell cycle progression in the B56 KD condition, the majority of cells was in 

G1/G0 and was negative for the proliferation marker Ki67 indicative of cell cycle exit and 

entry into G0. 

4.5.3 PP2A-B56 localizes to the basal body of primary cilia 

In order to determine whether PP2A-B56 fulfills the spatial requirements to affect substrates 

directly at the ciliary base, i.e. the basal body or inside of the ciliary compartment, we 

investigated its subcellular localization. To this end we generated inducible stable RPE1 cell 

lines which overexpress eGFP-B56α, eGFP-B56β, eGFP-B56δ or eGFP-B56ɛ upon addition 

of tetracycline (Figure 20B, C). Immunoblot analysis showed that the generated stable 

eGFP-B56α, -B56β and B56ɛ cell lines exhibited a detectable basal expression in the 

absence of tetracycline and strongly overexpressed the eGFP-tagged B56 subunits 

compared to endogenous protein levels upon tetracycline addition (Figure 20C). To assess 

PP2A localization, eGFP-B56 overexpression and serum starvation were induced at the 

same time and cells were analyzed by immunofluorescence microscopy (Figure 20A, B). 

Primary cilia were detected in the absence and presence of tetracycline indicating that 

overexpression of eGFP-B56 per se does not perturb primary cilium assembly (Figure 20C). 

However, the percentage of ciliated cells varied among the stable eGFP-B56 cell lines: 80 % 

of the parental RPE1 (Flp-In T-REX) cells assembled a cilium compared to only 48 % of the 

eGFP-B56δ and 55 % of the eGFP-B56ɛ cells. Despite a basal expression of eGFP-B56 in 

the absence of tetracycline as observed by immunoblot analysis (Figure 20C), PP2A-B56 

holoenzymes were only detected at the centrosome upon induced overexpression of the 

regulatory B56-subunits. Furthermore, eGFP-B56 subunits were partially co-localizing with 

pericentrin (Figure 20B). These results indicate that PP2A-B56 localizes to the basal body 
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in G0 cells and is positioned in close proximity to putative substrates at the ciliary base to 

influence primary cilium assembly. Notably, none of the overexpressed eGFP-B56 subunits 

were detected at the axoneme suggesting that PP2A-B56 does not enter the ciliary 

compartment to act inside of the cilium. 

 

(legend on next page) 



  4  Results 

45 

Figure 20: PP2A-B56 localizes at the basal body of primary cilia. (A) Scheme of primary cilium assembly 
assay performed with stable tetracycline inducible eGFP-B56 RPE1 cell lines. (B) Representative 
immunofluorescence images of fixed eGFP-B56 RPE1 cells 48 h after tetracycline induced overexpression 
(minus/plus Tet) of eGFP-B56α, eGFP-B56β, eGFP-B56δ or eGFP-B56ɛ and simultaneous serum starvation. 
Antibodies directed against pericentrin were used to visualize centrosomes and antibodies directed against 
acetylated tubulin were used to stain the ciliary axoneme. DNA was visualized with Hoechst. Scale bar 
represents 2 µm. (C) Western blot analysis of stable eGFP-B56 RPE1 TREX cell lines with and without addition 
of tetracycline. p150glued served as loading control. (D) Percentage of ciliated cells 48 h after mitogen deprivation 
comparing the parental (P) RPE1 Flp-In TREX cell line and the generated stable eGFP-B56 RPE1 cell lines with 
and without addition of tetracycline. Presented data was obtained from one experiment. Cells were quantified 
without additional Ki67 staining. 

4.5.4 Potential off-target effect causes ciliation deficiency in RPE1 cells 

To verify that the low index of ciliated cells upon B56βɛ siRNA treatment is specifically 

caused by the diminished PP2A-B56 activity we decided to perform rescue experiments. 

Despite repeated attempts using our wildtype hTERT-RPE1 cell line to ectopically express 

siRNA resistant eGFP-B56 subunits in a B56 KD background, we were not able to optimize 

the transient transfection conditions to obtain a robustly working ciliation assay. We then 

performed rescue experiments with an inducible stable eGFP-B56ɛ RPE1 (Flp-In T-REX, 

2R) cell line. This cell line contained a second gene copy coding for the tetracycline 

repressor protein (2R) to minimize basal expression in the absence of tetracycline. However, 

overexpression of eGFP-B56ɛ in a B56ɛ or B56βɛ KD background did not reverse the 

observed ciliation deficient phenotype (data not shown). In the end, we decided to test a 

new set of B56β and B56ɛ targeting siRNAs and performed the primary cilium assay with 

both sets of siRNAs. 67,3 ± 9,3 % of control cells were ciliated 30 h after serum withdrawal 

and only 21,4 ± 10,8 % of cells treated with B56βɛ targeting siRNA #1 (first set) were ciliated 

(Figure 21A) which is in line with our previous results (compare Figure 18E). 

 
Figure 21: Comparison of two sets of B56β and B56ɛ targeting siRNAs. (A) Mean percentage (±SD) of 

ciliated cells upon KD of regulatory B56β and B56ɛ subunits. B56βɛ #1 corresponds to the first set of used 

siRNAs. B56βɛ #2 corresponds to a new set of siRNAs targeting different regions in the ORF coding for the B56 

subunits. Data was obtained from two independent experiments counting between n = 70-100 cells per condition. 
Cells were only considered for the quantification if they were negative for the proliferation marker Ki67. (B) 
Western blot analysis of B56βɛ KD samples from one experiment described in (A). p150glued served as loading 
control. SD: standard deviation. (*): p < 0.05. 

However, performing the same assay with a new set of B56βɛ targeting siRNAs (#2) did not 

result in a significantly reduced number of ciliated cells (59,9 ± 5,9 %) (Figure 21A). Western 

blot analysis showed that both sets of utilized siRNAs result in a comparable reduction in 
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B56β and B56ɛ protein levels. Comparable outcomes on western blot level but divergent 

results in the primary cilium assay strongly imply that the reduced percentage of ciliated cells 

upon B56βɛ KD (set #1) was most likely caused by siRNA off-target effects. 
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5 Discussion 

The main part of this study dealt with the question how PP2A-B56 is regulated in a 

spatiotemporal manner in the early embryonic divisions of X. laevis. After we had generated 

B56 subunit specific antibodies we investigated if and how PP2A-B56 activity is mediated 

by yet unidentified regulatory mechanisms. First, we could demonstrate that B56 protein 

levels do not influence PP2A’s temporal regulation in a cell cycle specific manner. Second, 

we did not find any evidence arguing for a fast acting protein inhibitor which might target 

PP2A during mitotic exit. Next, we investigated how crucial PP2A-B56 activity is at meiotic 

and mitotic exit and could show that it is essential to keep XErp1 dephosphorylated and 

maintain the CSF arrest but is of less importance at mitotic exit of the rapid embryonic 

divisions. 

5.1 Generation of antibodies directed against Xenopus PP2A-B56 subunits 

Raising specific antibodies directed against the four regulatory B56 subunits present in X. 

laevis was an important cornerstone of this project. We needed reliable tools in hand 

enabling us to examine the spatiotemporal regulation of individual PP2A-B56 holoenzymes. 

Given the highly conserved nature of the B56 subunits this was a challenging starting point. 

The genome database on Xenbase and NCBI in 2012 yielded four mRNA sequences coding 

for the highly conserved B56α, B56β, B56γ and B56ɛ subunits (Figure 6). In 2015 a revised 

nomenclature of the chromosomes in the allotetraploid amphibian X. laevis was published 

based on the phylogenetic relationship to the diploid X. tropicalis which allocated the 

homoeologous chromosome pairs into two subgenomes (L and S) (151). Homoeologous 

chromosomes refer to chromosomes which descended from the same ancestral species 

and were completely homologous in their function but evolved over time and are no longer 

fully homologous. Accordingly, the L-subgenome contains the large homologous 

chromosomes from one diploid progenitor and the S-subgenome contains the short 

homologous chromosomes contributed from the other progenitor (151). Furthermore, 

Session et al. scrutinized in detail how the two subgenomes evolved over time and which 

consequences arose for the genetic material from this evolution. They found that the S-

subgenome suffered from significantly more intrachromosomal rearrangements and gene 

loss by deletion (31.5 % of genes) (152). This finding explains why for B56α and B56β only 

single-copy genes (termed singletons) were annotated on the homoeologue S- or L-

chromosome (Table 1). Gene loss in polyploid organisms is common and indicates that due 

to their functional redundancy the polyploid gene copies were rapidly reverted to single gene 

copies by gene deletion on the respective homoeologue chromosome pair (152).  

Due to the high degree of conservation (96.4 %) between B56α and –β it was impossible to 

derive unique peptide sequences for each of the isoforms. For this reason, we raised an 
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antibody directed against both B56α and -β subunits using the same N-terminal peptide 

sequence. Additionally, we concluded that both isoforms most likely have redundant 

functions due to their high sequence similarity. On account of this, we were never able to 

distinguish between endogenous B56α and B56β on immunoblot level in CSF (Figure 7A) 

and embryo extract (data not shown). The B56αβ antibody detected IVT flag-B56α and flag-

B56β subunits, confirming that both subunits were equally recognized (Figure 7A). Also, the 

anti-B56αβ antibody was functional to immunoprecipitate endogenous B56αβ from CSF 

extract (Figure 7B). According to the new classification of the homoeologues into two 

subgenomes there are two annotated gene copies each of B56ɛ and B56γ. B56ɛ.L and 

B56ɛ.S differ at the most N-terminal region as B56ɛ.L lacks the first 11 aa of the B56ɛ.S 

isoform (Table 1). Also, B56ɛ.L suffered from a partial deletion of the core sequence 

corresponding to residues 239-258 of B56ɛ.S. In addition, B56ɛ.S exists as alternative splice 

variant lacking the first 11 aa (Table 1). Considering the updated sequence information we 

realized that we used the B56ɛ.S sequence which corresponds to the alternative transcript 

variant as reference sequence for the C-terminal peptide that was used as antigen for the 

immunization procedure (Figure 6B). Serendipitously, as the anti-B56ɛ antibody was raised 

against the most C-terminal region present in both S and L copies, all B56ɛ isoforms could 

have been detected on immunoblot level provided that the three isoforms are expressed in 

Xenopus MII oocytes and early embryos. The B56ɛ antibody detected a band at 55 kDa in 

CSF extract which corresponds to the protein product of the alternate B56ɛ.S transcript 

variant (Figure 7A, middle panel). Cross-reactivity of the anti-B56ɛ antibody was excluded 

as only the IVT flag-B56ɛ subunit was recognized. In addition, the B56ɛ antibody specifically 

immunoprecipitated only one protein corresponding to endogenous B56ɛ.S at 55 kDa 

(Figure 7B, middle panel). 

Table 1: Genome annotations of X. laevis regulatory B56 subunits. Comparison of B56 subunit sequences 
according to their subgenome allocation. Alternate transcripts of B56ɛ.S and B56γ.L exist and differences in the 
sequence are highlighted in the column ∆aa. Sequence information were obtained from the Xenbase genome 
database. XB: Xenbase; aa: amino acid; Mw: Molecular weight, ∆aa: deleted aa. 

 
X. laevis subgenome XB accession aa size Mw (kDa) ∆aa 

B56α 
L   not annotated       

S   XB-GENE-943359 476aa 55.2   

B56β 
L   XB-GENE-6485900 476aa 55.2   

S   not annotated       

B56ɛ 

L   XB-GENE-17337207 447aa 52.4 
∆1-11aa and ∆239-
258aa of S-isoform 

S 
  XB-GENE-957531 478aa 55.9   

alternative 
transcript 

XB-GENE-957531 467aa 54.5 ∆1-11aa of S-isoform 

B56γ 
L 

  XB-GENE-865252 578aa 67.0   

alternative 
transcript 

XB-GENE-865252 507aa 58.9 
∆508-578aa of  

L-isoform 

S   XB-GENE-17338969 578aa 67.0   
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B56γ.L and B56γ.S are 98 % identical in their amino acid composition and B56γ.L was used 

as reference sequence from which we derived the peptide antigen for the immunization 

procedure. B56γ.L was also annotated as alternative transcript variant resulting in a 71 aa 

shorter protein. However, all three B56γ variants are identical at the N-terminus from which 

we derived the antigenic peptide sequence. Consequently, all variants should be detected 

on immunoblot level and indeed the immunoblots in Figure 7A show an additional band at 

60 kDa (previously attributed to an unspecific cross reaction of the antibody). In addition, 

both isoforms were immunoprecipitated (Figure 7B) and no cross-reactions with other IVT 

flag-B56 subunits were observed. 

In order to verify that the generated anti-B56 antibodies do not cross-react with other B 

subunit families we included an IVT derived flag-B55δ sample in our analysis. Taking into 

account that the B56 and B55 subfamily members share only 13 % sequence similarity, a 

cross-reaction was unlikely and was excluded by immunoblot analysis (Figure 7A). Finally, 

we demonstrated that the immunoprecipitated B56 subunits were in complex with the whole 

PP2A holoenzyme as verified by probing for the PP2A-C subunit (Figure 7B). In summary, 

we raised specific antibodies directed against the X. laevis regulatory B56αβ, B56γ and B56ɛ 

subunits which we used for further experiments to explore the spatiotemporal regulation of 

the PP2A-B56 holoenzyme. 

5.2 PP2A-B56 expression level are constant during the fast embryonic divisions 

Next, we explored if PP2A activity is regulated during the rapid cleavage cycles by means 

of protein expression levels or protein turnover mediated by the UPS as described for other 

cell cycle regulators. Proteins like Cyclin B, Cyclin A and geminin are expressed cell cycle 

phase specifically and like XErp1 are marked for timely destruction by two important 

ubiquitin-ligase complexes, the APC/C (Cyclin B and A, geminin) and the SCF (XErp1) (43, 

153, 154). We first addressed the question whether the maternally contributed stockpile of 

mRNAs present in MII oocytes and early embryos contained transcripts coding for the 

various regulatory B subunits. This supply of mRNAs is a prerequisite for protein translation 

during the early embryonic development since the large-scale zygotic transcription 

machinery in X. laevis is not turned on before MBT (48, 155). Only a small pool of genes is 

actually transcribed as early as stage 7 in Xenopus embryos from the zygotic genome, as 

shown by Skirkanich and colleagues, finally proofing that minor transcriptional processes do 

occur before MBT (156, 157). We demonstrated by RT-PCR that mRNAs coding for all four 

B56 subunits as well as for members of the B55 and B’’β (PR48) family are present in two 

developmental stages, MII oocytes and stage 4 embryos (Figure 8A), confirming the 

maternal contribution of those mRNAs. This is in line with previous PP2A-B subunit gene 

expression profile analyses performed in X. laevis embryos (158-161). 
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Furthermore, we demonstrated that all B56 subunits, PP2A-C, and B55δ were expressed in 

MII oocytes, early embryos (stage 1-7) and embryos at stage 12 post MBT (Figure 8B). Total 

protein levels of B56αβ, B56γ and B55δ remained constant independent of the 

developmental stage arguing against a temporal regulation of PP2A activity by means of 

changes in protein expression levels for B56 holoenzymes. Interestingly, B56ɛ and PP2A-C 

subunit expression was upregulated during or after MBT (compare 8 hpf to 23 hpf, Figure 

8B) when the cell cycle of X. laevis is drastically remodeled: 1) lengthening of the cell cycle; 

2) activation of checkpoints and 3) large-scale activation of zygotic transcription (162). We 

therefore speculate that an increase in PP2A holoenzyme complexes might be required to 

allow efficient regulation of major developmental signaling pathways like the PCP or 

Hedgehog pathway (102). Indeed, PP2A-B56ɛ was reported to positively regulate canonical 

Wnt/β-catenin signaling in Xenopus, and to play important roles during later stages of the 

embryonic development (159, 163). 

As mentioned above, protein levels of the B56γ isoform at 70 kDa remained constant 

throughout the analyzed developmental stages. Interestingly, an additional band at 

approximately 67 kDa appears 3 hpf in the B56γ blot (Figure 8B) indicating that an additional 

splice variant of B56γ might be expressed during the early embryonic development. As the 

samples were treated with λ-phosphatase to remove potential phosphate-modifications 

which might result in a retarded mobility of the phosphoprotein, we can exclude that the two 

bands represent identical B56γ isoforms in different phosphorylation states. Furthermore, 

the 67 kDa isoform seems to be targeted for timely destruction by the proteasome as protein 

levels change drastically over the duration of the time course (Figure 8B, C). It is also 

apparent that the 67 kDa isoform undergoes cell-cycle dependent changes from the 2-cell 

to 4-cell stadium and is rapidly degraded within 5 min (Figure 8C, 125-135 min). However, 

the presence of the additional B56γ band does not correlate with any of the used cell cycle 

phase and developmental phase specific markers. Another, simpler explanation is that the 

B56γ antibody detects an unspecific protein at ~67 kDa which coincidentally is upregulated 

and expressed during the examined developmental time span. 

In addition, we explored the regulation of PP2A activity in a cell cycle phase specific manner. 

Protein levels of the PP2A-C and the B56 subunits did not oscillate over the duration of one 

cell cycle (2-cell to 4-cell cleavage, Figure 8B). These results argue against an UPS 

mediated cell cycle dependent degradation and support the idea that the single PP2A-B56 

subunits once incorporated into the holoenzyme remain stable. Indeed, it was shown for 

mammalian B55 and B56 that holoenzyme assembly protects the monomeric subunits 

against targeted destruction by the UPS (164, 165). Furthermore, previous studies 

demonstrated that in mammalian cells protein levels of the PP2A-A and PP2A-C subunit 

were constant and tightly regulated throughout the cell cycle (67, 166, 167). A tight regulation 
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of protein levels is not surprising as an imbalance in holoenzyme composition would have 

severe effects on relevant PP2A pathways like for example Wnt/β-catenin signaling (159, 

163, 168, 169). 

In summary, we showed that the protein levels of PP2A-C and the investigated B56 isoforms 

do not contribute to a temporal regulation of PP2A neither in a cell cycle specific manner nor 

during the rapid cleavage cycles (2-12) and that an upregulation of a subset of PP2A 

subunits occurs only during or after MBT. 

5.3 PP2A’s function at meiotic and mitotic exit 

Immunodepletion of PP2A-B56 does not trigger exit from CSF arrest 

Previous studies demonstrated that the stable metaphase arrest in meiosis II is sustained 

by a constant PP2A-B56αβɛ activity towards XErp1, which antagonizes Cdk1-Cyclin B 

activity and enables XErp1’s inhibitory function towards the APC/C (1, 3, 43). According to 

this current model we hypothesized that abolishing PP2A-B56 activity in MII oocytes would 

result in the hyperphosphorylation of XErp1 and consequently abrogate the inhibitory 

interaction between XErp1 and the APC/C causing premature exit from meiosis II. However, 

contrary to our expectations depletion of PP2A-B56αβɛ from CSF extract did not trigger exit 

from meiosis II. Most likely, residual amounts of non-depleted B56αβɛ isoforms in the extract 

were sufficient to counteract Cdk1-Cyclin B and to prevent hyperphosphorylation of XErp1, 

thus maintaining a stable CSF arrest (Figure 9C). Despite performing several rounds of 

depletion with high antibody amounts we have never been able to completely deplete 

B56αβɛ from CSF extract (Figure 9C). Moreover, it is conceivable that a pool of PP2A-B56 

holoenzymes was not accessible for the antibodies due to their binding to XErp1 or other 

binding partners thereby masking the epitope of the B56 antibody. Moreover, in this 

experimental set-up we did not immunodeplete B56γ because there is no evidence that 

PP2A-B56γ can interact with XErp1 (1, 3). Still, due to the highly conserved nature of the 

B56 subfamily it might be possible that B56 subunits can act redundantly if the situation calls 

for it, making B56γ a potential candidate for this task. 

Additionally, we attempted to inactivate PP2A by depleting the abundantly expressed PP2A-

C subunit. However, we were not able to diminish PP2A-C subunit levels in CSF extract 

(data not shown). This is consistent with published data describing that PP2A-A and PP2A–

C subunit levels are tightly regulated in a cell making it difficult to manipulate endogenous 

protein levels (67, 166, 167). Considering that depletion of the core dimer components would 

have also profoundly impacted other PP2A holoenzymes and thus other PP2A relevant 

pathways important for cell cycle progression (29, 56), we did not pursue this approach any 

further.  

In summary, we conclude that the extent of B56αβɛ depletion from CSF extract was not 

sufficient to significantly disrupt the inhibitory interaction of XErp1 with the APC/C and to 
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trigger meiotic exit. Also, it is conceivable that other protein phosphatases might act 

redundantly and target XErp1 in the absence of sufficient amounts of functional PP2A-B56 

and thus provide as safety-mechanism to guarantee a stable MII arrest. 

PP2A-B56 deficiency does not impair exit from mitosis 

It is unclear how PP2A-B56 is regulated at the end of mitosis during the fast embryonic 

cycles to allow proper mitotic exit without promoting premature reactivation of XErp1 and 

untimely re-inhibition of the APC/C. Thus, we investigated how prominent PP2A’s 

contribution is at mitotic exit in XEE with respect to XErp1’s phosphorylation state. Since 

PP2A-B56 is known to antagonize Cdk1 activity to retain the C-terminal part of XErp1 

dephosphorylated, we anticipated to observe a stable hyperphosphorylation of XErp1 upon 

PP2A-B56 and Cdk1 inactivation. Unexpectedly, XErp1 was still dephosphorylated in B56-

depleted mitotic XEE and mitotic exit was not impaired as indicated by Cdc27 

dephosphorylation (Figure 10B). Owing to insufficient B56ɛ depletion levels the residual 

PP2A-B56 activity might be accounted for the observed dephosphorylation of XErp1.  

Having said that, it has to be considered that PP2A-B56 might not be as important for 

XErp1’s regulation at mitotic exit in the fast embryonic divisions as previously contemplated. 

For example, it was reported that PP2A-B55 is activated during late mitosis to promote 

dephosphorylation of mitotic substrates and thus contribute to the mitotic exit program (56, 

61, 63). Hence, the dephosphorylation of XErp1 at mitotic exit might point towards the 

involvement of other Ser/Thr phosphatases like PP2A-B55 or PP1. 

Morpholino mediated B56 degradation 

In order to analyze the in vivo function and relevance of PP2A-B56 during the fast cleavage 

cycles we tested other approaches to reduce protein levels in the frog embryo. We took 

advantage of antisense oligonucleotides, termed morpholinos (MOs) (171-174) which were 

injected into 1-cell embryos to assess if PP2A-B56 is required for early embryonic survival. 

MOs bind to their complementary mRNA and block further translational processes without 

actively mediating mRNA degradation. Over time targeted mRNAs are naturally degraded 

as their biological function is blocked (171-173), and general protein turnover processes 

cause a decrease in target protein levels. However, in our hands injecting B56 targeting 

MOs did not result in any phenotypical consequences during the fast cleavage cycles. 24 h 

post injection endogenous B56 protein levels remained stable (data not shown). A loss-of-

function study using B56ɛ targeting MOs reported defects in embryonic development due to 

the misregulation of Wnt signaling effectors (159). Notably, the first phenotypical defects 

were only observed after stage 10 which is after the rapid cleavage cycles and after MBT 

(stage 8.5). This is in line with our observations and indicates that PP2A-B56ɛ is not 

essential during the rapid cycles. However, the mentioned study did not provide any 

evidence by Western blot that B56ɛ protein levels were significantly reduced. In our 
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experimental set-up the absence of any detectable defects prior to MBT can be explained 

in two ways: 1) The MOs did not bind efficiently to the target mRNA allowing constitutive 

translation of the B56 subunits. As we did not validate by RT-PCR if the target mRNAs were 

degraded, we cannot prove if the MOs were functional. 2) The MOs efficiently prevented 

translation of new B56 subunits but the already present endogenous B56 subunits were not 

degraded due to their long half-life. It is not surprising that B56 protein levels remained 

constant as PP2A-B56 complexes were reported to be stable and holoenzyme association 

shields B-subunits from degradation (164, 165). Furthermore, we performed a 

cycloheximide shut-down experiment with in vitro fertilized embryos to inhibit global protein 

translation. However, we did not observe any reduction in B56 protein levels up to 3 hpf 

indicating slow protein turnover (data not shown). Because decreasing B56 protein levels 

by injecting MOs into 1-cell embryos was not successful and cycloheximide treatment 

indicated long B56 isoform half-lives we did not follow-up with this method. 

Competitive binding of PP2A-B56 by a B56 binding peptide 

Recapitulating our previous experiments, we were not able to show that abolishing PP2A-

B56 activity could cause a premature exit from meiosis II when immunodepleting B56 from 

CSF extract and thereby abrogating the inhibitory interaction between XErp1 and the APC/C. 

We re-examined our theory after having a potent high affinity binding peptide in hand which 

binds PP2A-B56 holoenzymes through the B56 docking site (Figure 11) (82). We assume 

that B56b competes for B56 binding with other PP2A-B56 binding motif containing substrates 

and sequesters the holoenzyme away from its actual targets. In our extract system this 

would mean that the interaction between PP2A-B56 and XErp1 would be disrupted. Indeed 

we observed a premature exit from meiosis II indicated by hyperphosphorylation of XErp1 

and Cyclin B2 degradation after addition of B56b (Figure 12C). Astonishingly, XErp1 did not 

retain the hyperphosphorylated state but was rapidly dephosphorylated 10 min after peptide 

addition and was not targeted for destruction by the UPS but accumulated in its 

hypophosphorylated state (Figure 12C). As XErp1 is regulated by an intricate network of 

several kinases (Cdk1, CaMKII, Plk1, Ck1δ/ɛ, Rsk) it is unlikely that PP2A-B56 is the sole 

phosphatase acting on XErp1 (3). However, dephosphorylation of XErp1 at meiotic exit is of 

less physiological importance as XErp1 is targeted by the SCFβ-TRCP for proteasomal 

degradation upon fertilization (43) eliminating any purpose of XErp1’s dephosphorylation. 

Furthermore, it was reported by two independent studies that a PP2B type phosphatase, 

Calcineurin is required for meiotic exit in Xenopus (46, 47) as its inhibition prevented meiotic 

exit due to compromised APC/C activity. Though, so far the target substrate of Calcineurin 

was not identified.  

Since B56b induces meiotic exit without the addition of CaCl2 we do not trigger the CaMKII 

pathway which otherwise would activate downstream kinases leading to numerous N-
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terminal phosphorylations on XErp1 and culminating in SCFβ-TRCP mediated degradation of 

XErp1 (43). This explains the stable XErp1 protein levels upon meiotic exit in the B56b 

condition (Figure 12C, XErp1 +λPP). In summary, we conclude that PP2A-B56 is required 

to bind to XErp1 and antagonize Cdk1-Cyclin B2 during CSF arrest but is dispensable once 

the meiotic exit program is triggered. 

Having the high affinity B56b peptide in hand we revised PP2A-B56’s impact at mitotic exit 

in XEE and showed that the phosphatase is dispensable for the dephosphorylation of XErp1 

at that time. Addition of the B56b peptide to XEE in which mitotic exit was artificially induced 

by inhibition of Cdk1 with roscovitine did not preserve the hyperphosphorylated state of 

XErp1. This strongly implies that PP2A-B56 is not the main phosphatase acting towards 

XErp1 during mitotic exit in the rapid early embryonic divisions but rather hints towards the 

involvement of other XErp1 targeting mitotic exit phosphatases. Consequently, other 

phosphatases like PP2A-B55 and PP1 could be responsible for the observed 

dephosphorylation of XErp1 (29, 30, 56, 63). This assumption could be tested by additionally 

supplementing either thiophosphorylated Arpp19 to inhibit PP2A-B55 or Inhibitor-2 to inhibit 

PP1 and monitor XErp1’s phospho-state at mitotic exit in the presence of B56b. Notably, to 

date there is only evidence that PP2A-B55 does not interact with XErp1 (1, 3). But, this could 

be due to a transient and difficult to verify interaction. 

One has to keep in mind that our experimental set-up only reflects what happens at mitotic 

exit but does not take into account the potential requirement of PP2A-B56 to antagonize 

Cdk1 in early mitosis when XErp1 has to be maintained active to allow mitotic progression. 

Interaction between PP2A-B56 and XErp1 

Another important aspect of the functional analysis between PP2A-B56 and XErp1 is the 

validation of a true interaction of these two proteins. Previous studies showed that PP2A 

heterotrimers comprising the regulatory B56αβ or B56ɛ subunits but not the B56γ subunit 

interact with XErp1 (1, 3). We tried to reproduce these interaction studies however relying 

only on endogenous protein levels using anti-B56ɛ or anti-XErp1 antibodies. Yet, we were 

not able to show an interaction between PP2A-B56ɛ and XErp1. This might have several 

reasons: Endogenous PP2A-B56 and XErp1 might interact only transiently making it 

challenging to proof this interaction. In addition, only a small pool of PP2A-B56ɛ might 

associate with XErp1 resulting in undetectable protein amounts on immunoblot level. 

5.4 Regulation of PP2A activity by protein inhibitors 

To date only a handful of protein inhibitors were reported that target a specific subset of 

PP2A holoenzymes and that interfere with PP2A’s activity. However, taking into account the 

vast amount of different PP2A holoenzyme combinations (>90 in humans) it is very likely 

that more yet unidentified proteins exist which control the spatiotemporal activity of PP2A. 
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We were particularly interested to solve the question how PP2A-B56 is regulated at mitotic 

exit in the rapid early embryonic divisions of X. laevis and hypothesized that a fast acting 

protein inhibitor might be involved. Using the sequences of two published PP2A-B56 protein 

inhibitors, SET-b and Bod1 (88, 95, 97), we identified four distantly related proteins to SET-

b by PSI-BLAST: SET-a, TSPY-l2, NAP1-l1A and NAP1-l1B. No distant relatives of Bod1 

were found which is conflicting with a publication by Porter et al. claiming that human Bod1 

shares several conserved residues with ENSA/Arpp19 that are required for the interaction 

with PP2A-B55 (88). However, sequence similarities with ENSA/Arpp19 would imply that 

Bod1 might rather target B55 holoenzymes and not as reported interfere with PP2A-B56 

whose regulatory subunit differs strongly in their tertiary structure from B55 (68-70). 

Moreover, experiments designed and performed by Andreas Heim, a member of the Thomas 

Mayer lab, did not reveal any inhibitory function of X. laevis Bod1 in XEE towards PP2A 

(data not shown). For this reason we did not follow up with Bod1. 

At the time of the bioinformatics search SET-a was annotated as an isoform of SET-b and 

the same applied to NAP1-l1A and NAP1-l1B. With reference to the new classification of the 

X. laevis genome into L- and S-subgenomes we found out that the gene products of SET-a 

and SET-b represent homoeologues proteins and not true isoforms. The same applies for 

NAP1-l1A and NAP1-l1B (Table 2). Since proteins which share a similar sequence or 

comprise the same conserved domain can display related biological functions, we 

anticipated that the four selected proteins might act as PP2A inhibitors (Figure 14B). So far, 

TSPY was shown to control proliferation in mammalian cells (139) and NAP1-l1 proteins 

were demonstrated to contribute to chromatin remodeling processes and to act as linker 

histone chaperones (140). Furthermore, both TSPY and NAP were reported to be regulated 

by phosphorylation events and to interact with Cdk1-Cyclin B (139, 142, 175, 176). In X. 

laevis NAP1L was shown to be present during the early embryonic cycles (176). However, 

none of the reviewed publications mentioned a potential role for NAP1-l1 or TSPY as 

phosphatase inhibitors. 

Table 2: Classification of PSI-BLAST hit proteins according to the new L- and S-subgenome allocation in X. 
laevis. 

NCBI accession gene name (XL = Xenopus laevis) protein UniProt ID 

NM_001090705.1 XL SET nuclear proto-oncogene L homeolog (set.L) SET-a Q9PVV6 

NM_001086440.1 XL SET nuclear proto-oncogene S homeolog (set.S) SET-b    Q6PGT4 

NM_001088541.1 
XL nucleosome assembly protein 1 like 1 S homeolog 
(nap1l1.S) NAP1-l1A 

 
Q4U0Y4 

NM_001087078.1 
XL nucleosome assembly protein 1 like 1 L homeolog 
(nap1l1.L) NAP1-l1B Q7ZY81 

 

We tested the ability of SET-b, NAP1-l1A and TPSY-l2 to inhibit PP2A-B56 by 

supplementing the purified recombinant proteins in MII arrested extract. However, none of 

the added proteins triggered a premature exit from meiosis II suggesting that PP2A-B56 was 
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not targeted for inhibition. Moreover, the tested proteins did not impair meiotic exit (+ CaCl2 

samples) excluding an inhibitory activity towards PP2A-B55 holoenzymes which are 

important for the timely dephosphorylation of substrates at meiotic and mitotic exit. The 

described results indicate that the tested proteins do not function as inhibitors of PP2A-B56 

in Xenopus egg extract. This is unexpected at least for SET-b which was reported to interfere 

with PP2A activity and thereby mediate sister chromatid segregation in mouse oocytes and 

somatic cells of Drosophila (97, 98). Furthermore, inhibition of PP2A by SET was shown to 

regulate β–adrenergic receptor function in mice (143). 

Vasudevan et al. demonstrated that mammalian SET is positively regulated by PI3Kγ 

phosphorylating two serine residues (corresponding residues in X. laevis Ser7 and Ser91) 

which promotes the inhibitory binding to PP2A (143). Therefore, we generated a 

phosphomimetic mutant of SET-b (S7D, S91D). Still, SET-b (2D) had no effect on PP2A in 

CSF extract (Figure 15B). It is possible that the two aspartate residues might not have fully 

mimicked a genuine phosphorylation resulting in a non-functional or less active 

phosphomimetic SET-b (2D) mutant. Similar to SET-b, TSPY and NAP1-l1 were described 

to be regulated by phosphorylations: TSPY-l2 comprises two Cdk1 consensus sites which 

are targeted by Cdk1-Cyclin B in vitro (139) and NAP1-l1 proteins were demonstrated to 

interact with B-type Cyclins (142, 176). For this reason, we chose to thiophosphorylate SET-

b, TSPY-l2 and NAP1-l1 using recombinant Cdk1-Cyclin B1. Thiophosphorylated proteins 

remain stably phosphorylated as they are resistant to dephosphorylation events because 

most Ser/Thr phosphatases cannot efficiently remove thiophosphate-groups. However, the 

thiophosphorylated proteins did not affect the MII arrested state and did not perturb meiotic 

exit (Figure 16B) suggesting that phosphorylation of these proteins does not promote an 

inhibitory association with PP2A. Since we did not perform a Phos-tag-containing SDS-

PAGE with the pre-phosphorylated inhibitor candidates we have no confirmation if the 

thiophosphorylation reaction by Cdk1-Cyclin B was efficient. We can exclude that the 

reaction worked for SET-a and SET-b as these proteins lack genuine Cdk consensus sites. 

In general, it is also possible that the effective concentration of the tested proteins might not 

have been reached in the CSF extract. During the experiment protein precipitation or 

degradation might have occurred as well. Furthermore, it is conceivable that the bacterially 

expressed and purified recombinant proteins were not folded correctly or were missing 

posttranslational modifications, and thus were not functional. 

To sum up, our bioinformatics PSI-BLAST approach identified four distant relatives of SET-

b, i.e. SET-a, NAP1-l1A, NAP1-l1B and TSPY. However, none of the purified recombinant 

proteins showed any activity as PP2A inhibitors in Xenopus egg extract. It is still possible 

that other intracellular proteins might function as PP2A-B56 inhibitors, but do not share any 

sequence similarity with SET-b and thus were not identified in our PSI-BLAST search. 
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5.5 Identification of PP2A-B56ε interactors 

Since we were interested in the spatiotemporal regulation of PP2A-B56, we attempted to 

find novel interacting partners and putative inhibitors of PP2A-B56 which might contribute to 

the regulation of the early embryonic development of X. laevis. Since we were intrigued to 

unravel the regulatory mechanism mediating PP2A-B56 activity acting on XErp1 at mitotic 

exit in the rapid embryonic divisions we performed a B56ɛ IP from XEE. In order to identify 

cell cycle phase-specific interactors the IP was performed from interphasic and mitotic 

extract. LC-MS/MS analysis revealed that each subunit of the heterotrimeric PP2A complex 

including the bait B56ɛ was significantly enriched in both IP samples indicating that the B56ɛ 

IP was successful and that the whole PP2A holoenzyme was recovered. Co-IP of the entire 

PP2A holoenzyme further implies that the identified interaction partners were most likely 

associated with the heterotrimeric complex and not only with the single B56ɛ subunit. 

Furthermore, identification of other known PP2A interaction partners like Sgo1, Sgo2 and 

prefoldin (79, 84, 110, 145) serves as internal control that our B56ɛ IP conditions were 

functional to identify genuine interacting proteins. 

Direct comparison of the enriched hit proteins from the mitotic and interphase IP revealed 

which proteins interacted with PP2A predominantly in only one of the examined cell cycle 

phases. In interphase PP2A-B56 interacted with several proteins that can be linked to 

mitochondria associated processes. Indeed, PP2A was reported to translocate to 

mitochondria and to promote dephosphorylation of the anti-apoptotic molecule Bcl2 (177). 

In contrast to that, specific mitotic interacting proteins of PP2A (Figure 17) were implicated 

in processes ranging from regulation of Ubiquitin-protein ligase mediated proteasomal 

activity, cellular amino acid metabolic processes and regulation of gene silencing by miRNA. 

Since we were interested in the mitotic regulation of PP2A-B56 activity we decided to focus 

on the 161 significantly enriched proteins of the mitotic IP compared to the mitotic IgG control 

sample. Strikingly, GO term enrichment analysis revealed that several GO Cellular 

Component terms related to cilium assembly and intraciliary transport (e.g. IFT-core 

complex) were significantly overrepresented. This prompted us to investigate PP2A’s 

potential role in primary cilium formation. Furthermore, there were many proteins involved in 

intracellular protein transport, microtubule-based processes and movement, gene 

expression, and translational initiation processes (Figure 17E). 

It is unlikely that all significantly enriched proteins which were identified in the mitotic B56ɛ 

IP are genuine interactors of PP2A. It has to be considered that not all putative interactors 

have to be direct PP2A substrates but rather might function as non-substrate binding 

partners. This means that PP2A activity could be mediated by controlling the subcellular 

localization of this phosphatase and recruit it to its actual target proteins. Hence, it is possible 
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that PP2A-B56ɛ was recruited to a non-substrate binding protein that functions as recruiting 

platform for PP2A, thereby providing close proximity to a range of PP2A’s substrates. 

Because we were limited in the amount of embryo extract available for the B56ɛ IP we 

performed the experiment as five technical replicates rather than as biological replicates. 

Technical replicates are vital to assess the variability (experimental error) of the LC-MS/MS 

analysis technique and to determine what data is significant, i.e. the more replicates the 

better the p-values. Undoubtedly, it would have been beneficial to affirm the MS results with 

a biological replicate which might have minimized the number of hits emerging from random 

biological variations. 

In summary, we identified several putative PP2A-B56 interacting proteins in Xenopus 

embryo extract, which indicate a potential role of PP2A in cilium formation. However, we did 

not identify a cell cycle specific inhibitor of PP2A that might regulate PP2A’s activity at mitotic 

exit. 

5.6 PP2A-B56 and its connection to primary cilium assembly 

Loss of B56 perturbs the formation of primary cilia 

Classification and further analysis of our PP2A-B56ɛ IP hits according to GO terms showed 

that CC terms related to cilium assembly and ciliary transport were significantly 

overrepresented among the putative mitotic hit interactors. Most strikingly, the entire 

multimeric IFT-B complex and other positive and negative regulators of primary cilium 

formation were among the top scoring hits. Intrigued by the indication that PP2A-B56 might 

play a role in cilium assembly or maintenance we investigated if PP2A activity is indeed 

required for ciliogenesis in mammalian non-cancerous RPE1 cells. To this end, we 

performed siRNA mediated KD of single B56 subunits and observed a mild but significant 

reduction in the number of ciliated cells upon mitogen deprivation when B56β and B56ɛ were 

depleted. Combined siRNA mediated KD of B56βɛ caused a severe reduction in the 

percentage of ciliated cells indicating a synergistic effect of PP2A-B56βɛ. This result 

indicates that both PP2A holoenzymes might regulate the same relevant substrate(s) that 

is/are required for cilium assembly. Indeed, it is assumed that owing to the high sequence 

similarity among the regulatory B56 subunits, PP2A-B56 holoenzymes can act redundantly 

(178). For example, this was the case in a study by Foley et al. examining the MT-KT function 

of PP2A-B56 in which only a pool of siRNAs targeting all B56 subunits elicited an observable 

and significant phenotype (109). The origin of functional redundancies among the B56 

subunits is further elucidated by a phylogenetic sequence analysis of the B56 subfamily by 

Sommer et al. (178). This analysis found that the B56 subfamily can be further subdivided 

into the B56αβɛ and B56δγ family, thus providing an explanation for the observed synergistic 

effect after combined B56βɛ KD. Since we never observed an impaired primary cilium 

formation upon KD of B56α we did not perform combined triple KD experiments of B56αβɛ 
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and hence cannot conclude if this would have caused a more severe reduction in the 

percentage of ciliated RPE1 cells. Finally, the results from the phylogenetic sequence 

analysis also provide a potential explanation why combined targeting of B56βδɛ did not 

further decrease the number of ciliated cells upon serum withdrawal. The two B56 

subfamilies might fulfill a different purpose at the centrosome, causing different phenotypical 

defects upon their depletion. 

To date there are several reports linking PP2A activity to cellular signaling pathways that are 

transduced by primary cilia (102, 179, 180). The most prominent pathway comprises the 

Hedgehog signaling pathway which was shown to be regulated by PP2A activity (179, 180). 

Further experiments in mammalian cells showed that the motor protein Kif7 depends on 

PP2A activity as dephosphorylation of this kinesin promoted the anterograde transport of Gli 

proteins into the ciliary tip (180). Last but not least mammalian PP2A-B56 was demonstrated 

to regulate Daz interacting protein 1 (Dzip1), whose activity was shown to promote Gli 

turnover and thereby influences Hedgehog signaling (181). Furthermore, Dzip1 was shown 

to localize to the basal body of primary cilia in zebrafish embryos and zebrafish embryos 

expressing mutant Dzip1 protein were shown to be defective in the assembly of primary non-

motile cilia (182). However, none of the mentioned studies observed or reported defects in 

the assembly or maintenance of primary cilia when PP2A was inhibited. 

B56 KD perturbs cell cycle progression 

To exclude the possibility that the decreased number of ciliated cells is an indirect effect due 

to perturbed cell cycle progression, i.e. impaired cell cycle exit and entry into G0, 

immunofluorescence analysis of the ciliated cell population was always performed with 

additional staining of the proliferation marker Ki67. Thus, cells were only included in the 

quantification when they were negative for Ki67, a protein which is absent in G0 cells (150). 

Notably, it was shown by Naetar et al. that PP2A is essential for the transition into G0 in 

mammalian cells. In this study, only loss of PP2A-B56γ perturbed Ras-mediated signaling 

in G2 leading to aberrant overexpression of Cyclin E in mitosis and preventing entry in G0 

(183). However, according to the authors, entry into G0 was abolished only when B56γ was 

targeted but not when other B56 subunits were depleted. Consequently, this should not be 

an issue in our experiments as we observed our phenotype only in B56βδɛ siRNA targeted 

cells. In contrast to that, Sun et al. proposed that in Drosophila widerborst, the B56ɛ 

homologue, is essential for the terminal differentiating step of retina cells to enter the 

quiescent state (184). However, this discrepancy might be due to species specific 

differences.  

Moreover, we performed DNA content analysis to examine the cell cycle phase distribution 

of cells treated with B56βδɛ targeting siRNAs before and after mitogen deprivation. 

Surprisingly, KD of B56βδɛ followed by serum withdrawal caused a modest increase of the 
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S-phase cell population, indicating that PP2A might influence the G1/S transition or S-phase 

progression. Using Xenopus egg extract, Lin et al. demonstrated that PP2A was required 

for the initiation of DNA replication, however without specifying the involved regulatory B-

subunit (185). Later, PP2A-PR70 (B’’) was shown to regulate DNA replication by promoting 

the degradation of Cdc6 to prevent repeated assembly of the origin recognition complex and 

a second round of DNA duplication (186). However, as we have always excluded 

proliferating cells from our quantifications, an increase in the S-phase cell population should 

not have affected the outcome of our analysis of the percentage of ciliated G0 cells. 

PP2A-B56 localizes to the basal body of primary cilia 

From our B56 KD experiments and the resulting low index of ciliated cells we concluded that 

PP2A-B56 might have a functional role during ciliogenesis. Since we did not detect 

acetylated tubulin in non-ciliated B56βε siRNA treated G0 cells, a PTM that typically marks 

the ciliary axoneme, we hypothesized that PP2A-B56 might be involved in the early steps of 

ciliogenesis. Axoneme elongation and the establishment of the transition zone (TZ) only 

commences after the ciliary vesicle (CV) has formed at the distal end of the maturing basal 

body. Thus PP2A-B56 activity might be crucial during the very early steps of ciliogenesis 

either prior to or exactly at axoneme elongation. Possible regulation steps preceding the 

extension of the axoneme include the transport and recruitment of distal appendage vesicles 

(DAVs) to the distal appendages of the mother centriole, the fusion of docked vesicles to 

form the CV or the vesicle mediated transport of other regulatory proteins which are essential 

for cilium formation. In order to control these processes we presumed that PP2A must 

localize to the distal end of the mother centriole to be in close proximity to putative ciliary 

targets. For this reason, we determined the subcellular localization of PP2A-B56 

holoenzymes by using generated stable hTERT-RPE1 cell lines which overexpress eGFP-

B56 upon tetracycline addition. Ectopically expressed eGFP-B56 subunits localized to the 

centrosome of non-ciliated cells and to the basal body of ciliated cells putting PP2A-B56 at 

the spot of primary cilium assembly. Indeed, localization of PP2A holoenzymes to the 

centrosome and spindle poles was previously demonstrated for B56 and B’’ subunits (109, 

187, 188). Since we had no antibodies directed against the PP2A-C or PP2A-A subunit 

which were functional for immunofluorescence stainings, we were not able to verify that the 

overexpressed B56-subunits were assembled in a heterotrimeric PP2A complex. However, 

as several studies in mammalian cells reported that B56 subunits are only stable when they 

are associated with at least the scaffold A subunit (78) we assumed that the overexpressed 

eGFP-B56 subunits were incorporated into a PP2A holoenzyme. In spite of a strong ectopic 

overexpression of the eGFP-B56 subunits compared to endogenous B56 protein levels 

(Figure 20C) primary cilium assembly was not perturbed and did not cause any defects 

reverse to our ciliation deficient phenotype like for example aberrant cilium formation at the 



  5  Discussion 

61 

daughter centriole or aberrant elongation of the axoneme. Furthermore, we noticed that both 

the parental h-TERT-RPE1 Flp-In TREX cell line as well as the generated stable cell lines 

were less efficient to assemble a primary cilium after 30 h compared to our wildtype RPE1 

cell line. For this reason, we extended the starvation time to 40 h when using the stable 

eGFP-B56 cell lines. 

Potential off-target effect causes ciliation deficiency in RPE1 cells 

To validate that the low ciliation index in B56βɛ siRNA targeted starved RPE1 cells is due to 

specific loss of PP2A-B56βɛ activity we attempted to perform rescue experiments by 

ectopically expressing siRNA resistant eGFP-tagged B56 subunits. First, we treated our 

wildtype hTERT-RPE1 cells with B56βɛ siRNA and subsequently performed transient 

transfections of eGFP-B56β, eGFP–B56ɛ or of both subunits (eGFP-B56β and mCherry-

B56ɛ). However, because we were not able to optimize the transient transfection conditions, 

neither by using a lipid-based transfection reagent nor by electroporation of the cells, we 

could not perform the rescue experiments in our wildtype RPE1 cells. 

Using the hTERT-RPE1 Flp-In T-REX cell line we encountered the problem that our 

generated stable eGFP-B56 cell lines showed basal expression (minus tetracycline) of the 

integrated constructs comparable to endogenous B56 proteins levels (Figure 20D). 

Performing the primary cilium assay with the eGFP-B56ɛ RPE1 cell line after B56βɛ KD 

resulted in a less severe reduction in the ciliated cell population (data not shown). We argued 

that our phenotype might be compromised due to the basal expression of our tagged B56 

subunit. Thus, we used the parental hTERT-RPE1 Flp-In T-REX cell line and randomly 

integrated a second gene copy coding for the tetracycline repressor protein (termed 2R) to 

shut down basal expression in the absence of tetracycline. This new parental hTERT-RPE1 

(2R) cell line was then used to generate a second inducible siRNA resistant eGFP-B56ɛ 

RPE1 (2R) cell line. We then used the eGFP-B56ɛ RPE1 (2R) stable cell line to perform our 

rescue experiments. In general, the eGFP-B56ɛ RPE1 (2R) cell line was less efficient to 

assemble a primary cilium, as only 45-55 % of control siRNA treated non-induced cells were 

ciliated after 48 h mitogen deprivation. KD of either B56ɛ or B56βɛ caused a severe 

reduction in the number of ciliated cells both in the parental (2R) as well as in the eGFP-

B56ɛ (2R) cell line (minus Tet). However, tetracycline induced overexpression of eGFP-B56ɛ 

in a B56ɛ or B56βɛ KD background did not reverse the observed ciliation deficient phenotype 

(data not shown). This result indicates that the used siRNA targeting B56ɛ elicits an off-

target effect resulting in a perturbed primary cilium formation pathway in RPE1 cells. 

To determine whether the hitherto used B56βɛ siRNAs (set #1) caused an off-target effect 

we performed the primary cilium assay in our wildtype hTERT-RPE1 cells with a new set of 

B56β and B56ɛ targeting siRNAs (set #2). Combined KD of B56βɛ with the new set of 

siRNAs did not impair cilium formation (Figure 21A). As B56β and B56ɛ depletion levels 
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were comparable in both B56βɛ targeted siRNA (set #1 and #2) conditions, we concluded 

that the first set of B56βɛ siRNAs caused an off-target effect causing defects in the 

ciliogenesis program. 

The results from our PP2A-B56ɛ IP pointed towards a potential involvement of PP2A in 

cilium assembly and maintenance as the whole multimeric IFT-B complex and other 

regulators of cilium formation were among the significant hits. The IFT-B complex is 

essential for the formation of a primary cilium as it mediates the anterograde transport inside 

the cilium, and delivers proteins such as axoneme building blocks to the tip of the cilium 

(128). Strikingly, GO term enrichment analysis revealed that several GO Cellular Component 

terms related to cilium assembly and intraciliary transport (e.g. IFT-core complex) were 

significantly overrepresented. This finding was astonishing because early embryos of X. 

laevis are not reported to assemble primary cilia at this early developmental stage. In 

Xenopus, cilia precursor cells were only observed as early as stage 12-14 during early 

neurulae stages. At later stages, during mid neurulae (stages 16-20), these precursor cells 

differentiated into ciliated cells at the epidermal surface (148).  

Taking into account that the multimeric IFT-B complex was identified as putative interactor 

of PP2A-B56ɛ in mitotic non-ciliated embryos, it is conceivable that the IFT-B complex and 

hence the interacting phosphatase is associated with cellular regulatory aspects which are 

independent of cilium formation and ciliary transport. Indeed, there are reports about 

individual IFT proteins (IFT88, IFT20 and IFT27) that were found to regulate non-cilium 

associated processes in proliferating mammalian cells. These processes include MT-

dependent motor-driven transport, vesicular trafficking, mitotic spindle orientation, 

cytokinesis, and exocytosis (189-192). Additionally, IFT88 was demonstrated to localize to 

centrosomes in proliferating cells (192). 

In the end, the question remains how it is possible that PP2A-B56ɛ interacts with such a vast 

amount of cilium associated proteins at the same time. Considering the identified 

centrosomal proteins, one putative interactor, Cep164, poses as likely candidate that might 

function as a recruitment platform for other PP2A substrate proteins. Cep164 was identified 

as centriole appendage protein constituting the distal appendages at the mother centriole 

which persist throughout mitosis (117, 193). Furthermore, it was shown that Cep164 

contributes to the maintenance of genomic stability and that it recruit proteins which 

positively regulate primary cilium formation (117-119, 123, 193, 194). Thus, Cep164 might 

serve as recruitment platform for various proteins including PP2A-B56ɛ and centrosomal 

and ciliary target proteins of PP2A. My own preliminary results of anti-B56ɛ 

immunoprecipitation experiments from asynchronous and mitogen deprived RPE1 cell 

lysates showed that PP2A-B56ɛ interacts with Cep164 in both cell cycle phases (data not 

shown). Moreover, scanning human Cep164 for putative B56 docking motifs with an 
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available online tool (http://slim.ucd.ie/pp2a/) revealed that Cep164 comprises a B56 binding 

consensus motif (L199GSIYEDKT207). Thus, we speculate that PP2A-B56ɛ is recruited via 

Cep164 to the distal appendages of the mother centriole where it then localizes in close 

proximity to putative substrates such as IFT-B complexes that are likewise recruited by 

Cep164 or other centriole appendage proteins. 

5.7 Conclusion and Outlook 

This study started with the intention to examine how PP2A-B56 activity is regulated in a 

spatiotemporal manner during the early embryonic divisions of X. laevis. We were intrigued 

by the question what kind of regulatory mechanisms act on PP2A at mitotic exit to prevent 

re-activation of XErp1 before the mitotic exit program is completed. B56 subunit expression 

profile analysis in the fast embryonic cell cycles ruled out that PP2A-B56 activity is controlled 

by UPS-mediated proteolysis. Hence, we hypothesized that PP2A-B56 might be inactivated 

by a fast acting protein inhibitor at mitotic exit. Previous studies demonstrated that other 

PP2A holoenzymes, i.e. PP2A-B55 can be regulated by small heat-stable protein inhibitors 

(ENSA/Arpp19) (58, 61). However, despite extensive efforts exploiting bioinformatics search 

tools and biochemical IP coupled MS-analysis approaches, we did not find any evidence for 

a PP2A-B56 targeting cellular inhibitor at mitotic exit during the fast embryonic cycles. This 

leaves us with the idea that PP2A-B56 might be inactivated through targeted dissociation 

from XErp1, i.e. by eliminating the phosphorylation-mediated docking site on XErp1. This 

would provide sufficient time for the APC/C to mark its substrates for degradation and allow 

proper mitotic exit. 

Tischer et al. previously demonstrated that PP2A-B56’s interaction with XErp1 is essential 

for the early embryonic cleavage cycles: Ectopic expression of a PP2A-binding deficient 

XErp1 mutant in the early embryo resulted in the failure to close the blastopore (1). However, 

this study did not directly examine if and how important PP2A-B56 activity is for mitotic exit 

of the fast embryonic cycles. We addressed this issue both in CSF extract and XEE by 

specifically inhibiting PP2A-B56 with a potent high-affinity B56 binding peptide. As 

anticipated, binding to PP2A-B56 in CSF extract induced meiotic exit due to the 

overwhelming activity of Cdk1-Cyclin B acting on XErp1. Unexpectedly, 

hyperphosphorylated XErp1 was rapidly dephosphorylated, strongly indicating that other 

meiotic exit phosphatases are competent to act on XErp1. However, this observation seems 

to be of less physiological importance at meiotic exit as XErp1 is rapidly degraded and does 

not need to be dephosphorylated. Similar experiments performed in mitotic XEE 

demonstrated that PP2A-B56 seems to be dispensable as Cdk1 antagonizing force for the 

complete dephosphorylation of XErp1 at mitotic exit. These results clearly argue for the 

involvement of other mitotic exit phosphatases like PP2A-B55 and PP1. Future experiments 

monitoring XErp1’s phosphorylation state at mitotic exit when PP2A-B55 and PP1 are 
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additionally inhibited by thiophosphorylated Arpp19 and Inhibitor-2, respectively, should 

provide the answer. However, in the end, we are still left with the unanswered question how 

PP2A-B56 activity is actually controlled at mitotic exit during the fast embryonic divisions. 

Intriguingly, we identified several PP2A-B56 interacting proteins with reported functions in 

primary cilium regulation, like the IFT-B complex. However, individual IFT proteins were 

shown to function in cilia-independent processes. Thus, in the future, it would be exciting to 

examine what cilia-independent functions PP2A-B56 might regulate through the interaction 

with cilia and centrosome proteins. 
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6 Material and Methods 

6.1 Buffers and Chemicals 

All salts and chemicals were purchased from commercial suppliers and were at least of the 

purity grade p. A. (pro Analysis) unless otherwise stated. All buffers (Table 3) were prepared 

with deionized and filtered water from the Milli-Q system (Millipore). Small molecules like 

okadaic acid (Calbiochem), roscovitine (Sigma), protease inhibitors cOmplete Mini – EDTA 

free (Roche), Cycloheximide (Calbiochem), DMSO (Roth) was used as solvent control. 

Table 3: Composition of buffers used in this study. 

Buffer Composition 

AbDil buffer 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1 % Triton X-100, 2 % BSA, 0.02 % 
NaN3 

Blocking buffer (WB) PBS, 5 % milk powder, 0.1 % Tween 20 

Phosphate-buffered saline (PBS) 137 mM NaCl2, 2.7 mM KCl2, 10.2 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4 

PBST 137 mM NaCl2, 2.7 mM KCl2, 10.2 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4, 0.1 % 
Tween20 

3x laemmli protein sample buffer 180 mM Tris HCl, pH 6.8; 10 % (w/v) SDS; 30 % (w/v) glycerol;  

15 % (w/v) β-mercaptoethanol, bromophenol blue 

SDS-PAGE Running buffer Buffer not mentioned in text 

Transfer blot buffer 25 mM Tris, 190 mM glycine, 20 % MeOH, 0.01 % SDS 

Coomassie Blue staining solution 45 % EtOH pA, 10 % acetic acid, 0.25 % brilliant blur R 

TBS 10 mM Tris-HCl, pH 7.4, 150 mM NaCl 

TBE agarose gel and running buffer 89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3 

ECL solution 100 mM Tris, pH 8.5, 1.25 mM luminol, 225 µM coumaric acid, 0.01 % H2O2 

Perm-buffer (4x) 400 mM PIPES, pH 6.8, 40 mM EGTA, 4 mM MgCl2, 0.8 % Triton X-100 

1x MMR 25 mM Na-HEPES pH 7.8; 0.1 mM EDTA; 100 mM NaCl; 2 mM KCl; 1 mM MgCl2; 
2 mM CaCl2 

20x XB-salt 2 M KCl, 20 mM MgCl2, 2 mM CaCl2 

1x CSF-XB 100 mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 50 mM sucrose, 5 mM EGTA, 10 mM 
HEPES 

LEW buffer 50 mM Na2HPO4, pH 8.0, 300 mM NaCl, 1 mM ATP, 1x cOmplete™ EDTA-free 
Protease Inhibitor Cocktail and lysozyme 

MBP purification buffer 20 mM HEPES, pH 7.4; 200 mM NaCl, 10 mM β-mercaptoethanol 

Xenopus embryo lysis buffer 50 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2, 1 mM DTT, pH 7.9; 1 mM MnCl2, 
1x Protease Inhibitor solution 

Egg wash buffer 20 mM HEPES, 100 mM KCl, 5 mM MgCl2, 0.025 % Tween-20 

 

6.2 Molecular cloning 

The molecular cloning techniques, buffers and solutions that are described in the following 

sections and are not part of commercially available kits are adapted from Sambrook and 

Russell (195). 
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6.2.1 Plasmids and Primers 

TUM numbers of plasmids, primers and antibodies refer to the internal organization in the 

T. U. Mayer laboratory. Genes were amplified from human testis Marathon® cDNA 

(Clontech) or self-made Xenopus laevis cDNA using specifically designed primers that were 

based on the sequence deposited at National Center for Biotechnology Information (NCBI). 

The primers used in this study are listed in Table 4. 

Table 4: List of used primers in this study. Xl: Xenopus laevis. Hs: homo sapiens. TUM number refers to the 
internal organization in the T. U. Mayer laboratory. 

TUM 
No 

Gene Sequence Specification 

1555 Xl_PP2A_B56alpha attggccggcccATGTCGGCGATATCGGCG 5‘ FseI site 

1556 Xl_PP2A_B56alpha aatggcgcgcctTTATTTGGCACTTGCATTGTTCTGTATG 3‘ AscI site (+stop) 

1549 Xl_PP2A_B56beta attggccggccgATGTCGGCGATATCGGCAGC 5' FseI site 

1550 Xl_PP2A_B56beta aatggcgcgccgTTATTTGGCACTTGCATTGTTCTGTATG
TTC 

3' AscI site (+stop) 

1545 Xl_PP2A_B56gamma attggccggccGATGCCTAATAAAAACAAGAAAGATAAAG
AACC 

5' FseI site 

1546 Xl_PP2A_B56gamma aatggcgcgccGCTAATGCCCGTCATGTGATATTAATTC
ATCA 

3' AscI site (+stop) 

1547 Xl_PP2A_B56epsilon attggccggccGATGTCCTCAGCACCAACCACT 5' FseI site 

1548 Xl_PP2A_B56epsilon aatggcgcgccGTTAAGTTGGGATAATTCCATCACTCC 3' AscI site (+stop) 

1551 Xl_PP2A_B55delta attggccggccGATGGCAGGAGTGGGC 5' FseI site 

1552 Xl_PP2A_B55delta aatggcgcgccGTTAGTTAACTTTGTCCTGGAATATATAC
AAATT 

3' AscI site (+stop) 

1543 Xe_PP2A_PR48 attggccggccGATGCCGACCACAACCGTTTTAAAGC 5‘ FseI site 

1544 Xe_PP2A_PR48 aatggcgcgccGTTATTCAAAGTCATCTTCATACTCGTAT
TCTTCC 

3‘ AscI site 

1753 Xl_I2PP2A (SET-b) attggccggccCATGTCGGCGCCCAAAG 5' FseI site 

1754 Xl_I2PP2A (SET-b) taatggcgcgccCTTAATCATCTTCACCTTCGTCTTCC 3' AscI site (+stop) 

1755 Xl_TSPY-like-2 attaggccggccCATGAGCTGCCAAGGGGAC 5' FseI site 

1756 Xl_TSPY-like-2 taatggcgcgccGCTACCCATCTTCATCCTCTTC 3' AscI site (+stop) 

1821 Xl_NAP1l-1A ATTAggccggcccATGGCTAACATAGATAATAAA 5' FseI site 

1758 Xl_NAP1l-1A TAATggcgcgccTTCATTGTTGCTTGCACTCTGCTG 3' AscI site (+stop) 

1817 Xl_I2PP2A_S7D cgATGTCGGCGCCCAAAGTCgaTAAAAAGGAGGTGA
ACTCC 

5' mutagenesis 
Ser7Asp 

1818 Xl_I2PP2A_S7D GGAGTTCACCTCCTTTTTAtcGACTTTGGGCGCCGAC
ATcg 

3' mutagenesis 
Ser7Asp 

1819 Xl_I2PP2A_S91D CGTCAACCACCCACAAGTAgacGCATTACTGGGTGA
GGAAG 

5' mutagenesis 
Ser91Asp 

1820 Xl_I2PP2A_S91D CTTCCTCACCCAGTAATGCgtcTACTTGTGGGTGGTT
GACG 

3' mutagenesis 
Ser91Asp 

2026 Xl_NAP1l-1B attaggccggccCATGGCTAACATAGACAATAAAGAA 5' FseI 

2028 Xl_NAP1l-1B taatggcgcgccCTCATTGCTGCTTGCACTCTGC 3' AscI site (+stop) 

2035 Xl_I2PP2A-set-a attaggccggccCATGTCGGCGCCGGC 5' FseI site 

2017 Xl_I2PP2A_set-a taatggcgcgccCTTAATCATCTTCACCTTCGTCTTCC 3' AscI site (+stop) 

2430 hs_B56alpha attaGGCCGGCCCATGTCGTCGTCGTCGCCG 5' FseI site 

2429 hs_B56alpha attaggcgcgccgCTATTCGGCACTTGTATTGCTGA 3' AscI site (+stop) 

2424 hs_PP2A_B56delta attaggccggccgATGCCCTATAAACTGAAAAAGGAG 5' FseI site 

2425 hs_PP2A_B56delta attaggcgcgccgTCAGAGAGCCTCCTGGCTGGCA 3' AscI site (+stop) 

2426 hs_PP2A_B56epsilon attaggccggccgATGTCCTCAGCACCAACTACTCC 5' FseI site 

2427 hs_PP2A_B56epsilon attaggcgcgccgTTAAGTTGGAATTATTCCAT 3' AscI site (+stop) 

2454 hs_PP2A_B56beta_P
1 

GCCCGTCTACCCAGACATCATCaGaATGATtTCAGTG
AATATCTTCCGG 

5' mutagenesis siRNA 
resistant #187 

2455 hs_PP2A_B56beta_P
2 

CCGGAAGATATTCACTGAaATCATtCtGATGATGTCTG
GGTAGACGGGC 

3' mutagenesis siRNA 
resistant #187 

2456 hs_PP2A_B56beta_P
3 

CCAGACATCATCaGaATGATtTCgGTtAAcATCTTCCG
GACTCTGCCGCC 

5' mutagenesis siRNA 
resistant #187 
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2457 hs_PP2A_B56beta_P
4 

GGCGGCAGAGTCCGGAAGATgTTaACcGAaATCATtC
tGATGATGTCTGG 

3' mutagenesis siRNA 
resistant #187 

2458 hs_PP2A_B56delta_P
1 

GGACTGATCTATAATGCCCTGAAGcTtTTTATGGAgAT
GAATCAGAAGCTGTTTG 

5' mutagenesis siRNA 
resistant #189 

2459 hs_PP2A_B56delta_P
2 

CAAACAGCTTCTGATTCATcTCCATAAAaAgCTTCAG
GGCATTATAGATCAGTCC 

3' mutagenesis siRNA 
resistant #189 

2460 hs_PP2A_B56delta_P
3 

CCATGGACTGATCTATAATGCCCTaAAacTtTTcATGG
AgATGAATCAGAAGCTG 

5' mutagenesis siRNA 
resistant #189 

2461 hs_PP2A_B56delta_P
4 

CAGCTTCTGATTCATcTCCATgAAaAgtTTtAGGGCATT
ATAGATCAGTCCATGG 

3' mutagenesis siRNA 
resistant #189 

 

The generated plasmids used in this study are listed in Table 5. Satoru Mochida (Kumamoto 

University) provided the plasmids coding for the X. laevis B55δ, B56β, B56ε and B56γ 

genes. Noriyuki Sagata (Kyushu University, Department of Biology) provided the plasmid 

coding for the X. laevis B56α gene.  

Table 5: List of plasmids generated and used in this study. Included are detailed information about the gene 
insert, its species affiliation, relevant genetic manipulations of the gene, used vector backbones and N- or C-
terminal tags. wt: wildtype; fl: full-length; S: serine; D: aspartate. 

TUM 

No 
Gene insert Insert specification Vector Tag made by 

1868 Xe_PP2A_B56beta wt, fl, with stop pCS2 N-term: Flag3 Thomas Tischer 

1869 Xe_PP2A_B56gamma wt, fl, with stop pCS2 N-term: Flag3 Thomas Tischer 

1870 Xe_PP2A_B56epsilon wt, fl, with stop pCS2 N-term: Flag3 Thomas Tischer 

1871 Xe_PP2A_B55delta wt, fl, with stop pCS2 N-term: Flag3 Thomas Tischer 

1889 Xe_PP2A_B56alpha wt, fl, with stop pCS2 N-term: Flag3 Eva 
Hörmannseder 

2113 Xe_I2PP2A (SET-b) wt, fl, with stop pQE80 N-term: His Beata Rymarczyk / 
Lydia Schmitz 

2112 Xe_tspy-l2 wt, fl, with stop pQE80 N-term: His Beata Rymarczyk / 
Lydia Schmitz 

2111 Xe_NAP1-l1A_392aa wt, fl, with stop pQE80 N-term: His Beata Rymarczyk / 
Lydia Schmitz 

2318 Xe_NAP1-L1A_392aa wt, fl, no stop pMal N-term: MBP, 
C-term: 6xHis 

Beata Rymarczyk 

2376 Xe_I2PP2A S7D, S91D mut, fl, 
with stop 

pQE80 N-term: His Beata Rymarczyk 

2320 Xe_NAP1-l1B_393aa wt, fl, with stop pQE80 N-term: His Beata Rymarczyk 

2322 Xe_NAP1-L1-B 393aa wt, fl, no stop pMal N-term: MBP, 
C-term: 6xHis 

Beata Rymarczyk 

2317 Xe_SET-a wt, fl, with stop pQE80 N-term: His Beata Rymarczyk 

2677 hs_B56alpha wt, fl, with stop pcDNA5_FRT_TO N-term: eGFP Beata Rymarczyk 

2653 hs_B56delta wt, fl, with stop, siRNA 
resistant (#189) 

pcDNA5_FRT_TO N-term: eGFP Beata Rymarczyk 

2654 hs_B56epsilon wt, fl, with stop pcDNA5_FRT_TO N-term: eGFP Beata Rymarczyk 

2643 hs_B56beta wt, fl, with stop, siRNA 
resistant (#187) 

pcDNA5_FRT_TO N-term: eGFP Anna Brendel / 
Benjamin Graf 

6.2.2 Isolation of total RNA and cDNA synthesis 

In order to obtain a specific Xenopus laevis gene sequence a series of three protocols had 

to be implemented: first the isolation of total RNA from a desired tissue, the reverse 

transcription reaction to produce the complementary DNA (cDNA) and finally the polymerase 

chain reaction (PCR) to amplify the gene of interest. The total RNA was isolated from 

different tissues (five MII arrested eggs, five embryos 3 hpf (8-cell stadium), testis tissue) 

using the RNeasy® Lipid Tissue Mini Kit (Qiagen) according to the manufacturer’s protocol. 
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Ribosomal rRNAs and transfer tRNAs were selectively excluded during the RNA purification 

procedure resulting in an enrichment of mRNAs. In a next step the cDNA was produced by 

reverse transcription with anchored-oligo(dT)18 primers utilizing the Transcriptor High 

Fidelity cDNA Synthesis Kit (Roche) and following the manufacturer’s standard procedure 

recommendations. 

6.2.3 PCR 

Polymerase chain reactions were performed in a Veriti 96-well Thermal Cycler (Applied 

Biosystems) to amplify a gene from cDNA (Human Testis Marathon®-Ready cDNA 

(Clontech) or selfmade Xenopus laevis cDNA) or from plasmid DNA. PCR was used to 

genetically manipulate the gene of interest by adding overhangs containing specific 

restriction sites or to delete a stop-codon. This was achieved by using specific primers 

comprising the desired sequence manipulations. All polymerases (Phusion (NEB), PfuUltra 

II Fusion (Agilent Technologies), Pfu Turbo (Agilent Technologies)) were used according to 

the manufacturer’s protocols. dNTPs (Sigma Aldrich) were used in a final concentration of 

0.2 mM, primers (Biomers) were diluted to 0.3 µM. 

6.2.4 Unidirectional restriction enzyme based cloning 

All enzymes used for cloning procedures were purchased from New England BioLabs 

(NEB), if not otherwise stated. Up to 2 µg DNA were hydrolyzed in a final reaction volume 

of 50 µl using FseI (4 Units/reaction) and AscI (8 U/reaction) restriction enzymes and 1x 

CutSmart® buffer for 1 h at 37°C. The 5’-phosphate of the hydrolyzed vector was removed 

by incubating with Calf intestinal phosphatase (10 U/reaction) for 30 min at 37°C. Linearized 

DNA fragments and digested PCR generated fragments were supplemented with DNA 

loading buffer (2.5 % Ficoll 400 and 0.04 % Orange G) and separated on a 0.8 – 2 % 

agarose gel (in TBE buffer) by gel electrophoresis (105 V). DNA was recovered from 

agarose gel slices using the Zymoclean™ Gel DNA Recovery Kit (Zymo Research) 

according to the manufacturer’s protocol. DNA ligation, i.e. joining of the linearized vector 

and insert was catalyzed by T4 DNA ligase at RT for 1 h or overnight at 16°C. For 

transformation competent E. coli TG1, DH5α or Turbo bacteria were thawed on ice and 10 µl 

of the ligation reaction was added to 100 µl bacteria suspension and incubated 20 min on 

ice. After performing a heat shock for 50 sec at 42°C, bacteria were spread on LB agar 

plates supplemented with 100 µg/ml ampicillin and incubated overnight at 37°C. In order to 

amplify plasmid DNA, liquid LB cultures supplemented with 100 µg/ml ampicillin were 

inoculated with a single bacterial colony and grown for 4 - 6 h at 37°C and 180 rpm. Cells 

were harvested and the plasmid DNA purified using the NucleoSpin® Plasmid EasyPure kit 

(Macherey-Nagel) following the manufacturer’s protocol. DNA concentration was 



  6  Material and Methods 

69 

determined by absorbance measurements using the NanoDrop ND-1000. Analysis of the 

correct nucleotide sequence was realized by GATC Biotech. 

6.2.5 Site-directed mutagenesis 

Site-directed mutagenesis was performed when the gene of interest (GOI) had to be 

genetically manipulated to generate siRNA resistant target sequences (several silent 

mutations) or to introduce specific point mutations in order to change amino acids. To this 

end the instructions provided by the QuikChange® Site-Directed Mutagenesis Kit 

(Stratagene) were executed. The newly synthesized DNA was transformed into Turbo 

competent E. coli bacteria. 

6.2.6 Coupled in vitro transcription and translation (IVT) 

Coupled in vitro transcription and translation was performed using the wheat germ extract 

expression system (Promega) according to the manufacturer’s instructions. Proteins were 

typically expressed for 3 h at 30°C. 

6.3 Biochemical methods 

6.3.1 SDS-Polyacrylamide gel-electrophoresis (PAGE) 

Protein samples were supplemented with laemmli sample buffer (1.5x final), boiled 5 min at 

95°C and loaded on denaturing SDS-polyacrylamide gels based on a discontinuous buffer 

system (separating gel: 375 mM Tris, pH 8.8; 0.1 %SDS; 8 - 12 % acrylamide/ 

bisacrylamide; stacking gel: 62.5 mM Tris, pH 6.8; 0.025 %SDS; 2.1 % acrylamide/ 

bisacrylamide). Proteins were separated according to their molecular weight and 

electrophoretic mobility by applying a current in the range of 25 - 35 mA. PageRuler™ 

Unstained Protein Ladder (ThermoFisher Scientific) and pre-stained BenchMark™ 

(Invitrogen) were used as size standards for protein electrophoresis. 

In order to analyze the outcome of a protein purification or to determine protein 

concentrations proteins separated by SDS-PAGE were visualized by Coomassie Brilliant 

Blue staining. 

6.3.2 Immunoblotting 

For further immunological detection separated proteins were electrophoretically transferred 

on a nitrocellulose blotting membrane (Amersham™ Protran™, 0.45 µm NC; GE 

Healthcare) using the Mini Trans-Blot® Cell (BioRad). The transfer was conducted 1 h for 

small gels at RT and 2 h for large gels at 4°C in ice-cold transfer blot buffer at a constant 

voltage of 120 V. Then, membranes were incubated 25 min in 5 % nonfat dry milk/PBST to 

block unoccupied binding sites on the membrane and reduce unspecific binding of the 

antibodies. In general, membranes were incubated with primary antibodies (Table 6) in 5 % 



6  Material and Methods   

70 

milk/PBST/ 0.05 % azide overnight at 4°C. Subsequently, the membrane was washed three 

times for 10 min with PBST and incubated 45 min at RT with a host specific horseradish-

peroxidase HRP-conjugated secondary antibody (0.16 µg/ml Dianova) in 5 % milk/PBST. 

After three 10 min washes with PBST bound antibodies were detected by a 

chemiluminescence reaction. To this end the membrane was immersed in enhanced 

chemiluminescence (ECL) solution and the emitted light signal was captured by the LAS-

3000 system (Fujifilm). 

6.3.3 Antibodies 

 Antibody production and affinity purification of antibodies 

Specific antibodies were raised against the Xenopus laevis regulatory subunits of PP2A 

using N-terminal B56αβ1-20
 (Xenbase gene code: XB-GENE-943359; XB-GENE-6485900) 

and B56γ1-20 (XB-GENE-865252) peptides and a C-terminal peptide of B56ε448-463 (XB-

GENE-957531) as antigens. Synthesis of the antigenic peptides was realized by Peptide 

Specialty Laboratories GmbH (Heidelberg, Germany). The peptides were conjugated to 

keyhole limpet hemocyanin (KLH) carrier protein to boost the immune response. Peptide 

Specialty Laboratories GmbH (Heidelberg, Germany) performed the complete immunization 

procedure in rabbits for the anti-B56γ1-20 and anti-B56ε448-463 antibodies. 

Purification of antibodies was performed by affinity chromatography. Each antigenic peptide 

was covalently coupled through a sulfohydryl group (additional Cysteine at the C-terminus 

of each synthesized peptide) to the column matrix (2 mg peptide/ml matrix) already provided 

by Peptide Specialty Laboratories GmbH. Half of the column matrix (500 µl bed volume) was 

transferred into a new column and used for the antibody purification. The matrix was 

thoroughly washed with 5 times with 2 ml PBS to remove excess PBS/NaN3. Then, 5 ml 

crude serum (filtered through a 0.45 µm filter) was diluted with 5 ml PBS and applied onto 

the column. Binding was performed at 4°C overnight while constantly rotating the column. 

The next day the flow-through was collected and the column was washed three times with 

10 ml PBS, two times with 10 ml of 10 mM Na-phosphate (NaH2PO4/Na2HPO4) pH 6.8 and 

three times with 10 ml PBS. Antigenic antibodies were recovered from the column by acidic 

elution with 250 µl elution buffer (150 mM NaCl, 200 mM glycine pH 2.3), neutralized with 

2 M K2HPO4 and dialyzed against PBS/10 % glycerol. 

The synthesized N-terminal B56αβ1-20
 peptide was covalently crosslinked to a KLH carrier 

protein using the Imject® Maleimide activated mcKLH Spin Kit (ThermoScientific) according 

to the manufacturer’s protocol. The animal research facility (TFA) at the University of 

Konstanz carried out the immunization of the rabbits with the KLH conjugated B56αβ peptide 

and delivered the crude serum. Throughout this time the rabbits were maintained in 

accordance with European animal welfare and hygiene recommendations in the TFA at the 
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University of Konstanz. Purification of anti- B56αβ antibodies was performed as previously 

described in this section. However, in a preceding step the B56α1-21 peptide was immobilized 

via its free sulfhydryl-group to the affinity chromatography matrix according to the SulfoLink® 

Coupling Resin (ThermoScientific) protocol. 

 List of commercial and self-made antibodies 

Primary and secondary antibodies used for immunoblotting, immunoprecipitation or for 

immunofluorescence stainings are listed in Table 6. The list includes self-made antibodies 

and antibodies which were purchased from commercial suppliers. 

Table 6: List of used primary and secondary antibodies. Xl: Xenopus laevis. Hs: homo sapiens. WB: Western 
Blot. IF: Immunofluorescence staining 

Antibody description Host species Dilution Supplier 

Primary antibodies 

Xl_B56alpha/beta, polyclonal rabbit WB 1:1000 homemade 

Xl_B56gamma, polyclonal rabbit WB 1:1000 homemade 

Xl_B56epsilon, polyclonal rabbit WB 1:1000 homemade 

Xl_B55delta, polyclonal rabbit WB 1:500 Mochida et al. 

hs_B56gamma, polyclonal rabbit WB 1:1000 Bethyl laboratories A303-814A-1 (lot No) 

hs_B56delta, monoclonal mouse WB 1:500 Santa Cruz (H2D12), sc-81605 

hs_B56beta, polyclonal rabbit WB 1:250 Novus NBP1-88958 

hs_PP2A-Catalytic subunit, monoclonal mouse WB 1:1000 clone 1D6, upstate 05-421 

Flag, monoclonal, clone M2 mouse WB 1:1000 Sigma (F1804) 

hs_p150 glued, monoclonal mouse WB 1:1000 BD Transduction Laboratories (610473) 

Xl_Cyclin B2, monoclonal 
mouse (clone 
X121.10) WB 1:1000 MBL (K0189-3) 

Xl_Cyclin A1, monoclonal mouse WB 1:250 abcam 13337 

Xl_Cyclin A2_ polyclonal rabbit WB 1:1000 homemade 

Xl_XErp1, polyclonal rabbit WB 1:750 Tischer et al. 

unspecific IgG polyclonal rabbit   Sigma (I5006) 

hs_tubulin, monoclonal (hybridoma-SN in 
1% FCS mouse WB 1:100 

Developmental Studies Hybridoma Bank, 
clone AA4.3 

Cdc27, polyclonal rabbit WB 1:500 Tischer et al. 

hs_pericentrin, polyclonal rabbit IF 1:5000 abcam 4448 

hs_acetylated tubulin, monoclonal mouse IF 1:20000 sigma T7451 

hs_Ki-67, monoclonal rabbit IF 1:50 Abcam [SP6] ab16667 

GFP, monoclonal mouse WB 1:1000 clontech JL-8 cat. No.632381 

Secondary antibodies 

anti-mouse IgG-HRP goat 1:5000 
Dianova, Jackson ImmunoResearch 
Laboratories 

anti-rabbit IgG-HRP goat 1:5000 
Dianova, Jackson ImmunoResearch 
Laboratories 

anti-rabbit IgG Alexa Fluor-488 conjugate goat 1:1000 Molecular Probes (A11034), Invitrogen 

anti-mouse IgG Alexa Fluor-594 
conjugate goat 1:1000 Invitrogen 

anti-rabbit IgG Cy5 conjugate donkey 1:1000 Jackson (711-175-152) 
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6.3.4 Bacterial expression and purification of recombinant proteins 

Expression of recombinant proteins with high yields can be achieved by taking advantage 

of different bacterial E. coli strains which are genetically modified for efficient expression of 

heterologous proteins. The bacterial expression system stands out due to its low-cost, easy 

handling, fast outcome and usually high protein yields. 

 Expression and purification of His-tagged proteins 

Immobilized metal ion affinity chromatography (IMAC) using Protino™ Ni-IDA resin 

(Macherey-Nagel) was the method of choice to purify recombinant poly-histidine-tagged 

proteins. To this end, the GOI was sub-cloned into a pQE-80L expression vector comprising 

an N-terminal 6x-His-tag and then transformed into an E. coli strain (e.g. BL21(DE3)-RIL or 

BL21(DE3)-pLysS) suitable for heterologous protein expression. A single colony was used 

to inoculate a 50 ml overnight LB culture (100 µg/ml ampicillin; 34 µg/ml chloramphenicol) 

and grown at 37°C and 180 rpm. The next day 20 ml of the overnight culture were used to 

inoculate a 2 L LB culture (100 µg/ml ampicillin; 34 µg/ml chloramphenicol) and bacteria 

were grown at 37°C and 130 rpm until they entered the log phase (OD600 = ~ 0.6 units). 

Then, protein expression was induced by addition of 0.5 mM isopropyl-β-D-

thiogalactopyranoside and the culture was shifted to 18°C for overnight expression at 

130 rpm. The next day bacteria were harvested at 6000 g (Beckmann Coulter, JLA 8.1) for 

10 min at 4°C. The bacteria pellet was resuspended on ice in 20 ml lysis (LEW) buffer per 

original liter of culture. Cells were lysed by the EmulsiFlex-C5 (Avestin) and the crude lysate 

was cleared from insoluble debris by centrifugation for 30 min at 10000 rpm (Beckmann 

Coulter, JA 25.5) and 4°C. Meanwhile 300 mg Ni-IDA resin (for 6 mg of estimated soluble 

protein) were equilibrated with 5 ml LEW buffer, transferred into a column and drained by 

gravity to allow settling of the resin. The cleared lysate was loaded onto the column and 

binding of the protein to the resin was achieved by gravity flow. Then, the column was 

washed twice with 4 bed volumes of LEW buffer and once with one bed volume LEW buffer 

containing 5 mM imidazole. Proteins were eluted with 5 times 1 bed volume LEW buffer 

containing 250 mM imidazole. The fractions were collected separately and analyzed via 

SDS-PAGE and Coomassie brilliant blue staining. Afterwards, fractions were pooled and 

dialyzed against 20 mM Na-HEPES (pH 7.7), 150 mM KCl, 1 mM DTT, 10 % glycerol. The 

next day, the protein concentration was determined utilizing Roti® Quant (Roth) by 

performing a quantitation assay according to the manufacturer’s instructions. Purified 

proteins were aliquoted, snap frozen and stored at -80°C. 

 Expression and purification of MBP-tagged proteins 

NAP1-l1A and NAP1-l1B were sub-cloned into a pMAL expression vector comprising a 

sequence coding for an N-terminal MBP and a C-terminal 6x-His-tag. Plasmids were 

transformed into an E. coli strain (BL21 (DE3)-pLysS) suitable for heterologous protein 
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expression. A single colony was used to inoculate a 50 ml overnight LB culture (100 µg/ml 

ampicillin; 34 µg/ml chloramphenicol) and grown at 37°C and 180 rpm. The next day 20 ml 

of the overnight culture were used to inoculate a 2 L LB culture (100 µg/ml ampicillin; 

34 µg/ml chloramphenicol) and bacteria were grown at 37°C and 130 rpm until they entered 

the log phase (OD600 = ~ 0.6 units). Then, protein expression was induced by addition of 

1 mM isopropyl-β-D-thiogalactopyranoside for 4 h at 37°C and 130 rpm. Bacteria were 

harvested at 6000 g (Beckmann Coulter, JLA 8.1) for 10 min at 4°C. The bacteria pellet was 

resuspended on ice in 20 ml MBP purification buffer (supplemented with 1x cOmplete™ 

EDTA-free Protease Inhibitor Cocktail) per original liter of culture. Cells were lysed by the 

EmulsiFlex-C5 (Avestin) and the crude lysate was cleared from insoluble debris by 

centrifugation for 30 min at 10000 rpm (Beckmann Coulter, JA 25.5) and 4°C. 5 ml amylose 

resin slurry (NEB) for a 2 L culture were washed with 20 ml PBS and equilibrated with 20 ml 

MBP purification buffer. Protein binding was performed for 2 h at 4 C. The column was 

drained by gravity and washed two times with 30 ml MBP purification buffer containing a 

1 mM Na2ATP and one time with 30 ml MBP purification buffer. Proteins were eluted with 5-

8 times 0.5 bed volume MBP purification buffer containing 10 mM maltose. The fractions 

were collected separately and analyzed via SDS-PAGE and Coomassie brilliant blue 

staining. Afterwards, fractions were pooled and dialyzed against 20 mM Na-HEPES (pH 

7.7), 150 mM KCl, 1 mM DTT, 10 % glycerol. The next day, the protein concentration was 

determined utilizing Roti® Quant (Roth) by performing a quantitation assay according to the 

manufacturer’s instructions. Purified proteins were aliquoted, snap frozen and stored at -

80°C. 

6.4 Position-Specific Iterated BLAST of PP2A inhibitors 

To find homologues and distant relatives of known PP2A inhibitors in Xenopus laevis which 

might encompass similar biological functions based on (local) protein sequence similarities, 

a Position-specific iterative basic local alignment and search tool (PSI-BLAST) was 

employed (137). In brief, PSI-BLAST performs multiple rounds of sequence alignments. 

After each round a new and thereby evolving position-specific-scoring-matrix (PSSM) is 

created which is used for the next round of sequence alignments. In the end, this iterative 

process results in the identification of particularly distantly related proteins which would not 

have been discovered after only one round of BLAST. The bioinformatics analysis was 

accomplished by Tancred Frickey (Applied Bioinformatics, University of Konstanz). The PSI-

BLAST was performed using two different query sequences Set nuclear proto-oncogene S 

homeolog (NCBI Reference Sequence: NP_001079909.1) and biorientation of 

chromosomes in cell division protein 1 Bod1 (NCBI Reference Sequence: NP_001086501.1) 

against the NCBI non-redundant protein sequences database (nr) using standalone blast. 

The selected algorithm was PSI-BLAST comprising the following default parameters: max 
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target sequences 10 000; Expect threshold 10; word size 2; max matches in a query range 

0; matrix BLOSUM62; gap costs: existence: 11, extension: 1; conditional compositional 

score matrix adjustments; no filters and no masking was applied, PSI-BLAST statistical 

significance threshold 0.005. This process was iterated until convergence, i.e. when no new 

statistically significant sequences were spotted. Then, the full-length sequences of the 

output proteins were extracted from the database in the FASTA format. In a next step, the 

hit proteins were clustered in various groups according to their pairwise sequence alignment 

similarities using CLANS (Cluster Analysis of Sequences), which facilitated the analysis of 

relationships among the hit sequences and provided a graphical presentation of the degree 

of affiliation (138). The PSI-BLAST hits were then filtered for Xenopus laevis sequences and 

four hit proteins were selected for further studies (see section 4.4.1). Multiple sequence 

alignments and identity scores were generated with the T-Coffee program provided on the 

EMBL-EBI website (196). 

6.5 Xenopus laevis protocols 

6.5.1 Housing and husbandry 

Xenopus laevis frogs were bred and maintained in accordance with European animal welfare 

and hygiene recommendations in the animal research facility (TFA) at the University of 

Konstanz. Experimental handling of the animals was approved by the Regional Commission, 

Freiburg, Germany. 

6.5.2 Preparation of Xenopus CSF egg extract 

Female frogs were injected with 36 U of pregnant mare serum/gonadotropin (PMSG, 

Intergonan® Intervet) into the dorsal lymph sack 3 days before experiments to induce 

maturation of oocytes. To trigger ovulation female frogs were injected with 500 U HCG 

(Ovogest®, Intervet) in the evening and kept separately in a basin filled with 2 l of 1x MMR 

overnight at 19°C. The next morning oocytes were collected and treated with dejellying 

solution (2 % (w/v) L-cysteine (Sigma) in 1x XB-salt, pH 7.8 with NaOH for 7 min to remove 

the jelly coat enclosing the oocytes. Then the oocytes were washed thoroughly 4 times with 

1x CSF-XB, pH 7.7 with KOH and transferred with a wide-bore pipette into a Beckmann 

centrifugation tube pre-filled with 1 ml 1x CSF-XB and 0.1 mg/ml cytochalasin B (Sigma). 

Oocytes were compacted for 1 min at 164 g and second minute at 656 g. Excess buffer was 

carefully removed and oocytes were crushed by centrifugation for 10 min at 16400 g at 4°C 

creating 3 layers consisting of cell debris at the bottom, a cytosolic fraction in the middle and 

a lipid layer at the top. The cytosolic fraction was recovered with a syringe, supplemented 

with 10 µg/ml cytochalasin B and stored on ice until used in experiments. 
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6.5.3 Preparation of Xenopus embryo extract 

The day before the surgery a male frog was injected with 150 U of human chorionic 

gonadotropin (HCG, Ovogest® Intervet) and kept separately in a basin with 2 l 1x MMR. The 

next day, the frog was anesthetized in a Tricaine solution (MS222, Sigma) and sacrificed by 

decapitation. Then, testes were surgically removed and stored in 70 % (v/v) Leibovitz’s L-

15 medium (Gibco) with Penicillin/Streptomycin (100 U/ml and 100 µg/ml, Gibco) at 4°C. 

Female frogs were treated as described in section 6.5.2 to induce ovulation. The next 

morning frogs were transferred in a basin with fresh 1x MMR and freshly laid oocytes were 

collected after 1 h. Oocytes were transferred in a 10 cm petri dish with as little buffer as 

possible. Then, oocytes were gently mixed with a macerated testis to make sure that every 

egg comes in direct contact with testis tissue. The egg/spermatozoa suspension rested for 

~7 min before fertilization was initiated by rinsing the eggs twice with Milli-Q H2O to lower 

the salt concentration allowing the sperm to penetrate the egg. After approximately 15 min 

the animal pole contracts and eggs rotate with the animal pole pointing upwards as a sign 

of fertilization. To remove the jelly coat the water was discarded and fertilized eggs were 

treated with dejellying solution (2 % (w/v) L-cysteine (Sigma) in 0.1x MMR, pH 7.8 with 

NaOH) for 7 min. Embryos were thoroughly washed 4 times with 0.1x MMR to remove 

residual cysteine, transferred with a wide-bore pipette in a new petri dish and incubated at 

20°C for ~2.5 h. For embryo extract preparation embryos were collected shortly before 

transition into the 4-cell stadium into small centrifuge tubes. Embryos were compacted at 

370 g for 1 min, residual buffer was carefully removed and then embryos were crushed by 

centrifugation for 12 min at 23600 g at 4°C creating 3 layers consisting of cell debris at the 

bottom, the cytosolic fraction in the middle and a lipid layer at the top. The cytosolic fraction 

was recovered with a syringe and stored on ice until used in experiments. 

6.5.4 Crosslinking antibodies 

X. laevis anti-B56 antibodies were crosslinked to magnetic Protein G dynabeads (Pierce) 

before performing immunoprecipitation experiments. Beads were washed three times with 

PBST. Antibodies were diluted in PBS and coupled to the beads for 45 min at RT constantly 

rotation (0.66 µg antibodies/1 µl resin). To remove unbound antibodies beads were washed 

three times with 0.2 M Na-borate (Sodium-tetraborate decahydrate, Sigma Aldrich) buffer 

(pH 9.0) and once with 0.2 M Na-borate containing 10 mg/ml dimethyl pimelimidate (DMP), 

which was always freshly prepared. Then, the antibody-coupled-beads were incubated with 

0.2 M Na-borate/10mg/ml DMP at RT for 1 h. After 30 min the Na-borate/DMP crosslinking 

solution was exchanged with fresh solution and incubated for another 30 min. The reaction 

was stopped using 0.2 M ethanolamine (pH 8.0) as quencher solution. To this end, beads 

were washed three times with quencher solution and then incubated for 2.5 h in quencher 
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solution. After 1 h the quencher solution was replaced with fresh solution. Then, beads were 

washed three times with 0.1 M glycine (pH 2.5) to wash off non-crosslinked antibodies. 

Finally, beads were washed three times with PBS and stored in sterile PBS/0.02 % NaN3 at 

4°C. 

6.5.5 Xenopus embryo time course – B56 protein expression profile 

In order to analyze the B56 protein expression profile ovulated MII oocytes were in vitro 

fertilized and incubated at 18°C. Two embryos were collected per time point throughout the 

fast embryonic cycles (MII, 0.5 hpf, 1-8 hpf) and after MBT (23 hpf). In order to monitor 

changes in B56 protein levels throughout a cell cycle phase of a 2-cell embryo, embryos 

were collected every 5 min between 90-160 min post fertilization. 2x two embryos per time 

point were transferred into a 1.5 ml Eppendorf tube, excess buffer was removed and 

embryos were snap frozen in liquid N2. Embryos were lysed in embryo lysis buffer 

(10 µl/embryo) by scratching the Eppendorf tube across an Eppi-rack. Embryo lysates were 

cleared by centrifugation for 15 min at 4°C and 20.000 g. Cleared supernatants were treated 

with λ-phosphatase (12.5 µg/ml, purified in the TUM lab) and incubated 30 min at RT. Then, 

equal volumes of 3x laemmli sample buffer were added to the lysates and boiled 5 min at 

95 °C. When phosphorylations were meant to be analyzed λ-phosphatase was not added. 

Sample volumes corresponding to 0.5 embryos were loaded on a SDS-PAG. 

6.5.6 PP2A-B56 immunodepletion from frog extract 

In order to impair PP2A-B56 activity we performed immunodepletions of the regulatory 

B56αβ, B56γ and B56ɛ subunits from CSF extract or XEE. In general, 16 µg of anti-B56 

antibodies crosslinked to 24 µl resin (Protein G dynabeads, Pierce) were used for one round 

of B56 subunit depletion (30 min on ice) from 100 µl CSF or XEE. The number of depletion 

rounds necessary for each B56 subunit is stated in the respective figure legend. Unspecific 

rabbit IgGs were used in the mock condition. Supernatant samples were taken after each 

round of depletion to analyze residual protein levels. 

6.5.7 B56 binding motif peptides 

B56nb (non-binding, WLPRSSTLPTAHADSVLSLC) and B56b (binding, Kd 75.3 ± 8.8 nM, 

WLPRSSTLPTIHEEEELSLC) peptides were solved in 100 mM NaH2PO4/Na2HPO4 pH7.5 

and dialyzed overnight against 50 mM NaH2PO4/Na2HPO4 pH 7.5, 150 mM NaCl, 0.5 mM 

TCEP. For CSF and XEE experiments peptides were used in a final concentration of 

19.5 µM. The dissociation constant of B56b (Kd 75.3 ± 8.8 nM) and Biotin-conjugated B56b 

(Kd 100 nM) was determined by isothermal titration calorimetry (ITC) as previously described 

in the laboratory of Jakob Nilsson (personal communication and (82)). The B56 binding motif 
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peptides (synthesized by Peptide 2.0 Inc.) were a gift from Jakob Nilsson (The Novo Nordisk 

Foundation Center for Protein Research). 

6.5.8 PD using Biotin-B56 peptides 

To validate that the B56 binding peptide interacts with PP2A-B56 holoenzymes we 

performed a Streptavidin PD. To his end 2000 pmol biotin-conjugated B56 binding and non-

binding peptides (50 mM NaH2PO4/Na2HPO4 pH 7.5, 150 mM NaCl, 0.5 mM TCEP) were 

coupled to 1 mg Streptavidin magnetic beads (NEB) for a 1 h at RT. Beads were washed 3 

times with 300 µl PBS and blocked with 300 µl of 1 % BSA/PBS for 30 min at RT. Then, 

beads were washed two times with 300 µl PBS and two times with 300 µl egg wash buffer. 

The PD was performed from 100 µl CSF extract for 45 min at 20°C and 1300 rpm in a 

thermomixer comfort (Eppendorf). Afterwards, beads were washed three times with 300 µl 

egg buffer and two times with 300 µl 50 mM Tris/50 mM NaCl (pH 7.4). Beads were boiled 

in 30 µl 3x laemmli buffer for 5 min at 95°C and then diluted in a 1:1 ratio with Milli-Q water.  

6.5.9 Meiotic exit experiments 

We investigated whether loss of PP2A-B56 activity has an impact on meiotic exit. To this 

end, we performed immunodepletions of the regulatory B56 subunits from CSF (section 

4.3.1), or in a second approach supplemented B56nb and B56b peptides (19.5 µM) to CSF 

extract (section 4.3.3.1). As meiotic exit control CaCl2 (0.6 mM) was added to CSF extract 

in the absence of B56 peptides. 

Immunodepletions were performed as described in section 6.5.6. The mock and B56 subunit 

depleted extracts were each divided on two Eppendorf tubes and supplemented with Milli-

Q water or with 0.6 mM CaCl2 to trigger exit from the MII arrested state. Control and B56-

depleted CSF extracts were incubated at 20°C and samples were taken at indicated time 

points (see figure legends). For sample preparation 2 µl CSF extract were mixed with 18 µl 

of 1.5x laemmli sample buffer and boiled 5 min at 95°C. 5 µl of the sample equaling 0.5 µl 

CSF extract were analyzed by SDS-PAGE and immunoblotting. 

Testing putative PP2A protein inhibitors 

CSF release experiments were performed to test whether the putative PP2A protein 

inhibitors which were identified by the PSI-BLAST search have an inhibitory effect on PP2A-

B56 activity. CSF egg extract was prepared as described in section 6.5.2. 18 µl CSF extract 

was supplemented with 2 µl protein solution of varying concentrations (6xHis-SET-b (wt): 

(40 µM); 6xHis-SET-b (2D) (10.8 µM); 6xHis-TSPY-l2 (9.2 µM); 6xHis-NAP1-l1A 

(0.00002 µM)) and gently mixed by tapping against the Eppendorf tube. Dialysis buffer 

(20 mM Na-HEPES, pH 7.7, 150 mM KCl, 1 mM DTT, 10 % glycerol) was used as control. 

Then, CSF extract was supplemented with water or CaCl2 (0.6 mM final) to trigger meiotic 
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exit. Samples were taken at indicated time points (see Figure 15) while incubating the extract 

at 20°C. 

CSF release experiments were performed identically with the beforehand 

thiophosphorylated protein inhibitors except that MBP-NAP1-l1A and MBP-NAP1-l1B were 

used. 

6.5.10 In vitro kinase assay (thiophosphorylation) 

In vitro kinase reactions were performed to thiophosphorylate the purified protein inhibitors 

(MBP-NAP1-l1A (5 mg/ml), MBP-NAP1-l1B (5 mg/ml), 6xHis-SET-a (2 mg/ml), 6xHis-SET-

b (5 mg/ml) and TSPY-l2 (5 mg/ml)). 10 µl of purified protein was supplemented with Cdk1 

reaction buffer (10 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM DTT), 1.7 ng/µl Cdk1-Cyclin B 

(purified from Sf9 cells by Julia Häfner) and 1 mM ATP-γ-S (Jena Bioscience) and incubated 

4 h at RT. Kinase reactions were performed by Andreas Heim. 

6.5.11 Mitotic exit experiments 

For mitotic exit experiments, B56 subunits were depleted from XEE as described in section 

6.5.6. Then, mock treated and B56 depleted XEE was supplemented with 6xHis-CycB∆90 

(75 nM) and incubated 30 min at 20°C to drive the extract into a pseudo-mitotic state. 

Subsequently, mock and B56 depleted mitotic XEE was divided into two Eppendorf tubes 

and supplemented with DMSO or 1 mM roscovitine (Sigma), a pan-Cdk inhibitor, to induce 

mitotic exit. XEE was incubated at 20°C and samples were taken at indicated time points 

(see Figure 10). 

6.5.12 Large scale immunoprecipitation of PP2A-B56ε from XEE 

In order to identify new PP2A-B56ε interacting partners, target substrates or potential protein 

inhibitors we performed a large scale co-immunoprecipitation (co-IP) from X. laevis embryo 

extract. Anticipating that PP2A is cell cycle specifically regulated we decided to perform the 

co-IP from both interphase and mitotic embryo extract. The extract was prepared in several 

rounds as described in section 6.5.3. Mitotic extract was obtained by supplementing the 

interphase extract with 75 nM 6xHis-CycB∆90 and incubating it for 30 min at 20°C. The mitotic 

and interphase extract aliquots were snap frozen and stored at -80°C until the IP was 

performed. The day of the IP the frozen mitotic and interphase embryo extract aliquots were 

thawed and pooled to obtain homogenous sample material, which was then equally split and 

used to perform 5 technical replicates. Anti-B56ε antibodies were crosslinked (section 6.5.4) 

to Agarose Protein G beads (4.7 µg antibody/µl resin, Pierce) and 160 µg ab/34 µl resin 

were used for 200 µl embryo extract per condition. Crosslinked unspecific rabbit IgG 

antibodies served as background control. The IP was performed for 2 h at 4°C under 

constant rotation of the samples. Afterwards, the beads were washed three times with 1 ml 
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CSF-XB, once with 1 ml CSF-XB/0.1 % nonidet-P40 and then five times with 1 ml CSF-XB 

to remove all excess detergent. Finally the beads were washed with sterile PBS, snap frozen 

and stored at -80°C until further processing for the mass spectrometry analysis (section 

6.5.13). 

6.5.13 Mass spectrometry analysis 

The sample preparation and subsequent mass spectrometry analysis of the B56ε co-IP from 

X. laevis embryo extract was performed by Markus Räschle at the MPI of Biochemistry 

(Martinsried) in the department of Proteomics and Signal Transduction. Protein sample 

preparation, LS-MS/MS analysis and data analysis was done according to Hubner et al. 

(197) with minor changes in the protocol. The purified proteins from the B56ɛ IP were 

digested on beads in 280 µl PBS containing 2 M urea, 1 mM DTT, and 150 ng trypsin 

(Promega) at 22°C for 1 h. Agarose beads were centrifuged (5000 rpm, 40 sec) and the 

supernatant containing the digested proteins was transferred to a fresh tube. 2-

chloroacetamide was added to a final concentration of 5 mM and incubated overnight at 

22°C. Samples were acidified by adding 1 µl trifluoroacetic acid and peptides were purified 

on two C18 Stage Tips (198) and stored at 4°C. 

LC-MS/MS analysis 

Peptides were eluted from C18 Stage Tips with two times 20 µl solvent B (80 % acetonitrile/ 

0.5 % acetic acid). Acetonitrile was evaporated in a speed vacuum centrifuge till the final 

volume was reduced to 5 µl. Then, 10 µl solvent containing 2 % acetonitrile and 0.1 % 

trifluoroacetic acid was added. Peptides were separated on line to the mass spectrometer 

by using an easy nano-LC system (Proxeon Biosystems). 5 µl samples were loaded with a 

constant flow of 700 nl/min onto a 15-cm fused silica emitter with an inner diameter of 75 µm 

(IntelliFlow; Proxeon Biosystems) packed in house with RP ReproSil-Pur C18-AQ 3 µm resin 

(Dr. Maisch GmbH). Peptides were eluted with a segmented gradient of 2 – 60 % solvent B 

over 105 min with a constant flow of 250 nl/min. The nano-LC system was coupled to a mass 

spectrometer (LTQ-Orbitrap; Thermo Fisher Scientific) via a nanoscale LC interface 

(Proxeon Biosystems). The spray voltage was set to 2.1 kV, and the temperature of the 

heated capillary was set to 180°C. Survey full-scan MS spectra (m/z = 300 – 1,650) were 

acquired on an Orbitrap LTQ instrument (Thermo Fisher Scientific) with a resolution of 

60,000 at the theoretical m/z = 400 after accumulation of 1,000,000 ions in the Orbitrap. The 

most intense ions (up to 10) from the preview survey scan delivered by the Orbitrap were 

sequenced by collision induced dissociation (CID, collision energy 35 %) after accumulation 

of 5,000 ions (TOP10 peptide sequencing). Maximal filling times were 1,000 ms for the full 

scans and 150 ms for the MS/MS. Precursor ion charge state screening was enabled, and 

all unassigned charge states as well as singly charged peptides were rejected. The dynamic 
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exclusion list was restricted to a maximum of 500 entries with a maximum retention period 

of 90 s and a relative mass window of 5 ppm. 

Data analysis 

Raw data was processed with the in house-developed software MaxQuant using the Label-

free quantification (LFQ) algorithm (199). Methionine oxidations and acetylation of protein 

amino-termini were specified as variable modifications and carbamidomethylation were set 

as fixed modification. Maximum peptide charge was set to 6. Peptide and protein false 

discovery rates (FDRs) were set to 0.01. The maximum posterior error probability (PEP) was 

set to 1, and six amino acids were required as minimum peptide length. Only proteins with 

at least two peptides were considered as reliably identified. Label-free protein quantification 

was switched on, and unique and razor peptides were considered for quantification with a 

minimum ratio count of 1. Retention times were recalibrated based on the built-in nonlinear 

time-rescaling algorithm. MS/MS identifications were transferred between LC-MS/MS runs 

with the “Match between runs” option in which the maximal retention time window was set 

to 2 min. The quantification is based on the extracted ion current and is taking the whole 

three-dimensional isotope pattern into account. At least two quantitation events were 

required for a quantifiable protein. The tandem mass spectra of the isolated peptide 

sequences were searched against a comprehensive database containing X. laevis amino 

acid sequences with minimal redundancy (200). 

All statistical analysis was carried out with the Perseus software (201). To identify 

significantly upregulated proteins, a modified T-Test with a permutation based FDR cut-off 

(202) was performed using the indicated parameters. The label-free quantification (LFQ) 

intensity was logarithmized (log2) and proteins were filtered to contain at least 4 valid values 

in the bait quintuplicate. Missing values were imputed in the control quintuplicate only, using 

numbers from a normal distribution, whose mean and standard deviation were chosen to 

best reflect low abundance values close to detection limit of the instrument. For GO term 

analysis, GO terms were mapped to the X. laevis proteins using blast2go (203). A Fisher 

exact test implemented in the Perseus software was used to identify overrepresented GO 

terms using the entries of the X. laevis protein database as a control set. 

6.6 Mammalian tissue culture 

6.6.1 Maintenance of hTERT-RPE1 cells 

Immortalized human retinal pigmented epithelial (hTERT-RPE1) cells (gift from Holger 

Bastian, University Medical Center Göttingen) were maintained in DMEM:F12 

(ThermoFisher Scientific) medium supplemented with 10 % fetal calf serum (FCS) (Gibco) 

and 100 µg/ml normocin (InvivoGen) at 37°C in a humid atmosphere with 5 % CO2. Cells 
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were subcultured at ~90 % confluency and detached using Trypsin/EDTA (ThermoFisher 

Scientific). 

6.6.2 Primary cilium assembly assay 

230.000 RPE1 cells were seeded in DMEM:F12/10 % FCS per well of a 6-well plate 

containing two coverslips (D=13 mm, thickness no. 1.5, Menzel-Gläser, ThermoFisher 

Scientific). 12 h later cells were transfected with siRNA oligonucleotides (Table 7) targeting 

the regulatory B56 subunits of PP2A or with a non-targeting siRNA as control using 

Lipofectamine® RNAiMAX transfection reagent (ThermoFisher Scientific) and Opti-MEM 

(ThermoFisher Scientific) according to the manufacturer’s protocol. To induce primary cilium 

formation by mitogen deprivation cells were gently washed three times with pre-warmed 

PBS and then cultured in DMEM:F12/100 µg/ml normocin (InvivoGen) without FCS. The 

FCS free medium was changed again after 3 h. After 24-30 h coverslips with starved cells 

were transferred in a fresh 6-well plate containing DMEM:F12/100 µg/ml normocin without 

FCS and incubated on ice for 30-40 min to depolymerize the microtubule network. Then, 

cells were permeabilized with Perm-buffer (100 mM Pipes, 10 mM EGTA, 1 mM MgCl2, 

0.2 % Triton-X100, pH 6.8) for 5 min on ice and subsequently fixed with Perm-buffer 

containing 4 % paraformaldehyde for 5 min on ice and for further 5 in at RT. Fixed cells were 

washed once with PBS/0.1 % Tween20 and incubated in blocking buffer (2 % BSA in 

PBS/0.1 %Tween20, 0.2 % NaN3) either 1 h at RT or overnight at 4°C. The remaining cells 

in the 6-well plate were harvested by trypsinization, the cell pellet was lysed in 1.5x laemmli 

sample buffer (3000 to 7000 cells/µl) and boiled 5 min at 95°C. 

6.6.3 RNAi experiments 

Depletion of endogenous protein was achieved by transfection of siRNAs targeting the 

respective regulatory B56 subunit or a non-targeting siRNA which served as control using 

Lipofectamine® RNAiMAX transfection reagent (ThermoFisher Scientific). To this end 

190.000 RPE1 cells were seeded in DMEM:F12/10 % FCS in a 6-well plate containing two 

coverslips (D=13 mm, thickness no. 1.5, Menzel-Gläser, ThermoFisher Scientific) per well 

and transfected 12 h later according to the manufacturer’s protocol. 24 h after siRNA 

transfection the mitogen deprivation treatment was initiated. The sequences final 

concentrations of the used siRNA oligonucleotides are listed in Table 7. 

Table 7: List of used siRNA oligonucleotides and their target sequence 

Target Target sequence (5’ – 3’) Supplier final conc. (nM) 

hs_PPP2R5A (B56α)_#1 5’-CTGTATCATGGCCATAGTATA-3’ Dharmacon 25 

hs_PPP2R5A (B56α)_#2 5’-TGAATGAACTGGTTGAGTA-3’ Dharmacon 25 

hs_PPP2R5B (B56β)_#1 5’-CCGCATGATCTCAGTGAATAT-3’ Dharmacon 25 

hs_PPP2R5B (B56β)_#2 5’-GAACAATGAGTATATCCTA-3’ Dharmacon 25 

hs_PPP2R5C (B56γ)_#1 5’-CTGGAAATATTGGGAAGTATA-3’ Dharmacon 25 
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hs_PPP2R5D (B56δ)_#1 5’-GAAGTTGTTTATGGAAATGAA-3’ Dharmacon 25 

hs_PPP2R5E (B56ɛ)_#1 5’-CACCGGGATTGCAAATCTAAT-3’ Dharmacon 35 

hs_PPP2R5E (B56ɛ)_#2 5’-GCACAGCTGGCATATTGTA-3’ Dharmacon 35 

Control siRNA AllStars negative Control (Cat. no 1027281) Qiagen  

 

6.6.4 Generation of stable cell lines using the Flp-In/T-REX system 

Stable eGFP-B56 cell lines were generated using a stable hTERT-RPE1 cell line which 

contains a randomly but stably integrated FRT site at a transcriptionally active genomic locus 

and expresses a Tet repressor. Induction of gene expression is mediated by addition of 

tetracycline hydrochloride (Sigma-Aldrich) which binds to the homodimeric Tet repressor 

and causes the release from the Tet operator. The cell line was a gift from Jonathon Pines 

(Institute of Cancer Research, London).  

For the transfection 2x106 and 4x106 RPE1 cells in DMEM:F12/10 % FCS and 

Penicillin/Streptomycin were seeded on a 10 cm petri dish. For the transfection mix 500 µl 

Opti-MEM was supplemented with 15 µl of X-tremeGENE™ 9 DNA Transfection Reagent 

(Sigma-Aldrich), 5 µg of a FLP-recombinase encoding plasmid (pOG44) and 0.5 µg of the 

gene of interest (GOI) containing plasmid (pcDNA5/FRT_GOI). Expression of the FLP-

recombinase catalyzes the homologous recombination event between the FRT site in the 

host genome and the FRT site of the expression vector containing GOI. The reaction mix 

was incubated 30 min at RT and added dropwise to the cells cultivated in DMEM:F12/10 % 

FCS without antibiotics. Two days after transfection cells were transferred on a 15 cm petri 

dish to individualize cells. The next day puromycin (4 µg/ml, InvivoGen) was added to start 

the selection of cells which integrated the GOI including the puromycin resistance cassette. 

After three days old medium and dead cells were removed and fresh medium 

(DMEM:F12/Pen/Strep/puromycin) was added. Cells were cultivated till single cell colonies 

were visible. Single colonies were pooled and transferred on a 6 well plate and cultivated in 

DMEM:F12/Pen/Strep/puromycin. Inducible stable cell lines were subjected to a tetracycline 

hydrochloride (Sigma-Aldrich) expression test and analyzed by SDS-PAGE and Western 

blotting. 

6.6.5 Immunofluorescence staining and microscopy 

Permeabilized and fixed cells were stained with antibodies against centrosomal, ciliary and 

other marker proteins (Table 6). Primary antibodies were diluted in blocking buffer (2 % BSA 

in PBST/0.2 % NaN3) and coverslips were immersed in antibody solution for 45 min at RT. 

Then, cells were gently washed three times with PBST and incubated with the respective 

AlexaFluorophore conjugated secondary antibodies (Table 6) for 45 min at RT. DNA was 

stained with Hoechst 33342 (0.3 µg/ml, Sigma Aldrich). After washing three times with PBST 
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coverslips were mounted onto microscope glass slides (Menzel, ThermoScientific) using 5 µl 

Mowiol 4-88 solution (Polysciences) and kept at RT to solidify. 

Image acquisition was done using the DeltaVision Core system (Applied Precision) based 

on an inverted fluorescence microscope IX-71 (Olympus) that was equipped with a 

UApo/340 40x, NA 1.35 oil objective (Olympus) or a UPlan APO 100x, NA 1.35 objectives 

(Olympus) and an environmental chamber (Applied Precision). Fluorophores were excited 

with an LED-system and fluorescence was detected by a CoolSnap HQ2 camera 

(Photometrics). 

To improve the resolution and the contrast of the acquired data, images at single focal 

planes were processed with a deconvolution algorithm, and optical sections were projected 

into one picture using the Softworx software (Applied Precision). 

6.6.6 Image processing and quantification 

Images were taken at identical exposure times within each experiment and acquired as 16-

bit images using SoftWorx 6.0 software (Applied Precision). All images were processed in 

ImageJ (Fiji, NIH) and then assembled in figures in Adobe Illustrator CS5 version 15.0.0. 

All immunoblot images were processed in Adobe Photoshop CS5 version 12.0 and were 

assembled in figures using Adobe Illustrator (Adobe Systems, Inc.). 

All data were analyzed in Microsoft Excel and GraphPad Prism 6. Statistical significance 

was determined with a two-tailed, unpaired students t-test using Prism. 

6.6.7 Cell cycle profiling by FACS 

The DNA content analysis was performed to assess the cell cycle phase of cells treated 24 h 

with siRNAs against B56βδɛ and subsequent serum deprivation for further 24 h. To prepare 

cells for DNA content analysis 1x106 cells were resuspended in 500 µl PBS and mixed with 

4.5 ml of ice-cold ethanol (70 %). Cells were washed once with 5 ml PBS, centrifuged 5 min 

at 300 g and resuspended in 250 µl PBS. Then, the cells were supplemented with 1 ml DNA 

extraction buffer (4 mM citric acid, 0.2 M Na2HPO4, pH 7.8) and incubated rolling for 20 min 

at RT. After a last centrifugation step at 300 g for 5 min, cells were resuspended in 1 ml DNA 

staining buffer (20 µg/ml propidium iodide, 0.2 mg/ml DNase-free RNase, 1x PBS) and 

incubated 30 min at RT in the dark. The DNA content analysis was performed at the Core 

facility for cell sorting and flow cytometry (FlowKon University of Konstanz) by Stefanie 

Bürger. 
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8.1 Significant interactors of PP2A-B56ε identified from the mitotic B56ε IP 

Significant interactors are classified according to GO CC terms of the mitotic B56ɛ IP from 

XEE. 

Table 8: Significant mitotic PP2A-B56ɛ interactors are ranked according to significantly enriched GO CC terms. 
Proteins comprising the PP2A and PP6 holoenzyme are highlighted in red. Proteins constituting the IFT-B 
complex are colored in blue. Proteins involved in centromeric cohesion are colored in orange. GO CC: Gene 
Ontology Cellular Component. PEP: posterior error probability. Peptides: number of identified peptides. 
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+ 13,65 7,97 pp2aa 

chromosome, centromeric region; cytosol;  
mitochondrion; nucleus;  plasma membrane; 
protein phosphatase type 2A complex;  
soluble fraction;  spindle pole 

26 0 2E+10 

+ 12,34 8,01 2a5e 
chromosome, centromeric region; cytosol; 
membrane fraction; nucleus; protein 
phosphatase type 2A complex 

16 0 9E+09 

+ 11,21 5,04 2aab 

cell wall; chromosome, centromeric region;  
cytosol; microtubule cytoskeleton; 
mitochondrion; nucleus; plasma membrane; 
protein phosphatase type 2A complex; 
soluble fraction 

31 0 8E+10 

+ 7,75 8,44 pp2ab 

chromosome, centromeric region; cytosol; 
mitochondrion; nucleolus; plasma 
membrane; protein phosphatase type 2A 
complex; soluble fraction; spindle pole 

14 9,09E-213 5E+08 

+ 7,97 4,06 2aaa 

cell wall; chromosome, centromeric region; 
cytosol; microtubule cytoskeleton; 
mitochondrion; nucleus; plasma membrane; 
protein phosphatase type 2A complex; 
soluble fraction 

22 0 5E+09 

+ 5,99 5,51 ppp6 
centrosome; cytosol; nucleus; protein 
phosphatase 4 complex; protein 
phosphatase type 2A complex 

2 3,33E-05 2E+08 

+ 6,42 7,39 sgol1 
centrosome; condensed chromosome 
kinetochore; cytosol; microtubule; mitotic 
cohesin complex; nucleus; spindle pole 

15 1,78E-77 6E+08 

+ 4,61 4,70 sgol2 
condensed nuclear chromosome, 
centromeric region; kinetochore; mitotic 
cohesin complex 

3 3,09E-39 6E+07 

+ 8,48 5,87 rpb1 
DNA-directed RNA polymerase II, core 
complex; nucleolus 

26 2,00E-272 1E+09 

+ 4,93 7,62 rpb2 
DNA-directed RNA polymerase II, core 
complex; nucleolus 

15 1,55E-82 6E+08 

+ 4,48 6,19 rpab1 
DNA-directed RNA polymerase II, core 
complex 

6 5,60E-18 7E+08 

+ 2,82 3,66 rpc2 
DNA-directed RNA polymerase II, core 
complex; nucleolus 

3 3,95E-08 4E+07 
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+ 12,35 8,85 ei2be 
cytosol; eukaryotic translation initiation factor 
2B complex; nucleus 

29 0 2E+10 

+ 12,34 8,45 ei2bb 
cell fraction; cytosol; eukaryotic translation 
initiation factor 2B complex 

27 0 2E+10 

+ 10,38 6,49 ei2bd 
cytosol; eukaryotic translation initiation factor 
2 complex; eukaryotic translation initiation 
factor 2B complex; soluble fraction 

28 0 5E+09 

+ 8,70 
11,1

3 
ei2bg 

cytosol; eukaryotic translation initiation factor 
2B complex 

29 0 1E+10 

+ 8,34 6,11 if2b 
cytosol; eukaryotic translation initiation factor 
2 complex; microtubule associated complex 

9 4,12E-39 8E+08 

+ 8,44 5,26 ei2ba 

cytosol; eukaryotic translation initiation factor 
2 complex; eukaryotic translation initiation 
factor 2B complex; membrane fraction; 
plasma membrane; soluble fraction 

12 1,33E-251 1E+09 

+ 4,58 6,83 if2g 
chromosome, centromeric region; cytosol; 
heterochromatin; nucleus; polytene 
chromosome chromocenter 

21 2,18E-190 2E+09 

+ 4,52 6,62 if2a 

cytoplasmic stress granule; cytosol; 
eukaryotic translation initiation factor 2 
complex; eukaryotic translation initiation 
factor 2B complex; microtubule associated 
complex; nucleus; polysome 

19 1,79E-241 3E+09 

+ 11,99 6,61 if172 
cilium; intraflagellar transport particle B; 
microtubule basal body; microtubule-based 
flagellum; nucleus 

63 0 9E+09 

+ 10,99 
10,0

0 
ift74   26 4,34E-238 3E+09 

+ 10,87 8,71 ift52 
intraflagellar transport particle B; 
microtubule-based flagellum 

18 0 3E+09 

+ 10,53 9,50 ift80 
centrosome; cilium axoneme; microtubule 
basal body; nuclear lumen 

18 9,17E-170 4E+09 

+ 10,40 8,10 ift57 
cilium; flagellum; Golgi apparatus; 
microtubule basal body 

16 0 3E+09 

+ 9,86 7,02 ift27 

cytoplasmic membrane-bounded vesicle; 
Golgi apparatus part; insoluble fraction; 
intraflagellar transport particle B; 
microtubule-based flagellum; tight junction 

7 2,68E-33 2E+09 

+ 9,35 8,94 hsb11 cilium; intraflagellar transport particle B 5 9,50E-40 1E+09 

+ 9,18 8,40 ift88 

apical part of cell; centriole; cilium axoneme; 
intraflagellar transport particle B; microtubule 
basal body; microtubule-based flagellum; 
motile primary cilium; photoreceptor 
connecting cilium 

17 3,08E-177 1E+09 

+ 9,06 8,81 if20a 
centriole; cilium; Golgi apparatus; 
intraflagellar transport particle B; microtubule 
basal body 

7 1,82E-24 1E+09 
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+ 8,90 4,69 ift81   35 0 4E+09 

+ 5,83 3,36 ift46 
flagellar membrane; intraflagellar transport 
particle B; microtubule basal body; motile 
primary cilium; nucleus 

7 1,76E-184 1E+09 

+ 15,88 8,75 rpap3 
Golgi apparatus; integral to chloroplast outer 
membrane; integral to endoplasmic reticulum 
membrane; nuclear envelope 

52 0 4E+10 

+ 14,72 8,79 sojo cytoplasm; cytoskeleton 77 0 1E+10 

+ 14,41 7,22 spre 
cell periphery; cytosol; membrane; 
mitochondrion; nucleolus 

24 0 7E+10 

+ 13,16 9,46 pdrg1   13 0 9E+09 

+ 12,67 7,01 pihd1 pre-snoRNP complex 15 2,01E-283 1E+10 

+ 11,90 8,40 birc6 

apical plasma membrane;  chromosome;  
cytoskeletal part; cytosol; membrane 
fraction;  microtubule cytoskeleton;  nuclear 
lumen; protein complex 

46 0 9E+09 

+ 11,95 7,18 pfd2 mitochondrion; nucleus; prefoldin complex 7 9,69E-211 8E+09 

+ 10,99 9,98 
mabp

1 
nucleus; spindle pole 60 0 9E+09 

+ 11,19 7,90 wdr92 cytoplasm 31 0 9E+09 

+ 11,51 6,76 pfd6 nucleus; prefoldin complex 17 4,71E-291 8E+09 

+ 9,94 9,67 tdrd6 
chromatoid body; endoplasmic reticulum; P 
granule 

32 0 3E+09 

+ 10,50 6,85 fr1op 
centrosome; cytosol; nucleus; perinuclear 
region of cytoplasm 

13 4,30E-197 5E+09 

+ 9,87 8,56 rabl5   5 2,46E-158 2E+09 

+ 10,05 7,30 rmp 
cytoplasm; DNA-directed RNA polymerase 
II, core complex 

14 1,01E-121 3E+09 

+ 9,98 7,15 sahh3   16 1,46E-135 3E+09 

+ 9,88 6,41 tt30a axonemal microtubule; motile cilium 17 0 2E+09 

+ 9,39 7,65 ce350 centrosome; nucleolus 41 0 1E+09 

+ 9,94 5,00 ki20a 

cell projection; centrosome; endosome 
membrane; Golgi apparatus; kinesin II 
complex; midbody; mitotic spindle; 
nucleolus; nucleoplasm; spindle microtubule 

38 0 6E+09 

+ 9,03 6,80 sugp2 nucleolus 38 1,35E-186 3E+09 

+ 9,09 6,43 
psme

3 
cytosol; nucleoplasm; proteasome activator 
complex 

15 1,72E-143 5E+09 

+ 8,59 9,29 rfip5 
centrosome; mitochondrial outer membrane; 
nucleolus; recycling endosome 

13 6,35E-235 6E+08 

+ 9,43 5,20 cp110 centriole 28 7,82E-292 2E+09 

+ 9,24 5,56 clua1   12 8,96E-291 2E+09 

+ 8,17 
12,0

3 
ruvb2 

cytoplasm; Ino80 complex; membrane; 
microtubule associated complex; MLL1 
complex; NuA4 histone acetyltransferase 
complex; nuclear matrix; PRC1 complex; 
ribonucleoprotein complex 

55 0 9E+10 

+ 8,44 8,33 cep97 centrosome; nucleolus 11 0 1E+09 
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+ 8,64 6,55 zo2 

adherens junction; apical plasma membrane; 
basolateral plasma membrane; cell 
projection part; cell surface; cytoplasmic 
vesicle; dendrite; Golgi apparatus; synapse; 
tight junction 

17 6,01E-176 1E+09 

+ 8,27 8,38 pphln cytoplasm; nucleolus 4 6,92E-20 5E+08 

+ 8,63 5,69 osbl3 cytoplasm; nucleolus 36 0 3E+09 

+ 8,13 7,82 nek2 

condensed chromosome kinetochore; 
condensed nuclear chromosome; cytosol; 
microtubule; midbody; mitochondrion; 
nuclear membrane; nucleolus; pericentriolar 
material; primary cilium; spindle pole 

6 2,46E-110 5E+08 

+ 7,69 
10,8

1 
ruvb1 

brahma complex; Golgi apparatus; Ino80 
complex; membrane; microtubule associated 
complex; microtubule organizing center; 
MLL1 complex; NuA4 histone 
acetyltransferase complex; nuclear matrix; 
nucleolus; ribonucleoprotein complex 

40 0 8E+10 

+ 7,81 6,98 arfp2 
cell cortex; cytosol; Golgi membrane; plasma 
membrane; ruffle; soluble fraction; synapse 

8 2,90E-146 5E+08 

+ 7,81 6,18 ado   1 0,006297 4E+08 

+ 7,59 7,27 cebpz nucleus 14 0 3E+08 

+ 7,48 8,07 arfp1 
cell cortex; cytosol; Golgi membrane; plasma 
membrane; ruffle; soluble fraction; synapse 

9 5,58E-194 7E+08 

+ 7,71 6,40 mipt3 cytoplasm; cytoskeleton 7 4,99E-37 5E+08 

+ 7,48 7,62 CK096   4 7,74E-32 3E+08 

+ 7,52 6,04 sin1 
cytoplasmic membrane-bounded vesicle; 
cytosol; nucleus; plasma membrane 

1 1,39E-101 4E+08 

+ 7,47 6,88 telo2 
chromosome, telomeric region; cytoplasm; 
membrane; nucleus 

5 8,23E-36 4E+08 

+ 8,35 3,88 hyls1 centrosome; nucleolus; plasma membrane 13 3,86E-75 3E+09 

+ 7,12 7,36 rictr cytosol; TORC2 complex 4 1,16E-27 3E+08 

+ 6,94 7,99 tm163   1 0,027003 2E+08 

+ 7,15 4,94 
myo1

0 

apical cortex; cytosol; dendritic spine; 
filopodium; lamellipodium; lysosomal 
membrane; microvillus; neuronal cell body; 
perinuclear region of cytoplasm; 
photoreceptor inner segment; photoreceptor 
outer segment; ruffle; synapse; 
synaptosome; unconventional myosin 
complex 

11 4,75E-230 9E+08 

+ 6,74 6,66 zbt12 nucleolus; nucleoplasm part 8 1,19E-73 2E+08 

+ 6,60 6,86 f192a nucleus 5 1,51E-122 3E+08 

+ 6,99 4,56 rpap2   30 0 4E+09 
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+ 6,54 6,27 gipc1 

brush border; cell cortex; cytosolic part; 
dendritic shaft; dendritic spine; endocytic 
vesicle; membrane fraction; soluble fraction; 
synaptic vesicle; vesicle membrane 

4 1,22E-13 2E+08 

+ 6,70 5,33 ccd77   2 0,000118 3E+08 

+ 7,48 3,01 ttc26   9 4,23E-41 8E+08 

+ 6,57 5,20 ssbpb mitochondrial nucleoid; nucleus 4 1,18E-158 4E+08 

+ 6,68 4,63 
zmym

4 
nucleus 20 1,44E-159 9E+08 

+ 6,23 6,87 tmco4   1 0,002558 2E+08 

+ 6,84 3,86 dhx16 
catalytic step 2 spliceosome; chloroplast 
envelope; cytosol; membrane; nucleoplasm; 
U12-type spliceosomal complex 

27 8,66E-74 2E+09 

+ 6,02 7,14 mtor 

dendrite; endoplasmic reticulum membrane; 
Golgi membrane; lysosome; mitochondrial 
outer membrane; mTOR-FKBP12-
rapamycin complex; neuronal cell body; 
phosphatidylinositol 3-kinase complex; PML 
body; soluble fraction; TORC1 complex; 
TORC2 complex 

7 2,54E-44 1E+08 

+ 7,00 3,05 snw1 
catalytic step 2 spliceosome; nuclear 
chromatin; nucleolus; nucleoplasm; 
precatalytic spliceosome 

23 0 3E+09 

+ 6,27 5,10 noc2l 
chromatin assembly complex; nucleolus; 
nucleoplasm 

3 1,25E-07 2E+08 

+ 5,81 6,73 znhi3   2 3,30E-06 8E+07 

+ 5,69 6,95 p2r3c   2 3,83E-17 1E+08 

+ 5,84 5,30 ce164   9 1,79E-146 1E+08 

+ 5,58 7,21 cc165   8 2,54E-76 1E+08 

+ 5,78 5,18 tti1   3 3,37E-166 2E+08 

+ 5,40 5,78 scrib   9 4,22E-56 1E+08 

+ 5,11 7,88 
gpko

w 
  2 5,69E-05 9E+07 

+ 5,26 5,05 ddhd2 
centrosome; endoplasmic reticulum-Golgi 
intermediate compartment; plasma 
membrane 

2 0,000399 5E+07 

+ 5,30 5,18 muted   6 1,60E-32 7E+07 

+ 5,13 6,81 tti2   3 1,81E-07 6E+07 

+ 5,16 5,91 k1191   2 1,32E-05 8E+07 

+ 5,21 5,29 fbx42 
cytoplasm; intracellular membrane-bounded 
organelle 

9 9,32E-130 2E+08 

+ 5,23 4,86 ikzf4 cytoplasm; nucleolus 4 3,41E-21 1E+08 

+ 4,74 7,00 lpp60 soluble fraction 7 3,99E-18 1E+08 

+ 4,54 9,03 at2c1 

Golgi membrane; integral to membrane; 
microsome; plasma membrane; 
sarcoplasmic reticulum; secretory granule; 
trans-Golgi network; transport vesicle 

1 0,005047 7E+07 

+ 4,63 6,28 nol9 nucleolus 2 4,27E-05 5E+07 

+ 4,55 8,25 tara cytoplasm; cytoskeleton 4 6,35E-11 1E+08 
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+ 4,60 6,20 kif2a 

centrosome; cytoplasmic microtubule; 
cytosol; kinesin complex; kinetochore; 
kinetochore microtubule; midbody; 
nucleolus; spindle pole 

2 4,40E-05 3E+07 

+ 4,73 3,74 ocrl 

cell fraction; cell projection part; clathrin-
coated vesicle; cytoskeletal part; cytosol; 
early endosome; Golgi stack; Golgi-
associated vesicle; integral to membrane; 
microtubule cytoskeleton; neuron projection; 
plasma membrane; protein complex; ruffle 

2 2,78E-09 3E+07 

+ 4,54 4,69 nck5l   6 1,38E-107 1E+08 

+ 4,59 3,80 fbx30 centrosome; nucleolus 8 4,79E-23 5E+08 

+ 4,50 3,65 kcmf1 intracellular 2 3,25E-06 5E+07 

+ 4,21 5,53 wiz   24 2,17E-251 1E+09 

+ 4,40 3,55 ubr4 
cytoplasm; cytoskeleton; integral to 
membrane; nucleus 

9 7,54E-29 1E+08 

+ 4,30 3,78 dhe3 
mitochondrial inner membrane; 
mitochondrial matrix 

5 1,17E-13 1E+08 

+ 4,20 4,47 mrc2   1 0,001375 2E+07 

+ 4,33 3,83 wdr18 nucleus 5 2,84E-36 6E+07 

+ 3,94 6,65 parn cytosol; nucleolus 9 4,60E-50 1E+09 

+ 4,29 2,72 tif1b 
cytoplasm; nuclear euchromatin; nucleolus; 
nucleoplasm; perichromatin fibrils 

7 2,94E-41 5E+08 

+ 3,98 4,54 fen1b mitochondrion; nucleolus; nucleoplasm 1 0,002075 4E+07 

+ 4,01 4,05 saal1 extracellular region 3 6,22E-06 7E+07 

+ 3,79 7,06 txlna 
cytosol; extracellular region; nuclear 
membrane 

4 2,22E-07 5E+07 

+ 4,03 3,56 pelp1 cytoplasm; MLL1 complex 3 6,94E-09 5E+07 

+ 3,95 4,21 k0020 
cytoskeleton; endoplasmic reticulum; 
nucleolus; protein complex 

2 0,000146 4E+07 

+ 3,82 5,04 ddx41 
catalytic step 2 spliceosome; cytoplasm; 
nucleolus; precatalytic spliceosome 

3 2,88E-07 3E+07 

+ 3,88 3,95 rpc1 
DNA-directed RNA polymerase III complex; 
nucleolus 

13 1,21E-79 3E+08 

+ 3,60 6,47 rhg32   2 6,73E-27 3E+07 

+ 3,71 4,29 brca2 
BRCA2-MAGE-D1 complex; centrosome; 
nucleolus; secretory granule 

4 3,10E-07 3E+07 

+ 3,66 4,30 rs15 

chloroplast stroma; cytosolic small ribosomal 
subunit; nucleolus; nucleoplasm; plasma 
membrane; plasmodesma; plastid small 
ribosomal subunit; vacuolar membrane 

3 4,40E-06 1E+08 

+ 3,82 2,98 rpc4 nucleoplasm 3 4,90E-09 6E+07 

+ 3,49 5,89 casc5 acrosomal vesicle; nucleolus 3 1,81E-06 4E+07 
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+ 3,95 2,16 hsp70 

cell surface; cytosol; endoplasmic reticulum; 
extracellular vesicular exosome; inclusion 
body; melanosome; mitochondrion; neuron 
projection; neuronal cell body; nuclear speck; 
perinuclear region of cytoplasm; 
ribonucleoprotein complex; signalosome; 
soluble fraction; synaptic vesicle 

6 2,29E-87 7E+08 

+ 3,57 4,36 acdsb 
cytosol; mitochondrial matrix; plasma 
membrane 

9 1,84E-120 1E+09 

+ 3,42 5,42 hnrpq 

apolipoprotein B mRNA editing enzyme 
complex; catalytic step 2 spliceosome; CRD-
mediated mRNA stability complex; 
endoplasmic reticulum; heterogeneous 
nuclear ribonucleoprotein complex;  histone 
pre-mRNA 3'end processing complex;  
microsome;  nuclear heterochromatin;  
nucleolus; nucleoplasm 

3 4,62E-06 2E+07 

+ 3,40 5,77 dhx9 
centrosome; CRD-mediated mRNA stability 
complex; mitochondrion; nucleolus; 
nucleoplasm; ribonucleoprotein complex 

3 1,30E-21 2E+07 

+ 3,46 4,70 hdx   2 0,001233 1E+07 

+ 3,39 5,58 rufy3 
cytosol; filopodium; growth cone; late 
endosome; membrane; nucleolus 

3 1,90E-08 2E+07 

+ 3,43 4,53 dnjc7 
cytoskeleton; endoplasmic reticulum; 
nucleolus 

25 1,13E-232 2E+09 

+ 3,38 5,26 nop58 
box C/D snoRNP complex; Cajal body; 
cytoplasm; membrane; pre-snoRNP complex 

9 3,30E-66 3E+08 

+ 3,46 3,54 ehmt2 
chromatin silencing complex;  condensed 
nuclear chromosome;  nuclear 
heterochromatin;  rDNA heterochromatin 

2 7,33E-05 3E+07 

+ 3,33 4,63 ppil1 
catalytic step 2 spliceosome; Golgi lumen; 
nucleolus 

2 1,64E-14 3E+08 

+ 3,39 3,65 rm39 mitochondrial ribosome 1 0,000313 4E+07 

+ 3,40 3,40 ubql4 
cytosol; endoplasmic reticulum membrane; 
nucleus; perinuclear region of cytoplasm; 
plasma membrane; protein complex 

4 7,22E-35 1E+08 

+ 3,16 2,91 rpc6 DNA-directed RNA polymerase III complex 1 3,08E-06 3E+07 

+ 3,31 2,05 rs21 cytosolic small ribosomal subunit 2 3,08E-41 3E+08 

+ 3,18 2,68 rs26 cytosolic small ribosomal subunit; membrane 2 7,96E-06 8E+07 

+ 3,07 3,36 rl35a 
cytosolic large ribosomal subunit; 
membrane; mitochondrion 

2 0,000103 6E+07 

+ 2,99 4,22 k1731   2 4,53E-65 1E+07 

+ 3,12 2,46 f208b   2 1,85E-06 1E+07 

+ 3,15 1,98 rfc1 
DNA replication factor C complex; 
nucleoplasm 

4 2,90E-09 6E+07 

+ 2,72 5,88 atat   3 7,24E-09 8E+07 
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+ 2,75 4,85 ehmt1 
chromatin silencing complex; condensed 
nuclear chromosome; nuclear 
heterochromatin; rDNA heterochromatin 

3 2,86E-07 2E+07 

+ 2,69 4,51 rbmx2 

cell wall; chloroplast envelope; chloroplast 
stroma; chloroplast thylakoid membrane; 
cleavage body; cytosol; mRNA cleavage and 
polyadenylation specificity factor complex; 
nucleolus; peroxisome; plasma membrane; 
plasmodesma 

2 1,42E-08 3E+07 

+ 2,66 2,81 rbm28 
chloroplast part; cytoplasmic stress granule; 
Golgi apparatus; nucleolus; thylakoid 

2 0,000129 2E+07 

+ 2,83 1,57 phlp1   2 0,001559 2E+08 

+ 2,47 5,63 nop2 nucleolus 3 1,80E-28 5E+07 

+ 2,53 3,77 rs13 
cell wall; chloroplast; cytosolic small 
ribosomal subunit; membrane; nucleolus 

5 6,75E-16 6E+08 

+ 2,44 5,28 nips1 
integral to plasma membrane; membrane 
fraction; mitochondrial inner membrane 

4 3,09E-12 2E+08 

+ 2,48 2,86 bud13 nucleus 3 7,71E-08 2E+07 

+ 2,54 2,15 
mycb

p 
centrosome; mitochondrion; nucleus 1 0,000196 9E+07 

+ 2,37 4,42 saps1 cytoplasm; nucleolus 2 7,22E-21 7E+07 

+ 2,38 2,73 stub1 

cytosol; Golgi apparatus; integral to 
endoplasmic reticulum membrane; neuron 
projection; neuronal cell body; nuclear 
envelope; nuclear inclusion body; ubiquitin 
conjugating enzyme complex; ubiquitin 
ligase complex 

3 2,39E-08 8E+07 

+ 2,29 3,70 
mov1

0 
cytoplasmic mRNA processing body 6 2,36E-54 2E+08 

+ 2,23 4,53 pr14l   3 2,48E-06 1E+07 

+ 2,27 2,95 rm27 mitochondrial large ribosomal subunit 1 0,000374 1E+07 
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8.2 Abbreviations 

°C grad Celsius 

rsk 90 kDa ribosomal S6 kinase  

ANP32a Acidic nuclear phosphoprotein 32a  

ATP Adenosine triphosphate 

ENSA alpha-Endosulfine 

aa amino acid 

N-terminal amino-terminal 

APC/C anaphase-promoting-complex/cyclosome  

Bcl-2 Apoptosis regulator Bcl-2 

BB basal body 

Bod1 biorientation defective 1 

BubR1 Budding uninhibited by benzimidazoles related 1 

CaMKII Calcium/calmodulin-dependent-protein-kinase II 

Arpp19 cAMP-regulated phosphoprotein, 19 kDa 

CIP2A Cancerous inhibitor of PP2A 

C-terminal carboxy-terminal 

CK1δ/ɛ Casein kinase 1δ/ɛ  

PP2A-C catalytic subunit of PP2A 

Cdh1 Cdc20 homologue 1 

CAK Cdk-activating kinase 

Cdc20 cell division cycle 20 

Cdc25 Cell division cycle 25 phosphatase 

CC cellular component 

p53 Cellular tumor antigen p53 

Cep centrosomal protein 

Chk1 Checkpoint kinase 1 

CV ciliary vesicle 

CLANS Cluster Analysis of sequences 

Cdk1 cyclin-dependent-kinase 1 

CSF cytostatic factor  

dNTP deoxynucleotide triphosphate 

DNA  Deoxyribonucleic acid 

Kd dissociation constant 

DAV distal appendage vesicle 

DTT dithiothreitol 

DMEM Dulbecco's modified eagle medium 

Emi1 early mitotic inhibitor 1 

XErp1 Emi1-related protein in Xenopus, Emi2 

endog. endogenous 

ECL enhanced chemoluminescence 
E. coli Escherichia coli 

EGTA ethylene glycol tetraacetic acid 

EDTA ethylene diamine tetraacetic acid 

FCS fetal bovine serum 

Flp Flippase 

FRT site Flippase recombinant target site 

fl full-length 

G1 Gap phase 1 
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G2 Gap phase 2 

GOI gene of interest 

GO gene ontology 

GVBD germinal vesicle breakdown  

g gravity acceleration or gramm 

Gwl Greatwall 

GFP green fluorescent protein 

GTP guanosine triphosphate 

Hh Hedgehog 
HRP horseradish peroxidase 

h hour(s) 

hpf hours post fertilization 

hTERT-RPE1 human immortalized retinal pigment epithelial cells 

HEAT repeats huntingtin-elongation A subunit TOR-like repeats 

IgG  Immunoglobulin G 

IVT in vitro transcribed and translated 

IP Immunoprecipitation 

I1-PP2A Inhibitor-1 of PP2A  

I2-PP2A Inhibitor-2 of PP2A  

IFT intraflagellar transport  
IPTG Isopropyl-β-D-thiogalactopyranoside 

kDa kilo Dalton 

KARD kinetochore attachment and regulatory domain 

KT kinetochore 

KD knock-down 

λPP lambda-phosphatase 

LCMT-1 leucine carboxyl methyl-transferase 1 

LC liquid chromatography 
LB lysogeny broth 

MS mass spectrometry 

Myt1 membrane-associated tyrosine and threonine kinase 

MII metaphase of meiosis II 

m meter 

µ micro 

MT microtubules 

MBT Midblastula transition 

m milli 

M-phase Mitosis 

M Molar 

c-Myc Myc proto-oncogene protein 

n nano 

NAP nuclear assembly protein 

NEBD nuclear envelope breakdown  

SET Suvar 3-9/Enhancer-of-zeste and Trithorax 
NAP nucleosome assembly protein 

PI3Kγ Phosphoinositide 3-kinase γ 

PCP planar cell polarity 

PBE polar body extrusion 

PB Polar body 

Plk1 Polo-like kinase 1 
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PAGE polyacrylamid gel electrophoresis 

PCR polymerase chain reaction 

PSI-BLAST position-specific iterated basic local alignment search tool 

PTM posttranslational modification 

PTPA PP2A phosphatase activator 

B-subunit PP2A regulatory B subunit 

PME-1 PP2A specific methyl esterase 1 

Ki67 proliferation marker protein Ki67 

PDB protein data bank 

PKA protein kinase A 

AGC-type Protein kinase A, G and C families 

PP1 protein phosphatase type 1 

PP2A protein phosphatase type 2A 

PD pull down 

G0 quiescent cell cycle state 

Akt kinase RAC-alpha serine/threonine-protein kinase 

Rab Ras-related protein 

RT-PCR reverse transcription PCR 

rpm revolutions per minute 

RNA ribonucleic acid 

RT room temperature 

PP2A-A scaffold A subunit of PP2A 

sec seconds 

Ser / S Serine 

Sgo1 shugoshin 1 

SCFβ-TRCP 
Skp, Cullin, F-box containing E3 ubiquitin ligase in complex with beta-
transducin repeat-containing protein  

siRNA small-interfering ribonucleic acid 

SDS sodium dodecyl sulfate 

SAC spindle assembly checkpoint 

SD standard deviation 

S-phase Synthesis phase 

TB Terrific broth 

TRiC TCP-1 Ring Complex 

TSPY testis-specific Y-encoded protein 

tet tetracycline 

TZ transition zone 

Tyr tyrosine 

UPS Ubiquitin/Proteasome system 

U Unit 

Wee1 wee1 like protein kinase 

WB Western blot 

wt wildtype 

XEE Xenopus embryo extract 

X. Xenopus 

Xl Xenopus laevis 

ZBR zinc-binding-region 

ZGA zygotic genome activation 
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8.3 Contributions 

The experimental part of this work was realized in collaboration with Tancred Frickey, 

Stefanie Bürger, Markus Räschle, Martina Baack, Andreas Heim and Lydia Schmitz. 

Tancred Frickey (Applied Bioinformatics, University of Konstanz) performed the PSI-BLAST 

search for the PP2A inhibitors and the CLANS analysis presented in Figure 14A. 

Markus Räschle (Department of Proteomics and Signal Transduction, MPI Martinsried) 

greatly contributed by performing the sample preparation and subsequent mass 

spectrometry analysis of the B56ε co-IP from X. laevis embryo extract. Additionally, he 

performed the statistical analysis, the volcano plot representation and the GO CC term 

overrepresentation analysis which is shown in Figure 17A, D and E. 

Andreas Heim performed the in vitro thiophosphorylation reaction of NAP1-l1A, NAP1-l1B, 

SET-a, SET-b, and TSPY-l2 with recombinant Cdk1-Cyclin B1, which I used for the CSF 

extract experiments shown in Figure 16. 

Martina Baack generated the stable hTERT-RPE1/FRT (2R) cell line containing a second 

copy of the Tet repressor gene to minimize basal expression of the parental hTERT-

RPE1/FRT cell line.  

Stefanie Bürger and Wendy Bergmann performed the DNA content analysis at the Core 

Facility for cell sorting and flow cytometry (FlowKon University of Konstanz). 

Lydia Schmitz helped with the cloning of Tspy-l2, Set-b and NAP1-l1A and with the 

purification of these proteins during her time in the T. U. Mayer laboratory as 

“Vertiefungskursstudent” under my supervision.
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