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Summary 

Visual impairment or even vision loss can mean dramatic restrictions for those affected and 

thus imply a severe handicap. Inherited retinopathies represent a main cause of vision loss 

making it very important to understand and identify possible factors driving the pathogenesis 

of these diseases. The severe inherited retinopathy Leber congenital amaurosis (LCA) is 

responsible for either congenital or gradually aggravating visual impairment within the first 

months of life. Amongst other proteins, the aryl hydrocarbon receptor-interacting protein-like 1 

(AIPL1) was identified to cause LCA when mutated. AIPL1 is expressed in photoreceptor cells 

where it is indispensable for the correct assembly and consequently functionality of the 

phototransduction enzyme phosphodiesterase 6 (PDE6). Moreover, AIPL1 was shown to 

interact with the ubiquitin-like modifier HLA-F adjacent transcript 10 (FAT10) protein. Covalent 

modification of substrate proteins with FAT10 targets them for proteasomal degradation. 

Besides this, FAT10 can have a strong impact on the functionality of non-covalent interaction 

partners. The identification of AIPL1 as a new FAT10 interaction partner links it to the human 

retina opening new possibilities for this interesting modifier.  

In this work we provide evidence that FAT10 can influence the functionality of 

phototransduction and thus possibly plays a role in the pathogenesis of LCA. For the first time, 

FAT10 mRNA expression could be detected in human retina and its expression is inducible by 

pro-inflammatory cytokines in a retinoblastoma cell line. Within the retina, the rod PDE6 has 

been identified as a retina-specific FAT10 substrate since all three rod PDE6 subunits are 

FAT10ylated in cellulo. Characterization of the catalytic PDE6β subunit as FAT10 substrate 

revealed that it becomes modified regardless of its incorporation into the holoenzyme. 

Stabilization of the PDE6β-FAT10 conjugate by AIPL1 points to the formation of a trimeric 

complex to potentially modulate the FAT10-mediated functional consequences. On the one 

hand, covalent modification of PDE6β with FAT10 targets it for degradation by the 26S 

proteasome. On the other hand, interaction of FAT10 with PDE6 downregulates its activity 

resulting in a decreased cGMP hydrolysis. This indicates an interesting novel function of 

FAT10 in the complex environment of the retina.  

Apart from this, comparison of the two human FAT10 variants, which differ in only their amino 

acid at position 160, revealed that they exhibit major differences concerning their substrate 

pattern. Via mass spectrometric analysis, a very promising new substrate and interaction 

partner for both FAT10 variants was found- the ubiquitin E3 ligase CHIP. 
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Zusammenfassung 

Sehbeeinträchtigungen oder gar Erblindung stellen für die betroffenen Personen dramatische 

Einschränkungen und eine schwere Behinderung dar. Erblich bedingte Retinopathien sind 

hierbei eine Hauptursache. Daher ist es wichtig, mögliche Faktoren, welche die Pathogenese 

dieser Krankheiten vorantreiben, zu verstehen und zu identifizieren. Bei der vererbbaren 

schweren Retinopathie namens Leber kongenitale Amaurose (LCA) besteht eine angeborene 

oder eine sich innerhalb der ersten Lebensmonate kontinuierlich verschlimmernde 

Sehbehinderung. Unter anderem wurden Mutationen im AIPL1 Protein, das fast ausschließlich 

in Photorezeptoren exprimiert wird, als Auslöser von LCA identifiziert. AIPL1 ist unentbehrlich 

für den Zusammenbau und die Funktionalität der Phosphodiesterase 6 (PDE6), ein Enzym der 

Phototransduktion. Zusätzlich interagiert AIPL1 mit dem Ubiquitin-ähnlichen Protein FAT10. 

Die kovalente Modifizierung von Substratproteinen mit FAT10 führt zu deren proteasomalen 

Abbau. Darüber hinaus kann FAT10 einen starken Einfluss auf die Funktionalität von nicht-

kovalenten Interaktionspartnern haben. Durch den neu identifizierten Interaktionspartner 

AIPL1 kann FAT10 jetzt auch mit Prozessen in der Netzhaut in Verbindung gebracht werden. 

Die Daten dieser Arbeit zeigen, dass FAT10 die Funktionalität der Phototransduktion 

beeinflusst und somit eine Rolle bei der Pathogenese von LCA spielen kann. Zum ersten Mal 

konnte FAT10 mRNA in humaner Netzhaut nachgewiesen werden und die FAT10 Expression 

ist in einer Retinoblastoma Zelllinie induzierbar. PDE6 aus Stäbchen-Photorezeptoren wurde 

als Netzhaut-spezifisches FAT10 Substrat identifiziert, da alle drei PDE6 Untereinheiten 

FAT10yliert werden. Die genauere Untersuchung der katalytischen PDE6β Untereinheit 

verdeutlicht, dass diese auch dann modifiziert wird, wenn sie in das Holoenzym eingebaut ist. 

Die Stabilisierung des PDE6β-FAT10 Konjugats durch AIPL1 deutet darauf hin, dass ein 

trimärer Komplex gebildet wird, durch den möglicherweise FAT10-verursachte Auswirkungen 

moduliert werden. Einerseits führt die kovalente Modifizierung von PDE6β zu dessen 

proteasomalen Abbau. Andererseits inhibiert FAT10 durch die Interaktion mit PDE6 dessen 

Aktivität, was zu einer reduzierten cGMP Hydrolyse führt. Dies deutet auf eine interessante 

neue Funktion von FAT10 in der komplexen Umgebung der Netzhaut hin. 

In einem anderen Projekt zeigt der Vergleich der beiden humanen FAT10 Varianten, die sich 

nur in der Aminosäure an Position 160 unterscheiden, dass sie große Unterschiede im 

Substratmuster aufweisen. Mittels Massenspektrometrie wurde für beide FAT10 Varianten ein 

vielversprechendes neues Substrat sowie Interaktionspartner identifiziert - die Ubiquitin E3 

Ligase CHIP. 
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1. Introduction 

One of the main aspects to guarantee proper cellular processes as metabolism or stress 

adaption is the maintenance of the proteome integrity, as disturbances have been associated 

with metabolic disorders or aging. Therefore, in response to external and internal changes, 

misfolded, damaged or old proteins have to be repaired or even degraded while new proteins 

must be synthesized and thus folded with the help of chaperones. Especially cell types with a 

high demand for protein turnover such as photoreceptor cells are dependent on a functional 

degradation and synthesis/chaperone system.  

1.1. The ubiquitin proteasome system 

The degradation of unfolded, misfolded or damaged proteins is irreplaceable for protection 

against potentially harmful effects (1). The targeted degradation as part of the proteostasis is 

mainly carried out by two interconnected quality control systems. One is the lysosomal pathway 

that involves bulk protein degradation as e.g. during autophagy (2). The other is the ubiquitin 

proteasome system (UPS) which is very important as demonstrated by the award of the Nobel 

Prize in Chemistry in 2004 to the scientists Chiechanover, Hershko and Rose who have first 

described the ubiquitin-mediated protein degradation (3). Hereby, substrate proteins are 

selectively post-translationally modified with ubiquitin which mainly targets them for 

degradation by the 26S proteasome. This tightly regulated process is not only important for 

many cellular functions such as cell cycle progression, proliferation and apoptosis but also for 

systemic pathways like host immune defence (4-6). In contrast, a deregulated or dysfunctional 

UPS can lead to cancer development or neurodegenerative and cardiovascular diseases (7-

11).  

1.1.1. Protein modifications with ubiquitin and the functional consequences 

Ubiquitin is a small protein of 76 amino acids and about 9 kDa in size. As already indicated by 

the name, ubiquitin is ubiquitously expressed in eukaryotic cells (12). The globular structure of 

ubiquitin consists of five antiparallel β-sheets that surround a central α-helix (13) (Figure 1). 

This unique structure is called β-grasp fold, as it appears that the β-sheets grasp the helical 

segment. Furthermore, its characteristic fold is found in many other proteins and is therefore 

eponymous for not only ubiquitin but also for a whole family, the ubiquitin-like modifiers, which 

share the same structural characteristics (14) (see 1.1.4).  
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Figure 1: The ubiquitin structure.  Shown is the 

crystal structure of ubiquitin with its five β-sheets and 

the two α-helices forming the typical β-grasp fold (PDB 

ID: 1UBQ).  

One of the key features of ubiquitin is the exposed flexible 6- residue C-terminal tail ending 

with a diglycine motif that is necessary for ubiquitin conjugation (13). The covalent attachment 

of the ubiquitin C-terminus (glycine 76) to target substrates is orchestrated by a multi-enzyme 

cascade consisting of an E1 activating enzyme, an E2 conjugating enzyme and a E3 ligase 

(see Figure 3 and further described in 1.1.2). Most commonly, ubiquitin is conjugated with its 

glycine 76 via an isopepdide linkage to the ε-amino group of an internal lysine residue within 

the substrate protein (12,15,16). However, also the N-terminal α-amino group as well as thiol 

or hydroxyl groups in cysteine or serine/threonine residues can represent ubiquitin target sites, 

respectively (17-19).  

Overall, the ubiquitination of proteins is a very versatile post-translational modification as 

substrates can either be modified with a single ubiquitin moiety (Figure 2A) or with homotypic 

ubiquitin chains using one of seven internal lysine residues within ubiquitin (K6, K11, K27, K29, 

K33, K48, K63) (20,21) (Figure 2B). The variability is further increased by the possibility of 

conjugation to the methionine at position 1 (M1) (22,23). Next to this, the formation of mixed 

or branched heterotypic ubiquitin chains (24) (Figure 2C) as well as additional post-

translational modification of ubiquitin itself by phosphorylation (25-28), acetylation (25,29) or 

other ubiquitin-like modifiers (30) expand the intricacy of the so-called ubiquitin code (21) 

(Figure 2D). Taking all these possibilities into account, the outcome of ubiquitin addition to 

proteins depends on the type of modification as each linkage-type has a distinct three-

dimensional structure which in turn allows the interaction with different linkage-specific effector 

proteins (20,21). While K6-, K11- and K48-linked chains adopt a compact conformation, M1- 

and K63- linked polymers exhibit an open confirmation (31-35). To introduce and illustrate how 

versatile ubiquitination and its effects for target proteins are, a brief overview will be given 

hereafter. 
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Figure 2: Different types of ubiquitin chains.  (A) Covalent modification of substrate proteins (S) with single 

ubiquitin moieties resulting in monoubiquitination. (B) Homotypic polyubiquitination includes ubiquitin chains 

consisting of a single ubiquitin linkage type, e.g. exclusively K48 linkages. Each chain type leads to different fates 

of the target protein. (C, D) In heterotypic polyubiquitination, the ubiquitin chains can either include different linkages 

or can be branched by modification of a single ubiquitin at two or more sites (C). Moreover, ubiquitin itself can 

become post-translationally modified with small ubiquitin-like modifiers (Ubl-modified) such as SUMO and NEDD8 

or with chemical groups resulting in phosphorylation or acetylation (D). Figure reused (and slightly modified) from 

Kwon et al. (36) with permission from Elsevier (license number: 4814290862570).  

Single monoubiquitination is characterized by the modification of the substrate with one 

ubiquitin molecule at a defined lysine residue as e.g. shown for histone H2A at K119 (15,37,38) 

and the proliferating cell nuclear antigen (PCNA) at K164 (39). Modification with several 

ubiquitin molecules at multiple lysine residues results in a multi-monoubiquitination, as shown 

for the epidermal growth factor receptor (EGFR) or p53 (40,41). Therefore, monoubiquitination 

coordinates a variety of regulatory changes including endocytosis, transcriptional regulation, 

DNA damage repair, and protein localization or protein-protein interactions (38,42,43)  

All possible linkages for ubiquitin chain formation have been detected in cells but the K48 

linkages are the most abundant ubiquitin chain types (44) and represent the canonical signal 

for proteasomal degradation of substrate proteins (45,46). Besides that, also other ubiquitin 

modifications such as K11, K63 and branched ubiquitin chains including K11 and K48-linked 

ubiquitin can lead to degradation by the proteasome (31,47-50). Next to this, K63-linked 

ubiquitin chains regulate other non-proteolytic processes such as e.g. DNA damage repair, 

protein interactions, autophagay and mitophagy as well as the innate immune response (51-

57). Homogenous K6-linked ubiquitin chains are described to be involved in mitophagy while 
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K27- and K33-linked chains are proposed to affect the DNA damage response by recruiting 

important proteins or regulate protein trafficking (20,58-60). Linear M1-anchored ubiquitin 

chains seem to be involved in the regulation of innate immune signalling and are described to 

be a strong regulator in the NF-κB pathway by mediating the activation of the NF-κB kinase 

(IKK) complex (22,61-63). The heterotypic ubiquitin chains are still under investigation and 

crucial details about their ability to control the cellular information flow remain to be discovered. 

Nonetheless, it seems that branched ubiquitin chains (K11/K48, K29/K48 and K48/K63) 

efficiently target substrates for a fast proteasomal degradation or play a role during mitosis 

(K11/K48) and the NF-κB regulation (M1/K63) (24,48,64). Finally, hybrid ubiquitin chains 

composed of ubiquitin and ubiquitin-like modifiers, such as SUMO, NEDD8 or ISG15, enable 

a crosstalk between the ubiquitin and ubiquitin-like pathways whereby the function of these 

hybrid chains are still ambiguous and not yet fully understood (30). Most importantly, the 

ubiquitin code is involved in many cellular processes making it plausible that malfunction of 

this code drives diverse pathologies such as cancer or neurological disorders like 

schizophrenia or Parkinson`s disease (7,8,65-67). 

1.1.2. The ubiquitin conjugation pathway  

Within the human genome, ubiquitin is encoded in four different genes – UBA52, RPS27a, 

UBB and UBC. From all, ubiquitin is expressed as an inactive precursor (68,69). To become 

conjugated, ubiquitin precursors have to be processed by isopeptidases to produce free 

ubiquitin moieties with an exposed free C-terminal diglycine motif (70-72). Afterwards, ubiquitin 

conjugation to substrate proteins is mediated by a cascade including an E1 activating enzyme, 

an E2 conjugating enzyme and finally an E3 ligase (Figure 3). As known up to date, the human 

genome encodes for two ubiquitin E1s, around 40 E2s and more than 600 E3 ligases enabling 

the broad variety of ubiquitination (73-75). First, ubiquitin is activated in an ATP-dependent 

manner by one of the E1 activating enzymes, ubiquitin-activating enzyme 1 (UBA1 or UBE1) 

or the ubiquitin-like modifier activating enzyme 6 (UBA6 or UBE1L2, MOP-4, E1-L2) (76-79). 

The E1 enzyme binds one ubiquitin moiety, ATP and magnesium to adenylate the ubiquitin C 

terminus under release of pyrophosphate. The highly energetic ubiquitin adenylate bound to 

the E1 adenylation site can further react with the E1 active site cysteine. This results in the 

formation of a high-energy thioester bond between the E1 active site cysteine and the ubiquitin 

C-terminal glycine residue (Figure 3A). Upon the release of AMP, a second ubiquitin molecule 

can be bound to the adenylation site (12,74). At this moment the E1 is fully charged, allowing 

it to bind its specific E2 conjugating enzyme (80). Structural analyses revealed that the E1 

enzyme undergoes a conformational change upon being charged with ubiquitin allowing the 

E2 binding and a proper E1-E2 complex formation (81,82).   
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By formation of this E1-E2 complex, ubiquitin is transferred from the active site cysteine of the 

E1 onto the active site cysteine of the E2 conjugating enzyme via a transthiolation reaction 

(Figure 3A). All E2 enzymes possess a core catalytic ubiquitin-conjugating (UBC) domain of 

about 150 amino acids including the active site cysteine (75,83,84). The last step of 

conjugation is introduced by the disengagement of the E2 from the E1 and subsequently the 

interaction between the E2 with a specific E3 ligase (85). Finally, the E3 ligases mediate or 

support the transfer of ubiquitin either onto substrate proteins or onto another ubiquitin moiety 

(Figure 3B). The E3 ligases can be subdivided into three different classes dependent on their 

function concerning the ubiquitin transfer: the RING (really interesting new gene), the RING-

between-RING (RBR) and the homologous-to-E6AP-C-terminus (HECT) E3 ligases (86,87). 

The RING family includes the classical RING E3 ligases as well as the U-box domain E3s and 

comprises around 600 different members in total (73). The typical feature of RING E3 ligases 

is the name-giving RING domain. This domain forms a rigid structure around a conserved 

cysteine and histidine residues that are located in the core and helps to maintain the overall 

structure by binding two zinc atoms (88,89). Subfamily members possess a RING variant, the 

U-box domain (90). Here, the U-box domain is structurally related to the RING domain but the 

zinc-binding sited are replaced by conserved charged and polar residues allowing the 

formation of hydrogen-bonds (91). Overall, the RING as well as the U-box domain are used as 

a platform for protein-protein interactions and the binding of ubiquitin-charged E2 enzymes and 

substrate proteins (91,92). Thus, the loaded E2 is brought into close proximity to its substrate, 

which enables the transfer of ubiquitin (89,93). RING E3 ligases can either function as 

monomers, homodimers, heterodimers or multimeric complexes (94). Known representatives 

of the RING E3 family are for example the APC/C complex, BRCA1/BARD1, Mdm2 and CHIP 

(95-98). The latter one is described as the protein quality control ligase (99). Briefly, CHIP 

possesses a N-terminal tetratricopeptide repeat (TPR), a middle helical as well as a C-terminal 

U-box domain and its dimerization is mediated by the middle helical domain (100-102). Due to 

its interaction via the TPR domain with members of the heat shock proteins such as Hsp70 

and Hsp90, CHIP is directly linked to the molecular chaperone system (100). Thereby, CHIP 

is able to selectively polyubiquitylate unfolded or misfolded proteins in a molecular-chaperone 

assisted manner (103,104). Up to date, Ubc13-Uev1a complex, Ubc4 and UbcH5 family 

members are described to be the cognate E2 for CHIP and they are involved in both K48- and 

K63-linked ubiquitination of several different substrates including transcription factors, 

signaling intermediates and cytoskeletal or structural proteins are identified (95,103,105-107). 

Overall, CHIP has been shown to play a role in many cellular mechanisms such as immunity, 

inflammation, neurodegeneration and aging (108,109). 
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Figure 3: The ubiquitin conjugation pathway.  (A) In an ATP-dependent reaction, the C-terminal carboxyl group 

of ubiquitin becomes adenylated at the adenylation site of an E1 enzyme resulting in the release of pyrophosphate 

and AMP. Subsequently, ubiquitin is bound via its C-terminal glycine residue by a thioester bond to the E1 active 

site cysteine while another ubiquitin moiety can be bound at the adenylation site. The fully charged E1 enzyme 

interacts with its cognate E2 conjugating enzyme and ubiquitin is transferred onto the E2 active site cysteine via a 

transthiolation reaction.  
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(B) By interaction of the charged E2 with a E3 ligase, ubiquitin is conjugated to substrate proteins. Thereby, an 

isopeptide linkage between the ubiquitin C-terminal glycine and an internal lysine residue within the substrate is 

formed. There exist three main groups of E3 ligases: RING, RING-between-RING (RBR) and HECT E3s. RING E3 

ligases bind the ubiquitin-E2 complex and the substrate to be modified serving as an adaptor protein and position 

the amino group of the substrate in close proximity to the ubiquitin-E2 thioester. For RBR ligases, the RING1 

domain mediates the recruitment of ubiquitin-charged E2s while the RING2 domain harbours the active site 

cysteine. Ubiquitin is first bound to the RBR active site cysteine and then transferred onto the substrate. HECT E3 

ligases accept ubiquitin from the E2 and form a thioester between their active site cysteine and ubiquitin before 

transferring ubiquitin onto the target protein. Attachment of ubiquitin and chain formation can be reversed or shaped 

by deubiquitinating enzymes (DUB) leading to the recycling of ubiquitin. Finally, different ubiquitin chains result in 

different outcomes. While K48-linked ubiquitin chains are the canonical signal for protein degradation by the 26S 

proteasome, other linkages such as K63 can play a role in different signalling pathways like DNA damage repair 

or autophagy. 

The homologous-to-E6AP-C-terminus (HECT) E3 family comprises 28 ligases that catalyze 

the covalent attachment of ubiquitin to substrate proteins (110,111). These ligases contain the 

eponymous HECT domain consisting of two lobes, a larger N-terminal and a smaller C-terminal 

lobe (N- and C-lobe), which are connected by a short flexible linker (112-114). The N-lobe 

associates with the ubiquitin-charged E2 enzyme while the C-lobe harbors the conserved 

active site cysteine (115,116). HECT E3 ligases mediate ubiquitination in a two-step 

mechanism. First, ubiquitin is transferred in a transthiolation reaction onto the E3 active site 

cysteine. In the second step, the ligase interacts with substrate proteins via domains or motifs 

within the extended regions N-terminal to the catalytic HECT domain or adaptor molecules 

resulting in an isopeptide linkage between ubiquitin and the substrate protein (110,117). Well-

known members of the HECT E3 ligase family are e.g. HUWE1 or E6AP (112,118,119).  

The third family are the RING-between-RING (RBR) E3 ligases including 14 members, with 

Parkin being the best known. These E3s contain a highly conserved catalytic unit consisting 

of a RING1, an in‐between RING (IBR), and a RING2 domain (Figure 3B). While the RING1 is 

the E2 binding domain, the RING2 domain harbors an active site cysteine and does not form 

the canonical RING structure. Thereby, RBR E3s combine the RING and HECT-like 

mechanisms. First, ubiquitin is accepted by the active site cysteine of the RBR and becomes 

then transferred onto a substrate protein (Figure 3B and (120-122)).  

Finally, around 100 deubiquitinating enzymes (DUBs) are encoded in the human genome and 

can be subdivided into five subfamilies according to their structures and mechanisms. These 

catalytically active DUBs reverse or edit and trim the attachment of ubiquitin and chain 

formation, respectively (Figure 3B). In this connection, DUBs can exhibit specificity for both 

substrates and particular ubiquitin chain types. Overall, they maintain the pool of free ubiquitin 

in the cell and are important cellular regulators for the ubiquitin signaling, which is why strict 

regulation of DUBs is important for a proper cell maintenance (71,123,124). 
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1.1.3. The 26S proteasome 

Next to ubiquitin, the proteasomes play an important role in the ubiquitin-proteasome pathway 

(UPS) as one of consequences of substrate ubiquitination is the delivery of target proteins for 

proteasomal degradation. Generally, the proteasome is responsible for the turnover of short-

lived, damaged or misfolded proteins. Therefore it first needs to bind ubiquitinated proteins 

before the substrate protein is deubiquinated, unfolded and finally completely degraded in an 

ATP-dependent manner (125,126). The proteasome consists of a 20S core particle (CP) but it 

has to further associate with activators such as the 19S regulatory particle, proteasome 

activator PA28 or PA200/Blm10 (127). Here the focus is briefly on the 26S proteasome which 

is expressed in the cytosol and nucleus of all eukaryotic cells (128,129). The 26S proteasome 

is a complex multi-subunit protease of 2.5 MDa consisting of the 20S cylindrical CP together 

with one or two 19S regulatory particles (Figure 4A) (127,130).  

 

Figure 4: Schematic diagram of the 26S proteasome. (A) The 26S proteasome consisting of the catalytic 20S 

proteasome and the 19S regulatory particle (PR, purple). The 20S proteasome is a barrel of four stacked rings with 

two outer α-rings and two inner β-rings. (B) The regulatory particle is further divided into the base and the lid 

subcomplexes including regulatory particle triple-A ATPase (RPT) and regulatory particle non-ATPase (RPN) 

subunits. The RPN10 subunit is described to be located at the base-lid interface. The α-rings and β-rings of the 

core particle are composed of seven α- or seven β-subunits (α1-7 and β1-7), respectively. The figure is reprinted 

from Murata et al. (131) with permission from Springer Nature (license number: 4813700482776).  

The 20S core particle is composed of four stacked rings (two α and two β rings) each containing 

either seven α- or seven β-subunits. The outer α-rings form a narrow entry channel and serve 

as a scaffold for the assembly of the two inner β rings (131). The β rings create an internal 

chamber and contain the catalytically active subunits β1, β2 and β5 which bear different 
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cleavage specificities. While β1 has a caspase-like activity cleaving after acidic amino acids, 

β2 shows a trypsin-like activity cleaving after basic amino acids and β5 cleaves behind 

hydrophobic amino acids possessing a chymotrypsin-like activity (131,132). The 19S 

regulatory particle can be subdivided into a base composed of six ATPases (Rpt 1–6) and 

three non-ATPases Rpn1, Rpn2, and Rpn13 and a lid composed of nine structurally diverse 

subunits (127) (Figure 4B). Together, the base and the lid bind an additional subunit, Rpn10 

(127). Overall, the 19S regulatory particle is responsible for the binding and unfolding of 

polyubiquitinated proteins before introducing the polypeptide into the narrow axial pore of the 

20S CP for successful degradation (133,134). Furthermore, proteasomal deubiquitinating 

enzymes such as Rpn11 or Uch37 are located within the regulatory particle and allow the 

removal, recycling and editing of ubiquitin chains (133). 

1.1.4. Ubiquitin-like modifiers and their characteristics 

The family of ubiquitin-like proteins (UBL) shares structurally and evolutionary relationships 

with ubiquitin as its members share sequence or structural similarities to ubiquitin (135). This 

family can be further subdivided into two groups. UBL type I proteins include ubiquitin-like 

modifiers (ULM) that are also conjugated to proteins via an enzymatic cascade consisting of 

specific E1, E2 and E3 enzymes. In contrast, proteins of the UBL type II group are the so-

called ubiquitin-domain proteins (UDP) that are not conjugated to substrate proteins but rather 

act as adaptor molecules for protein-protein interactions (136,137).   

Up to date, 11 ULMs have been identified including the well-known SUMO1-3, ISG15, Nedd8 

and FAT10. With respect to ubiquitin, the ULM share a common 3D structure, the β-grasp fold, 

and a C-terminal glycine residue (14). Some of the ULM such as SUMO and ISG15 are 

synthesized as inactive precursors that have to be processed with the help of ubiquitin-like 

proteases (ULP) to display a free glycine residue at their C-termini. In contrast, FAT10, Atg12 

and URM1 are directly translated as mature proteins (136,137). The conjugation of the ULM 

to substrate proteins is mediated by an enzymatic cascade as well and the single modifiers 

use their cognate E1, E2 and E3 enzymes. However, sometimes the enzymes can function 

bispecifically enabling the participation in the conjugation pathway of ubiquitin and one or 

several ULM. As example, the E1 enzyme UBA6 can activate ubiquitin and FAT10 (76,79,80) 

while UBE1 can not only activate ubiquitin but also Nedd8 under certain stress conditions (138-

140). Comparably, the E2 enzymes USE1 and UbcH8 are able to either accept and transfer 

ubiquitin and FAT10 or ubiquitin and ISG15, respectively (141,142). Generally, the post-

translational modification of substrate proteins with ubiquitin-like modifiers provoke a huge 

variety of functional consequences and influences many cellular processes such as 

proteasomal or autophagic degradation, signal transduction, stress responses, host immune 



Introduction 

13 

answers, protein trafficking, DNA repair and others (see Table 1 and (143,144)). Additionally, 

the formation of hybrid chains containing ubiquitin and ULM further extents the field (30). 

Considering these far-reaching consequences, it becomes clear that, as with ubiquitin, a 

disturbed regulation can trigger or aggravate various diseases such as cancer development, 

neurodegeneration or autoimmune disorders (145-148). Therefore, ULM are being 

investigated as potential therapeutic targets (149,150). 

Table 1: A selection of known ULM with their conjugation enzymes and functions.  As an overview, the most 

prominent ULM are listed together with their identified E1 activating and E2 conjugating enzymes. It is further 

clarified whether they are expressed as a pro-peptide that has to be processed by ULP. Several attributed functions 

that are discovered so far give a summary for their involvement in cellular processes.  

ULM E1 

enzyme 

E2 

enzyme 

Pro-

peptide 

Attributed function  

FAT10 UBA6 USE1 No Ubiquitin-independent 

proteasomal degradation and 

others 

(76,79,80,141,

151-153) 

SUMO1-3 AOS1/U

BA2 

Ubc9 Yes Cell-cycle control, protein 

localization, responses to 

viral infections, transcriptional 

regulation and others 

(154-160) 

Nedd8 APP-

BP-1-

Ula1 

Ubc12, 

Ube2F 

Yes Regulation of ubiquitin E3s (161-164) 

ISG15 Ube1L UbcH8 Yes Antiviral responses, acts as 

extracellular cytokine, DNA 

repair, autophagy and others 

(142,165-168) 

Atg8 Atg7 Atg3 Yes autophagy (169-172) 

Atg12 Atg7 Atg10 No autophagy (169,172-174) 

UFM1 UBA5 UFC1 Yes Unfolded protein response, 

DNA damage response, 

ribosome biology  

(175-177) 
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1.2. The ubiquitin-like modifier FAT10 

In 1996, the ubiquitin-like modifier HLA-F adjacent transcript 10 (FAT10) has been discovered 

by sequencing of the HLA-F locus within the human Major Histocompatibility Complex (MHC) 

class I region (178). FAT10 is a small protein with 165 amino acids and around 18 kDa in 

weight. There are two human FAT10 sequences published that differ only in one single amino 

acid at position 160, which is either a cysteine (NCBI GenBank Accession No. NM_006398) or 

a serine (NCBI GenBank Accession No. AF123050). Due to its two tandem arranged ubiquitin-

like (UBL) domains that are connected by a short linker, FAT10 was originally termed as di-

ubiquitin (178). The comparison between ubiquitin and FAT10 UBL domains shows that they 

share only 29% and 36% sequence identity to ubiquitin (151). Moreover, murine FAT10 

domains are even less similar to ubiquitin but show a high sequence identity of 69% with the 

human FAT10 domains (179). While K27, K33, K48 and K63 lysine residues are conserved in 

both human FAT10 domains, mouse FAT10 domains exhibit only K48 conservation (151,179). 

Just recently, the structure of FAT10 was solved showing that the UBL domains possess the 

typical ubiquitin β-grasp fold and additional flexible regions at the N- and C-terminus (Figure 5 

and (180)). Considering the relatively small percentages of sequence identity, the observed 

differences between FAT10 and ubiquitin concerning their surface patches are explainable. 

Most ubiquitin-protein interactions are mediated by a hydrophobic patch in ubiquitin including 

the important residues L8, I44 and V70. This patch is neither conserved in the FAT10 N-

terminal UBL domain nor in the FAT10 C-terminal UBL domain (180). Moreover, the 

electrostatic surface potentials differ between ubiquitin and FAT10 resulting in individual 

binding specificities (180). 

 

Figure 5: The structure of FAT10.  

Shown is a ribbon representation of the 

structure of human FAT10. The N-terminal 

UBL domain (blue) is connected by a short 

linker (KPSDE) with the C-terminal UBL 

domain (orange). Both UBL domains 

exhibit the typical β-grasp fold. Figure was 

kindly provided by S. Wiesner (Institute of 

Biophysics and Physical Biochemistry, 

University of Regensburg, Germany). 

As already indicated by the location in the genome, the expression profile of FAT10 is 

connected with the immune system as FAT10 is expressed in organs of the immune system 

such as spleen, lymph nodes and thymus (181,182). A closer examination showed that FAT10 
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is selectively expressed in the medulla of human thymus (183) and its expression was found 

in mature B cells and dendritic cells (151,178). Recently, the expression profile of FAT10 in 

immune cells was investigated in more detail, showing that FAT10 mRNA was expressed in 

human CD8+ T cells, natural killer (NK) cells, NK T cells, and dendritic cells indicating that 

FAT10 is specifically required in these circulating immune cell types (184). Moreover, FAT10 

expression is synergistically inducible by the pro-inflammatory cytokines tumor necrosis factor 

(TNF)-α and interferon (IFN)-γ in almost all tissues and cell types (179). The mRNA expression 

is already induced after 2 hours of cytokine stimulation and on western blot FAT10 protein is 

detectable after 12-24 h of cytokine treatment (185,186). Next to TNFα/IFNγ stimulation, the 

combination of IFNγ and interleukin (IL)-6 was reported to induce FAT10 mRNA expression in 

HepG2 cells (187). A quantitative comparison of the potency of either TNFα/IFNγ or IFNγ/IL-6 

for FAT10 mRNA induction in T and B cells revealed that TNFα/IFNγ is more potent in the 

induction of FAT10 (188). In addition, it was shown that pre-incubation of mouse peritoneal 

macrophages with IFNγ potentiates the TNFα/TNFR1 signaling leading to an augmented 

FAT10 expression (189).  

As ubiquitin and other ULM, FAT10 possesses a C-terminal diglycine motif and is covalently 

conjugated to an internal lysine residue within a target protein using a specific enzymatic 

cascade (see 1.2.1). Hereby, FAT10 is the only ULM that can directly target its substrates for 

degradation by the 26S proteasome besides ubiquitin (see 1.2.2 and (190)). Apart from 

conjugation to substrate proteins, FAT10 itself can be post-transcriptionally modified by 

ubiquitination or acetylation of lysine residues (152,191,192). Moreover, FAT10 is able to 

interact with many proteins in a non-covalent manner linking FAT10 to several cellular 

processes such as the regulation of ubiquitin and other ULM, apoptosis or cell-cycle 

progression (185,186,193-195). A more detailed description of several covalent and non-

covalent interaction partners of FAT10 can be found in chapters 1.2.2 and 1.2.3. Despite all 

these different functions, it is interesting that a homozygous FAT10 knock out mouse does not 

show a specific phenotype besides a higher rate of spontaneous apoptotic death of 

lymphocytes (181). Nonetheless, mice lacking the fat10 gene exhibit an extended lifespan 

(196). 

1.2.1. The FAT10 conjugation pathway 

Comparable to ubiquitin and other ULM, FAT10 conjugation to substrate proteins is mediated 

by an enzymatic cascade consisting of an E1 activating enzyme, an E2 conjugating enzyme 

and possibly E3 ligases (Figure 6). Hereby, the short flexible linker (amino acids 82-86; 

KPSDE) connecting the FAT10 UBL domains is absolutely essential as its deletion abolished 

bulk FAT10 conjugation in HEK293 cells (180). FAT10 is synthesized with a free C-terminal 
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diglycine motif (151) allowing a direct activation by its E1 activating enzyme UBA6 (E1-L2, 

UBE1L2) without further processing (76). UBA6 adenylates the C-terminal glycine residue of 

FAT10 in an ATP-dependent manner within its adenylation site. Then, FAT10 is transferred 

onto the active site cysteine of UBA6 leading to a thioester intermediate between the E1 and 

FAT10 (197). Interestingly, UBA6 is bispecific for FAT10 and ubiquitin (76,79). However, UBA6 

shows a higher binding affinity to FAT10 while it mediates a faster adenylation and 

transthiolation reaction for ubiquitin (198). Since upregulation of FAT10 by induction with pro-

inflammatory cytokines leads to an increased UBA6-mediated activation of FAT10 over 

ubiquitin (76) it can be suggested that UBA6 prefers FAT10 during inflammation resulting in a 

switch in the proteasome target proteins.   

After its activation by UBA6, FAT10 is transferred via a transthiolation reaction onto the active 

site cysteine of its specific E2 conjugating enzyme USE1 (141). USE1 is a UBA6-specific E2 

enzyme that can accept ubiquitin as well as FAT10 (80,141,199). So far, USE1 is the only 

known E2 enzyme for FAT10. Other tested E2 enzymes which interact with UBA6, such as 

UbcH5 or Ubc13, only accept ubiquitin but not FAT10 by UBA6 in vitro (76). Again, the transfer 

of FAT10 from UBA6 to USE1 is slower as compared to ubiquitin (198). Interestingly, structure 

determination of USE1 and follow up interaction studies revealed that in FAT10 especially the 

last four amino acids before the C-terminal diglycine motif, CYCI, mediate the specificity of 

FAT10 loading onto UBA6 and USE1. When replacing the CYCI sequence by LRLR, the 

corresponding four amino acids in ubiquitin, FAT10 can also be activated by the other ubiquitin 

E1 enzyme UBE1 as well as transferred onto several E2 enzymes indicating the loss of 

specificity for its cognate enzyme cascade (200). Next to its function as FAT10-specific E2 

enzyme, USE1 was also described as a substrate of FAT10 (141). Upon binding of FAT10 to 

its active site cysteine, USE1 can auto-FAT10ylate itself by transferring FAT10 to an internal 

lysine residue, mainly K323, leading to an isopeptide formation between the lysine and the 

FAT10 C-terminal glycine residue (141,201). Interestingly, auto-FAT10ylation of USE1 does 

not influence its activity and both, ubiquitin and FAT10 can still be loaded onto the USE1-

FAT10 conjugate (201). Since FAT10ylated USE1 becomes degraded by the 26S proteasome 

(141,201), it may represent a step in the regulation of FAT10 conjugation by creating a negative 

feedback loop. However, it appears that the auto-FAT10ylation of USE1 is not required for 

FAT10 activity in cellulo. This is illustrated by the fact that mutations of the linker (all 5 amino 

acids were either mutated to alanine, proline or glycine) did not affect the bulk conjugation, as 

seen by its complete deletion, but abrogates the auto-FAT10ylation the E2 enzyme USE1 

(180). Nonetheless, as ubiquitin, FAT10 is conjugated to lysine residues within substrate 

proteins.   
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Figure 6: The FAT10 conjugation pathway.  First, FAT10 becomes adenylated and activated at its C-terminal 

glycine residue by the E1 activating enzyme UBA6 in an ATP-dependent manner. After binding to the adenylation 

site within UBA6, the FAT10-adenylate is then bound via a thioester bond to the active site cysteine of UBA6. Next, 

FAT10 is transferred onto the active site cysteine of the E2 conjugation enzyme USE1 by a transthiolation reaction. 

On the one hand, the FAT10-charged USE1 can auto-modify itself resulting in a covalent isopeptide linkage 

between FAT10 and an internal lysine residue within USE1. Auto-FAT10ylated USE1 is subsequently targeted for 

proteasomal degradation. On the other hand, FAT10-charged USE1 may interact with so far unidentified E3 ligases 

that mediate the transfer of FAT10 onto an internal lysine residue within substrate proteins resulting in an isopeptide 

linkage. The FAT10ylation of proteins target them for degradation by the 26S proteasome. So far, it is not known 

whether deconjugating enzymes (blue) can remove FAT10 from its substrates.  

Despite intense research, no FAT10-specific E3 ligase was identified so far although several 

E3 ligases of different families such as RING and HECT E3 were found in a mass spectrometry 

analysis (185). But in contrast to ubiquitin, most FAT10 substrates are modified with a single 

FAT10 moiety such as USE1, UBE1 or OTUB1 (194,201,202). In rare cases, targets can be 

oligo mono-FAT10ylated with several FAT10 molecules as shown for p62 (185,203), while 

FAT10 chains were not detected so far.   

Analogous to the E3 ligases, no FAT10-specific deconjugating enzymes are known yet. 

Notably, FAT10 is already synthesized as a mature protein (151). In addition, FAT10 is most 

probably degraded along with its substrates rather than being recycled (152,190,201) as it is 

a short-lived protein with an estimated half-live of less than 1 h (195). Therefore, it can be 
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concluded that no FAT10 deconjugating enzyme is needed for these two steps. But definitely 

not all FAT10 substrates are known until now, so it is still possible that a deconjugating enzyme 

for FAT10 exists mediating the regulation of specific substrates.  

1.2.2. FAT10ylation as a signal for proteasomal degradation  

The best understood function of FAT10 is the delivery of substrates to the 26S proteasome 

(190). Thus, FAT10 is the only ULM with this function and the degradation is independent from 

ubiquitination (152,153). Although both FAT10 UBL domains can be ubiquitinated under 

overexpressing conditions, the FAT10-mediated degradation signal seems to be independent 

of ubiquitin as fusion of FAT10 to the N-terminus of very long-lived proteins enhanced their 

degradation and this effect was not prevented when ubiquitination sites within FAT10 were 

mutated (152). Furthermore, the FAT10-dehydrofolate reductase (DHFR) fusion protein was 

degraded by purified 26S proteasome in vitro, while ubiquitin-DHFR was not (153). Other 

publications describe that the degradation of FAT10 and FAT10-GFP fusion protein required 

primary ubiquitination for successful degradation (191). But since the authors also observed a 

degradation of the fusion protein in presence of a non-degradable ubiquitin, the ubiquitin-

independent FAT10-mediated degradation cannot be excluded (191). It remains unclear 

whether ubiquitination of FAT10 may accelerate and facilitate FAT10-mediated destruction.  

Besides the most probable lack of necessity for ubiquitination, the FAT10-mediated 

proteasomal degradation differs from ubiquitin in a way that it is independent of the segregase 

valosin-containing protein (VCP)/p97, a member of the AAA-ATPase family (180). For a 

functional degradation, FAT10 must also interact with the proteasome (Figure 7). On the one 

hand, FAT10 directly interacts via its C-terminal UBL domain with the van Willebrand A (VWA) 

domain of the Rpn10 subunit within the 19S regulatory particle (RP) of the 26S proteasome 

(204). On the other hand, the interaction and degradation can be supported by the Nedd8 

ultimate buster 1-long (Nub1L), serving as a soluble adaptor protein. Nub1L was found to 

interact with FAT10 in a non-covalent manner resulting in an accelerated FAT10 degradation 

by the proteasome by approximately eightfold (205). In more detail, the three C-terminal 

ubiquitin-associated (UBA) domains of Nub1L bind to the N-terminal UBL domain of FAT10 

(206). Moreover, Nub1L is able to bind to the Rpn1 and Rpn10 subunits of the 19S RP of the 

26S proteasome (204). Interestingly, within the Rpn10 subunit, the VWA domain serves as 

binding site for the N-terminal UBL domain of Nub1L as well (204). Unexpectedly, neither 

Nub1L nor FAT10 bind to the C-terminal ubiquitin-interacting motifs (UIM) of Rpn10, where 

polyubiquitin chains do (190). Overall, a trimeric complex consisting of FAT10, Nub1L and 

Rpn10 can be formed (Figure 7 and (204)). Interestingly, also a Nub1L variant lacking the UBA 
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domains (Nub1LΔ3xUBA), and therefore the FAT10 binding site, can accelerate the FAT10-

mediated proteasomal degradation while the acceleration is abolished with a Nub1LΔUBL 

variant (206). This led to the hypothesis that the docking of Nub1L to the Rpn10 subunits 

facilitates the FAT10 degradation (190) since similar functions have been postulated for other 

UBL–UBA domain containing proteins in relation to the Rpn10 subunit (207). Finally, the 

constitutive proteasome and the immunoproteasome show a similar FAT10 degradation rate 

(208), as it was also seen for the degradation of ubiquitinated proteins (209). 

 

Figure 7: Interaction of FAT10 and Nub1L with the proteasomal subunit Rpn10.  The ULM FTA10 targets its 

substrate for proteasomal degradation by the 26S proteasome. To fulfill this function, FAT10 can directly bind with 

its C-terminal ubiquitin-like (UBL) domain to the van Willebrand A (VWA) domain of the Rpn10 subunit within the 

19S regulatory particle. With its N-terminal domain, FAT10 interacts non-covalently with the three ubiquitin-

associated (UBA) domains of Nub1L. Nub1L itself can associate via its ubiquitin-like domain to the VWA domain of 

Rpn10. In contrast, polyubiquitinated substrates bind via the ubiquitin-interacting motifs (UIM) of the Rpn10 subunit 

to the proteasome.  

To identify proteins that become FAT10ylated and thus covalently modified with FAT10 and 

potentially degraded, a mass spectrometry analysis of endogenous FAT10 substrates and 

interaction partners from HEK293 cells stimulated with the pro-inflammatory cytokines TNFα 

and IFNγ was performed. Overall, Aichem et al. identified 571 putative FAT10 substrates and 

interaction partners from which 31% (176 proteins) were ranged as possible covalently linked 

substrate proteins (185). However, only a few substrates have been investigated and 

described in detail so far and a selection is presented in the following section.  

As already described, the bispecific E2 conjugating enzyme USE1 was found to be modified 

with FAT10 and FAT10ylation targets USE1 for proteasomal degradation providing a possible 

negative feedback loop for FAT10 or a regulatory mechanism for ubiquitin (141,201). Despite 

USE1, another member of the ubiquitin conjugating machinery can serve as FAT10 substrate, 

namely the E1 activating enzyme UBE1 (202). FAT10ylation of UBE1 is dependent on UBA6 
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and USE1 and the UBE1-FAT10 conjugate is targeted for proteasomal degradation. Although 

UBE1 is an E1 enzyme for ubiquitin, the formation of bulk ubiquitin conjugates was not 

influenced by FAT10 (202). Nonetheless a putative regulatory role of FAT10 in the ubiquitin 

conjugation pathway cannot be excluded as it is unknown whether FAT10 may influence e.g. 

the UBE1 localization or conformation. In addition, FAT10ylation of the ubiquitin deconjugating 

enzyme Otubain 1 (OTUB1) targets it for proteasomal degradation (194), while the additional 

non-covalent interaction of FAT10 with OTUB1 influences the OTUB1 catalytic activity (194) 

(further described in 1.2.3), leading to another level of regulation of the ubiquitination 

machinery by FAT10.  

The modification of the autophagy receptor p62/SQSRM1 links FAT10 to the cellular process 

of autophagy (185). FAT10 interact with p62 in a non-covalent and covalent manner and the 

interaction is independent of the p62 UBA domain (185) which is described to be essential for 

the binding of polyubiquitinated proteins (210,211). Notably, p62 gets oligo mono-FAT10ylated 

at three to four lysine residues and this modification targets it for proteasomal degradation 

(185). Although FAT10 and p62 co-localize in p62 bodies, there is still no evidence that FAT10 

serves as a signal for autophagosomal degradation (185). However, next to the upregulation 

of FAT10 in response to TNFα and IFNγ also p62 is upregulated by TNFα (185,212,213), 

indicating that p62 is upregulated in early innate immune response to remove pathogens while 

upregulation of FAT10 could serve as a negative feedback loop by targeting p62 to 

proteasomal degradation.   

Another substrate that becomes oligo mono-FAT10ylated is the inflammatory mediator 

Leucine-rich Repeat Fli-interacting Protein 2 (LRRFIP2) (203). LRRFIP2 is a positive regulator 

of NF-κB activity as it is recruited to the membrane-bound toll like receptor 4 (TLR4) after 

stimulating the receptor with LPS. Thereby LRRFIP2 is involved in the mediation of an 

inflammatory response via NF-κB activation (214,215). LRRFIP2 is covalently modified with 

two single FAT10 moieties (203). Although it was not investigated whether the FAT10ylation 

of LRRFIP2 targets it for proteasomal degradation, its cellular localization is changed by driving 

it into cytosolic aggregates. The authors claim that this blocks the recruitment of LRRFIP2 to 

the TLR4 after LPS stimulation resulting in a decreased NF-κB activation (203). These findings 

may give a hint why FAT10 knockout mice are hypersensitive to LPS treatment (181,190,196). 

Recently, the transcription factor JunB was identified as a FAT10 substrate (193). To regulate 

the transcriptional activity of JunB, it is highly post-translational modified e.g. by K48-linked 

ubiquitin chains targeting it for proteasomal degradation or with SUMO-1 and SUMO-2/3 

modification stimulating its activity (216,217). Strikingly, FAT10 is covalently conjugated to a 

SUMOylation consensus site within JunB resulting in the degradation of the conjugate (193). 

Overall, it becomes obvious that covalent modification of target proteins with FAT10 resulted 

most commonly in their proteasomal degradation.  
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1.2.3. Non-covalent FAT10 interaction partners and functional consequences 

Besides being covalently bound to proteins via an isopeptide linkage, FAT10 can also interact 

with other proteins in a non-covalent manner. Within a mass spectrometry analysis, 395 

proteins were found as putative non-covalent interaction partners (185). Furthermore, many 

covalent conjugation partners also interact with FAT10 in a non-covalent manner. Remarkably, 

covalent modification targets the substrate for proteasomal degradation while non-covalent 

interaction often influences the stability or activity of the target protein making these 

interactions very influential and attractive.   

Already several years ago, the histone deacetylase 6 (HDAC6) was described to non-

covalently interact with FAT10 via its C-terminal ubiquitin-binding zinc-finger (BUZ domain) 

and its first catalytic domain (192). Under misfolded-stress conditions, HDAC6 mediates the 

transport of poyubiquitinated proteins to aggresomes by linking the dynein motor complex and 

polyubiquitinated cargo (218). As FAT10 and FAT10ylated proteins, also ubiquitinated proteins 

bind to the BUZ domain of HDAC6 (218,219). Strikingly, the interaction with FAT10 is only 

detectable after proteasomal inhibition whereas the catalytic activity of HDAC6 is not required 

(192). Moreover, the finding of FAT10-containing aggresomes after proteasome inhibition 

(192) point to an alternative route for FAT10 to sequester its substrates and feed them into the 

lysosomal pathway via autophagy.   

Another interesting non-covalent interaction partner is the retinal chaperone aryl hydrocarbon 

receptor interacting protein 1 (AIPL1). AIPL1 can interact with FAT10 in a non-covalent manner 

and influences the FAT10-mediated degradation pathway (220). Furthermore, minor amounts 

of AIPL1 are also covalently modified ((220) and A. Boehm, personal observation), however 

the outcome of AIPL1 FAT10ylation remains unclear. As AIPL1 is very important for the here 

investigated and presented main project, it will be described more detailed below (see 1.4.2). 

The best studied examples of the impact of non-covalently interacting FAT10 onto its 

interaction partner are the deubiquitinating enzyme otubain 1 (OTUB1) (194) as well as the 

SUMO E1 activating enzyme AOS1/UBA2 (193). OTUB1 belongs to the ovarian tumor family 

(OTU) of cysteine proteases and can act in a catalytic and non-catalytic way (71). On the one 

hand, OTUB1 specifically cleaves K48-linked polyubiquitin chains from substrate proteins and 

on the other hand it can non-catalytically interact with its cognate E2 conjugating enzymes 

UbcH5b or Ubc13 resulting in a reduced transfer of ubiquitin onto E3 ligases or substrates 

(221-223). Bialas et al. could not only show that the FAT10 E2 enzyme USE1 is an interaction 

partner of OTUB1 but also described OTUB1 as a new covalent and non-covalent substrate 

for FAT10 (194). Thereby FAT10 regulates OTUB1 in two different ways. While minor 

FAT10ylation of the DUB targets it for proteasomal degradation, the non-covalent interaction 

between the two proteins stabilizes OTUB1 and modifies its activity (194). FAT10 is not only 
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able to strengthen the catalytic activity of OTUB1 towards specific substrates or overall 

ubiquitin conjugates but also enhances the non-catalytic function with regard to TRAF3 (194). 

Next to the possible regulation of ubiquitin (194,202), FAT10 is also able to interfere with other 

ULM pathways as it was recently shown for SUMO (193). Via interaction with the SUMO E1 

heterodimeric activating enzyme AOS1/UBA2, FAT10 inhibits SUMO conjugation to specific 

substrates such as JunB, RanGAP or PML but diminishes bulk SUMO conjugates as well 

(193). Interaction studies revealed that FAT10 binds to the adenylation domain within the E1 

enzyme. Further, FAT10 can be transferred onto the active site cysteine of AOS1/UBA2 but 

not onto substrate proteins (193). Therefore, it is proposed that AOS1/UBA2 is blocked via the 

unproductive activation and the absent transfer of FAT10, resulting in a hindrance of SUMO to 

access its cognate E1 (193).  

1.2.4. FAT10 in cancer 

Studies on the expression of FAT10 as well as on several covalent conjugation and non-

covalent interaction partners of FAT10 imply a role in cancer development (146). FAT10 

expression levels are highly upregulated in many different cancer cell types such as colon 

cancer, glioma, osteosarcoma, hepatocellular carcinoma (HCC), non-small-cell lung cancer, 

and bladder cancer (146,182,224-228). Often, high FAT10 expression levels significantly 

correlate with severity of the disease and poor prognosis for the patient (229-233). Different 

single nucleotide polymorphisms (SNP) were found within the fat10 gene consistent with a 

different methylation status of the promoter region and thus FAT10 expression. This may 

influence the susceptibility to and pathological development of HCC (234,235). In general, it is 

assumed that FAT10 supports the proliferation, migration and invasion of cancer cells. In some 

cases, it is also reported that FAT10 expression promotes resistance to drugs like cisplatin 

which is again in line with poor prognosis and poor survival (225,227).  

Moreover, different interaction partners link FAT10 to cancer development. First, FAT10 is 

attributed to a role in chromosomal instability and mitotic regulation (236). This is supported by 

the non-covalent interaction of FAT10 with free mitotic arrest deficient 2 protein (MAD2) 

(186,237) which leads to incorrect recruitment and localization of MAD2 to the kinetochores 

resulting in multinucleated cells with abnormal morphology (238,239). Second, FAT10 is 

described to interact with the transcription factor and tumor suppressor p53 (185,240) that 

plays an important role in cell cycle control. p53 becomes covalently modified with FAT10 (240) 

leading to changes in the activity of the transcription factor. While overexpression of FAT10 

was shown to either increase or decrease the transcriptional activity of p53 (187,240), the 

transcriptional activity was decreased under inflammatory conditions and upon endogenous 

FAT10 expression (187). As FAT10 possesses a recognition site for p53 in its promoter region 
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(241), both proteins are suggested to regulate each other in a negative feedback loop: FAT10 

modifies p53 and its activity at protein level, p53 diminishes fat10 gene expression (146,241). 

Next, the transcription factor β-catenin, which is involved in the regulation of the important wnt 

signaling pathway, was shown to most probably bind non-covalently to FAT10. This interaction 

prevents the ubiquitination and subsequent degradation of β-catenin and thus leads to a 

stabilization of β-catenin (242). FAT10 was also shown to stabilize the serine/threonine kinase 

Akt in its active form. Subsequently, GSK3β is strongly phosphorylated by active Akt 

transforming it into its inactive state (230). In turn, β-catenin is stabilized due to its prevented 

phosphorylation. In both cases, elevated levels of β-catenin in HCC cells lead to increased 

expression of downstream targets and to cell migration, invasion and metastasis by 

contributing to the epithelial-mesenchymal transition (EMT) of HCC cells (230,242). Similar 

observations were made in breast cancer cell lines. Here, the interaction with FAT10 enhanced 

ZEB2 protein stability by decreasing its ubiquitin-dependent degradation (243). Thereby 

FAT10 contributes to migration, invasion and EMT activation in breast cancer cells (243). 

Likewise, FAT10 overexpression stabilizes the elongation factor 1 alpha-1 (eEF1A-1) in 

different cancer cell lines resulting in changes in cell proliferation (244). Moreover, FAT10 is 

suggested to be involved in DNA damage response (DDR) and consequently in the 

progression of tumorigenesis. Upon DNA damage, FAT10 seems to be upregulated resulting 

in the modification and subsequent proteasomal degradation of the proliferating cell nuclear 

antigen (PCNA), a very important scaffold protein of the DDR (245).  

In summary, the expression profiles as well as the cancer-related interaction partners and 

substrates suggest that FAT10 promotes tumor formation, metastasis and tumor progression. 

However, further research will be necessary to understand the exact role of FAT10 in cancer 

development and progression. 

1.3. Vision, eye and retina structure 

For humans, light is a central driver of daily functions and behavior. Therefore, loss of vision 

represents a highly handicapped and impaired condition for the affected people illustrating the 

importance of this sense. Vision is made possible by the visual system consisting of the eyes, 

the optic tracts as well as the visual cortex. Each component is critical to guarantee the 

collection, transmission and interpretation of visual information (246). After a light signal has 

been captured and processed in the eye, an electronic signal is sent via the optic nerves to the 

optical cortex for further processing. Therefore, the eye fulfils an important and complex role. 

Anatomically, the adult eyeball with a diameter of 2.5 cm can be divided into three layers; the 

fibrous tunic, the vascular tunic, and the retina (247) (Figure 8A). The fibrous tunic is the 

outermost and protective layer. It is divided in the sclera and the cornea covering the posterior 
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and anterior part of the eye, respectively. While the rigid sclera protects and shapes the inner 

eye compartments, the cornea is exposed to the outside and focuses light rays on the retina 

next to possessing refractive power and protective functions (246-248). Right behind the 

cornea lies the aqueous humor, which supplies the cornea with nutrients (248). Afterwards, 

the middle vascular tunic is composed of the choroid, the iris and the ciliary body (Figure 8A). 

The posterior choroid is a vascular layer with connective tissue and supplies oxygen and 

nutrients to the outer layer of the retina (249,250). Furthermore, changes in the choroid 

thickness can move the retina forth and back which in turn helps to place the photoreceptors 

into the right focus (249). The ciliary muscles determine the accommodation as they are 

connected with the lens and alter their shape upon contraction (251,252). Additionally, the iris 

regulates the amount of light passing through the pupil, the opening in the middle of the iris 

(247,253). Finally, the lens, which has a great refraction index, turns the image left to right and 

bottom to top and projects it onto the retina (254).  

The centerpiece of the eye is the retina with its associated retinal pigment epithelium (RPE) 

(Figure 8B). The retina covers the posterior inner surface of the eyeball and translates the light 

into nerve signals. It is a multi-layer structure consisting of six major types of neuronal cells; 

rod and cone photoreceptors, amacrine, bipolar and horizontal and ganglion cells, and the 

single glial Muller cells (Figure 8B). They all arise from multipotent retinal progenitor cells 

(RPC) in a specific and characteristic order (257). Upon light induction, photoreceptor cells 

convert a light signal into an electrical impulse via the so-called phototransduction (see 1.4). 

Subsequently, the downstream neuronal cells further process the electrical impulse into action 

potentials that are finally transmitted through the optic nerve to the optical cortex 

(246,254,258). The monolayer of polarized retinal pigment epithelial (RPE) cells lies in 

between the retina and the choroid. These cells fulfill several functions in retinal homeostasis 

and are important to maintain the retinal functions as flawed RPE cells can result in visual 

impairment (259-261). Firstly, RPE cells contain melanin granules that scavenge reactive 

radical species, harbor metal ions such as iron, and quenche light that passed through the 

photoreceptor layer. Thereby, they prevent light reflection by the sclera and therefore a 

reduced image quality (246,261,262). Secondly, RPE cells recycle visual pigments and 

phagocyte photoreceptor outer segments (246,262). Lastly, they provide a source of different 

growth factors and maintain the trans-epithelial transport by delivering blood-derived nutrients 

to the retina and removing electrolytes and water from the subretinal space to the choroid (261-

263).  
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Figure 8: Structure of the human eye and retina.  (A) Schematic cross-section of the human eye. The cornea 

and sclera cover the eyeball followed by the choroid, iris, and ciliary muscles. The innermost layer is the retinal 

pigment epithelium (RPE) together with the retina, which cells finally form the optic nerve. Within the retina, the 

fovea depicts a central cone-only region surrounded by the macula region that contains a higher density of cones 

compared to the peripheral retina. Figure was reprinted from Veleri et al. (255) under a CC BY 4.0 license. (B) 

Schematic illustration of retinal cell layers. The retinal pigment epithelium (brown) is in front of the choroid and 

maintains close contact to the rod (purple) and cone (blue) photoreceptor cells to phagocyte photoreceptor outer 

segments and fulfill many other functions. Bipolar cells (yellow) transfer information between photoreceptors and 

ganglion cells (green), which axons built the optic nerve. Horizontal (red) and amacrine (dark blue) cells integrate 

and regulate signal transduction throughout the retina. Each part of the different cell can be assigned to a specific 

layer. Figure was reused (and slightly modified) from Sengillo et al. (256) with permission from John Wiley and Sons 

(License Number: 4818660487587).  

1.4. Photoreceptors and phototransduction 

Photoreceptors are highly specialized cells that enable vision by converting a light signal into 

an electric impulse via phototransduction. There exist two types of human photoreceptors, rods 

and cones (Figure 9). Amazingly, the ratio of human rod versus cone photoreceptors is 95:5 

percent (around 92-105 million rods versus 4.6-6 million cones) (255,264). Amongst them, a 

high number of cones (~ 100.000 cells) is packed and crowded in the rod-free fovea allowing 

a high resolution (264). The macula is the region surrounding the fovea and still contains a 

higher density of cones compared to the peripheral retina (255) (Figure 8A).   

Basically, both photoreceptor types consist of the outer and inner segment (IS and OS) (Figure 

9). The segments are linked by a connecting cilium and the inner segment finals in a synaptic 

region signaling to bipolar and horizontal cells (265-267). The inner segment harbors the cell 

nucleus and other cellular organelles that are necessary for metabolism, such as mitochondria 

and the endoplasmic reticulum (265). The outer segment is the specialized site to capture and 
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detect photon signals. Importantly, these outer segments contain many stacked membrane 

discs carrying proteins that are necessary for the phototransduction as e.g. the visual pigment 

or the cGMP phosphodiesterase 6 (PDE6). This enlargement of the area also increases the 

signal capacity (265). While the membrane discs in rods are separated from the plasma 

membrane, stacked invaginations of the plasma membrane form the discs of cones (268).  

 

Figure 9: Rod and cone photoreceptors.  Schematic 

representation of the two photoreceptor types. Both, 

rods and cones, have a distinct compartmentalized 

morphology. The outer segment with hundreds of 

membrane discs contains the visual pigment and other 

phototransduction components. The inner segment 

includes the metabolic machinery such as 

mitochondria and the endoplasmic reticulum. Proteins 

are transported to the outer segment via a connecting 

cilium. The presynaptic region has one or more ribbon-

like structure for docking of synaptic vesicles and 

connecting the photoreceptor to further retinal cells, like 

bipolar cells. Figure was reprinted from Veleri et al. 

(255) under a CC BY 4.0 license. 

Moreover, rods and cones differ in their ability of light absorption, which is characterized and 

dependent on the type of visual pigment. Rod photoreceptors possess rhodopsin as visual 

pigment (269). Generally, rods are very sensitive as they can detect single photons enabling 

dim light vision (270). Compared to cones, rods can be saturated and respond and recover 

slower (264). In contrast, there exist three types of cones in human. Each owns a distinct visual 

pigment (opsin) which allows a specific detection of different visible wavelengths of light. So-

called L-cones correspond to longer (λmax~555-565 nm), M-cones to middle (λmax~530-537 nm) 

and S-cones to short (λmax~415-430 nm) wavelengths of light (268). Cones respond rapidly to 

altered illumination and are used for daylight and color vision (264). As accumulation of photo-

oxidative products would be toxic for photoreceptors, they undergo a constant renewal by 

generating new outer segments from their base while releasing mature shed discs to 

phagocytosis by the RPE cells (271). It is estimated that approximately 10 % of the 

photoreceptor volume is replaced per day and regeneration of the complete outer segments is 

fulfilled within 9-14 days (261,271,272). 
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The G-protein dependent phototransduction signaling cascade of the rod photoreceptors is 

briefly explained below (Figure 10). Without any light stimulus, the photoreceptor membrane 

potential is constantly hold at around - 40 mV, called dark current. The high intracellular level 

of cGMP allows to the opening of cyclic nucleotide-gated channels in the outer segment (OS) 

and a constant influx of sodium and calcium from the interstitial fluid into the OS of 

photoreceptors. This is counterbalanced in the inner segment by sodium/potassium ATPases, 

which transport sodium out and potassium into the cell. Additional potassium channels enable 

the reverse potassium outward flux. At this state, the photoreceptor is depolarized and the 

influx of calcium through voltage-gated calcium channels in the synapse trigger the release of 

glutamate as neurotransmitter (265,273). Recognition of a light signal is mediated by the rod 

visual pigment, rhodopsin, which is composed of the 11-cis retinal chromophore covalently 

bound to an opsin protein (274). Upon absorption of a photon, 11-cis retinal is isomerized to 

all-trans retinal inducing a conformational change (273,275). Subsequently, light-activated 

rhodopsin (R*) catalyzes the nucleotide exchange of GDP by cytosolic GTP in the α-subunit of 

the G-protein transducin (276,277). In turn, the GTP bound transducin α-subunit (Gαt-GTP) 

interacts with the inhibitory γ-subunits of the phosphodiesterase 6 (PDE6) uncovering the 

catalytic α and β subunits of PDE6. Finally, PDE6 hydrolyzes cGMP to 5`-GMP leading to a 

dramatic drop of intracellular cGMP levels and consequently to the closure of cGMP-gated 

cation channels in the OS (273,275). As result, the photoreceptor hyperpolarizes and voltage-

gated calcium channels in the synapse close whereby neurotransmitter release is decreased 

(265,275). One hallmark is the amplification of the signal during phototransduction. Many 

transducin G-proteins are activated by one single R* and can in turn activate many PDE6 

enzymes (278,279). Active PDE6 possesses a very high catalytic activity hydrolyzing a large 

number of cGMP molecules (275,280).   

For further functionality, it is essential to terminate each amplification step of the 

phototransduction and return to the dark level. First, rhodopsin gets phosphorylated by 

rhodopsin kinase followed by arrestin binding resulting in the blockage of subsequent 

transducin activation (273,281,282). Second, GTP bound to the transducin α-subunit (Gαt) has 

to be hydrolyzed to terminate the PDE6 activation. This is achieved by the intrinsic GTPase 

activity of Gαt and accelerated by a so-called GAP complex consisting of the RGS9 protein 

(283), which is a member of the regulators of G protein signaling protein family, together with 

its obligatory Gβ5 subunit (284) and the membrane anchor R9AP (276,280,285). Finally, the 

cGMP level is restored through retinal membrane guanylyl cyclases (RetGC) which are 

regulated by Ca2+-binding proteins called guanylyl cyclase activating proteins 1 and 2 

(GCAP1/2) sensing the intracellular calcium levels during phototransduction (286,287). When 

intracellular calcium levels are high in the dark, GCAPs are bound to calcium and unable to 
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activate RetGC. However, when the calcium level drops as result of a light response, calcium 

is released from GCAPs and replaced by Mg2+ allowing an activation of RetGC (287). 

 

Figure 10: The rod phototransduction cascade.  Simplified representation of the rod phototransduction in the 

outer segment. Without a light stimulus, high intracellular cGMP levels allow the opening of cGMP-gated channels 

resulting in an influx of sodium and calcium and the photoreceptor is constantly depolarized (1). Upon sensing light 

signal, the visual pigment rhodopsin (purple) isomerizes allowing the active rhodopsin (R*) to catalyse the nucleotide 

exchange of GDP by cytosolic GTP in the α-subunit of the G-protein transducin (brown) (2). Subsequently, GTP-

bound transducin α-subunit (Gαt-GTP) interacts with the inhibitory γ-subunits (black) of the phosphodiesterase 6 

(PDE6) leading to the displacement of PDE6γ from the PDE6 active site (PDE6αβ, green) (3). Active PDE6 

hydrolyses cGMP to 5`-GMP resulting in a massive drop of intracellular cGMP level. This leads to the closure of 

cGMP-gated ion channels and consequently to the hyperpolarization of the photoreceptor (4). The decrease of 

calcium is sensed by the guanylyl cyclase activating proteins (GCAP) and the replacement of calcium by 

magnesium enables GCAP to activate the retinal guanylyl cyclase (RetGC, orange) for accelerated cGMP synthesis 

and restoration of cGMP levels (5). For deactivation of the phototransduction, rhodopsin kinase (RK)-mediated 

phosphorylation of rhodopsin followed by arrestin binding blocks further transducin activation (6). Interaction of αt-

GTP with the GAP complex (dark grey) accelerates the exchange of GTP with GDP and subsequent dissociation 

of Gαt from PDE6 (7).  

1.4.1. The phosphodiesterase 6  

The phosphodiesterase 6 (PDE6) is one of the key enzymes in phototransduction and belongs 

to the superfamily of cyclic nucleotide phosphodiesterases. Overall, over 50 different PDE 

enzymes are subdivided into eleven families in human, each possessing its own tissue 

distribution, substrate specificity (cGMP, cAMP, or both) and function (288).  

The family of phosphodiesterase 6 (PDE6) is almost exclusively expressed in photoreceptor 

cells of the retina where it is highly abundant in the internal membrane discs of the outer 
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segment (289). Depending on the photoreceptor type, the tetrameric PDE6 enzymes with a 

total molecular mass of around 220 kDa differ in their composition. While rod PDE6 consists 

of a heterodimeric catalytic core of one α- and one β-subunit (PDE6α and PDE6β) (290) (Figure 

11), cone PDE6 possesses a homodimeric catalytic site of two identical α`-subunits (also 

named PDE6C) (291). Both PDE6 isozymes contain two inhibitory γ-subunits which is unique 

compared to other PDE families. Also here, rod PDE6γ and cone PDE6γ`, encoded by the 

PDE6G and PDE6H gene, slightly differ in their size (9.4 versus 9.7 kDa) and amino-acid 

composition (289,291,292). Concerning their catalytic properties and interaction with the 

respective PDE6γ subunit, the catalytic PDE6α, PDE6β and PDE6C subunits seem to be 

similar (293). Moreover, all PDE6 catalytic subunits are identical in containing two regulatory 

N-terminal GAF domains (GAFa and GAFb) and a C-terminal catalytic domain (PDEase) (294). 

These three domains are linearly organized and connected by long α-helices (295) (Figure 11). 

Based on different studies, two regions within the rod PDE6γ subunit are required and involved 

in the interaction with PDE6αβ (296) (Figure 11). A polycationic region (residues 24-45) binds 

close to the cGMP binding site within the GAFa domain enabling an allosteric regulation 

(295,297-299). The same PDE6γ moiety spans the catalytic subunits and binds additionally to 

the catalytic domain within the same subunit (295). Hereby, the C-terminal part of rod PDE6γ 

displays the main interaction site resulting in the masking of the PDEase domain 

(297,298,300,301).  

 

 

Figure 11: The structure of PDE6.  Cryo-EM 

solved structure of bovine rod PDE6. Within the 

PDE6α (orange/yellow) and PDE6β 

(green/blue) heterodimer the domain distribution 

including the catalytic core and the regulatory 

GAF domains (GAFa and GAFb) is shown in a 

trilobed organization. One PDE6γ (red) subunit 

wraps around each catalytic subunit and one 

molecule of cGMP is bound to each of the GAFa 

domains in the PDE6αβ heterodimer. (PDB ID: 

6MZB) 
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Activation of PDE6 is dependent on the interaction between PDE6γ and Gαt-GTP. Upon 

exchange of GDP by GTP, the α-subunit of transducin G protein dissociates from the 

transducin βγ heterodimer and is able to interact with multiple sites within the rod PDE6γ 

subunit including its C-terminus (296,302-304). In the end, PDE6γ is displayed from the 

catalytic domain enabling cGMP to diffuse into the active site and to become hydrolyzed 

(305,306). Nonetheless, the activation of rod and cone PDE6 slightly differs which might 

explain some physiological differences in the specific photoreceptor light responsiveness. 

Recently, it has been described that the binding of two activated transducin G proteins is 

required for full hydrolytic rod PDE6 activity (307). This can explain the low dark noise and low 

spontaneous rod PDE6 activation as well as the delay in the rising phase compared to cone 

PDE6 as analysed by computer simulations (308). Moreover, cone PDE6 was found to become 

more easily activated by transducin which is most likely dependent on divergences in the N-

terminal region of PDE6γ and PDE6γ` (309). This further supports the idea that the cone 

catalytic homodimer is activated by transducin binding in an independent, non-cooperative 

manner (308). In addition, two distinct interaction sites for Gαt-GTP within the GAFb and the 

catalytic domain within rod PDE6αβ subunits were identified by cross-linking experiments 

(310). This is in line with the hypothesis that the binding of the first Gαt-GTP induces a 

conformational change in PDE6αβ altering the ability of the second Gαt-GTP to bind and trigger 

full enzyme activation (307). When fully activated, PDE6 exerts a high catalytic activity 

(279,280). Inactivation of PDE6 is dependent on the nucleotide hydrolysis in the transducin α-

subunit. As mentioned, transducin possesses an intrinsic GTPase activity which is accelerated 

by the GAP complex (280,283-285). Additionally, PDE6γ is able to potentiate the GAP activity 

(306,311). Upon nucleotide hydrolysis, a switch in Gαt conformation abrogates the interaction 

sites used for PDE6γ (306). Moreover, Cdk5-dependent phosphorylation of either T22 or T35 

in PDE6γ greatly diminishes its ability to bind activated transducin (312,313).   

As the photoreceptor outer segments and thereby its membrane discs together with proteins 

of the phototransduction have to be constantly shed, phagocytosed by RPE cells and renewed 

to avoid toxic stress caused by photo-oxidative products (271), there is a high demand to 

replenish PDE6. This includes the synthesis and in this respect also the correct assembly of 

PDE6 subunits within the inner segment. For this process, PDE6 is dependent on a specialized 

retina-specific chaperone called aryl hydrocarbon receptor-interacting protein-like 1 (AIPL1) 

(314), as AIPL1 is essential for the proper assembly of the PDE6 holoenzyme (315). The AIPL1 

protein will be discussed in more detail below (see 1.4.2). Moreover, post-translational 

modification of the catalytic PDE6 subunits, namely prenylation, is important for the 

maintenance of retinal cytoarchitecture and photoreceptor structure as inhibition of protein 

prenylation leads to retina degeneration in rats (316). Prenylation of PDE6 is required for its 

anchoring to outer segment membrane discs as well as for its interaction with the AIPL1 
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chaperone (317). In more detail, the rod PDE6α becomes farnesylated at its C-terminal CAAX 

box motif (C=cysteine, A=aliphatic amino acid residue and X= any amino acid residue, here 

glutamine). Rod PDE6β, containing a leucine residue within its CAAX box, is 

geranylgeranylated (318,319). Next to AIPL1, the prenyl binding protein δ (PrBP/δ), encoded 

by the PDE6D gene, can bind to the prenylated C-terminus of PDE6 and functions as 

solubilization factor (320-322). Importantly PrBP/δ operates in the trafficking of PDE6 from the 

inner to the outer segments (323-325).   

By taking up this important role of PDE6 during phototransduction, it becomes clear that a 

defective function, for example through prenylation defects or mutations, has severe effects 

on vision leading to certain diseases (326-330).  

1.4.2. The retinal chaperone AIPL1 

The aipl1 gene encodes for the aryl hydrocarbon receptor-interacting protein-like 1 (AIPL1), a 

384 amino acid protein which was named after its sequence homology (49% identity, 69% 

similarity) to the aryl hydrocarbon receptor-interacting protein (AIP) (331). In contrast to the 

ubiquitously expressed AIP, the AIPL1 protein is exclusively expressed in the pineal gland and 

in photoreceptors (331-333). Interestingly, AIPL1 expression was only found in mature rods 

but not in mature cones (332). However, spatiotemporal examination during the development 

demonstrates that AIPL1 is expressed in both developing rods and cones, suggesting that 

AIPL1 is essential for normal development of both photoreceptor types in humans (333). More 

detailed, AIPL1 is localized in the inner segment and is enriched close to the connecting cilia 

but it is absent from outer segments (332,334).   

When comparing the AIP and AIPL1 proteins, it becomes apparent that they show a similar 

protein stability (335) and the same protein domains. Both proteins have an N-terminal FK506-

binding protein (FKBP)-like domain which is followed by a tetratricopeptide repeat (TPR) 

domain (Figure 12B). Unique is the AIPL1 primate-specific C-terminal proline-rich domain 

(PRD) of 56 amino acids with an unordered confirmation (336,337), however, its role is still 

unclear (Figure 12A). Given this structure, AIP and AIPL1 belong to the families of 

immunophilins and TPR-containing proteins. Immunophilins include chaperones with 

important roles as regulators of protein kinase function or protein folding while TPR-containing 

proteins often have scaffolding functions (339,340). Indeed AIP was found to act as a co-

chaperone by binding via its TPR motif to the MEEVD motif of the heat shock protein 90 

(Hsp90) (341). Thereby AIP favors the ligand binding and nuclear translocation of the 

transcription factor aryl hydrocarbon receptor (AhR) as well as its protection from ubiquitination 

with subsequent proteasomal degradation (342). This makes it plausible that AIPL1 functions 

in a similar way.  
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Figure 12: AIPL1 and AIPL1-PDE6 complex structure models.  (A) Schematic illustration of human AIPL1 with 

its N-terminal FK506-binding protein (FKBP)-like domain, the tetratricopeptide repeat (TRP) domain and the C-

terminal proline-rich domain (PRD). Identified interaction partners of the respective domain are depicted. (B) 

Starting model of AIPL1 (amino acids 1-316) generated from the structures of AIPL1-FKBP and AIPL1-TPR. The 

FKBP domain is coloured in green and blue, the TPR domain is shown in orange. (C) Model of the AIPL1-PDE6 

complex. PDE6α (PDE6A) and PDE6β (PDE6B) subunits are shown in green and blue, respectively, and the PDE6γ 

(Pγ) subunits are shown in magenta and grey. AIPL1 contains the FKBP (brown) and TPR (orange) domains. The 

farnesyl moiety is shown as yellow the C-terminal residue in PDE6 structure as red sphere, respectively. The 

complex is shown only for the PDE6α subunit and represents only a simulation. Panels shown in (B) and (C) are 

reprinted from Yadav et al. originally published in the Journal of Biological Chemistry (338) with copyright © by the 

American Society for Biochemistry and Molecular Biology.  

Actually, AIPL1 was also found to interact with Hsp90 as well as with Hsp70 in a yeast two-

hybrid screening and in vitro binding assays (335,343). Since the posttranscriptional levels of 

the phototransduction effector PDE6 are significantly reduced upon prolonged inhibition of 

Hsp90 in vivo (344), it was suggested that PDE6 is a Hsp90-specific substrate and that AIPL1 

can act as a photoreceptor-specific co-chaperone for the regulation of this cognate client. 

Interestingly, aipl1-deficient mice do not show an electroretinogram (ERG) response to light 

stimuli (345), although all three rod PDE6 subunits were normally expressed at the mRNA 

level. However, rod PDE6 holoenzymes are downregulated at protein level in aipl1 knockout 

and hypomorphic mice (345,346), supporting the finding that AIPL1 functions as a specific co-

chaperone for PDE6. Further biochemical studies showed that the rod PDE6 subunits are 

normally synthesized in absence of AIPL1, but PDE6 holoenzyme is misassembled and rapidly 

degraded by the proteasome (315). Overall, these findings illustrate that AIPL1 is important for 

rod PDE6 functionality. However, a similar role for AIPL1 was found in cone photoreceptors 

using mouse models with selective ablation of AIPL1 in cones (347). In this case, cone PDE6 
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levels are also drastically reduced and cone photoreceptors degenerate (348,349). Additionally 

to cone PDE6, the amount of retinal guanylate cyclase-1 (RetGC1), which mediates cGMP 

synthesis in response to changes in calcium, is reduced in a cone-only mouse model lacking 

AIPL1 (Nrl-/- aipl1-/-) (349). Although this results in reduced cGMP levels within the 

photoreceptors (349), a hint for a direct effect of AIPL1 on the stability or trafficking of RetGC1 

in cones is still missing. The final proof of AIPL1 being a co-chaperone for PDE6 resulted from 

the successful AIPL1-dependent heterologous overexpression of a catalytically active cone 

PDE6 holoenzyme in HEK293T cells (350). Similarly, AIPL1 significantly modulated the 

catalytic activity of heterologously expressed rod PDE6 resulting in changes of the intracellular 

cGMP level in transfected HEK293T cells (351).   

To fulfill its chaperone function, AIPL1 needs to interact with PDE6 (Figure 12C). A yeast two-

hybrid screen revealed that AIPL1 interacts specifically with farnesylated proteins (352) 

indicating that the farnesylation of PDE6 might be essential for the interaction with AIPL1. 

Indeed, direct association of AIPL1 with the farnesylated PDE6α subunit was uncovered by 

immunoprecipitation using AIPL1-specific antibodies in mouse retina extract (315). Later, the 

AIPL1 FKBP-domain was found to bind to the farnesyl moiety as shown by a FRET assay 

using truncated AIPL1 variants together with a farnesylated Cys-probe (317). Whether AIPL1 

is able to bind to geranylgeranyl groups as well remains unclear. But it can be suggested that 

AIPL1 is able to do so as a geranylgeranyl moiety could partially compete away the binding of 

AIPL1 to a farnesylated PDE6α mimetic in fluorescence assays (337). Moreover AIPL1 was 

shown to interact with and to have a clear effect on cone PDE6C (348,349), which is thought 

to be geranylgeranylated. The recently solved crystal structure of AIPL1 FKBP domain reveals 

some unique features that enable the binding of the prenyl-lipid moiety (353). Although the 

structure resembles the classical FKBP fold with six antiparallel beta-strands enclosing a 

central alpha helix, a unique insert region adopts a “loop-out” conformation creating two narrow 

openings into the deep hydrophobic pocket (353). The farnesyl and geranylgeranyl moieties 

bind in this pocket and several defined amino acids, such as W72 and C89, seem to be 

important for the correct folding and binding (353). Overall, this distinguishes AIPL1 from other 

FKBP-containing proteins as no other has been previously reported to bind prenyl-lipid 

moieties (354,355). Another difference is that AIPL1 FKBP is impaired in binding FK506 and 

does not exhibit peptidylpropyl isomerase activity in vitro (335).  

Further, AIPL1 possesses a TPR domain including three TPR motifs with a repeating sequence 

of 34 amino acid residues. Commonly, TPR motifs often serve as sites for protein-protein 

interactions (356). This holds also true for AIPL1, as Hsp90 was shown to interact via its C-

terminal MEEVD motif with the AIPL1 TPR domain (343), implicating a role for the TPR domain 

in a successful chaperoning of PDE6.   

Moreover, the AIPL1 TPR domain was found to interact with the C-terminal region of the 
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PDE6γ subunit (337,338). This interaction gives a possible explanation for AIPL1 substrate 

specificity as it is assumed that the prenylated PDE6 catalytic subunits and the PDE6γ subunit 

bind simultaneously to the AIPL1 FKBP or TPR domains, respectively (338) (Figure 12C). 

Thereby, PDE6γ might impart AIPL1 selectivity towards PDE6 excluding other retinal 

farnesylated proteins such as transducin as AIPL1 clients (338). This hypothesis is further 

supported by the finding that PDE6γ potentiates the chaperone activity of AIPL1 in a 

heterologous system as well as in photoreceptor cells in vivo (337,350).   

Another interaction partner of AIPL1 is the NEDD8 ultimate buster protein 1 (Nub1) (357). 

Interaction studies found that the Nub1 C-terminus (amino acid 569-584) binds to an AIPL1 

region including the TPR2 and TPR3 motifs (amino acids 181-330) (358). Regarding the retina, 

Nub1 is not only expressed in photoreceptors but in all retinal cell types where it mainly 

localizes in the nuclei (333). Interestingly, AIPL1 modulates the subcellular distribution of Nub1 

in a concentration dependent manner resulting in a shift from primarily nuclear to 

predominantly cytosolic localization (359). This AIPL1-dependent nuclear translocation of 

Nub1 might explain the reduced nuclear predominance of Nub1 during photoreceptor 

development which in turn correlates with AIPL1 expression (332,333). Nub1 and its splicing 

variant Nub1L can further interact with the ubiquitin-like modifiers NEDD8 and FAT10 

promoting the proteasomal degradation of their modification targets (205,360). NEDDylation 

of E3 ligases modulates their activity and in turn influence on target proteins which can also 

be involved the regulation of cell cycle progression (148,361,362). Therefore, it is hypothesized 

that AIPL1, via its interaction with Nub1, might also affect the cell cycle progression especially 

during photoreceptor development (357). In case of FAT10, it was recently found that AIPL1 

does not only directly interact with Nub1 but with FAT10 and FAT10ylated proteins as well, 

forming a ternary complex (220). Interestingly, AIPL1 seems to be able to influence the FAT10-

mediated protein degradation by antagonizing the Nub1-mediated accelerated degradation as 

shown for the FAT10-DHFR model substrate (220).   

Given the fact that PDE6 is a key enzyme in phototransduction and its functionality depends 

on AIPL1, mutations in AIPL1 have severe impacts on vision by causing the retinal disease 

Leber congenital amaurosis (LCA) (331) (see 1.5.1).  

1.5. Visual impairment and inherited retinal dystrophies 

As estimated in 2015, 253 million people were affected by visual impairment worldwide, from 

which 36 million patients were blind and 217 million people suffered from moderate to severe 

visual impairment (363). Generally, the risk of getting an eye disease increases with age as 

depicted by the high prevalence of elderly people with age-related macular degeneration 

(AMD) (364). The progressive disease AMD leads to severe impairment of central vision and 
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is a leading cause of irreversible blindness in the elderly population (365,366). However, 

diseases such as retinal dystrophies also contribute to the total number of cases since 

approximately 1 in 2000-3000 individuals is affected (367). Retinal dystrophies include 

degenerative diseases of the retina with underlying inherited gene defects that lead to different 

outcomes, from poor peripheral or night vision to complete blindness (368). In principle, the 

gene defects impair the function of photoreceptor or RPE cells (369). Retinal dystrophies can 

be classified according to the mode of inheritance (autosomal recessive, autosomal dominant 

or X-linked), the site of retinal dysfunction (photoreceptors, RPE or inner retina), rate of 

progression and age of onset (368,369). So far, more than 250 genes have already been 

associated as causes of retinal diseases (370).   

The most common subtype of retinal dystrophies is Retinitis Pigmentosa (RP), with more than 

1.5 million patients worldwide and a prevalence of 1 in 4000 individuals (371,372). RP mostly 

starts in adolescence and establishes over years. It is characterized by night blindness 

followed by progressive loss of vision due to primarily rod and secondarily cone photoreceptor 

degeneration (373,374). RP can be classified into either non-syndromic or syndromic RP. 

While only the visual function is affected in non-syndromic RP, the syndromic form of RP has 

an additionally associated non-ocular indication such as deafness or obesity (374). Usually, 

RP is non-syndromic but approximately 20-30% of patients suffer from syndromic RP (371). 

Already more than 70 genes causing non-syndromic retinitis pigmentosa when mutated have 

been identified so far (375), and the mutations can be inherited either as an autosomal-

dominant, autosomal-recessive or X-linked trait (376). Mutations can occur for example in 

genes/proteins that are involved in the phototransduction cascade such as rhodopsin 

(autosomal dominant, 20-30% of all cases (375)) or PDE6 (autosomal recessive, 2-5% of all 

cases (377)) or the visual cycle and ciliary structure (371).  

1.5.1. Leber congenital amaurosis 

The retinal dystrophy Leber congenital amaurosis, abbreviated as LCA, was first described in 

1869 by Dr. Theodore Leber who observed severe vision loss at or near birth, amaurotic pupils 

and a pigmentary retinopathy (378). Nowadays, LCA is classified as non-syndromic 

generalized retinal dystrophy including the simultaneous degradation of both photoreceptor 

types (368). LCA is the second most common inherited retinal dystrophy after RP with a 

prevalence of 1 in 33000 to 1 in 81000 individuals (379). Overall, LCA is estimated to account 

for approximately 5% of all inherited retinal dystrophies and is described as one of the most 

severe and earliest appearing disease as it is responsible for either congenital visual 

impairment or disease manifestation within the first months of life (379,380). Clinical 

characteristics are severe and early visual impairment, nearly absent pupillary responses and 
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severely subnormal or even non-detectable electroretinogram (ERG) responses (381,382). 

Affected children often show roving eye movements or eye poking (379). LCA is mostly 

inherited in an autosomal recessive manner and up to now mutations in 28 genes have been 

identified as causes, each resulting in a specific LCA type (380). All these genes encode for 

proteins that are important for a variety of critical roles in the development and function of the 

retina. Mutated proteins can disrupt the guanine synthesis (IMPDH1), the photoreceptor 

morphogenesis (CRX, CRB1, GDF6), the ciliary transport process (amongst others CEP290, 

TULP1, LCA5), the phototransduction (AIPL1, GUCY2D, RD3), the retinoid cycle (RPE65, 

LRAT) and the signal transduction (CABP4, KCNJ13) (Figure 13) (379,380).  

 

Figure 13: Representation of expression of a selection of LCA-causing genes.  Schematic representation of 

rod, cones, Muller and RPE cells indicating a selection of implicated genes in LCA. Genes are grouped according 

their proposed function in the guanine synthesis, photoreceptor morphogenesis, ciliary transport process, 

phototransduction, and retinoid cycle. Following abbreviations are used: IS, inner segment; OLM, outer limiting 

membrane; CC, connecting cilium; OS, outer segment; RPE, retinal pigment epithelium. Figure reprinted (and 

slightly modified) from Kumaran et al. (379) under a CC BY 4.0 license.  

Nonetheless, still not all LCA genes/loci are discovered so far as the already known and 

reported gene mutations count for roughly 75% of LCA cases (379,380,382). Additionally, 

some of these genes can also cause other retinal dystrophies such as mutations in the RPE65 

protein which can also give rise to retinitis pigmentosa (371), making a correct diagnosis 

difficult. However, around 3-16% of all LCA cases (383) are caused by mutations in the RPE65 

protein, which is expressed in RPE cells and restores the visual pigment by producing 11-cis 

retinal for rods and cones using all-trans retinal as substrate (384,385). The two most common 
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LCA-linked mutations affect the retinal guanylate cyclase-1 (RetGC1; GUCY2D), accounting 

for 10-20% of cases, or the centrosomal protein 290 kDa (CEP290) which is responsible for 

15-20% of cases (379,386-388). Since RetGC1 restores cGMP levels after phototransduction 

(286,287), a malfunction leads to an insufficient restoration to dark level. This results in the 

consistent closure of cGMP gated cation channels with hyperpolarization of the plasma 

membrane leading to a situation equivalent to chronic light exposure where no further 

excitation is possible (387). CEP290 is a centrosomal protein that localizes to the connecting 

cilium of photoreceptors, where it is involved in ciliary trafficking as well as in ciliogenesis. 

Hence, mutations in CEP290 result in a disturbed ciliary transport process (389,390).  

The most severe phenotype is found in LCA type 4, which is caused by mutations in the aipl1 

gene (331) and accounts for 4-8% of all LCA cases (388,391). In summary, more than 50 aipl1 

mutations including missense or stop mutations are known and they can be located in all three 

protein domains (FKBP, TPR and PRD) (331,381,382,391). AIPL1-associated LCA is 

characterized by pigmentary retinopathy with degeneration of rod and cone photoreceptor cells 

(379,392-394). Patients show markedly decreased visual acuities, visual fields and ERGs as 

well as maculopathy, optic disc pallor, cataracts (clouding of the lens) and keratoconus 

(thinning of the cornea) (392,395). Similar observations have been made in mouse models. 

Aipl1-/- mice show degeneration of both photoreceptor types, beginning in the central region, 

and no ERG response (345,396). Moreover, cone photoreceptor degradation in a mouse 

model with selective ablation of AIPL1 in cones (348,349) reveals that AIPL1 is needed for the 

functionality and viability of both photoreceptor types. However, the complete pathogenesis of 

AIPL1-linked LCA is not fully understood yet, although, many roles of AIPL1 within 

photoreceptors are known (see 1.4.2) and pathogenic mutants were tested for their functional 

ability in this context.   

Most prominently is the above mentioned fact that AIPL1 is a specialized chaperone for the 

effector enzyme in phototransduction, PDE6 (314), leading to the suggestion that this 

mechanism is disrupted by pathogenic AIPL1 mutations. First, AIPL1 was shown to interact 

via its FKBP domain with the farnesylated PDE6α subunit (315,317). Indeed, some pathogenic 

point mutations within this domain impaired this interaction, such as C89R, while others like 

R38C and V71F retained the ability to bind a farnesyl probe (317). Since AIPL1 variants with 

mutations in the PRD were shown to still bind the farnesylated C-terminus of PDE6α in FRET 

assays (337), it can be suggested that that defined mutations in the FKBP domain are 

responsible for the successful interaction of AIPL1 with the PDE6 catalytic domain. Next, the 

recently discovered interaction between the TPR domain of AIPL1 and PDE6γ raises the 

possibility that mutations within this domain have a negative impact on this association 

(337,338). Besides PDE6γ, the AIPL1 TPR motifs are important for AIPL1 to function as a co-
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chaperone together with Hsp90 and different mutations within the TPR domain (e.g. A197P, 

C239R) disrupt the interaction between these two proteins (343). Similar results were obtained 

when testing pathogenic AIPL1 mutants for their ability to bind Nub1. Again, some pathogenic 

mutations were still able to bind Nub1 (e.g. P276S) and others were impaired (e.g. A197P, 

C293R) (358). These AIPL1 mutants can also not alter and antagonize the Nub1-mediated 

degradation profile of the FAT10-DHFR model substrate (220). Unfortunately, the exact role 

of AIPL1 concerning its Nub1 interaction and its relation to the ubiquitin-like modifier FAT10 

still remain unclear. Recently, AIPL1 mutants were tested for their ability to chaperone cone 

PDE6 in a heterologous system by measuring the cGMP hydrolysis rate after overexpression 

of PDE6 and the respective AIPL1 mutant (350). Strikingly, some AIPL1 mutants lacked the 

PDE6C chaperone activity in this heterologous system, while other mutants did not show any 

limitations. These impaired or preserved functionality was independent of the domain 

localization of the mutation (350).   

It is currently assumed that the chaperone activity of AIPL1 with respect to PDE6 is gradual. 

Starting with the interaction with Hsp90 followed by the resulting facilitated binding of the 

prenylated catalytic domains and finally with the binding of PDE6γ (338). This leads to the 

suggestion that the interruption of one step results in the failure of assembling functional PDE6. 

However, when taking all data into account it becomes clear that there is no simple way to 

reconstruct the course of the pathogenesis. These difficulties are shown for example in the 

AIPL1 mutant R38C, which is still able to bind farnesylated PDE6α and to exert chaperone 

activity towards PDE6C in the heterologous system (317,350). It is therefore supposed that it 

exist benign mutations as well (314,350), which further increases the range of possibilities and 

difficulties. Consequently, the pathogenicity of AIPL1 variants has to be validated in more detail 

to completely understand the AIPL1-caused disease mechanism and to fully interpret the 

mutation-specific pathogenesis of LCA type 4 caused by AIPL1. For this investigation are 

already established mouse models or the heterologous system very helpful. Moreover, the 

generation of a human induced pluripotent stem cell (iPSC) line from a LCA patient harboring 

the C89R mutation in the aipl1 gene (397) can support the investigation be generating retinal 

organoids to explore the early human retinal development and subsequent pathogenesis in 

vitro (398). 

Due to the genetic heterogeneity of LCA, a successful and optimal therapy is very difficult. 

Possible therapy strategies for inherited retinopathies could include pharmacotherapy, retinal 

prostheses, stem cell therapy or gene replacement therapy (399). Although several 

possibilities are under investigation for their potential use in LCA treatment, gene therapy 

represents the most promising approach. Just recently the U.S. Food and Drug Administration 

(FDA) approved the first gene therapy treatment with LuxturnaTM (Spark Therapeutics, 
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Philadelphia) for the treatment of LCA caused by biallelic RPE65 gene mutations (400). 

Hereby, a non-replicating adenoviral vector carrying the RPE65 gene is sub-retinal injected 

and provides functional human RPE65 protein (400). For a successful treatment, patients must 

have viable retinal cells (400) and an early intervention may improve the outcome and thus 

prevent progression of photoreceptor degeneration (401). So far, LuxturnaTM is the only 

approved therapy for LCA but similar approaches for other genes involved in LCA 

pathogenesis are already under investigation and examination. As example, a comparable 

method for GUCY2D showed effective rescue of the LCA Gucy2e–/– mouse model (402) and 

is now tested in a human clinical trial (ClinicalTrials.gov Identifier: NCT03920007).   

Regarding AIPL1-caused LCA, cell-based as well as gene-based therapies were tested in 

mouse models (403). Cell-based therapies rely on the transplantation of exogenous 

photoreceptors that integrate into the retina and replace the lost ones. First successes were 

achieved by transplanting either mouse embryonic stem cell (mESC)-derived or human iPSC-

derived cone photoreceptors into the retina of 8- to 12-week-old aipl1-/- mice (404,405). By 3 

weeks post transplantation, the injected cones survived, integrated and formed synaptic-like 

structures suggesting that they have the potential to replace lost photoreceptors (404,405). 

However, further studies are needed to evaluate long-term photoreceptor survival and 

successful transmission of visual information. Approaches similar to the RPE65-caused LCA 

gene therapy were also tested in relation to AIPL1. Recombinant adeno-associated virus 

(AAV) expressing the aipl1 gene under a cytomegalovirus (CMV) promoter restored PDE6 

expression levels and localization in the retina of aipl1 hypomorphic and knockout mice after 

subretinal injection (406). Later, similar effects were obtained when using a photoreceptor-

specific rhodopsin kinase (RK) promoter to simultaneously target the transgene construct to 

both, rods and cones resulting in a tissue-specific expression (407). Since patients must have 

viable retinal cells for treatment with LuxturnaTM (400), it can be suggested that similar 

prerequisites are necessary for the AIPL1-based gene therapy. Although LCA4 pathogenesis 

exerts a very early onset and progression, ERG measurements as well as preservation of the 

foveal outer retinal structure are detectable in very young people (408,409). This supports the 

presumption that the intervention may need to be initiated in the first few years of life.   

So far the preliminary animal studies provide evidence and hope that the AAV-mediated gene 

therapy is a potential approach for LCA4 patients (403,406,407). More and more insights into 

the pathogenesis and potential underlying molecular mechanisms will definitely be helpful to 

gain a deeper understanding of this severe retinopathy. In turn, the growing knowledge about 

the disease and further technical improvement can lay the foundation for successfully available 

therapeutic approaches in the future.  
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1.6. Aim of the study 

Within the photoreceptor cells, the retinal chaperone AIPL1 is indispensable for the correct 

assembly and thus the functionality of the phototransduction effector enzyme PDE6. 

Therefore, mutations within the aipl1 gene are described as being the underlying cause of the 

severe hereditary retinopathy Leber congenital amaurosis (LCA). Interestingly, AIPL1 has 

been recently identified as novel FAT10 interaction partner.  

Concluding from all these circumstances, the objective of this work was to gain knowledge 

about a possible role of FAT10 in the human retina and the pathogenesis of LCA.  

First, the interaction between the retinal chaperone AIPL1 and the modifier FAT10 ought to be 

specified and characterized more precisely. With regard to FAT10, photoreceptor cells and the 

retina represent a new and so far unknown FAT10-expressing tissue. Therefore, one main 

aspect was to find out whether FAT10 is expressed in photoreceptors or in the retina. 

Moreover, the identification of retina-specific FAT10 substrates should help to define a possible 

role of FAT10 in the retina and thus possibly in the pathogenesis of LCA. In this context, the 

focus was on the consequences of substrate FAT10ylation or non-covalent interaction of the 

substrate with FAT10. In addition, the influence of AIPL1 on FAT10, its conjugation cascade 

and its retina-specific substrates should be investigated as well. Finally, breeding of 

hypomorphic AIPL1 mice that develop a LCA phenotype over time should be established to 

investigate a possible FAT10 upregulation within the mouse retina during LCA pathogenesis 

in vivo.  

Interestingly, there exist two different human FAT10 proteins which differ only in one amino 

acid at position 160. This raised the question whether both variants become equally activated 

and conjugated. Moreover, differences in their substrate and interaction partner profile might 

be possible, which in turn would imply a potential identification of isoform-specific target 

proteins. In a second project, these approaches were addressed with a comparison of the two 

human FAT10 proteins.  
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2. Material and Methods 

2.1. Experimental model and subject details 

2.1.1. Eukaryotic cell lines 

Human embryonic kidney (HEK)293 cells, HEK293 CRISPR/Cas9 FAT10KO (410), HEK293T 

and HEK293T FLAG-FAT10 (clone D2, stably expressing FLAG-FAT10, (411)) were cultivated 

in Iscove`s modified Dulbecco`s Medium (IMDM; Pan Biotech) supplemented with 10% fetal 

calf serum (FCS; GIBCO), 1% stable glutamine (100x, 200 mM, Biowest) and 1% 

penicillin/streptomycin (100x, Pan Biotech). The retinoblastoma cell line Weri-Rb1 was 

maintained in RPMI1640 medium (Pan Biotech) supplemented with 10% FCS and 1% 

penicillin/streptomycin.   

Cells were kept until they reached around 90% confluency. For splitting, seeding or harvesting, 

adherent cells were washed once with PBS (Pan Biotech), detached with trypsine/EDTA (Pan 

Biotech) and pelleted for 4 min at 300 x g.   

All cell lines were cultured at 37°C and 5% CO2 and were routinely tested to be negative for 

mycoplasma contamination using the MycoAlertTM Mycoplasma Detection Kit (Lonza) 

according to manufacturer instructions. For long time storage, cells were gradually frozen in 

freezing media containing 40% FCS and 10% DMSO (AppliChem). Cells were finally stored in 

a -152°C deep-freezer.  

2.1.2. Human tissue 

Post-mortem human retina was obtained from the Moorfields Lions Eye Bank (Moorfields Eye 

Hospital, London EC1V 2PD, UK). Retinae were prepared and stored in RNAlater until further 

analysis. The study was approved by the Moorfields Biobank Internal Ethics Committee and 

experiments were undertaken with the understanding and written informed consent of each 

subject. 

2.1.3. Mouse strains 

All mice were kept in a specific pathogen-free facility at the University of Konstanz. C57BL/6 

(H-2b) mice were originally purchased from Charles River Laboratories, Germany. 
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Hypomorphic AIPL1 mice (aipl1h/h) were revitalized in cooperation with MFD diagnostics 

(Wendelsheim, Germany) with homozygous sperm of hypomorphic AIPL1 mice (kindly 

provided by Dr. Tiansen Li, National Eye Institute, Bethesda, Maryland, USA).   

Sacrifice and organ retrieval was approved by the Review Board of the Regierungspräsidium 

Freiburg, Germany.  

2.1.4. Bacterial cell culture 

In general, E.coli TOP10F` (Invitrogen) bacteria were used for the maintenance and 

amplification of plasmid vectors. The E.coli strains BL21(DE3) and E.coli BL21(DE) RIPL (both 

from Agilent Technologies) were used for the expression of recombinant proteins prior to 

purification.  

For transformation, chemically competent bacteria were thawed on ice and mixed with 

approximately 200 ng of plasmid DNA by flicking the tube. The mixture was incubated for 30 

min on ice followed by a heat shock for 30-45 sec at 42°C and another 2 min incubation on 

ice. Subsequently, 300-500 µl of pre-warmed SOC media was added and bacteria were 

incubated for 1 h at 37°C with vigorous shaking. Transformed bacteria were either plated on 

LB agar plates containing the respective antibiotic or were directly used to inoculate liquid 

antibiotic-containing LB medium. Generally, 100 µg/ml ampicillin or 50 µg/ml kanamycin (final 

concentrations) was used, respectively. After growing the bacteria at 37°C, plasmid DNA was 

purified using the NucleoSpin Plasmid or the NucleoBond Xtra Midi Kit (both Machery-Nagel) 

according to manufacturer`s instructions. DNA concentrations were determined by absorption 

measurement at 260 nm using the NanoDrop spectrophotometer (Thermo Scientific). For long 

time storage, 900 μl of transformed bacteria culture were mixed with 100 μl sterile DMSO 

(AppliChem) and immediately frozen at -80°C.   

 

LB medium 

10 g/l Tryptone  

5 g/l Yeast extract  

5 g/l NaCl 

LB agar 

LB medium + 10 g/l agar 

SOC medium 

2% Tryptone  

0.5 % Yeast extract  

10 mM NaCl  

2.5 mM KCl  

10 mM MgCl2  

10 mM MgSO4  

20 mM Glucose 
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2.2. Cloning  

The constructs pCMV-myc-AIPL1, pCMV-myc-AIPL1-A197P, pCMV-myc-AIPL1-C239R and 

pCMV-FLAG-AIPL1 were cloned by cutting out AIPL1 cDNA from pCMV-HA-AIPL1 or the 

respective mutants with restriction enzymes EcoRI and KpnI and subsequent ligation into 

EcoRI/KpnI digested pCMV-myc or pCMV-FLAG vector (both from Clontech), respectively. 

Untagged AIPL1, AIPL1-A197P and AIPL1-C239R were generated by cutting out AIPL1 cDNA 

from pCMV-Tag3C-AIPL1 with restriction enzymes EcoRI and KpnI and ligation into 

EcoRI/KpnI digested pCMV-FLAG vector with a C-terminal FLAG tag (Clontech), thus 

eliminating expression of the C-terminal FLAG tag due to a stop codon behind AIPL1. FLAG-

AIPL1 truncation versions were generated using pCMV-Tag3C-AIPL1-Q163X, pCMV-Tag3C-

AIPL1-S328X, pCMV-Tag3C-AIPL1 TPR, pCMV-Tag3C-AIPL1 TPR + PRD as template 

(kindly provided by A. Sacristan-Reviriego, UCL Institute of Ophthalmology, London, UK). The 

respective cDNA was cut out from the template construct with restriction enzymes EcoRI and 

SalI and subsequently inserted into a EcoRI/SalI digested pCMV-FLAG vector. The catalytic 

PDEase domain of PDE6β was amplified from pCMV-HA-PDE6β (351) and inserted into a 

pCMV-HA vector (Clontech) via SalI and XhoI. Subsequently a stop codon was inserted into 

pCMV-HA- PDE6β PDEase directly behind the PDEase domain via SDM. For bacterial 

expression and purification of recombinant HA-tagged AIPL1 proteins, AIPL1 cDNA was 

amplified from either pCMV-myc-AIPL1, pCMV-myc-AIPL1-A197P or pCMV-myc-AIPL1-

C239R. Amplicons were ligated into a pSUMO vector using BsmBI and HindIII as restriction 

enzymes. The construct pSUMO-myc-PDE6β for bacterial expression and purification of 

human myc-PDE6β was generated by amplification of PDE6β from pCMV-HA-PDE6β. The 

myc tag was inserted via the forward primer. The amplicon was ligated into a pSUMO vector 

using BamHI and XhoI as restriction enzymes. For generation of pCMV-HA-CHIP, CHIP was 

amplified by PCR from pCMV6-CHIP-myc-DDK as template and afterwards inserted into a 

pCMV-HA vector (Clontech) via EcoRI and SalI restriction sites. For all newly generated 

constructs, primer sequences are listed in Table 8 (Appendix, page v). All sequences of 

generated plasmids were verified by sequencing (Microsynth AG, Balgach, Switzerland). 
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2.3. Site directed mutagenesis  

In principle, the Phusion polymerase was used for site directed mutagenesis (SDM). First, the 

5` and the 3` reactions with their corresponding primer (10 µM) were performed in separate 

PCR tubes with approximately 50 ng/µl plasmid template. Annealing was achieved at 55°C 

and elongation was conducted for 2 min per kb at 72°C. Second, the single reactions were 

mixed in a ratio of 1:1 and PCR was performed again with the same cycling parameters. Third, 

the PCR product was precipitated with NaOAc pH5.2 (1/10 volume) and 100% ethanol (2 

volumes) overnight at 4°C. The DNA was pelleted for 1 h at 20.000 x g and 4°C and 

resuspended in     44 µl H2O. After DpnI digest (fast digest enzymes, Thermo Scientific) for 1 

h at 37°C, competent E.coli TOP10F` were transformed (see 2.1.4). All constructs were verified 

by sequencing (Microsynth AG, Balgach, Switzerland). A list with all newly generated plasmids 

by site directed mutagenesis as well as the corresponding templates and primers are included 

in Table 8 (appendix, page v).  

2.4. Expression and purification of recombinant proteins 

2.4.1. HA-tagged AIPL1 WT, AIPL1-A197P and AIPL1-C239R 

For purification of recombinant HA-tagged AIPL1 variants, E.coli BL21 (DE3) were transformed 

with 6His-SUMO-HA-AIPL1 expression constructs (Table 2) and grown at 37°C in modified LB 

medium. Protein expression was induced at 21°C overnight upon addition of 0.4 mM isopropyl-

β-D-thio-galactoside (IPTG). Bacterial cells were harvested by centrifugation (8000 x g, 8°C, 

15 min) and mechanically lysed in binding buffer (50 ml/ 10 g pellet) with at least two cycles at 

2.5 kbar in a cell disruptor (Constant Cell Disruptor TS, Constant Systems Ltd.). Cleared 

lysates were filtered (0.8 µm) and used for Ni pulldown with Ni Superflow60 resin (Takara). 

Pull down was performed for 1 h at 8°C. His-tagged proteins were eluted by the addition of 

elution buffer containing 500 mM imidazole. Buffer exchange into 50 mM Tris pH 8.0 and Ulp1 

digest (4 µg protease/ µg protein) were performed by dialysis overnight at 8°C. After removal 

of the 6His-SUMO tag and His-Ulp1 by Ni pulldown, HA-tagged AIPL1 variants were applied 

to size exclusion chromatography using a 16/600 75 column (GE Healthcare) and the 

AektaExplorer with UNICORN software (both GE Healthcare). Purified proteins were stored in 

50 mM Tris, pH 8.0 supplemented with 10% glycerol at -80°C. Protein purity and concentration 

were confirmed by Pierce BCA Protein Assay (Thermo Scientific), dot blots with anti-HA 

peroxidase-conjugated antibody (Sigma) and colloidal Coomassie stained SDS gels 

(InstantBlue, Gentauer).  
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Modified LB medium 

13.5 g/l peptone 
7 g/l yeast extract 
14.9 g/l glycerol 
2.5 g/l NaCl 
2.3 g/l K2HPO4 
1.5 g/l KH2PO4 
0.14 g/l MgSO4 x 7H2O, pH7.0 

Binding buffer  

20 mM Tris, pH7.6 
150 mM NaCl 
20 mM imidazole  
1x cOmpleteTM, Mini, EDTA-free Protease 
Inhibitor Cocktail (Roche) 

Elution buffer  

20 mM Tris, pH7.6 
150 mM NaCl 
500 mM imidazole 
1x cOmpleteTM, Mini, EDTA-free Protease 
Inhibitor Cocktail (Roche) 

Dialysis buffer  

50 mM Tris, pH8.0 

HA-AIPL1 storage buffer 

50 mM Tris, pH8.0 
10% glycerol 

2.4.2. Myc-tagged PDE6β 

E.coli BL21(DE) RIPL were transformed with the pSUMO-myc-PDE6β expression construct 

(Table 2) and grown in modified LB medium. Overall, 900 ml of bacterial suspension was 

induced with 0.4 mM IPTG at an OD600 ~ 0.5-0.7 and grown overnight at 21°C. Bacteria were 

harvested (10 min, 4000 x g, 8°C) and the pellet was dissolved in 5 ml/g binding buffer. Bacteria 

were lysed in a cell disruptor (2 cycles at 2.0 kbar; Constant Systems) and the suspension was 

centrifuged for 30 min at 32000 x g and 8°C before filtering the supernatant subsequently 

through 2.5 µm, 1.2 µm, and 0.45 µm filters. Capture Ni2+ affinity chromatography was 

performed with HisTrap FF 5 ml columns (GE Healthcare) using the AektaPure system (GE 

Healthcare). After elution of the 6his-SUMO-myc-PDE6β protein with elution buffer, fractions 

containing the proteins were united and buffer was exchanged to binding buffer using HiPrep 

26/10 Desalting columns (GE Healthcare) with the AektaPure system (GE Healthcare). The 

Ulp1 digest (4 µg protease/ mg fusion protein) was performed overnight at 8°C. To separate 

6His-SUMO and Ulp1-6his from myc-PDE6β, the sample was loaded onto a HisTrap FF 5 ml 

columns (GE Healthcare) using the AektaPure system (GE Healthcare). The flow through 

including myc-PDE6β was fractioned. Finally, the protein amount of myc-PDE6β was 

concentrated by VivaSpin Columns 20 ml MWCO=10 kDa according to manufactures guide 

and buffer was exchanged to storage buffer using PD10 Columns (GE Healthcare) according 

to manufacturer instructions. Protein concentration was determined with Pierce BCA Protein 

Assay (Thermo Scientific). The purification process was tracked by taking samples at different 
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steps and SDS-PAGE followed by colloidal Coomassie staining (InstantBlue, Gentauer) or 

western blot analysis with anti-myc-POX antibody (Sigma). 

Modified LB medium 

13.5 g/l peptone 
7 g/l yeast extract 
14.9 g/l glycerol 
2.5 g/l NaCl 
2.3 g/l K2HPO4 
1.5 g/l KH2PO4 
0.14 g/l MgSO4 x 7H2O, pH7.0 

Binding buffer  

20 mM Tris-HCl, pH7.5 
150 mM NaCl 
20 mM imidazole  
1mM TCEP 

Elution buffer  

20 mM Tris-HCl, pH7.5 
150 mM NaCl 
500 mM imidazole 
1 mM TCEP 

Myc-PDE6β storage buffer 

20 mM Tris-HCl, pH7.5 
50 mM NaCl 
10 mM MgCl2 
1 mM TCEP 

2.4.3. GST 

E.coli BL21(DE3) were transformed with the expression construct pGEX-4T-3. Bacteria were 

grown in modified LB medium (see 2.4.1) overnight at 37°C. After diluting the bacteria 

suspension in modified LB medium to an OD600 ~ 0.2, bacteria were grown at 37°C until they 

reached an OD600 ~ 0.5 before inducing the protein expression with 0.1 mM IPTG for 5 h at 

20°C. Bacteria were pelleted by centrifugation (15 min, 10.000 x g, 4°C), resuspended in 50 

ml lysis buffer and mechanically lysed with at least two cycles at 2.5 kbar in a cell disruptor 

(Constant Cell Disruptor TS, Constant Systems Ltd.). After the addition of 1 µM PMSF (Roth), 

lysate was centrifuged for 20 min at 32.000 x g and 4°C. Cleared lysate was filtered (0.45 µm) 

and GST was trapped by affinity chromatography using a GSTrap FF 1 ml column (GE 

Healthcare) with the AektaExplorer and UNICORN software (both GE Healthcare). To remove 

unspecific bound proteins, column was washed once with high salt washing buffer before 

eluting GST using elution buffer. Subsequently, the eluate was used for a gel filtration with 

HiPrep 26/10 columns to remove the glutathione and the final GST protein was stored in GST 

storage buffer at -80°C.  

  

 



Material and Methods 

47 

 

GST lysis buffer 

50 mM Tris-HCl, pH8.0 
100 mM NaCl 
1 mM EDTA 

High salt washing buffer  

50 mM Tris-HCl, pH8.0 
300 mM NaCl 
1mM EDTA 

Elution buffer  

50 mM Tris-HCl, pH8.0 
10 mM reducing glutathione 

GST storage buffer  

50 mM Tris-HCl, pH7.5 
150 mM NaCl 
10% glycerol

Table 2: Expression constructs used for transformation of bacteria and subsequent protein purification.  

construct source 

pSUMO-HA-AIPL1 This work 

pSUMO-HA-AIPL1-A197P This work 

pSUMO-HA-AIPL1-C239R This work 

pGEX-4T-3 Amersham Biotech 

pSUMO-myc-PDE6β This work 

 

2.5. Induction of FAT10 expression in human cell lines 

Endogenous FAT10 expression was induced in HEK293 or Weri-Rb1 cells by treating the cells 

with the pro-inflammatory cytokines tumor necrosis factor (TNF)-α and interferon (IFN)-γ for at 

least 24 h. A final concentration of 600 U/ml TNFα and 300 U/ml IFNγ was used (410). Both 

cytokines were diluted in PBS and just supplemented to the cell culture medium.  

2.6. Transient transfection of cells 

Transient transfection of HEK293 cells was performed with the TransIT-LTI Transfection 

reagent (Mirus Bio LLC, Madison). Dependent on the experiment, cells were seeded in an 

appropriate cell culture dish. In general, approximately 0.5 x 106 cells or 2 x 106 cells were used 
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and the cells were cultured to reach around 60-80% confluency before transfection. Transient 

transfection was achieved by applying Mirus and the respective plasmid DNA in a ratio of 3:1 

(µl:µg). Briefly, serum and antibiotic free medium was mixed with the appropriate amount of 

Mirus, vortexed and incubated for 5 min at room temperature. The respective plasmid DNA 

was added to the mixture, which was again vortexed and incubated for 20 min at room 

temperature. Finally, the mixture was distributed dropwise onto the cells and expression was 

maintained for at least 20-24 h before harvesting the cells for further analysis.  

Table 3: Expression constructs used for transient transfection of human cell lines. 

construct source 

pCMV-Tag3C-AIPL1 (359) 

pCMV-Tag3C-AIPL1-A197P (359) 

pCMV-Tag3C-AIPL1-C239R (359) 

pcDNA3.1-His-3xFLAG-FAT10 (SYC) (76) 

pcDNA3.1-His-3xFLAG-FAT10 (CYC) A. Aichem, BITg 

pcDNA3.1-His-3xFLAG-FAT10-AV (SYC) (412) 

pcDNA3.1-His-3xFLAG-FAT10-AA (CYC) This work 

pCMV-HA-AIPL1 A. Aichem, BITg 

pCMV-HA-AIPL1-R38C This work 

pCMV-HA-AIPL1-W72S This work 

pCMV-HA-AIPL1-C89R This work 

pCMV-HA-AIPL1-A197P This work 

pCMV-HA-AIPL1-C239R This work 

pCMV-HA-AIPL1-G262S This work 

pCMV-HA-AIPL1-P376S This work 

pCMV-FLAG-AIPL1 This work 

pCMV-FLAG-AIPL1-Q163X This work 

pCMV-FLAG-AIPL1-S328X This work 

pCMV-FLAG-AIPL1 TPR This work 
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pCMV-FLAG-AIPL1 TPR+PRD This work 

pEGFP-N1-HA-FAT10-GG-GFP (205) 

pEGFP-N1-HA-FAT10-N-GFP (206) 

pEGFP-N1-HA-FAT10-C-GFP (206) 

pcDNA6.1-FAT10 (SYC) (180) 

pcDNA6.1-FAT10 (CYC) (410) 

pcDNA3.1-His-PDE6α (351) 

pCMV-HA-PDE6β (351) 

pCMV-myc-PDE6γ (351) 

pcDNA3.1-His-3xFLAG-FAT10 K0 A. Aichem, BITg 

pCMV-myc-AIPL1 This work 

pCMV-myc-AIPL1-A197P This work 

pCMV-myc-AIPL1-C239R This work 

pCMV-AIPL1 This work 

pCMV-AIPL1-A197P This work 

pCMV-AIPL1-C239R This work 

pCMV-HA-PDE6β GAFa This work 

pCMV-HA-PDE6β GAFa+b This work 

pCMV-HA-PDE6β PDEase This work 

pcDNA3.1-HDAC6-FLAG addgene (#30482) 

pcDNA3.1-HDAC7-FLAG addgene (#13824) 

pCMV-myc-DDK-STUB1 (CHIP) origene (NM_005861) 

pCMV-HA-CHIP This work 

pcDNA3.1-His-3xFLAG-USE1 (141) 
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2.7. Cycloheximide chase experiments 

To investigate protein degradation, cycloheximide chase experiments were performed. 

Therefore, cells were transiently transfected with the respective expression constructs as 

described above (see 2.6). To inhibit protein de novo synthesis and consequently monitor 

protein degradation, cells were treated with 50 µg/ml cycloheximide (Sigma-Aldrich) at different 

time points before harvesting. Additionally, different inhibitors were used to block several 

degradation pathways: the 26S proteasome was inhibited with 10 µM MG-132 (Sigma-Aldrich) 

and 0.2 µM Bafilomycin A1 (Sigma-Aldrich) or 100 µM Chloroquine diphosphate salt (Sigma-

Aldrich) were used to block endosomal acidification and maturation of autophagic vacuoles, 

respectively. All inhibitors were added to the cell culture medium 6 h prior to harvesting.  

2.8. Immunoprecipitation (IP) 

Cells were subjected to immunoprecipitation 20-24 h after transient transfection. For 

harvesting, cells were washed once with PBS and detached using trypsin/EDTA. The cells 

were pelleted by centrifugation (4 min, 300 x g) and resuspended in NP-40 lysis buffer. When 

possible, cells were directly collected in NP-40 lysis buffer using a cell scraper. Depending on 

the cell number, 0.8 – 2 ml NP-40 lysis buffer was used (1 ml lysis buffer per 4*106 HEK293 

cells). After incubation for 30 min on ice, lysates were cleared from cell debris by centrifugation 

for 30 min and 20.000 x g at 4°C. To monitor the expressed protein amounts in the lysates, 40 

µl cleared lysate was mixed with 10 µl 5x SDS sample buffer (supplemented with 4 % 2-

mercaptoethanol when needed) and boiled for 5 min at 95°C. The remaining lysate was used 

for immunoprecipitation with respective antibody-coupled beads as e.g. anti-HA agarose 

conjugate HA-7 (Sigma-Aldrich) or with specific antibodies together with Protein A sepharose 

as e.g. anti-FAT10 (clone 4F1; (141)) (Table 4). After an incubation time of at least 2 hours, 

beads or Protein A sepharose was pelleted by centrifugation (1 min, 3824 x g, 4°C) and 

washed twice with each 1 ml NET-TN and twice with NET-T buffer to reduce unspecific bound 

proteins. Finally, 25 µl of 5x SDS sample buffer (again supplemented with 4 % 2-

mercaptoehanol when needed) were directly added to the beads and samples were boiled for 

5 min at 95°C before subjecting them to SDS-PAGE and further analysis (see 2.9).   
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NP-40 lysis buffer 

20 mM Tris-HCl, pH7.6 
50 mM NaCl 
10 mM MgCl2 
1% NP-40 
1x cOmpleteTM, Mini, EDTA-free Protease 
Inhibitor Cocktail (Roche) 

SDS sample buffer (5x) 

225 mM Tris-HCl, pH6.8 
50 % (v/v) Glycerol 
5% (w/v) SDS 
0.05% (w/v) Bromphenol blue 

NET-TN buffer 

650 mM NaCl 
5 mM EDTA 
50 mM Tris-HCl, pH8.0 
0.5% Triton-X-100 

NET-T buffer 

150 mM NaCl 
5 mM EDTA 
50 mM Tris-HCl, pH8.0 
0.5% Triton-X-100

Table 4: Antibodies and components used for immunoprecipitation experiments.  

Antibody source 

EZviewTM Red Anti-Flag M2 Affinity Gel Sigma-Aldrich (Cat.#F2426) 

monoclonal anti-HA agarose antibody (HA-7) Sigma-Aldrich (Cat.#A2095) 

EZviewTM Red Anti-c-myc affinity gel Sigma-Aldrich (Cat.#E6654) 

mouse monoclonal anti-FAT10 (4F1) (141) and Enzo Lifesciences (Cat.# 

BML-PW0765) 

mouse monoclonal anti-ROS-1 (413) 

rabbit monoclonal anti-AIPL1 (EPR7711) Abcam (Cat.# ab128960)  

Protein A sepharose Sigma-Aldrich (Cat.#P3391-1G)  
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2.9. SDS-PAGE 

Proteins were separated according to their size via sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) using either the NuPAGE system with 4-12% Bis/Tris 

gradient gels (further referred as 4-12% gradient gel, Invitrogen) or standard Laemmli gels. 

Depending on the system, different conditions were needed. NuPage 4-12% gradient gels 

were run at a constant current of 80 mA per gel with 1x MES running buffer supplemented with 

500 µl antioxidant per chamber according to the manufacturer´s protocol. For Laemmli gels, 

stacking gels containing 4% of polyacrylamide were prepared with Rotiphorese® Gel 40 (Mix 

37.5:1) (Roth) and stacking buffer (0.5 M Tris, 0.4% (w/v) SDS, pH 6.8). Sepraration gels with 

7-12.5% of polyacrylamide were prepared with Rotiphorese® Gel 40 (Mix 37.5:1) (Roth) and 

separating buffer (1.5 M Tris, 0.4% (w/v) SDS, pH 8.8). Laemmli gels were run in 1x TGS 

running buffer (Fisher BioReagents) at 80 V for 30 minutes to allow the protein samples to 

enter the separation gel. Subsequently, the voltage was increased to 120 V. For both systems, 

the Precision Plus Protein Dual Color Marker (BioRad) and 20 µl of samples were used. SDS 

gels were further subjected to colloidal coomassie staining with InstantBlue (Expedeon) 

according to manufacturer´s protocol or to immunoblotting (see 2.10). 

2.10. Immunoblotting (IB) 

To transfer the separated proteins from SDS-PAGE to a Protran nitrocellulose membrane 

(Sigma-Aldrich), semi-dry blotting was performed using 1x anode and 1x cathode buffer (both 

Roth) supplemented with 20% methanol. The transfer was conducted at 120 V per gel for 75 

min. After blotting, membranes were washed once with TBS-T before blocking them for at least 

30 min in 10% RotiBlock solution (diluted in H2O, Roth). Subsequently, membranes were 

incubated with respective primary antibodies and, after another washing step with 1x TBS-T, 

with the respective secondary antibodies (Table 5). In case that already bound antibodies had 

to be stripped, membranes were incubated in 190 mM NaOH for maximal 5 min, washed 

several times with TBS-T and were blocked again in 10% RotiBlock solution before incubation 

with another antibody. Finally, membranes were washed twice with 1x TBS-T and twice with 

1x TBS before detecting the proteins by chemiluminescence using Clarity Western ECL 

substrate (BioRad) according to the manufacturer´s instructions in combination with the 

ChemiDoc MP Imaging System (BioRad) and ImageLab 4.1 software.  

 



Material and Methods 

53 

 

TBS 

10 mM Tris-HCl, pH7.5 
150 mM NaCl 

TBS-T 

TBS 
0.05% Tween-20 

Table 5: List of primary and secondary antibodies used for immunoblotting. 

antibody source 

rabbit polyclonal anti-FAT10 (152) 

mouse monoclonal anti-c-myc (9E10) Sigma-Aldrich (Cat.#M4439) 

rabbit polyclonal anti-c-myc-POX  Sigma-Aldrich (Cat.#A5598) 

mouse monoclonal anti-HA-POX (HA-7) Sigma-Aldrich (Cat.#H6533) 

mouse monoclonal anti-FLAG-HRP (M2) Sigma-Aldrich (Cat.#F1804) 

mouse monoclonal anti-6His-POX (His-1) Sigma-Aldrich (Cat.#A7058) 

rabbit monoclonal anti-GFP (E385) Abcam (Cat.#ab32146) 

mouse monoclonal anti-β-actin (Ac-15) Abcam (Cat.#ab6276) 

mouse monoclonal anti-GST (B-14) Santa Cruz (Cat.#sc-138) 

mouse monoclonal anti-FAT10 (4F1) (141) and Enzo Lifesciences (Cat.# 

BML-PW0765) 

rabbit polyclonal anti-USE1 (141) 

rabbit polyclonal anti-mouse PDE6β  Thermo Scientific (Cat.#PA1-722) 

rabbit polyclonal anti-mouse PDE6α  Thermo Scientific (Cat.#PA1-720) 

rabbit monoclonal anti-AIPL1 (EPR7711) Abcam (Cat.#ab128960) 

rabbit polyclonal anti-PDE6β  Abcam (Cat.#ab5663) 

rabbit polyclonal anti-UBA6 Enzo Lifesciences (Cat.#BML-

PW0525) 
rabbit monoclonal anti-Nub1 (ERP10717) Abcam (Cat.#ab178414) 

rabbit polyclonal anti-ubiquitin Dako (not available anymore) 



Material and Methods 

54 

goat polyclonal anti-mouse-HRP Jackson Immuno Research 

(Cat.#115-035-003) 

goat polyclonal anti-rabbit-HRP Jackson Immuno Research 

(Cat.#111-035-003) 

All antibodies directly coupled to a peroxidase (abbreviated as HRP or POX) were diluted in 

5% (w/v) milk powder in TBST (10 mM Tris-HCl, pH7.5, 150 mM NaCl, 0.05% Tween-20). The 

other antibodies were diluted in TBST supplemented with 3% BSA and 0.02% sodium azide.  

2.11. in vitro assays 

Table 6: List of recombinant proteins used for in vitro assays.  The source and order number are listed when 

proteins were bought. If the protein was self-made, the used construct for purification is specified.  

recombinant protein source or construct 

HA-AIPL1 pSUMO-HA-AIPL1 (This work) 

HA-AIPL1-A197P pSUMO-HA-AIPL1-A197P (This work) 

HA-AIPL1-C239R pSUMO-HA-AIPL1-C239R (This work) 

FAT10 pSUMO-FAT10 (201) (N.Catone, BITg) 

FLAG-UBA6 Enzo Lifesciences (Cat.#BML-UW0350) 

His-ubiquitin Enzo Lifesciences (Cat.#BML-UW8610) 

His-USE1 pDEST17-His-USE1 (141) (N.Catone, BITg) 

FAT10-AV pSUMO-FAT10-AV (410) (N.Catone, BITg) 

GST-PDE6β Abcam (Cat.#ab125593) 

GST pGEX-4T-3 (This work) 

Myc-PDE6β pSUMO-myc-PDE6β (This work) 

2.11.1.  in vitro interaction studies 

In vitro interaction studies were performed with recombinant proteins (Table 6) in 1x reaction 

buffer. In general, proteins were mixed in a final volume of 20 µl 1x reaction buffer and mixtures 

were incubated at 30°C for 60 min. The following amounts of recombinant proteins were used: 

4.9 nM FAT10 (1.8 mg/ml), 5.2 nM 6His-ubiquitin (1 mg/ml) and 2.7 nM HA-AIPL1 variants wt 
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(WT 0.5 mg/ml; AIPL1-A197P 0.44 mg/ml; AIPL1-C239R 0.9 mg/ml). As the amounts of HA-

tagged AIPL1 proteins could not be exactly determined by calculation, colloidal coomassie 

staining of SDS gels was performed to adjust them. After incubation, the reaction volume was 

increased with 1x reaction buffer and immunoprecipitation was performed for 2h at 4°C by the 

addition of anti-HA agarose conjugate HA-7 (Sigma-Aldrich). To investigate the interaction of 

AIPL1 and ubiquitin, a sample of the supernatant was taken to detect unbound protein. As 

described previously (see 2.8), samples were washed twice with NET-TN and twice with NET-

T before boiling in 5x SDS sample buffer containing 4% 2-mercaptoethanol (2-ME) and 

subjecting them to SDS-PAGE and western blot analysis with respective antibodies (see 2.9 

and 2.10). 

1x reaction buffer 

20 mM Tris-HCl pH 7.6 
50 mM NaCl 
10 mM MgCl2 
0.1 mM dithiothreitol (DTT) 
1x cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail (Roche) 

2.11.2.  In vitro FAT10ylation of PDE6β 

To investigate a FAT10ylation of PDE6β under in vitro conditions, following recombinant 

proteins were mixed in a final volume of 20 µl ATP-containing in vitro buffer: 0.1 nM FLAG-

UBA6 (0.25 mg/ml), 1.4 nM 6His-USE1 (0.58 mg/ml), 14 nM FAT10 (1.8 mg/ml), 0.16 nM GST-

PDE6β (0.2 µg/µl), 5.3 nM GST (2.8 µg/µl). After incubation of the proteins for 60 min at 30°C 

with shaking, the reaction was stopped by the addition of 5x gel sample buffer supplemented 

with 5% 2-ME. Samples were boiled and SDS-PAGE with 4-12% gradient gels (NuPage, 

Invitrogen) with subsequent western blot analysis was performed (see 2.9 and 2.10). 

In vitro buffer 

20 mM Tris-HCl pH 7.6 
50 mM NaCl 
10 mM MgCl2 
4 mM ATP 
0.1 mM dithiothreitol (DTT) 
1x cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail (Roche) 
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2.11.3.  In vitro UBA6-mediated FAT10 or ubiquitin activation 

All in vitro experiments for the investigation of UBA6-mediated FAT10 or ubiquitin activation 

were performed with in vitro buffer containing ATP (see 2.11.2). Titration experiments were 

done in a final volume of 20 µl using 0.05 nM FLAG-UBA6 (0.25 mg/ml) with different amounts 

of FAT10 (15 nM, 7.4 nM, 3.7 nM, 1.85 nM, 0.92 nM, 0.46 nM, 0.22 nM; 1.8 mg/ml) or 6His-

ubiquitin (5.2 nM, 2.6 nM, 1.3 nM, 0.65 nM; 1 mg/ml). The titration assay for HA-AIPL1 was 

performed in a final volume of 20 µl using 0.05 nM FLAG-UBA6 (0.25 mg/ml), 0.92 nM FAT10 

(1.8 mg/ml) and different amounts of HA-AIPL1 (0.57 nM, 1.1 nM, 2.8 nM, 4.3 nM, 5.7 nM, 8.2 

nM; 0.5 mg/ml). Activation assays for FAT10 were performed in a total volume of 40 µl while 

the activation assays for ubiquitin were performed in 30 µl. In both cases, 0.025 or 0.034 nM 

FLAG-UBA6 (0.25 mg/ml), 0.15 or 0.2 nM 6His-USE1 (0.58 mg/ml) and equimolar amounts of 

FAT10 (0.46 nM; 1.8 mg/ml) and 6His-ubiquitin (0.45 nM; 1 mg/ml) were used. Additionally, 

2.8 or 3.8 nM HA-AIPL1 (0.5 mg/ml) were applied to compete for FAT10 or ubiquitin activation, 

respectively. Equal amounts of HA-AIPL1-A197P (0.44 mg/ml) and HA-AIPL1-C239R (0.9 

mg/ml) were adjusted by colloidal Coomassie staining of SDS-pages. Titration experiments 

with Nub1L were performed in a final volume of 20 µl using 0.05 nM FLAG-UBA6 (0.25 mg/ml), 

0.92 nM FAT10 (1.8 mg/ml) and different amounts of Nub1L (0.3 nM, 0.46 nM, 0.92 nM, 1.38 

nM, 1.84 nM, 3.7 nM; 0.4 mg/ml). For all experiments, samples were incubated for 60 min with 

shaking at 30°C. The reaction was stopped by the addition of 5 x SDS gel sample buffer and 

proteins were separated on 4-12% gradient gels (NuPage, Invitrogen) or on 3-8% Tris-Acetate 

protein gels (Invitrogen) followed by western blot analysis (see 2.9 and 2.10).  

To compare the UBA6-mediated activation of FAT10 CYC with FAT10 SYC following 

recombinant proteins were incubated in a final volume of 20 µl: 0.1 nM FLAG-UBA6 (0.25 

mg/ml), 0.7 nM His-USE1 (0.56 mg/ml), 7.6 nM FAT10 CYC (0.6 mg/ml) or FAT10 SYC (1.67 

mg/ml). Samples were incubated for 1 h at 30°C and reactions were stopped by the 

addition of 5 x SDS gel sample buffer. After boiling the samples for 5 min at 95°C, proteins 

were separated under non reducing conditions on 4-12% gradient gels (NuPage, Invitrogen) 

followed by immunoblotting (see 2.9 and 2.10). 
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2.12. Mouse retina dissection  

Mice were sacrificed, eyes were removed and stored in 1x PBS on ice. The retina preparation 

was performed in 1x PBS using a binocular microscope. First, the eyes were cut around the 

iris and the lens was removed. Then, the retina could be separated from the choroid and sclera 

by carefully pulling the vitreous body out of the eye. Thereby, the retina still stuck to the vitreous 

body and had to be separated in a final step. Afterwards, retinae could be prepared for 

subsequent experiments as immunoprecipitation and quantitative RT-PCR.  

2.13. FAT10ylation of mouse PDE6 

Retina preparation from 3 C57BL/6 wildtype mice (6-8 weeks old) was performed as described 

in 2.12. Two retinae were lysed in 500 µl RIPA buffer for 30 min on ice. Additional 

homogenization was achieved using a 0.7 µm syringe. Whole retina lysate was pooled and 

split into 8 equal samples. Immunoprecipitation of mouse PDE6 holoenzyme was performed 

overnight at 4°C with anti-ROS-1 antibody (0.8 µl, total protein ascetic fluid 3.6 mg/ml) in 

combination with Protein A sepharose. As control, equal amounts of mouse IgG2a was used 

as isotype control. Afterwards, beads were pelleted and washed once with NET-TN, once with 

NET-T and twice with PBS. Subsequently, an in vitro FAT10ylation assay was executed on top 

of the beads-bound PDE6 holoenzyme. Therefore, recombinant proteins (Table 6) were mixed 

in a final reaction volume of 100 µl 1x ATP-containing in vitro buffer (see 2.11.2). Overall, 0.05 

nM FLAG-UBA6 (0.56 mg/ml), 0.3 nM His-USE1 (0.58 mg/ml), 2.62 nM FAT10 (1.6 mg/ml) 

and 2.75 nM FAT10-AV (0.5 mg/ml) were incubated at 30°C for 30 min with vigorous shaking. 

After pelleting the beads-bound PDE6, a sample of the supernatant was taken as control, 

boiled in 5x gel sample buffer and analysed in western blot under non-reducing conditions. 

Beads were washed twice with PBS, boiled in 25 µl 5x gel sample buffer supplemented with 

4% 2-ME and proteins were separated under reducing conditions using 4-12% gradient gels 

(NuPage, see 2.9). Western blot analysis was performed with mouse-specific anti-PDE6β, 

polyclonal anti-FAT10, anti-USE1 and anti-FLAG antibody (see 2.10).   

RIPA buffer 

150 mM NaC 
50 mM Tris-HCl pH8.0 
1% (v/v) Triton X-100 
0.5% sodiumdeoxycholat 
0.1% (w/v) SDS 

SDS sample buffer (5x) 

225 mM Tris-HCl, pH6.8 
50 % (v/v) Glycerol 
5% (w/v) SDS 
0.05% (w/v) Bromphenol blue 
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NET-TN buffer 

650 mM NaCl 
5 mM EDTA 
50 mM Tris-HCl, pH8.0 
0.5% Triton-X-100 

 

NET-T buffer 

150 mM NaCl 
5 mM EDTA 
50 mM Tris-HCl, pH8.0 
0.5% Triton-X-100 

 

2.14. cGMP hydrolysis assay 

The activity of mouse PDE was measured using the Cyclic Nucleotide Phosphodiesterase 

Assay Kit (Enzo Lifesciences, Cat.# BML-AK800) according to manufacturer´s instructions. As 

positive control, recombinant type I cyclic phosphodiesterase was used. To test the mouse 

PDE6 activity, one retina per mouse (6-8 weeks old) was prepared as described in 2.12. 

Subsequent, the retina was lysed for 30 min at 4°C in 500 µl phosphate-free lysis buffer. After 

clearance of the lysates by centrifugation (30 min, 20.000 x g, 4°C), lysates were desalted 

using PD mini Trap G-25 columns (GE Healthcare) pre-equilibrated in assay buffer. Lysates 

were diluted 1:30 in assay buffer and a final amount of 5 µl lysate was used in the assay. As 

possible inhibitors, different amounts of recombinant human FAT10 (1.67 mg/ml; 1.67 µg (+) 

or 5 µg (++)) or FAT10-AV (1.5 mg/ml; 1.5 µg (+) or 4.5 µg (++)) protein were used. Same 

volumes of FAT10 storage buffer served as control. The final absorbance measurement at 

OD620 nm was obtained with an Infinity2000 multiplate reader (Tecan). To compare the quality 

of retina preparation, 20 µl of each lysate were either analysed via SDS-PAGE with 4-12% 

gradient gels (NuPage, Invitrogen) followed by colloidal Coomassie staining and western blot 

analysis using a specific anti-mouse PDE6β antibody (see 2.9 and 2.10).   

Phosphate-free lysis buffer 

50 mM Tris-HCl pH 7.5 
0.1 mM EDTA pH 8.0 
0.1 mM EGTA pH 8.0 
1mM DTT 
0.2% NP-40 

 

Assay buffer 

10 mM Tris-HCl, pH7.5 

FAT10 storage buffer 

20 mM Tris-HCl pH 7.5 
150 mM NaCl 
1mM TCEP 
10 % glycerol
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2.15. Mouse retina sample preparation  

Heterozygous hypomorphic AIPL1 (AIPL1h/+) mice with 3, 6 or 8 months of age and age-

matched C57BL/6 or littermates (AIPL1+/+) were used for the retina preparation as described 

in 2.12.   

For immunoprecipitation, retinae were collected in RIPA buffer for cell lysis (350 µl RIPA buffer 

per retina, see 2.13). After incubation for 30 min on ice, tissue was further homogenized with 

a 0.7 µm syringe and lysates were cleared by centrifugation (30 min, 20.000 x g, 4°C). Total 

protein amounts of the different samples were determined with the help of Pierce BCA Protein 

Assay Kit (Thermo Scientific) and comparable amounts were used for subsequent 

immunoprecipitation of the holoenzyme with anti-ROS-1 antibody (1 µl, total protein ascetic 

fluid, 3.6 mg/ml) in combination with Protein A sepharose overnight at 4°C. Additionally, for 

loading controls, 80 µl of lysate was mixed with 20 µl 5x gel sample buffer supplemented with 

4% 2-ME and boiled for 5 in at 95°C. Immunoprecipitation samples were further prepared as 

described and proteins were separated using 4-12% gradient gels (NuPage, see 2.9) followed 

by immunoblotting with respective antibodies reacting against the different PDE6 subunits, 

AIPL1 and β-actin (see 2.10).  

To subsequently perform quantitative RT-PCR (see 2.17), one retina per mouse was stored in 

350 µl RLT buffer supplemented with 2-ME. Subsequently, the tissue was homogenized with 

a syringe and QIAshredder (Qiagen) homogenizer. RNA extraction and subsequent reverse 

transcription into cDNA was performed with the RNeasy Mini Kit (Qiagen) and the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer´s 

instructions, respectively. Within the different age groups, same amounts of RNA were reverse 

transcribed.  

2.16. Human retina sample preparation  

Three post-mortem human retina donations were provided by the Moorfields Lions Eye Bank 

(Moorfields Eye Hospital, London EC1V 2PD, UK) and the study was approved by the 

Moorfields Biobank Internal Ethics Committee. After removal, retina tissues were stored in 

RNAlater until RNA was extracted using RNeasy Mini Kit (Qiagen) according to manufacturer`s 

protocol including DNAse digestion (Rnease-Free DNAse Set, Qiagen). Defined amount of 

tissue was incubated in RLT buffer supplemented with 2-ME (600 μl RLT/2-ME buffer for 20-

30 mg tissue). Homogenization was achieved by smashing the tissue through a syringe (Ø 0.9 

mm) followed by QIAshredder (Qiagen) homogenizer. Subsequently, RNA was reverse 
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transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) according to the manual. A fourth sample of retinal RNA was purchased from 

Clontech and also reverse transcribed into cDNA. The obtained cDNA was further used for 

quantitative Real Time RT-PCR (see 2.17). 

2.17. Quantitative Real-Time RT-PCR  

In general, the quantitative real-time RT-PCR was performed with reverse transcribed cDNA 

from human retina samples as well as from mouse retina samples. In case of FAT10 

expression in HEK293 or Weri-Rb1 cells, cells were induced with the pro-inflammatory 

cytokines TNFα and IFNγ (see 0). Cells were harvested and RNA was prepared with the 

RNeasy Mini Kit in combination with QIAshredder (both Qiagen) according to manufacturer´s 

instructions. 1 µg of total RNA was further reverse transcribed into cDNA using the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and analysed with quantitative 

Real-Time RT-PCR.   

For all, the 7900 HT Fast Real Time PCR instrument (Applied Biosystems) was used to detect 

the expression of genes of interest using the Fast SYBR Green Master Mix (Applied 

Biosystems) in combination with the respective SYBR green forward and reverse primers 

(Table 7). For human retina samples, the human GAPDH gene was used as housekeeping 

gene, while the ribosomal 18S rRNA served as housekeeping gene for the mouse retina 

samples. Additionally, cDNA obtained from spleens and thymus of LCMV-treated (8 days) 

C57BL/6 wildtype and FAT10 knock-out mice, respectively, was used as control (kindly 

provided by Dr. Mei Mah, AG Groettrup, University of Konstanz). Overall, the expression of the 

gene of interest was normalized to the relative expression of the housekeeping gene. 

Additionally, primer functionality was controlled with melting curves.  

Table 7: List of oligonucleotides used for quantitative Real-Time RT-PCR. 

gene of interest primer name sequence (5`- 3`) source 

human FAT10  AA166 FAT10 fwd CTG TCT CTG GTT TCT 
GGC CC 

(141) 

human FAT10 AA167 FAT10 rev GGA AGC ATT GGG AGC 
CAT CT 

(141) 

human AIPL1 Hs_AIPL1_1_SG N/A Qiagen (Cat.# 
QT00030842) 
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human UBA6 Hs_UBA6_1_SG N/A Qiagen (Cat.# 
QT00034412) 

human USE1 Hs_FLJ13855_1_SG N/A Qiagen (Cat.# 
QT00082516) 

human GAPDH Hs_GAPDH_1_SG N/A Qiagen (Cat.# 
QT00079247) 

human PDE6β Hs_Pde6b_1_SG N/A Qiagen (Cat.# 
QT00011382)  

mouse FAT10 AA289 mouse FAT10 
fwd 

GAC TAC AGA CAT GGC 
TTC TG 

A. Aichem, BITg 

mouse FAT10 AA290 mouse FAT10 
rev 

GGC GGT TAA TTGA CCT 
TTG AG 

A. Aichem, BITg 

mouse AIPL1 Mm_Aipl1_1_SG N/A Qiagen (Cat.# 
QT00126651) 

mouse 18S Mm_Rn18s_2_SG N/A Qiagen (Cat.# 
QT01036875)  

2.18. Size Exclusion Chromatography  

Size exclusion chromatography (SEC) was used for the investigation of protein complexes 

using recombinant proteins. Here, the following protein combinations were analysed: FAT10 

only, HA-AIPL1 only, myc-PDE6β only and all three together. For all, a total volume of 700 µl 

was used and the single or mixed proteins were incubated in 1x reaction buffer (see 2.11.1) 

for 30 min at 30°C and centrifuged (5 min, 21000 x g). SEC was performed with Superdex 200 

Increase 10/60 GL (GE Healthcare) and the AektaPure system (GE Healthcare). A 500 µl 

SampleLoop was used for sample load and 0.5 ml/min were set as flow. The analysis was 

performed at 12°C and the column was calibrated using Gel Filtration Molecular Weight 

Markers Kit for Molecular Weights 12,000–200,000 Da (Sigma). Column equilibration was 

performed according the manufacturers guide with running buffer (20 mM Tris-HCl, p7.5, 50 

mM NaCl, 10 mM MgCl2, 1 mM TCEP). Elution was performed with 1.5 column volumes and 

the eluate was fractioned (0.5 ml). Subsequently, samples from fractions containing the 

proteins of interest were defined by the peak profile and dissolved in SDS-PAGE followed by 

western blot analysis using specific antibodies (see 2.9 and 2.10).  
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2.19. Luminescence-based ATP assay 

The Luminescence ATP Detection Assay Kit (Abcam, Cat.#ab113849) was used as described 

by the manufacturer to determine the ATP consumption during in vitro FAT10 activation assay. 

Briefly, in vitro FAT10 or His-ubiquitin activation assays were performed with the same protein 

amounts as described above (see 2.11.3). However, in vitro buffer with reduced ATP amounts 

(4 µM) was used to be in a linear range (193). Samples were incubated for 60 min at 30°C. 

The assay was subsequently performed as described by the manufacturer and luminescence 

was measured in a multiwell plate reader SPARK 10M (Tecan).  

2.20. Sample preparation for Mass Spectrometry analysis  

To investigate different substrates and interaction partners for FAT10 CYC and FAT10 SYC 

variants, HEK293 cells were transiently transfected with expression constructs for tagless 

FAT10 variants (pcDNA6-FAT10 CYC and pcDNA6-FAT10 SYC) using the TransIT-LTI 

Transfection Reagent (Mirus Bio LLC, Madison, see 2.6). Cells were harvested 24 h after 

transfection and immunoprecipitation was performed overnight using anti-FAT10 antibody 

(clone 4F1) in combination with protein A sepharose as described before (see 2.8). Beads 

were washed twice with NET-TN, twice with NET-T and twice with PBS. Protein 

characterization was performed with proteolytic digestion on beads followed by LC/ESI/MS/MS 

at the Functional Genomics Center Zurich (FGCZ), Switzerland. Database searches were 

performed using the Mascot search engine against Swissprot (all species and only human). 

Results were analysed in Scaffold (parameters: 1% protein FDR, a minimum of 2 peptides per 

protein, 0.1% peptide FDR).  

2.21. Genotyping 

For genotyping of hypomorphic AIPL1 mice, the genomic DNA (gDNA) was extracted either 

from mouse tail or ear biopsies. Therefore, the tissue was digested with Proteinase K (210 µg; 

Sigma-Aldrich) in 700 µl Proteinase K buffer overnight at 56°C. After precipitation with 250 µl 

5 M NaCl for several minutes, samples were centrifuged (20.000 x g, 4°C, 15 minutes) and 

supernatant was mixed with 500 µl isopropanol. gDNA was pelleted by centrifugation (5 min 

at 20.000 x g) and washed once with 70% ethanol. Finally, dried gDNA was resuspended in 

BioScience-Grade, nuclease-free, autoclaved, DEPC-treated water (Roth).   

The subsequent PCR was performed with the TerraTM PCR Direct Polymerase Mix (Takara) 

according to manufacturer`s instructions. Briefly, 200 ng gDNA were used for the reaction at 

most. As primers, the forward primer AB25 (5`-GTACGGGTATACATGTGTGTATCTATGAG-
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3`) (346) was used in combination with the reverse primer AB28 (5`-

GCCAGCCTGGGTTACATGAAACTTGG-3`) to detect the wildtype allele. To check whether 

the Neo cassette is inserted in the gene, the forward primer AB27 (5`-

CGAGATCAGCAGCCTCTGTTCCAC-3`) (346), which binds within the cassette, was used 

together with AB28. For each mouse, two separated PCR reactions with the different primer 

combinations were performed with a 3-step PCR. Finally, amplicons were visualized with a 1% 

agarose gel using SafeView (0.1 µl/ml; Bioxys/Gentaur), 1x TAE buffer (Fisher BioReagents) 

and GeneRuler 1 kb DNA ladder (Thermo Scientific).   

Proteinase K buffer 

1 M Tris-HCl, pH8.0 
0.5 M EDTA 
5 M NaCl 
20% SDS 

 

3-step PCR 

Initial denaturation 98°C 2 min 
Denaturation  98°C 10 sec 
Annealing  60°C 15 sec 
Elongation  68°C  30 sec 
final elongation  68°C 4 min 
 
overall: 30 cycles

2.22. Quantification and statistical analysis 

For densitometric analysis the respective ECL signal were calculated with ImageLab4.1 

software. For calculation of statistical significance in the cGMP hydrolysis assay, one-way 

ANOVA with Dunnett correction was applied with GraphPad Prism 6 software. Differences 

were considered as significant for p values of *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3. Results  

3.1. The ubiquitin-like modifier FAT10 inhibits retinal PDE6 activity and 

mediates its proteasomal degradation 

3.1.1. FAT10 interacts via both UBL domains with the TPR motifs in AIPL1 

Recently, an interaction between the retinal chaperone AIPL1 and the ubiquitin-like modifier 

FAT10 has been described (220). First, this finding should be confirmed with endogenous 

FAT10 in cellulo (Figure 14B). Therefore, myc-tagged wild type AIPL1 (myc-AIPL1) as well as 

two AIPL1 mutants known to cause the retinopathy LCA (myc-AIPL1-A197P and myc-AIPL1-

C239R) were overexpressed in HEK293 cells, while FAT10 expression was induced by 

stimulating the cells for 24 h with the pro-inflammatory cytokines TNF-α and IFN-γ. Subsequent 

co-immunoprecipitation (Co-IP) confirmed an interaction of endogenous FAT10 with wild type 

AIPL1 (Figure 14B, lane 6). As also both tested pathogenic AIPL1 mutants interacted with 

FAT10 (Figure 14B, lanes 7 and 8) and since a lot more point mutations in AIPL1 are known 

to cause LCA (Figure 14A), further AIPL1 mutants were created and tested for their ability to 

interact with FAT10 (Figure 14C). Interestingly, all tested AIPL1 mutants (AIPL1-R38C, -W72S, 

-C89R, -A197P, -C239R, -G262S and –P376S) interacted with FAT10, indicating that the point 

mutations do affect AIPL1 concerning its capability to interact with FAT10.  

So far, only AIPL1 wild type had been shown to interact with FAT10 in a direct manner (220). 

To investigate whether the pathogenic mutants AIPL1-A197P and AIPL1-C239R directly 

interact with FAT10 as well, in vitro Co-IP of recombinant HA-tagged AIPL1 variants and 

FAT10 was performed (Figure 14D). This assay revealed that not only wild type but also the 

pathogenic AIPL1 mutants directly interact with FAT10 (Figure 14D, lanes 3-5). As FAT10 

belongs to the family of ubiquitin-like modifier containing the typical ubiquitin-like folds (180), 

in vitro Co-IP studies using recombinant proteins were performed to test whether AIPL1 

interacts with ubiquitin as well. Since ubiquitin was not co-immunoprecipitated with HA-tagged 

AIPL1 variants but was still detectable in the supernatant after immunoprecipitation, a direct 

interaction of the chaperone with ubiquitin can be excluded (Figure 14E). This underlines a 

specific interaction of AIPL1 with FAT10. 
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Figure 14: AIPL1 and pathogenic AIPL1 mutants specifically interact with FAT10 in a direct manner.  (A) 

Schematic illustration of AIPL1 and localization of tested point mutations. (B) HEK293 cells were transiently 

transfected with expression constructs for myc-AIPL1 variants. FAT10 expression was induced by treating the cells 

with TNF-α (600 U/ml) and IFN-γ (300 U/ml) for 24 h, as indicated. Immunoprecipitation (IP) was performed with 

anti-FAT10 antibody (clone 4F1) coupled to Protein A sepharose followed by SDS-PAGE and western blot analysis 

(IB). The asterisk marks the heavy chain of the antibody. (C) Co-immunoprecipitation of FLAG-FAT10 and HA-

tagged AIPL1 variants transiently expressed in HEK293 cells. IP was performed using anti-HA agarose. Proteins 

were separated on 12.5% Laemmli gels and subjected to western blot analysis (IB) using the antibodies indicated. 

Remaining signal from HA-AIPL1 variants is marked with an asterisk. (D, E) For in vitro interaction assays, 

recombinant FAT10 or 6xHis-ubiquitin (His-ubiquitin) were incubated together with HA-AIPL1 variants in in vitro 

buffer for 60 min at 30°C followed by immunoprecipitation using anti-HA agarose. Western blot analysis was 

performed using either anti-FAT10 polyclonal antibody or peroxidase labelled anti-His antibody, respectively. The 

recombinant protein amounts can be found in the methods section. Shown is one experiment out of three 

experiments with similar outcomes, respectively.  
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Next, the interaction sites were confined in more detail by testing which FAT10 domain is 

involved in the interaction with AIPL1 (Figure 15A). Either HA-GFP-tagged full length FAT10 

(FAT10-GG), the single FAT10 N-terminal (FAT10-N) or C-terminal (FAT10-C) UBL domain 

were expressed together with FLAG-tagged AIPL1 in HEK293 cells, as indicated. Again, the 

interaction between AIPL1 and full length FAT10 was detectable over the background (Figure 

15A, lane 7). Interestingly, AIPL1 also interacted with both, the single N- or the C-terminal 

FAT10 UBL domain (Figure 15A, lanes 8 and 9), suggesting that both UBL domains are used 

for the interaction. In the negative control, in contrast, no interaction between AIPL1 and GFP 

was detectable (Figure 15A, lane 10).  

Human AIPL1 possesses an N-terminal FKBP domain, three TPR motifs and a C-terminal 

proline-rich domain. Considering that TPR motifs are described to be important for protein-

protein interactions (340,343), it was tested whether this holds true for FAT10 as well. Co-IP 

experiments with overexpressed untagged FAT10 and FLAG-tagged AIPL1 truncation variants 

expressing different combinations of domains were performed (Figure 15B and C). Indeed, 

FAT10 interacted with the TPR motifs since an interaction was detected only for those AIPL1 

truncations still expressing all three TPR motifs. In detail, FAT10 interacted with AIPL1 WT 

(Figure 15B, lane 8) as well as with AIPL1-S328X (expression of FKBP and TPR motifs; Figure 

15B, lane 10), AIPL1 TPR (expression of only the TPR motifs; Figure 15B, lane 11) and slightly 

with AIPL1 TPR+PRD (expression of the TPR motifs and the C-terminal proline-rich domain, 

Figure 15B, lane 12). No interaction was observed between FAT10 and the AIPL1-Q163X, 

only expressing the FKBP domain of AIPL1 (Figure 15B, lane 9). However, the most prominent 

interaction was detected with AIPL1 WT (Figure 15B, lane 8) suggesting that proper folding of 

AIPL1 is important for the interaction with FAT10.  

Taken together, these data show that not only AIPL1 wild type interacts specifically with FAT10 

in a direct manner but also pathogenic mutants such as AIPL1-A197P and AIPL1-C239R. 

Moreover, the data demonstrate that AIPL1 interacts via its TPR motifs with both FAT10 UBL 

domains (Figure 15C).  
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Figure 15: FAT10 interacts via both UBL domains with the TPR motifs in AIPL1. (A) In cellulo interaction of 

FLAG-tagged AIPL1 and different FAT10 truncation versions, namely full length FAT10 (HA-FAT10-GG-GFP), the 

N-terminal UBL domain of FAT10 (HA-FAT10-N-GFP) or the C-terminal UBL domain of FAT10 (HA-FAT10-C-GFP). 

HEK293 cells were transiently transfected with expression constructs for the indicated proteins. 

Immunoprecipitation using anti-FLAG M2 affinity gel was followed by western blot analysis. (B) To identify the 

FAT10 binding site in AIPL1, co-immunoprecipitations of FLAG-AIPL1 truncation variants and FAT10 were 

performed in transiently transfected HEK293 cells. Anti-FAT10 antibody (clone 4F1) coupled to protein A sepharose 

was used for immunoprecipitation. (C) Schematic illustration for the interaction between FAT10 and AIPL1. Shown 

are both UBL domains of FAT10 (red), AIPL1-FKBP (blue), -TPR (green) and -proline-rich (yellow) domain and the 

tested AIPL1 truncations. For both, one representative experiment out of three experiments with similar outcomes 

is shown. 

3.1.2. FAT10 is expressed in human retina 

So far the direct interaction between the ubiquitin-like modifier FAT10 and the retinal 

chaperone AIPL1 was shown in vitro and in cellulo (Figure 14). In general, AIPL1 is only 

expressed in developing rods and cones, mature rods and the pineal gland (331-333). Contrary 

to this, FAT10 is described to be constitutively expressed in organs of the immune system 

(182) however its expression has not yet been investigated in retinal structures.  
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As FAT10 expression is inducible in several tissues and cell lines by the pro-inflammatory 

cytokines TNF-α and IFN-γ (179), a possible induction of FAT10 expression was investigated 

by quantitative real time PCR (RT-PCR) in the retinoblastoma cell line Weri-Rb1 (Figure 16A). 

As control, FAT10 mRNA was markedly increased after stimulating HEK293 cells with TNF-α 

and IFN-γ for 24 h, while no mRNA expression was found in untreated cells (Figure 16A and 

(185)). The same outcome was detected in Weri-Rb1 cells (Figure 16A). While no FAT10 

mRNA was present without stimulating the cells with TNF-α and IFN-γ, a strong upregulation 

of FAT10 mRNA was measurable after induction with the cytokines. Remarkably, this 

upregulation of FAT10 mRNA was even higher in Weri-Rb1 than in HEK293 cells. 

 

Figure 16: FAT10 is expressed in human retina.  (A) Up-regulation of endogenous FAT10 in HEK293 and Weri-

Rb1 cells upon cytokine treatment with IFNγ and TNFα (I/T) for 24 h. FAT10 mRNA expression was measured by 

quantitative real-time RT-PCR and normalized to the mRNA expression levels of the housekeeping gene GAPDH. 

Values of untreated HEK293 cells were set to unity and the other values were calculated accordingly. Data are 

derived from four independent experiments (n=4), shown is the mean ± SEM. (B-E) RNA from three retina (donor 

1-3) was extracted and reverse-transcribed into cDNA. Purchased human retina RNA was defined as donor 4. 

AIPL1, FAT10, UBA6 and USE1 mRNA expression was measured by quantitative real-time RT-PCR and 

normalized as described in (a). Untreated HEK293 cells served as a control. Triplicates were measured and shown 

are the relative mRNA levels as single values as well as the mean ± SEM. 

Showing that FAT10 expression is inducible in a retinoblastoma cell line led to the suggestion 

that FAT10 might also be expressed in human retina. To test this, quantitative real time RT-

PCR was performed with three human retina samples. As control, AIPL1 mRNA expression 

was prevalent in all three retina samples but not in HEK293 cells (Figure 16B). Next, FAT10 
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mRNA expression was measured in all three donor retina and in a purchased retinal RNA 

sample (Clontech; named hereafter donor 4), again with HEK293 cells as negative control 

(Figure 16C). While FAT10 was not expressed in unstimulated HEK293 cells, it was clearly 

expressed in three of the four retina samples (Figure 16C, donors 1, 2 and 4). This indicates 

that FAT10 mRNA is expressed in human retina.  

Finally, mRNA expression of the FAT10-specific E1 activating enzyme UBA6 as well as of the 

E2 conjugating enzyme USE1 (Figure 16D and E) was measured, since FAT10 conjugation is 

dependent on these enzymes. Hereby, mRNA expression in retina samples was again 

compared to HEK293 cells that are known to express both enzymes (141). Showing that both 

enzymes of the FAT10 conjugation machinery, UBA6 and USE1, were also expressed in 

human retina (Figure 16D and E) lead to the assumption that FAT10 is not only expressed but 

might also be activated and conjugated to substrate proteins in the human retina. 

3.1.3. The rod phosphodiesterase 6 is a retina-specific FAT10 substrate 

Having shown that FAT10 is expressed in human retina and that it interacts with the retina-

specific chaperone AIPL1, the search for a retina-specific FAT10 substrate was obvious. 

Hereby the focus was on a known AIPL1 client, the rod phosphodiesterase 6 (PDE6) which is 

a heterotetramer consisting of one α-subunit (PDE6α), one β-subunit (PDE6β) and two 

inhibitory γ-subunits (PDE6γ) (292,294,314,315). In order to investigate rod PDE6 as a 

possible FAT10 substrate, the generation of overexpression constructs for mammalian cell 

culture was needed and achieved in our lab by amplification of the single rod PDE6 subunits 

out of human retina cDNA and insertion of the subunits into expression vectors, containing 

different peptide tags (351). Subsequently, a possible FAT10ylation of the single subunits was 

tested by overexpressing the respective subunits together with two different FAT10 variants, 

His-3xFLAG-FAT10 (further referred to as FLAG-FAT10) and the conjugation incompetent 

variant His-3xFLAG-FAT10-AV characterized by a C-terminal AV motif replacing the wild type 

GG (Figure 17).  

Starting with the rod catalytic subunit PDE6α, western blot analysis after immunoprecipitation 

of FLAG-tagged FAT10 variants showed covalent modification of His-PDE6α with FAT10. 

(Figure 17A, lane 5). In contrast, the FAT10-AV mutant was not conjugated to PDE6α (Figure 

17A, lane 7). Upon inhibition of the proteasome with MG132 the amount of PDE6α-FAT10 

conjugate increased (Figure 17A, lane 6) indicating that FAT10ylation of PDE6α might lead to 

its proteasomal degradation. A non-covalent interaction with His-PDE6α was detectable for 

both FAT10 variants (Figure 17A, lanes 5-8) which was independent of the C-terminal diglycine 

motif of FAT10.  
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Accordingly, the other catalytic subunit PDE6β was tested as possible FAT10 substrate (Figure 

17B). Again, FAT10 was covalently conjugated to PDE6β (Figure 17B, lanes 5 and 6) and non-

covalent interaction occurred between both FAT10 variants and PDE6β (Figure 17B, lanes 5-

8). FAT10ylation of PDE6β was likewise dependent on the C-terminal diglycine motif since it 

was absent with the FAT10-AV mutant (Figure 17B, lanes 7 and 8). Inhibition of the 26S 

proteasome led to only a slight increase in PDE6β-FAT10 conjugate amount, since in this 

special experiment also less PDE6β was expressed as compared to lane 5 (Figure 17B, lane 

6), consistent with a possible proteasomal degradation of the conjugate. Performing the same 

experiment using a low percentage SDS-PAGE revealed that PDE6β did not only become 

FAT10ylated with one FAT10 moiety but seemed to be oligo mono-FAT10ylated with at least 

two FAT10 molecules (Figure 17C, lanes 5-8). Since no difference was observed between 

FAT10 WT and a FAT10 variant lacking all internal lysine residues, named FAT10 K0, it can 

be presumed that several single FAT10 proteins were conjugated to the subunit and no FAT10 

chain was built (Figure 17C, lanes 5 and 6 versus 7 and 8). As already seen in previous 

experiments (Figure 17B), proteasomal inhibition with MG132 led to an accumulation of the 

conjugate (Figure 17C, top panel).  

Completing this study for all PDE6 components, a possible FAT10ylation of the rod inhibitory 

PDE6γ subunit was investigated (Figure 17). In line with the catalytic subunits PDE6αβ, also 

FAT10ylation of PDE6γ was detectable (Figure 17D, lanes 5 and 6). This was likewise 

dependent on the C-terminal diglycine motif (Figure 17D, lanes 7 and 8) and inhibition of the 

26S proteasome with MG132 led to an accumulation of the PDE6γ-FAT10 conjugate (Figure 

17D, lane 6). Additionally, a non-covalent interaction was detected with both FAT10 variants 

(Figure 17D, lanes 5-8).  

To investigate whether PDE6β becomes FAT10ylated not only in cellulo but also under in vitro 

conditions, recombinant FLAG-UBA6, His-USE1, FAT10, FAT10-AV and GST-PDE6β were 

incubated at 30°C followed by western blot analysis (Figure 17E). To exclude that the relatively 

large GST tag of PDE6β influenced the system or served as FAT10ylation site, recombinant 

GST served as negative control (Figure 17E, lanes 8-11). With this approach a PDE6β-FAT10 

conjugate was detected in presence of UBA6 and USE1 (Figure 17E, lane 6), showing that 

PDE6β is also modified with FAT10 under in vitro conditions. In line with the in cellulo data, no 

FAT10ylation of PDE6β was observable when instead of wild type FAT10, the FAT10-AV 

mutant was used (Figure 17E, lane 7). Interestingly PDE6β was also FAT10ylated in the 

absence of the E2 conjugating enzyme USE1 (Figure 17E, lane 5) indicating that at least in 

vitro UBA6 alone was sufficient to mediate the FAT10 transfer onto PDE6β as recently 

published by our group for other substrates such as OTUB1 (194) and JunB (193).  



Results 

71 

 

Figure 17: The rod phosphodiesterase 6 is a retina-specific FAT10 substrate. (A-D) HEK293 cells were 

transiently transfected with expression constructs for the indicated proteins. Where indicated, cells were additionally 

treated with 10 µM of the proteasome inhibitor MG132 for 6 hours before harvesting. Immunoprecipitations were 

performed using anti-FLAG M2 affinity gel, anti-HA agarose or anti-c-myc affinity gel. SDS-PAGE under reducing 

conditions (4% 2-ME) with either 4-12% gradient gels (NuPage) (A,B,D) or 7 (IP) and 12.5% (lysate) Laemmli gel 

(C) was followed by western blot analysis using the respective antibodies. β-actin served as loading control. Shown 

are single experiments out of three experiments each with similar outcomes. (E) In vitro FAT10ylation of PDE6β.  
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Recombinant proteins were incubated for 60 min at 30°C in an ATP containing in vitro buffer. The reaction was 

stopped with 5 x SDS gel sample buffer containing 4% 2-ME followed by SDS-PAGE and western blot analysis. 

The exact recombinant protein amounts can be found in the methods section. Shown is one experiment out of three 

experiments with similar outcomes. Asterisks mark unspecific background. 

Taken together, rod PDE6 was identified as the first retina-specific FAT10 substrate. Both rod 

PDE6 catalytic subunits, PDE6α and –β as well as the inhibitory PDE6γ subunit become 

covalently modified with FAT10 and are stabilized by the proteasome inhibitor MG132. 

Additionally, all three subunits interact non-covalently with FAT10. 

3.1.4. The PDE6β subunit is also FAT10ylated when incorporated in the holoenzyme 

So far, only FAT10ylation of single PDE6 subunits was investigated raising the question, 

whether a properly formed PDE6 holoenzyme might be modified with FAT10 as well. Having 

the expression constructs for the single subunits in hand, co-expression of all three subunits 

was investigated. In accordance with precious data where co-localization of the extopically 

expressed PDE6 subunits had been shown by confocal (351), the interaction of the single 

subunits was confirmed by Co-IP experiments pointing to the formation of a PDE6 holoenzyme 

formation in HEK293 cells (Figure 18A and B). Therefore, overexpression of all three rod PDE6 

subunits together with either FAT10 WT or the FAT10-AV in HEK293 cells was used to get a 

first hint whether also holoenzyme-incorporated PDE6β serves as a FAT10 substrate or if 

incorporation might protect the subunits from being FAT10ylated.  

Combined immunoprecipitation and western blot analysis revealed, that PDE6β, although 

interacting with the other subunits and thus being eventually incorporated in the holoenzyme, 

was indeed FAT10ylated (Figure 18C, lane 5). As already seen before, the FAT10-AV mutant 

was incompetent to generate a covalent modification (Figure 18C, lane 6). However, both 

FAT10 variants were still able to non-covalently interact with PDEβ (Figure 18C, lanes 5 and 

6). Overall this led to the suggestion, that neither the incorporation of the β-subunit into a 

holoenzyme complex nor interaction of PDE6β with other subunits does prevent its 

FAT10ylation. Nonetheless, it cannot be excluded that only free PDE6β, which was not 

incorporated into the holoenzyme, was FAT10ylated in the described experimental setup.  
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Figure 18: The PDE6β subunit is also FAT10ylated when incorporated in the holoenzyme. (A, B) Ectopically 

expressed PDE6 subunits interact with each other. Differently tagged PDE6 subunits were overexpressed in 

HEK293 cells and co-immunoprecipitations in combination with western blot analysis were performed. Either HA-

PDE6β was immunoprecipitated with anti-HA agarose or myc-PDE6γ was immunoprecipitated with EZview Red 

Anti-c-myc Affinity Gel. Asterisks mark unspecific background. PDE6 FAT10ylation under overexpression 

conditions in HEK293 cells. Cells were transiently transfected with expression constructs for all rod PDE6 subunits, 

FLAG-FAT10 or FLAG-FAT10-AV. An immunoprecipitation against HA-PDE6β was performed and samples were 

separated on 4-12% gradient gels (NuPage) followed by western blot analysis. Unspecific background is marked 

with an asterisk. (D) Conjugation of FAT10 to mouse PDE6 holoenzyme. Retina from C57BL/6 mice were prepared 

and lysed in RIPA buffer. Mouse PDE6 holoenzyme was immunoprecipitated overnight with ROS-1 antibody 

coupled to protein A sepharose. Mouse IgG2a was used as isotype control for the IP. Immunoprecipitated PDE6 

was used in an in vitro FAT10ylation assay with recombinant proteins, as indicated. Reactions were incubated at 

30°C for 30 min. Supernatant samples were analysed under non-reducing conditions and IP samples were analysed 

under reducing conditions (4% 2-ME) using 4-12% gradient gels (NuPage) and the respective antibodies. The 

recombinant protein amounts can be found in the methods section. (E) Colloidal coomassie staining of 50% input 

of the recombinant proteins used in (D). For all, shown is one experiment out of three experiments with similar 

outcomes, respectively. 

Unfortunately, no antibody for the immunoprecipitation of human PDE6 holoenzyme is 

available and also recombinant purification of the fully assembled human enzyme has not been 

established so far. To circumvent these issues, mouse PDE6 enzyme was used as mouse and 

human PDE6β share 93% sequence similarity at amino acid level. Moreover, fully assembled 

mouse PDE6 was described to be recognized by the so-called ROS-1 antibody allowing the 

purification of PDE6 holoenzymes from mouse retina lysate (413). C57BL/6 mouse retina was 

prepared, lysed and PDE6 was immunoprecipitated with ROS-1 antibody coupled to protein A 

sepharose. The immunoprecipitated PDE6 was further used for in vitro FAT10ylation assays 

using recombinant human FAT10, FLAG-UBA6 and His-USE1 (50% input of the recombinant 

proteins is shown in Figure 18E). Thereby a clear covalent modification of incorporated PDE6β 

with FAT10 WT but not with FAT10-AV was observable (Figure 18D, lanes 6-8). As already 

shown above, UBA6 alone was again sufficient for in vitro PDE6β FAT10ylation (Figure 18D, 

lane 6). Comparable amounts of FAT10 WT and FAT10-AV were used while only FAT10 WT 

was activated by UBA6 and transferred onto USE1, as expected (Figure 18D, supernatant). 

These data confirm that the catalytic β-subunit of rod PDE6 becomes FAT10ylated despite its 

incorporation into the holoenzyme. 

3.1.5. AIPL1 stabilizes FAT10 and the PDE6β-FAT10 conjugate 

As PDE6 is a client of the chaperone AIPL1, a possible impact of AIPL1 on the FAT10ylation 

of this enzyme was investigated. During their studies, Bett et al. had reported that FAT10 

accumulates in the presence of AIPL1 (220). Therefore, a cycloheximide (CHX) chase 
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experiment to monitor stability of monomeric FAT10 in the absence or presence of AIPL1 WT 

or AIPL1-A197P was performed (Figure 19A). Treatment of cells with CHX for the indicated 

time periods inhibited protein de novo synthesis giving the possibility to track the degradation 

of proteins. In line with the reported observation of Bett and colleagues (220), a slower 

degradation rate for monomeric FAT10 was observed when AIPL1 WT was co-expressed 

(Figure 19A, lanes 4-6 versus lanes 1-3). Interestingly, the pathogenic mutant AIPL1-A197P 

likewise stabilized FAT10 (Figure 19A, lanes 7-9 versus lanes 1-3) indicating that the direct 

interaction with FAT10 (Figure 14) is sufficient for its stabilization.  
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Figure 19: AIPL1 stabilizes FAT10 and the PDE6β-FAT10 conjugate. (A) Western blot analysis showing the 

degradation rate of monomeric FAT10 analysed in HEK293 cells co-expressing myc-tagged AIPL1 or AIPL1-

A197P. Before harvesting, cells were treated for 2.5 or 5 h with 50 µg/ml CHX to inhibit protein de novo synthesis. 

One experiment out of three experiments with similar outcomes is shown. (B) HEK293 cells were transiently 

transfected with expression constructs for HA-PDE6β, FLAG-FAT10, myc-AIPL1, myc-AIPL1-A197P and myc-

AIPL1-C239R, as indicated. After cell lysis, HA-PDE6β was immunoprecipitated with anti-HA agarose and proteins 

were separated under reducing conditions (4% 2-ME) using 4-12% gradient gels (NuPage). FAT10ylation of PDE6β 

was visualized by western blot analysis. Shown is one experiment out of three experiments with similar outcomes. 

(C, D) Investigation of PDE6β FAT10ylation was performed as described in (B) but with increasing amounts of 

expression constructs (0.5 – 5 µg DNA) for untagged AIPL1 WT (C) or AIPL1-A197P (D). One experiment out of 

three (AIPL1 WT; C) or out of two (AIPL1-A197P; D) experiments with similar outcomes is shown. 

In a next step, the formation of the PDE6β-FAT10 conjugate was investigated in the presence 

of different AIPL1 variants (Figure 19B). Again, an accumulation of monomeric FAT10 in 

presence of all AIPL1 variants was detectable (Figure 19B, lysate IB: FLAG, lanes 8-9). 

Notably, the amount of PDE6β increased in the presence of all AIPL1 variants as well (Figure 

19B, lysate IB: HA, lanes 8-10). In line with this, more PDE6β-FAT10 conjugate and especially 

an increased non-covalent interaction between FAT10 and PDE6β was observed in the 

presence of AIPL1, AIPL1-A197P and AIPL1-C239R (Figure 19B, top panel, lanes 7-10). This 

led to the suggestion that AIPL1, FAT10 and PDE6β might build a trimeric complex based on 

the interaction between FAT10 and AIPL1 resulting in a stabilization of the modifier and in 

consequence of the substrate.   

In addition, the stabilization of the conjugate was dependent on the amount of AIPL1 (Figure 

19C). Upon transfection of cells with fixed plasmid amounts for HA-PDE6β and FLAG-FAT10 

but increasing amounts of plasmid DNA encoding for AIPL1, more covalent and non-covalent 

interaction between PDE6β and FAT10 was detectable correlating with the increasing amounts 

of AIPL1 (Figure 19C, top panel). Consistent with that, amounts of FAT10 and PDE6β were 

elevated upon stronger expression of AIPL1 (Figure 19C, lysate IB: HA and FLAG, lane 9 

versus 5). Again, no difference between wild type AIPL1 and the pathogenic AIPL1-A197P 

mutant was observed as the same results were obtained when expressing AIPL1-A197P 

(Figure 19D). Co-expression of increasing amounts of AIPL1-A197P elevated the monomeric 

FAT10, PDE6β and PDE6β-FAT10 substrate as well, however eventually not as potent as wild 

type AIPL1.  

In summary, the degradation rate of monomeric FAT10 was slowed down in the presence of 

AIPL1 WT or AIPL1-A197P resulting in an increased PDE6β-FAT10 conjugate formation that 

was dependent on the concentration of AIPL1.  
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3.1.6. FAT10 targets PDE6 for proteasomal degradation 

It is known that FAT10ylation of substrates targets them for degradation by the 26S 

proteasome (152,190). Since only a slight increase in PDE6β-FAT10 conjugate was 

observable upon proteasomal inhibition (Figure 17B) a CHX chase experiment with HEK293 

cells transiently expressing HA-PDE6β and FLAG-FAT10 was performed to monitor a possible 

proteasomal degradation of the PDE6β-FAT10 conjugate (Figure 20A). As controls, MG132 

was used to block the catalytic activity of the 26S proteasome while endosomal acidification 

and maturation of autophagic vacuoles were inhibited with Chloroquine or Bafilomycin A1, 

respectively (Figure 20A, lanes 4-6).   

In line with previous data ((141) and Figure 19A), monomeric FAT10 was almost completely 

degraded within 5 hours of chase while its degradation was rescued upon proteasome 

inhibition (Figure 20A, lysate IB:FLAG, lanes 3 vs 4). Likewise, the PDE6β-FAT10 conjugate 

was degraded over time and rescued by proteasomal inhibition although degradation speed 

was slower and the amount of rescued protein were not quite as high as for monomeric FAT10 

(Figure 20A, top panel). As monomeric FAT10 itself is degraded over time, only small amounts 

could be additionally conjugated to PDE6β during the time of CHX treatment. Considering that 

no FAT10-specific deconjugating enzyme has been found and that covalent conjugation of 

FAT10 targets the bulk of its substrates for proteasomal degradation at the same pace as 

monomeric FAT10 (152,190), the observed decline of PDE6β-FAT10 conjugate over time is 

very likely due to proteasomal degradation. As neither treatment of cells with Chloroquine nor 

Bafilomycin A1 affected the degradation, an involvement of lysosomal degradation or 

autophagy could be excluded (Figure 20A, top panel, lanes 5 and 6). Densitometric analysis 

of the ECL signals of the conjugate normalized to the levels of β-actin in the respective lanes 

confirmed the rescue of conjugate degradation by proteasomal inhibition and further revealed 

that approximately 50% of the conjugate was degraded after 2.5 hours of CHX treatment 

(Figure 20B).   

Altogether, FAT10ylation of PDE6β targets it for proteasomal degradation as already 

documented for other FAT10 substrates (193,202). 
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Figure 20: FAT10 targets PDE6 for proteasomal degradation. (A) The degradation rate of PDE6β-FAT10 

conjugate in transiently transfected HEK293 cells was monitored by treating the cells with CHX (final concentration 

50 µg/ml; 2.5 or 5 h). Where indicated, cells were additionally treated for 6 h with MG132 (10 µM), Bafilomycin A1 

(0.2 µM) or Chloroquine (100 µM). Immunoprecipitation was performed using anti-HA agarose. One representative 

experiment out of four experiments with similar outcomes is shown. (B) Densitometric analysis of ECL signals of 

CHX chase experiments. ECL signals of PDE6β-FAT10 conjugate were normalized to the ECL signals of β-actin. 

Values of untreated cells were set to unity. Shown is the mean ± SEM of four experiments with similar outcomes 

(n=4). 

3.1.7. Non-covalent interacting FAT10 inhibits PDE6 activity 

To gain insights whether FAT10 has an impact on the functionality of PDE6 besides targeting 

it for proteasomal degradation, the FAT10ylation site within PDE6β was elucidated. Therefore, 

PDE6β truncation mutants were generated to overexpress either the N-terminal GAFa domain 

alone (HA-PDE6β GAFa), both GAF domains (HA-PDE6β GAFa+b) or only the C-terminal 

catalytic PDEase domain (HA-PDE6β PDEase) in HEK293 cells (Figure 21A), while full length 

PDE6β served as control. Additional co-expression of FLAG FAT10 and subsequent 

immunoprecipitation and western blot analysis showed that FAT10 interacted with all 

expressed domains in a non-covalent manner (Figure 21B, lane 7-10). As expected, full length 

PDE6β was strongly FAT10ylated (Figure 21B, lane 10). Furthermore, a covalent modification 
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was observed in case of the GAFa domain as well as the PDEase domain (Figure 21B, lanes 

7 and 9). In the case of GAFa+b, a single band was detected at around 75 kDa representing 

most likely mono-FAT0ylation in the GAFa domain since it could be shown that this domain is 

even FAT10ylated when expressed solely (Figure 21B, top panel, lane 8). Unspecific binding 

to HA-agarose, as frequently observed for FAT10, explains the background signal in lane 2 

(Figure 7B, top panel). As control, repetition of the experiment using FAT10-AV instead of 

FAT10 wild type showed no covalent isopeptide linkages between FAT10 and different PDE6β 

versions while non-covalent interactions were not affected (Figure 21C). The possible covalent 

modification of two PDE6β domains is in line with the finding of oligo mono-FAT10ylation of 

the PDE6β subunit (Figure 17C). 

Within the PDE6β subunit the GAFa domain is important for cGMP binding while the PDEase 

domain possesses the catalytic activity for hydrolysis of cGMP. Moreover, the inhibitory PDE6γ 

subunits bind to these two domains (295,414). As FAT10 is able to interact with these two 

important domains in a covalent but also a non-covalent manner, a possible influence of FAT10 

on the activity of PDE6 was investigated via a cGMP hydrolysis assay. Briefly, PDE6 activity 

was measured by using a defined amount of cGMP as a substrate. After hydrolysis of cGMP 

by PDE6, a supplemented 5`-nucleotidase enzymatically cleaves 5`-GMP into the nucleoside 

and phosphate, which in turn can be detected in a colorimetric assay by measuring the 

absorbance at 620 nm. To ensure a high amount of functional enzyme in the assay, lysate of 

mouse retina was used as a source for PDE6 holoenzyme while recombinant human FAT10 

was used to test its possible influence onto the PDE6 activity. Overall, retinae of five C57BL/6 

mice were prepared and lysed in a phosphate-free lysis buffer. Protein amount was 

comparable for all prepared retina as seen in a colloidal coomassie staining of whole retina 

lysate (Figure 22A). As further control, western blot analysis using the mouse retinal lysates 

showed similar PDE6β expression levels (Figure 22B), indicating that comparable amounts of 

PDE6 were used in the assay.  

After the reaction and incubation with the reagent reacting with free phosphate for 30 min, the 

absorbance at 620 nm was measured and amounts of produced 5`-GMP were calculated 

(Figure 22C). Recombinant enzyme of PDE class I served as a positive control and revealed 

that the enzyme was active and able to hydrolyze cGMP indicating that the experimental setup 

was functional (Figure 22C, PDE). To exclude that neither impurities in the FAT10 or FAT10- 

AV preparations nor the FAT10 storage buffer itself influenced the system, cGMP was 

incubated only with recombinant FAT10, FAT10-AV or FAT10 storage buffer. As no enhanced 

amounts of 5-GMP could be detected, it can be concluded that neither the proteins themselves 

nor a component of the FAT10 storage buffer did influence cGMP turnover (Figure 22C, 
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FAT10, FAT10-AV, FAT10 buffer). In addition, background signals within the lysates was 

measured and revealed that the phosphate-free lysis and subsequent desalting was 

successful as no background was detectable (Figure 22C, lysate w/o substrate).  

 

Figure 21: FAT10ylation of the PDE6β GAFa and catalytic domain. (A) Schematic illustration of PDE6β domains 

and truncation forms analysed. (B, C) HEK293 cells transiently expressing either FLAG-FAT10 (B) or FLAG-FAT10-

AV (C) together with different HA-tagged PDE6β truncations. Cleared lysates were subjected to 

immunoprecipitation of HA-PDE6β truncations using anti-HA agarose. FAT10ylation of PDE6β variants was 

visualized by western blot after separating the proteins under reducing conditions (4% 2-ME) on 4-12% gradient 

gels (NuPage). The β-actin staining served as loading control and remaining signals from previous antibody staining 

are marked with an asterisk. Shown is one out of three experiments with similar outcomes, respectively. 
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Incubation of mouse retina lysate with cGMP resulted in an increased absorbance and 

accordingly increased amounts of 5`-GMP indicating that mouse PDE6 successfully 

hydrolyzed its substrate (Figure 22C, lysate). Strikingly, the addition of increasing amounts of 

FAT10 WT significantly decreased cGMP turnover in a dose-dependent manner (Figure 22C, 

lysate + FAT10 (+) and (++)). Thus, FAT10 has a suppressive impact on PDE6 activity. To 

check whether the inhibition is dependent on the covalent FAT10ylation of PDE6, additionally 

comparable amounts of FAT10-AV were used. Interestingly, FAT10-AV was as potent as 

FAT10 WT and significantly reduced PDE6 activity (Figure 22C, lysate + FAT10-AV (+) and 

(++)). This displayed that the non-covalent interaction between FAT10 and PDE6 is sufficient 

for PDE6 impairment. Since no reduction was observed with pure FAT10 storage buffer it can 

be suggested that FAT10 specifically inhibited PDE6 function (Figure 22C, lysate + FAT10 

buffer).   

The same result was obtained when measuring the absorbance starting from the beginning of 

the colorimetric reaction over a time period of 30 min (Figure 22D). While a strong PDE6 

activity was measurable in absence of FAT10 variants or in presence of FAT10 buffer, a strong 

decrease was observed with FAT10 or FAT10-AV (Figure 22D, lysate + FAT10 or FAT10-AV 

(+)). This decrease was even more prominent with higher amounts of FAT10 (Figure 22D, 

FAT10/-AV (++)).  

To sum it up, FAT10 is expressed in human retina leading to the suggestion that its expression 

is inducible in retina under inflammatory conditions. Upregulation of FAT10 enables the 

covalent modification of the enzyme PDE6 whereby PDE6-FAT10 conjugates are stabilized by 

AIPL1. FAT10 has two different functional consequences for PDE6. While covalent 

modification targets PDE6 for proteasomal degradation, the non-covalent interaction of FAT10 

with PDE6 downregulates PDE6 function thus resulting in a reduction of cGMP hydrolysis. 



Results 

82 

 

Figure 22: Non-covalent interacting FAT10 inhibits PDE6 activity. (A, B) Colloidal coomassie staining or 

western blot analysis of whole cell lysate from C57BL/6 mouse retina after lysis in phosphate-free lysis buffer. 

Shown are lysates from five different mice (1-5). For western blot analysis, anti-mouse PDE6β and anti-β-actin 

stainings were performed. (C) cGMP hydrolysis assay in presence or absence of FAT10 using mouse PDE6. Retina 

from five C57BL/6 mice were prepared, lysed in phosphate-free lysis buffer and desalted using PD Mini Trap G-25 

columns. Production of 5`-GMP was measured by subsequent enzymatic cleavage of 5`-GMP into the nucleoside 

and phosphate via a 5`-nucleotidase. The amount of released phosphate was quantified with a colorimetric reaction 

in a modified Malachite Green assay by measuring the absorbance at 620nm and produced 5`-GMP was calculated. 

As inhibitors, recombinant FAT10 ((+) = 1.67 µg, (++) = 5 µg) or FAT10-AV ((+) = 1.5 µg, (++) = 4.5 µg) were added. 

FAT10 storage buffer served as a control. Shown is the mean ± SEM of five independent experiments (n=5). 

Significance was calculated using one-way ANOVA with Dunnett correction. A p values of p < 0.0001 (****) was 

considered to be highly statistically significant. (D) Absorbance for the cGMP hydrolysis assay described in (C) was 

measured during the colorimetric reaction. Shown is the mean ± SEM of five experiments (n=5).  
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3.2. Further molecular investigations in the pathogenesis of LCA 

3.2.1. Endogenous FAT10 modifies endogenous PDE6β in Weri-Rb1 cells 

So far, FAT10ylation of human PDE6β was investigated with overexpressed proteins in 

HEK293 cells (Figure 17). Knowing that FAT10 mRNA expression is inducible in the human 

retinoblastoma cell line Weri-Rb1 (Figure 16), these cells were used to test a possible 

modification of endogenous human PDE6β with endogenous FAT10.  

 

 

Figure 23: Endogenous FAT10 modifies 

endogenous PDE6β in Weri-Rb1 cells.  Weri-Rb1 

retinoblastoma cells were treated with IFNγ (300 U/ml) 

and TNFα (600 U/ml) for 24 h, where indicated. For 

each condition, 10.7*10-6 cells were harvested and 

lysed in NP-40 lysis buffer. After immunoprecipitation 

of endogenous FAT10 with anti-FAT10 antibody (clone 

4F1) bound to Protein A sepharose, proteins were 

separated on a 4-12% gradient gel (NuPage) followed 

by western blot analysis using an anti-PDE6β or a 

polyclonal anti-FAT10 reactive antibody. Anti-β-actin 

staining was used as loading control and background 

bands are marked with an asterisk. Shown is one 

experiment of three repetitions with similar outcomes.  

Therefore, FAT10 expression was induced for 24 h before an equal cell number of untreated 

and treated cells were lysed for subsequent immunoprecipitation of FAT10. Western blot 

analysis revealed that FAT10 is not only detectable at mRNA level but also at protein level 

after treating Weri-Rb1 cells with the pro-inflammatory cytokines TNFα and IFNγ (Figure 23, 

lane 2). Further, the analysis with a specific anti-PDE6β reactive antibody revealed a possible 

modification of PDE6β upon FAT10 induction (Figure 23, lane 2) giving a hint that endogenous 

human PDE6β is covalently modified with endogenous FAT10 under inflammatory conditions. 
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3.2.2. FAT10 does not disturb the heterodimerization of the catalytic subunits PDE6α 

and PDE6β 

To build a functional catalytic core, the rod PDE6α and PDE6β subunits need to form 

heterodimers via their dimerization site within the GAFa domain of the respective catalytic 

subunit (415). Showing that the two subunits are able to interact with each other upon ectopic 

expression in HEK293 cells, even in absence of AIPL1 (Figure 18), and showing that FAT10 

interacts covalently and non-covalently with the GAFa domain of PDE6β (Figure 21), a 

possible influence of FAT10 on the ability of catalytic PDE6αβ heterodimerization was 

investigated in co-immunoprecipitation experiments. Therefore, HEK293 cells were transiently 

transfected with His-PDE6α and HA-PDEβ and dimerization was examined in absence or 

presence of FLAG-FAT10. In addition, the conjugation incompetent FLAG-FAT10-AV mutant 

was used to attribute a possible effect to either the covalent or non-covalent interaction. Again, 

the two ectopically expressed catalytic subunits interacted with each other, building a 

heterodimer in absence of their chaperone AIPL1 (Figure 24, lane 4). Interestingly, neither co-

expression of FLAG-FAT10 (Figure 24, lane 5) nor FLAG-FAT10-AV (Figure 24, lane 6) 

disrupted the interaction as PDE6α was still co-immunoprecipitated with PDE6β. This leads to 

the conclusion that FAT10 is unable to interfere with PDE6αβ dimerization. Furthermore, an 

interaction of both FAT10 variants was still detected with PDE6β, indicating that FAT10 

possibly binds apart of the heterodimerization site within the GAFa domain (Figure 24, lanes 5 

and 6 and Figure 21). In addition, FAT10 was still covalently conjugated to the PDE6β subunit 

leading to the suggestion that also the FAT10ylated lysine residue does not belong to the 

dimerization sequence (Figure 24, lane 5). As interaction of PDE6α and PDE6ß is always 

detectable it can be concluded that their dimerization neither disturbed by FAT10 nor FAT10-

AV suggesting a FAT10 interaction site apart from the dimerization site within the GAFa 

domains.  
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Figure 24: FAT10 does not disturb 

the heterodimerization of the 

catalytic subunits PDE6α and 

PDE6β.  To investigate a possible 

effect of FAT10 onto the dimerization 

of the catalytic rod PDE6 subunits, 

PDE6α and PDE6β, HEK293 cells 

were transiently transfected with 

expression constructs for His-PDE6α, 

HA-PDE6β and FLAG-FAT10 or 

FLAG-FAT10-AV, as indicated. After 

cell lysis, HA-PDE6β was 

immunoprecipitated with anti-HA 

agarose. Heterodimerization was 

detected in western blot analysis using 

peroxidase-coupled anti-6His 

antibody. As loading control, anti-β-

actin staining was used and unspecific 

background bands are marked with an 

asterisk. Shown is one experiment out 

of four experiments with similar 

outcomes.  

3.2.3. PDE6β, AIPL1 and FAT10 form a trimeric complex 

Due to the observations that not only FAT10 but also PDE6β as well as the PDE6β-FAT10 

conjugate accumulated in the presence of AIPL1, it was suggested that AIPL1, FAT10 and 

PDE6β might build a trimeric complex resulting in the stabilization of the modifier and the 

substrate (see 3.1.5). To proof this hypothesis, HEK293 cells were transiently transfected with 

HA-PDE6β and additionally with either myc-AIPL1 or the pathogenic mutant myc-AIPL1-

A197P as well as FLAG-FAT10 or the conjugation deficient FLAG-FAT10-AV mutant, 

respectively (Figure 25). Upon immunoprecipitation of HA-PDE6β, both AIPL1 variants were 

detected in western blot analysis indicating that they were pulled down together with the 

PDE6ß subunit (Figure 25, lanes 5-10) assuming that the overexpressed subunit becomes 

geranylgeranylated in HEK293 cells and AIPL1 binds to this prenyl moiety (337). Neither 

FAT10 nor FAT10-AV co-expression had a negative impact on this interaction (Figure 25, lanes 

6-7 and 9-10), but were precipitated along with PDE6β as well (Figure 25, lanes 6-7 and 9-10). 

In line with previous data showing that both FAT10 variants interacted with PDE6β (see 3.1.3) 

while both AIPL1 variants were able to stabilize FAT10 and PDE6β (see 3.1.5), no differences 

or variations between the tested variants concerning their interaction abilities with PDE6β were 
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detectable (Figure 25). This points to the formation of a trimeric protein complex built of PDE6β 

with FAT10 and AIPL1.  

 

Figure 25: PDE6β, AIPL1 and FAT10 form a trimeric complex.  HEK293 cells were harvested and lysed 24 h 

after transfection with the indicated expression plasmids. Cleared protein lysates were subjected to 

immunoprecipitation using anti-HA agarose. Proteins were separated on 4-12% gradient gels (NuPage) and 

visualized by western blot analysis with FLAG-, HA- or myc-reactive antibodies. β-actin was used as loading control. 

One experiment out of three experiments with similar outcomes is shown. 

Additionally to Co-IP experiments, a size exclusion chromatography with recombinant proteins 

was performed to further investigate the possible trimeric complex formation of PDE6β, AIPL1 

and FAT10. The advantage of this method is that direct interactions can be analysed with 

recombinant, non-denatured proteins while unspecific background binding to beads or possible 

cellular adaptor proteins are excluded. Therefore, purified myc-PDE6β, HA-AIPL1 and FAT10 
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were either analysed as single protein or mixed to eventually detect a trimeric complex 

resulting in a changed retention volume from the. Unfortunately, myc-PDE6β alone as well as 

HA-AIPL1 alone seemed to aggregate resulting in a very short retention volume of 7.78 ml for 

both which does not fit to the calculated one of 13.25 ml or 16.97 ml, respectively (data not 

shown). Although the protein size did not fit perfectly, possibly due to aggregation and the 

previous procedure, both proteins could be clearly detected by western blot analysis of the 

peak fractions (data not shown). When analysing FAT10 alone, the measured retention volume 

was 17.42 ml and correlated with the expected and calculated value (Figure 26A). Western 

blot analysis confirmed these findings (Figure 26B). After incubation of FAT10 with myc-PDE6β 

and HA-AIPL, the retention volume decreased to 7.47 ml thus giving a first hint that FAT10 is 

bound to the complex (Figure 26C). To verify that all three proteins can be found in the fractions 

defined by the peak, the samples fractions were investigated by western blot analysis revealing 

that FAT10 was indeed recruited to AIPL1 and PDE6β (Figure 26D). These results confirmed 

a direct interaction of FAT10 with both, AIPL1 and PDE6β, and strengthen the hypothesis of 

the trimeric complex formation of these three proteins.  
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Figure 26: Analysis of PDE6β, AIPL1 and FAT10 trimeric complex via size exclusion chromatography.  (A, 

C) FAT10 (A) or FAT10, HA-AIPL1 and myc-PDE6β (C) were incubated in 1x reaction buffer for 30 min at 30°C. 

Subsequently, SEC analysis was performed at 12°C with Superdex 200 Increase 10/60 GL and the AektaPure 

system using a 500 µl SampleLoop and 0.5 ml/min flow rate. Proteins were eluted and fractioned (0.5 ml, red lines). 

Shown is the absorption at 280 nm in mAU (blue) and the injection point (green). Analysed fractions are marked 

with a red and a green box. The X-axis represents the retention volume in ml. (B, D) Western blot analysis of the 

indicated fractions (red and green boxes) using an appropriate antibody. Samples were mixed with 5x sample buffer 

containing 4% 2-ME and boiled before separation of proteins via 4-20% polyacrylamide gradient gels.  

3.2.4. AIPL1 WT and AIPL1-A197P stabilize the PDE6β-FAT10 conjugate and decelerate 

its degradation rate in HEK293 cells 

Previous experiments revealed that both, AIPL1 WT and AIPL1-A197P, stabilized not only 

monomeric FAT10 but also the PDE6β-FAT10 conjugate in a concentration-dependent 

manner (Figure 19). Based on this finding, the degradation rate of PDE6β-FAT10 conjugate 

was analysed in a cycloheximide chase experiment with transient overexpression of HA-

PDE6β and FLAG-FAT10 in HEK293 cells. Additional co-expression of either myc-AIPL1 or 

myc-AIPL1-A197P allowed the investigation of a possible influence of the chaperone on 

conjugate degradation. Again, PDE6β as well as FAT10 were stabilized in presence of AIPL1 

WT and AIPL1-A197P (Figure 27A, lanes 1-3 vs 4-9) resulting in an increased amount of 

PDE6β-FAT10 conjugate. For better visualization, the PDE6β-FAT10 conjugates in absence 

of AIPL1 were depicted additionally with a longer exposure time to show the expected 

degradation upon inhibition of de novo protein synthesis (Figure 27B). Though, FAT10ylation 

of PDE6β still targeted the subunit for degradation independently of co-expression of either 

AIPL1 or AIPL1-A197P (Figure 27A, lanes 4-9) implying that AIPL1 cannot completely 

counteract the FAT10-mediated degradation under these in cellulo conditions. For better 

comparison of degradation rates, western blot signals of PDE6β-FAT10 were analysed by 

densitometry with normalization to protein amounts of β-actin. To take the different starting 

quantities into account, the respective untreated value of each condition was set to unity 

(Figure 27C). Using this analysis, it seems as if AIPL1 variants had an influence on the rate of 

degradation especially in the first 2.5h of CHX treatment. While there were no differences 

observed after 5h of CHX treatment, after 2.5h of treatment more conjugate was present upon 

AIPL1 co-expression (Figure 27C). This observation was further supported by the calculation 

of half-life values. While PDE6β-FAT10 in absence of AIPL1 had a half-life of approximately 

2h, the conjugate was degraded more slowly in presence of AIPL1 resulting in a half-life of 

around 3h. AIPL1-A197P was not as potent as AIPL1 WT in decelerating the PDE6β-FAT10 

degradation, but the estimated half-life of about 2.4h still indicates an effect of AIPL1-A197P 

on the conjugate degradation.   



Results 

89 

 

Figure 27: AIPL1 WT and AIPL1-A197P stabilize the PDE6β-FAT10 conjugate and decelerate its degradation 

rate in HEK293 cells.  (A) HEK293 cells transiently expressing HA-PDE6β and FLAG-FAT10 were additionally co-

transfected with myc-AIPL1 or myc-AIPL1-A197P. When indicated, cells were treated for 2.5 or 5 h with 

cycloheximide (CHX, 50 µg/ml) to inhibit de novo protein synthesis. After immunoprecipitation of HA-PDE6β with 

anti-HA agarose, proteins were separated under reducing conditions (4% 2-ME) and PDE6β-FAT10 conjugates 

were visualized by western blot analysis using anti-FLAG-HRP (M2) specific antibody. β-actin staining served as 

loading control. (B) Cut-out of the experiment described in (A) with longer exposure time to better illustrate the 

PDE6β-FAT10 conjugate in absence of AIPL1 variants. (C) Densitometric analysis of ECL signals of CHX chase 

experiments. ECL signals of PDE6β-FAT10 conjugate were normalized to the ECL signals of β-actin. For each 

condition, values of untreated cells were set to unity. Shown is the mean ± SEM of five (w/o AIPL1 and + AIPL1 

WT) or four (+ AIPL1-A197P) experiments with similar outcomes (n=5 or n=4). 

Interestingly, FAT10-mediated proteasomal degradation of target proteins is accelerated by 

Nub1L (205) and AIPL1 WT is able to interact with Nub1 (357) and antagonize the degradation 

of the FAT10-DHFR model substrate (220). Moreover, AIPL1-A197P is impaired in its 

interaction with Nub1 (358) and its ability to protect FAT10-DHFR from Nub1-accelerated 

degradation (220). As HEK293 cells do not express high amounts of endogenous Nub1L, 

different approaches were tested to investigate whether AIPL1 WT but not AIPL1-A197P can 

counteract the degradation of the PDE6β-FAT10 conjugate in presence of Nub1L. However, 

additional overexpression of Nub1L in HEK293 cells was not strong enough no achieve 
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detectable and excessive amounts of Nub1L that were required to draw conclusions. 

Moreover, the usage of endogenously Nub1L-expressing HeLa cells with a stable Nub1L 

knockdown HeLa cell line as control was inconclusive due to an insufficient knockdown (data 

not shown). Alternatively, one could establish an in vitro experimental setup using recombinant 

proteins and human purified 26S proteasome (416) which enables a better control of protein 

amounts and enzyme activity. Certainly, further experiments are necessary and beneficial to 

clarify whether there is a difference in the AIPL1 variants regarding the regulation of the Nub1-

mediated accelerated degradation of a regular retinal FAT10 substrate.  

3.2.5. Studies on the UBA6-mediated FAT10 activation in presence of AIPL1 

Next to the interaction between AIPL1 and FAT10 ((220) and Figure 14), Bett and colleagues 

further identified the E1 activating-enzyme UBA6 as a novel interaction partner of AIPL1 (220). 

As UBA6 is the only known E1 activating enzyme for FAT10 so far (76,79,80), the question 

arises whether AIPL1 might interfere with the first step of FAT10 conjugation, the UBA6-

mediated activation.  

To investigate a possible impact of AIPL1 on the FAT10 activation in vitro, a titration assay 

with FAT10 was performed to determine the minimal required FAT10 amount where an 

activation by UBA6 was still detectable in western blot analysis (Figure 28A). Thus, making it 

easier to distinguish between possible differences in absence or presence of AIPL1. When 

using high amounts of FAT10, two FAT10 moieties on UBA6 were detected, while one 

represents most likely FAT10 bound to the adenylation site and the other FAT10 bound to the 

active site cysteine (Figure 28A, lanes 3 and 4). Nonetheless, already low amounts of FAT10 

were enough to detect its activation as thioester intermediate formed between the active site 

cysteine of UBA6 and the C-terminal glycine residue of FAT10 (Figure 28A, lanes 5-7). Overall, 

the necessary amount of added FAT10 (0.46 nM) to detect an activation under these conditions 

was 32 times lower than used by default in previous assays (Figure 28A, lane 7) and was 

therefore used in the following in vitro experiments.  

Next, it was tested whether AIPL1 can interfere with and inhibit UBA6-mediated FAT10 

activation in vitro by detecting the UBA6~FAT10 intermediate in absence or presence of 

increasing amounts of HA-AIPL1 (Figure 28B). The presence of AIPL1 clearly reduced the 

amounts of activated FAT10 and this effect was dependent on the AIPL1 concentration, 

indicating that AIPL1 can inhibit the UBA6-mediated FAT10 activation in a concentration-

dependent manner (Figure 28B, lane 2 vs 4-8). 
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Figure 28: AIPL1 variants reduce the UBA6-mediated FAT10 activation in vitro.  (A) Decreasing amounts of 

FAT10 were incubated with the E1 enzyme FLAG-UBA6 for 60 min at 30°C. Western blot analysis was performed 

using directly labelled antibody against FLAG or rabbit polyclonal primary antibody against FAT10. (B) FLAG-UBA6, 

FAT10 and increasing amounts of HA-AIPL1 were incubated as in (A) and antibodies reactive against FLAG, HA 

or FAT10 were used in Western blot analysis. (C) Incubation of FLAG-UBA6, His-USE1, FAT10 and HA-AIPL1 

variants (WT, AIPL1-A197P and AIPL1-C239R) for 60 min at 30°C was followed by protein separation under non-

reducing conditions on 4-12% gradient gels (NuPage). For western blot analysis antibodies reactive against FLAG, 

USE1, HA and FAT10 were used. Background bands are marked with an asterisk. (D) The in vitro assay was 

exactly performed as described in (C) but proteins were separated on a 3-8% Tris-acetate protein gel. For all, 

recombinant protein amounts can be found in the methods section. Shown is one experiment out of two (A) or three 

(B-D) repetitions with similar outcome. 

Following this up, the pathogenic mutants AIPL1-A197P and AIPL1-C239R were also 

examined for their ability to reduce the FAT10 activation in vitro (Figure 28C). Since the 

inhibitory effect was clearly seen with a 6x molar excess of HA-AIPL1 versus FAT10 (Figure 

28B, lane 7), this ratio was used for all AIPL1 variants. Additionally, better separation of high 

molecular weight proteins was achieved with 3-8% Tris-acetate gels (Figure 28D). Again less 

FAT10 was activated in the presence of AIPL1 WT (Figure 28C and Figure 28D, lanes 2 and 

6 vs. lanes 3 and 7). Strikingly AIPL1 mutants not only reduced the FAT10 activation but the 

effect was even stronger as compared to AIPL1 WT (Figure 28C and Figure 28D, lanes 3 and 
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7 vs lanes 4 and 8 or 5 and 9). To investigate whether not only the activation of FAT10 by 

UBA6 but also the transfer onto the E2 conjugating enzyme USE1 was influenced in the 

presence of AIPL1, His-tagged USE1 was added to the experimental setup. In line with 

reduced activation, this step was drastically diminished in presence of either AIPL1 WT or its 

pathogenic mutants (Figure 28C and Figure 28D, lanes 6 vs 7-9). Likewise, the amount of free 

FAT10 increased and coincided with the reduced activation (Figure 28C, lowest panel), 

strengthening the hypothesis that AIPL1 inhibits FAT10 activation by UBA6 and subsequently 

the transfer onto the cognate E2 enzyme USE1 in vitro.   

In addition to the direct comparison of the amounts UBA6~FAT10 intermediates in absence or 

presence of AIPL1 using western blot analysis, a luminescence-based ATP assay was 

performed (see 2.19). Here, the remaining ATP in the in vitro FAT10 activation assay was 

measured. Basically, a less pronounced ATP reduction in presence of AIPL1 was expected as 

it would point to a reduced FAT10 activation. However, since almost no ATP could be detected 

in presence of AIPL1, an ATPase was most probably purified along with AIPL1 making it 

impossible to further use this assay (data not shown).   

In summary, AIPL1 WT as well as pathogenic AIPL1 mutants negatively influenced the UBA6-

mediated FAT10 activation in a concentration-dependent manner resulting in a reduced FAT10 

activation under in vitro conditions. 

As the E1 activating enzyme UBA6 is bispecific for FAT10 and ubiquitin and is therefore able 

to activate both modifiers (76), a possible effect of AIPL1 onto the UBA6-mediated ubiquitin 

activation was tested as control. With a titration assay it was first confirmed that the equimolar 

amount of ubiquitin compared to FAT10 (0.45 nM) was sufficient to detect UBA6-mediated 

ubiquitin activation using the same experimental setup (Figure 29A, lane 5). The HA-AIPL1 

variants were applied in the same concentrations as in the activation assays with FAT10. In 

vitro activation assays for ubiquitin in absence or presence of AIPL1 variants revealed that 

neither AIPL1 WT nor the mutants AIPL1-A197P and AIPL1-C239R had an impact on the 

UBA6-mediated ubiquitin activation (Figure 29B, lanes 2 vs 3-5). Likewise, ubiquitin transfer 

from the E1 onto the E2 conjugating enzyme USE1 was not affected by any AIPL1 variant 

(Figure 29B, IB USE1, lane 6 vs 7-9). On the contrary, enhanced protein separation using gels 

with a high resolution between 75 and 250 kDa showed an even stronger ubiquitin activation 

in presence of AIPL1 variants (Figure 29C, lane 2 vs 3-5), however ubiquitin transfer onto 

USE1 was comparable (Figure 29C, lane 6 vs 7-9).  
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Figure 29: AIPL1 variants have no influence on the UBA6-mediated ubiquitin activation in vitro (A) Constant 

amounts of FLAG-UBA6 were incubated with decreasing amounts of 6xHis-ubiquitin (His-ubiquitin) for 60 min at 30 

°C. Directly labelled anti-FLAG and anti-His antibodies were used for western blot analysis. (B, C) Western blot 

analysis of in vitro ubiquitin activation experiments where FLAG-UBA6, His-USE1, His-ubiquitin and HA-AIPL1 

variants (WT, AIPL1-A197P and AIPL1-C239R) were incubated for 60 min at 30 °C. The reaction was stopped by 

the addition of 5x GSB and proteins were separated on 4-12% (B) or 3-8% Tris-acetate protein gradient gels (C). 

Antibodies reactive against FLAG, USE, His and HA were used for the analysis. One representative experiment out 

of three replicates with similar outcomes is shown, respectively. 

Taken together, these data imply that AIPL1 variants alter specifically the UBA6-mediated 

FAT10 activation but not the UBA6-mediated ubiquitin activation in vitro. This leads to the 

suggestion that these effects are not based on the interaction between AIPL1 and UBA6 but 

rather on different interaction pattern of the modifiers as only FAT10, but not ubiquitin, is able 

to interact with AIPL1 (see Figure 14). Therefore, the reduced activation of FAT10 might be 

attributed to this interaction leading to the assumption that AIPL1 hinders FAT10 from its 

interaction with UBA6 and thereby prevents its activation. 

After having shown, that AIPL1 variants specifically inhibit UBA6-mediated FAT10 activation 

in vitro, the question arises whether these effects also appear under in cellulo conditions. To 

answer this question, several approaches were established and tested.   

First, FAT10 and ubiquitin activation was investigated by using endogenous UBA6 detection 

in presence or absence of AIPL1 in HEK293 cells and immunoprecipitation against the FLAG-

tagged modifiers was performed. The activation was visualized by SDS-PAGE under non-

reducing conditions followed by western blot analysis using an antibody reactive against 
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endogenous UBA6. In absence of AIPL1, FAT10 activation by UBA6 was clearly detectable 

(Figure 30A, lane 2). However, upon co-expression of myc-AIPL1 WT, FAT10 seemed to 

become less activated by endogenous UBA6 (Figure 30A, lane 2 vs. 3). This reduction was 

also observed when pathogenic myc-AIPL1 mutants (AIPL1-A197P or AIPL1-C239R) were co-

expressed (Figure 30A, lane 2 vs. 4 or 5). In contrary, no difference could be detected for 

ubiquitin activation in absence or presence of myc-AIPL1 variants (Figure 30B). These data 

were in line with the previous in vitro data implying that overexpression of AIPL1 variants 

influenced the FAT10 but not the ubiquitin activation by endogenous UBA6 in HEK293 cells.  

However, as the detection of endogenous UBA6 was not always easy to visualize and as 

overexpression of specifically the pCMV-Tag3C-AIPL1 constructs seemed to negatively 

influence the system, the outcome of the above described experiment was not always as clear 

as seen in Figure 30A and B. Therefore, other experimental setups were tested and applied to 

ensure a proper data interpretation. Interestingly, when using tagless AIPL1 variants to 

circumvent any tag-mediated influence, no reduction of FAT10 activation in presence of any 

AIPL1 variant could be detected (Figure 30C, lane 2 vs 3-5) as the UBA6~FAT10 amounts 

correlated with FAT10 expression levels. As already previously seen (Figure 19), FAT10 was 

stabilized in presence of AIPL1 WT or pathogenic AIPL1 mutants (see 3.1.5). Besides tagless 

AIPL1 variants, several other conditions such as overexpression of HA-UBA6, non-sequential 

transfection of cells and differently tagged AIPL1 variants were tested. However, no clear 

conclusion could be drawn due to varying protein expression levels or problems with 

insufficient detection in western blot (data not shown).  
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Figure 30: No clear reduction of FAT10 activation in presence of AIPL1 variants in cellulo.  HEK293 cells 

were sequentially transfected with expression constructs for FLAG-FAT10 and myc-tagged AIPL1 variants (pCMV-

Tag3C AIPL1 constructs) with a time lag of 24 hrs. The day after the second transfection, cells were lysed in lysis 

buffer containing 1% NP-40. After immunoprecipitation (IP) using anti-FLAG (M2) coupled agarose with subsequent 

protein separation under non-reducing conditions on 4-12% gradient gels (NuPage), western blot analysis was 

performed using antibodies reactive against endogenous UBA6, myc and FLAG. Endogenous β-actin was used as 

loading control. Shown is one experiment out of five replicates where three showed a similar outcome. (B) The 

experiment was performed as described in (A), but FLAG-ubiquitin was used instead of FLAG-FAT10. One 

experiment out of four replicates with similar outcome is shown. (C) The experiment was conducted as described 

in (A) but untagged AIPL1 variants (pCMV-AIPL1) were used. Shown is one experiment out of three replicates with 

similar outcome. (D) Stable FLAG-FAT10 expressing HEK293T cells (clone D2) were transiently transfected with 

an empty plasmid (pcDNA3.1 His/-A) or with pCMV-Tag3C-AIPL1 plasmids. Cleared lysates were subjected to 

immunoprecipitation with anti-FLAG (M2) coupled agarose. Proteins were separated under reducing conditions (4% 

2-ME) on 4-12% gradient gels and directly labelled antibodies reactive against FLAG or myc were used for Western 

blot analysis. Anti-β-actin staining served as loading control. Shown is one experiment out of two replicates with 

similar outcomes. (E) Additionally to transient expression of HA-AIPL1 proteins, endogenous FAT10 expression 

was induced with IFNγ and TNFα for 24 h. Immunoprecipitation was performed with monoclonal anti-FAT10 

antibody (clone 4F1) in combination with Protein A sepharose. After protein separation under reducing conditions 

(4% 2-ME) with 4-12% gradient gels, FAT10 conjugates were visualized using a polyclonal anti-FAT10 antibody 

(FAT10 pAb) by western blot analysis. Heavy and light antibody chains are marked with an asterisk. Here, one 

representative experiment out of two repetitions is shown. The experiment was also conducted twice with pCMV-

myc-AIPL1 variants, showing the same results.  

Another approach to clarify whether AIPL1 influences the UBA6-mediated FAT10 activation in 

cellulo was the comparison of overall FAT10 conjugates in absence or presence of AIPL1. 

HEK293T cells stably expressing FLAG-FAT10 were used to enable transient overexpression 

of only pCMV-Tag3C-AIPL1 constructs encoding for myc-tagged AIPL1 (Figure 30D). 

However, upon immunoprecipitation of FLAG-FAT10 and subsequent western blot analysis, 

transfection of an empty plasmid (pcDNA3.1-His/A) already led to a reduced FLAG-FAT10 

expression correlating with less overall FAT10 conjugates (Figure 30D, lane 3). As this effect 

was not further changed upon co-expression of the AIPL1 variants (Figure 30D, lase 2 vs. 4-

6), no clear conclusion could be drawn whether AIPL1 influence the overall FAT10ylation 

pattern. Next, HEK293 cells were treated with the pro-inflammatory cytokines IFNγ and TNFα 

to induce endogenous FAT10 expression additionally to overexpression of HA-AIPL1 variants 

(Figure 30E). FAT10 and its conjugates were immunoprecipitated by using the monoclonal 

4F1 antibody and were compared by western blot analysis. Again, no clear differences in 

FAT10 overall conjugates in absence or presence of HA-AIPL1 variants could be identified 

(Figure 30E, lane 2 vs 3-5). Finally, the experiment was repeated under complete denaturing 

conditions using SDS during the immunoprecipitation. In one experiment, AIPL1 seemed to 

reduce the amount of FAT10 conjugates. However, further repetitions could neither confirm 

nor disprove an effect of AIPL1 on FAT10 conjugation (data not shown).   
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Figure 31: Nub1L reduces the UBA6-

mediated FAT10 activation in a 

concentration-dependent manner in vitro.  

Stable amounts of FLAG-UBA6 and FAT10 

were incubated with increasing amounts of 

Nub1L for 60 min at 30 °C. The reaction was 

stopped by the addition of 5x GSB. Directly 

labelled anti-FLAG, polyclonal anti-FAT10 or 

monoclonal anti-Nub1L antibodies were used 

for western blot analysis. Shown is one 

representative experiments out of two 

experiments with similar outcome. 

Summarizing, compared to the in vitro results, a reduction of UBA6-mediated FAT10 or thus 

overall FAT10 conjugates in presence of AIPL1 was not detectable in cellulo. These data point 

to an inefficient impairment of UBA6-mediated FAT10 activation caused by AIPL1 under the 

tested conditions. However, as a certain molar access of AIPL1 over FAT10 was required for 

an inhibition of FAT10 activation under in vitro conditions after one hour of incubation, it is 

possible that the effect of AIPL1 on the activation of FAT10 might be relatively weak under 

overexpression conditions with incubation times of at least 24 hours. Still, one possibility is that 

AIPL1 sequesters FAT10 from UBA6, most probably mediated via the direct interaction 

between AIPL1 and FAT10. To strengthen this hypothesis, it was tested whether Nub1L, which 

is another non-covalent interaction partner of FAT10, is able to influence the UBA6-mediated 

FAT10 activation in vitro, as well (Figure 31). Indeed, less UBA6~FAT10 intermediate was 

detectable with increasing amounts of Nub1L (Figure 31, lane 2 vs 5-8), pointing to a reduced 

FAT10 activation. Therefore, it supports the explanation that non-covalent interaction partners 

can prevent the activation of FAT10 in vitro by binding to the modifier and thereby sequestering 

it from UBA6. As the situation in cells is not clear, no final conclusion can be drawn and the 

question whether AIPL1 influences the UBA6-mediated FAT10 activation in cellulo remains to 

be clarified.  

3.2.6. Finding an appropriate in vivo model system – hypomorphic AIPL1 mice 

An appropriate mouse model would be very helpful to study a possible influence of FAT10 on 

the development and pathogenesis of LCA, especially in photoreceptor cells, under in vivo 

conditions. One possibility would be to work with the aipl1-/- mouse generated by Ramamurthy 

and colleagues (345) by insertion of a neomycin-resistance cassette resulting in the 

replacement of exons 2-5. Although the phenotype of these mice shows no morphological 

change in the development of the retina, retinal degeneration starts first at day P12 and 
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proceeds rapidly resulting in a complete photoreceptor degeneration and loss of retinal tissue 

after 4 weeks. This degeneration is specific to the photoreceptor layer and includes rods and 

cones at a similar rate (345). Similar observations were made with another aipl1-/- mouse model 

in which exons 1 and 2 have been replaced by a neomycin-resistance cassette which also 

leads to a complete knock-out (396). Due to the rapid degeneration of photoreceptors and the 

complete lack of ERG responses at any age (345), these knockout mouse models seemed not 

to be suitable to investigate a possible upregulation of FAT10 and its influence onto 

photoreceptor functionality and degeneration as they are basically already born without 

functional photoreceptors. Therefore, the hypomorphic AIPL1 mouse model (hypoAIPL1), 

generated by Tiansen Li was chosen to work with (346). In this mouse model, the neomycin-

resistance cassette is inserted into the intron between exon 2 and 3 in the aipl1 gene, 

interfering with the splicing process of the Aipl1 mRNA. Therefore, no differences in mRNA 

levels are detectable between wildtype mice and homozygous hypoAIPL1 mice but 

homozygous mice express almost 80% less AIPL1 protein (346). Interestingly, the 

development of LCA seem to be delayed in these mice. While no significant reduction in 

photoreceptor layer thickness is observable in 3 months old mice, more than half of the 

photoreceptors are lost in the retina of 8 months old mice. Consequently, the protein amount 

of PDE6 is reduced in the hypoAIPL1 mouse, however, they show a normal ERG response 

until 7 weeks of age. Afterwards, ERG responses progressively decrease with age (346). 

Overall, this phenotypic character was suggested to make this this mouse a suitable model to 

answer the questions addressed in this study because photoreceptors are functional in the 

beginning and enough retina material is present for biochemical and histological analyses.  

3.2.6.1. Genotyping of hypoAIPL1 mice 

As no vital hypoAIPL1 mice were available, a revitalization with frozen sperm of homozygous 

hypoAIPL1 mice (kindly provided by Tiansen Li, National Eye Institute, Bethesda, Maryland, 

USA) was done at MFD diagnostics (Wendelsheim, Germany) and living mice were transferred 

to the University of Konstanz for further breeding. To establish a good mouse population, 

heterozygous animals were crossed in the following. Furthermore, the genetic background was 

analysed by PCR. In the original publication, the genotyping is described as follows (346): for 

each animal, two different PCR reactions have to be performed – one for the detection of the 

wildtype allele using the primers AB25 and AB26 and one for the detection of the mutant allele 

using the primers AB27 and AB26 ((346) and Figure 32A). Both reactions should result in an 

amplicon of around 6 kb in size. However, although testing different gDNA purification 

strategies, various polymerases and diverse PCR protocols, no successful genotyping could 

be established using the published information and a genotyping strategy had to be set up. 
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Since the exact sequence of the inserted cassette was not known and the insertion site could 

only be suspected, the published forward primers were not changed. However, various reverse 

primers were tested to reduce the size of the amplified sequence. In the end, the new reverse 

primer named AB28 in combination with forward primer AB25 or AB27 was successful for the 

detection of the wildtype and mutant allele, respectively, resulting in an amplicon of around 

600 bp (Figure 32A). In detail, the combination of AB25 and AB28 was used for the detection 

of the wildtype allele and AB27 with AB28 was used to detect the mutant allele. Amplification 

of the gDNA with both primer combinations defined a heterozygous hypo AIPL1 genotype 

(Figure 32B, samples 1,4 and 5), while the amplification with only AB25-AB28 or AB27-28 

would be attributed to a wildtype (Figure 32B, samples 2,3,6 and 7) or homozygous hypoAIPL1 

genotype, respectively. As control, gDNA of a BL/6 wildtype mouse was used and since only 

AB25-AB28 could amplify the gDNA an unspecific reaction of the AB27-AB28 primer 

combination could be excluded (Figure 32B, WT).   

Overall, 172 mice were genotyped of which 43 could be determined as wildtype and 129 as 

heterozygous hypomorph. Unexpectedly, no single homozygous hypoAIPL1 mouse was 

identified among the offspring.  

 

Figure 32: Genotyping of hypoAIPL1 mice.  (A) Schematic illustration of the mouse aipl1 gene with its six exons 

(black boxes) and the used forward and reverse primers AB25-AB28 (arrowheads). The neomycin-resistance 

cassette with a bovine polyadenylation signal (BPA) is inserted between exon 2 and 3. As the complete sequence 

of the inserted cassette is not known, this is not depicted in the indicated scale. (B) Agarose gel showing the 

genotyping of different mice. Genomic DNA (gDNA) from a C57BL/6 mouse served as control (WT) and a non-

template control (NTC) was performed. Here, 7 offsprings of a cross of heterozygous hypoAIPl1 mice were tested 

(1-7). For each mouse, two PCRs with different primer combinations were performed. In principle, a wildtype 

genotype is determined by a single amplicon for AB25-AB28 (left column), heterozygous animals show two 

detectable amplicons and homozygous hypoAIPL1 mice should only result in a single amplicon for AB27-AB28 

(right column).  
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3.2.6.2. Heterozygous hypoAIPL1 mice do not express FAT10mRNA and show no 

PDE6β degeneration 

Since no homozygous hypoAIPL1 mice could be bred, the following investigations were 

performed with heterozygous hypoAIPL1 animals. Interestingly, a change in the intracellular 

cGMP level of photoreceptor cells was reported for both, Aipl1 knock-out as well as 

homozygous hypoAIPL1 mice (345,346). Further, elevated cGMP levels were detected in 

porcine retinal explants upon inhibition of PDE6 with the drug zaprinast resulting in the 

production of TNFα and IL-6 (417). It was reported that FAT10 expression can also be induced 

by TNFα and IL-6 (187) making it plausible that FAT10 is up-regulated during the pathogenesis 

of LCA caused by insufficient PDE6 functionality resulting in an increased intracellular cGMP 

level and finally a pro-inflammatory environment. Therefore, possible mouse FAT10 (mFAT10) 

mRNA expression was measured in the retina of heterozygous hypoAIPL1 (AIPL1+/h) mice with 

3, 5 or 8 months of age and age-matched C57BL/6 (BL/6 WT) or littermates (AIPL1+/+) (Figure 

33). As negative and positive controls served either cDNA from thymus or spleen of LCMV-

treated FAT10 knockout (Thymus FAT10KO) or C57BL/6 (Spleen LCMV 8 days) mice, 

respectively (kindly provided by Dr. Mei Mah, AG Groettrup). As expected, a strong induction 

of mFAT10 mRNA expression in the spleen of wildtype mice could be measured upon LCMV 

infection (188), indicating that the used primers were functional in the detection of mFAT10 

(Figure 33). In contrast, no mFAT10 mRNA was measurable in the retina of neither wild type 

nor heterozygous hypoAIPL1 mice, respectively (Figure 33). This observation was 

independent of the age although almost all photoreceptors should be lost in the retina of 8 

months old homozygous hypoAIPL1 mice (346), suggesting that the pathogenesis of LCA 

should have started earlier. In contrast to the previous publication where no differences in 

mAIPL1 mRNA were described, the levels of mAIPL1 seemed to be reduced in the here tested 

heterozygous hypoAIPL1 mice compared to the wild type controls (Figure 33 and (346)). 

Further the amount of mPDE6β mRNA was measured. In this case, mRNA levels should be 

the same independent of the genotype (346) and only minor variability was observed (Figure 

33). Overall, FAT10 mRNA does not seem to be age-dependently up-regulated in 

heterozygous hypoAIPL1 mice while AIPL1 mRNA appeared to be reduced.  
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Figure 33: Heterozygous hypoAIPL1 mice do not express FAT10 mRNA in the retina.  RT-qPCR to measure 

the expression of mRNA for mouse FAT10 (mFAT10), mouse AIPL1 (mAIPL1) and mouse PDE6β (mPDE6 β) in 

either heterozygous hypo AIPL1 mice (hypoAIPL1+/h) and C57BL/6 wildtype or littermates (AIPL1+/+). Mice with 

different ages were tested (3, 5 and 8 months). For all, retina was prepared and RNA was extracted. Same amounts 

of RNA were reverse transcribed into cDNA before performing RT-qPCR with the SYBR-based system and 

respective oligomers. In case of mFAT10 mRNA expression, cDNA from thymus of a FAT10 knock-out mouse 

(FAT10 KO) was used as negative control while cDNA of the spleen of a C57BL/6 mouse infected with LCMV for 8 

days served as positive control. Shown are the single values correlating to one mouse as well as the mean ± s.e.m. 

As only heterozygous hypoAIPL1 mice could be tested, the question arose whether a 

heterozygous genotype is actually sufficient to trigger LCA. Therefore, PDE6 protein levels of 

heterozygous hypoAIPL1 (AIPL1+/h) mice with 3, 5 or 8 months of age and age-matched 

C57BL/6 (BL/6 WT) or littermates (AIPL1+/+) were compared since the loss of PDE6 proteins 

was described as a hallmark for LCA pathogenesis (345,346). To ensure that the PDE6 levels 

were as comparable as possible, equal amounts of total protein were applied for 

immunoprecipitation of PDE6 holoenzyme using the ROS-1 antibody recognizing PDE6 
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holoenzyme only (413). Though, the amounts of PDE6α or PDE6β differed within the tested 

groups as seen for example for 5-months-old heterozygous hypoAIPL1 mice (Figure 34). In 

addition, no clear reduction in the catalytic PDE6 subunits in the heterozygous animals could 

be detected. Even in 8-month-old animals the amounts were comparable to the ones of the 

littermates (Figure 34C). Since at this age almost all photoreceptors and thus also PDE6 

should be degraded by the onset of LCA, it can be concluded that the heterozygous phenotype 

might not be sufficient for the development of LCA.  

 

Figure 34: Heterozygous hypoAIPL1 mice show no PDE6β degeneration at protein level.  Retina from 3-, 5- 

and 8 months old heterozygous hypoAIPL1 mice (hypoAIPL1+/h) and C57BL/6 wildtype or littermates (AIPL1+/+) 

mice was prepared and lysed in RIPA buffer. Protein concentration was determined and comparable amounts were 

used for immunoprecipitation of PDE6 holoenzyme using anti-ROS-1 antibody in combination with Protein A 

sepharose. Proteins were separated under reducing conditions followed by western blot analysis with anti-mPDE6α 

and anti-mPDE6β reactive antibodies. Anti-β-actin staining served as loading control. 

Finally, the used heterozygous hypoAIPL1 mice seemed not to be an optimal in vivo model for 

the investigation of the role of FAT10 in LCA as the triggering of the disease can be doubted. 

Moreover, the differences between the published and the generated data within this work such 

as genotyping or AIPL1 mRNA expression did not allow for a precise statement. Due to these 

observations and the lack of homozygous animals, further experiments were not possible.
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3.3. Comparison of the two human FAT10 isoforms - FAT10 CYC and 

FAT10 SYC 

The fat10 gene is localized in the most telomeric end around the HLA-F locus within the MHC 

class I locus on chromosome 6 (178). Interestingly, two human FAT10 sequences are 

published. They differ only in one single amino acid at position 160, which is either a cysteine 

(named hereafter FAT10 CYC, NCBI GenBank Accession No. NM_006398) or a serine 

(named hereafter FAT10 SYC, NCBI GenBank Accession No. AF123050). By performing the 

following experiments, possible differences of these two FAT10 variants should be addressed. 

3.3.1. Different activation pattern of FAT10 isoforms under in vitro and in cellulo 

conditions 

To start with, the amino acid sequence of FAT10 was compared for different species. This 

alignment showed that the amino acid at position 160 in the FAT10 protein is not conserved 

among the here compared species (Figure 35A). In detail, only human FAT10 possesses a 

serine or cysteine at this position while mice have a threonine residue. Overall, the sequences 

differ quite strongly and human and mouse or rat FAT10 show only 69% or 72% sequence 

similarity to each other at amino acid level, respectively.    

Further, the expression of the different human FAT10 variants (FAT10 CYC or FAT10 SYC) 

was investigated in various human cancer cell lines by cloning and sequencing (Figure 35B, 

data kindly provided by A. Aichem), showing that both isoforms occur in different cell lines. 

While HEK293 as well as the colon adenocarcinoma cell line SW620 express endogenously 

the FAT10 CYC isoform, the HCT116 colon cancer cell line expresses FAT10 SYC. The further 

tested hepatocellular carcinoma cell lines HepG2 and Huh7 as well as the breast cancer cell 

line MCF-7 express FAT10 SYC (Figure 35B). This shows that the expression of each FAT10 

variant might depend on the cell type or on the genetic background of the donor.  
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Figure 35: Different activation pattern of FAT10 isoforms under in vitro and in cellulo conditions. FAT10 

amino acid sequence alignment from different species. The amino acid at position 160 is highlighted in yellow and 

further differences are highlighted in orange. (B) Amino acid sequence alignment for human endogenous FAT10 

from different human cancer cell lines. The crucial amino acid at position 160 is again highlighted in yellow. 

Sequences were kindly provided by A. Aichem. (C) Recombinant FLAG-UBA6, His-USE1, FAT10-CYC and FAT10-

SYC were incubated as indicated for 1 h at 30 °C. Western blot analysis was performed with directly labelled 

antibodies against FLAG or His and rabbit polyclonal primary antibody against FAT10. Recombinant protein 

amounts can be found in the methods section and shown is one experiment out of four repetitions with similar 

outcomes. (D) HEK293 cells were transiently transfected with expression constructs, as indicated. FLAG-FAT10  
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variants were immunoprecipitated and proteins were separated via SDS-Page under either non-reducing 

conditions. Endogenous UBA6 and USE1 was visualized in western blot using specific antibodies while FAT10 

variants were detected with an anti-FLAG reactive antibody. Anti-β-actin staining served as a loading control. 

Shown is one experiment out of three independent experiments with similar outcomes. 

Next, the activation of the FAT10 variants by the E1 activating enzyme UBA6 was investigated 

in vitro using recombinant FLAG-UAB6 as well as recombinant FAT10 CYC and FAT10 SYC. 

To include the transfer of activated FAT10 onto its cognate E2, His-USE1 was added to the 

assay. The UBA6~FAT10 intermediate was detected after SDS-PAGE under non-reducing 

conditions and western blotting. In this experimental setup, FAT10 SYC seemed to be better 

activated than FAT10 CYC as more UBA6~FAT10 SYC intermediated was detectable (Figure 

35C, IB: FLAG, lanes 6 and 7 vs. 4 and 5). In line with an increased activation more FAT10 

SYC was transferred to its cognate E2 conjugating enzyme USE1 (Figure 35C, IB: His). 

However, used FAT10 amounts were comparable as estimated here by western blotting 

(Figure 35C, IB: FAT10 pAb) and by colloidal coomassie staining (data not shown).   

Subsequent, it was tested whether these results were reproducible under in cellulo conditions. 

Therefore, HEK293 cells were transiently transfected with expression constructs for tagless 

FAT10 CYC or FAT10 SYC. The FAT10 variants were immunoprecipitated and UBA6~FAT10 

intermediates were analysed under non-reducing conditions and with a specific antibody 

against endogenous UBA6 (Figure 35D). Again, a higher FAT10 SYC protein amount was 

detectable compared to FAT10 CYC. However, no differences in neither the activation by 

UBA6 nor the transfer onto USE1 could be observed (Figure 35D, lane 2 vs. 3). Therefore, it 

appears as both FAT10 isoforms, FAT10 CYC and FAT10 SYC, could be equally activated by 

endogenous UBA6 in cells. 

Overall, stronger UBA6-mediated activation as well as a better transfer onto USE1 was 

observed for FAT10 SYC under in vitro conditions. In contrast, no clear differences in FAT10 

activation by UBA6 were detected under in cellulo conditions after overexpression in HEK293 

cells.  

3.3.2. FAT10 CYC and FAT10 SYC have a different substrate pattern  

The expression and conjugation of the FAT10 isoforms, either cytokine-induced or 

overexpressed as untagged variants, was investigated in HEK293 cells (Figure 36A). Upon 

immunoprecipitation of FAT10 with an anti-FAT10 antibody (clone 4F1) bound to Protein A 

sepharose, total FAT10 substrates and interaction partners were analysed by western blotting. 

Thereby, it became obvious that the two FAT10 isoforms show significant differences in their 

substrates which is shown by a different band pattern (Figure 36A, lane 3 vs. 4). Especially 
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bands missing at around 35 kDa and 50 kDa with FAT10 SYC compared to FAT10 CYC were 

striking. Vice versa, the protein band at around 38 kDa was only detectable for FAT10 SYC. 

Since HEK293 express endogenously the isoform FAT10 CYC, only little differences in the 

expression but not in the substrate pattern were observed when comparing the endogenous 

FAT10 to the untagged, transiently transfected FAT10 CYC (Figure 36A, lane 2 vs. 3). 

However, although same amounts of plasmid DNA of the different FAT10 variants were 

transfected, clearly more monomeric FAT10 SYC was detectable (Figure 36A, lysate). 

Strikingly, the intensity of conjugates was reduced for FAT10 SYC in comparison to FAT10 

CYC.   

Next, the experiment was repeated in CRISPR/Cas9-mediated FAT10 knockout cells that do 

not express endogenous FAT10 upon induction with the pro-inflammatory cytokines IFN-γ and 

TNF-α (Figure 36B). With this cell line in hand, outcomes directly mediated by FAT10 could be 

investigated separately from any additional influence induced by IFN-γ and TNF-α. Here, 

transient overexpression of both untagged FAT10 variants, either FAT10 CYC or FAT10 SYC, 

resulted in the same already observed FAT10 conjugate pattern independent of concomitant 

treatment with IFN-γ and TNF-α (Figure 36B, lanes 3-6). As already seen previously, the 

conjugate pattern differed between FAT10 CYC and FAT10 SYC while the same pattern was 

obtained for overexpressed FAT10 CYC in HEK293 FAT10 KO cells and induced endogenous 

FAT10 CYC in HEK293 wild type cells. Again, more monomeric FAT10 SYC as compared to 

FAT10 CYC was detectable in the lysate (Figure 36B).  

These data showed that there exist two different isoforms of human FAT10, either FAT10 CYC 

or FAT10 SYC, that are expressed in cell-type specific manner. Both FAT10 variants were 

conjugated in HEK293 cells upon overexpression but the substrate pattern and conjugation 

intensity differed strongly between the isoforms. No differences in the substrate pattern of the 

respective isoform was found when expressed in untreated FAT10KO cells and FAT10KO cells 

that were additionally treated with the pro-inflammatory cytokines IFN-γ and TNF-α, which 

confirmed previous publications showing that FAT10 conjugation is not dependent on 

inflammatory conditions (201,412). 
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Figure 36: FAT10 CYC and FAT10 SYC have a different substrate pattern.  (A) HEK293 cells were either 

induced with the pro-inflammatory cytokines IFNγ (300 U/ml) and TNFα (600 U/ml) or transiently transfected with 

expression constructs for FAT10 CYC or FAT10 SYC, as indicated. Immunoprecipitation was performed using 

monoclonal anti-FAT10 antibody (clone 4F1) bound to protein A sepharose. SDS-PAGE under reducing conditions 

(4% 2-ME) on 4-12% gradient gels (NuPage) was followed by western blot analysis using a polyclonal anti-FAT10 

antibody. β-actin served as loading control. (B) The experiment was performed as described in (A) but HEK293 

CRISPR/Cas9-mediated FAT10 knockout cells were used. Cells were transiently transfected with FAT10 CYC or 

FAT10 SYC and additionally treated with IFNγ and TNFα, when indicated. Cytokine-mediated induction of FAT10 

expression in HEK293 served as a control. Shown are single experiments out of four experiments each with similar 

outcomes. 

3.3.3. Both FAT10 isoforms interact with HDAC6 and HDAC7 despite of proteasomal 

inhibition 

To identify substrates or interaction partners specific for either FAT10 CYC or FAT10 SYC, a 

mass spectrometry analysis was performed. Therefore, HEK293 cells were transiently 

transfected with FAT10 CYC or FAT10 SYC and the FAT10 variants were immunoprecipitated 

with a monoclonal anti-FAT10 antibody (clone 4F1) coupled to Protein A sepharose. 

Untransfected HEK293 cells served as control. Mass spectrometry analysis with proteolytic 

digestion of proteins on beads followed by LC/ESI/MS/MS was performed by the Functional 

Genomics Center Zurich, Switzerland. Besides an overlap for both FAT10 isoform, various 

protein hits were only found with FAT10 CYC or FAT10 SYC, respectively, indicating that there 
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might exist isoform-specific interaction partners or substrates. To verify this possibility, different 

protein hits were analysed in subsequent Co-IP experiments.  

One interesting FAT10-SYC specific hit represents the cytoplasmic histone deacetylase 6 

(HDAC6), which was already previously described as a non-covalent FAT10 interaction partner 

(192). To proof the mass spectrometry data and check whether HDAC6 really only interacts 

with FAT10 SYC, co-immunoprecipitation experiments with overexpressed HDAC6-FLAG and 

FAT10 CYC or FAT10 SYC were performed (Figure 37A). As FAT10 is described to only 

interact with HDAC6 upon proteasomal inhibition (192), cells were additionally treated with the 

proteasome inhibitor MG-132. In contrast to the mass spectrometry data, both FAT10 variants 

interacted with HDAC6 under these overexpression conditions and no significant differences 

were detected (Figure 37A, lanes 5-8). Unexpectedly, the interaction between FAT10 and 

HDAC6 could already be detected without proteasomal inhibition (Figure 37A, lanes 5 and 7) 

which is in contrast to earlier data of our group (192). Nonetheless, the interaction was 

increased upon inhibition of the 26S proteasome (Figure 37A, lanes 5 and 7 vs. 6 and 8) which 

might be explained by the increased amounts of monomeric FAT10.   

Initially, the histone deacetylase HDAC7 was only used as a control, but it turned out to be a 

new and previously unidentified interaction partner of FAT10. More detailed investigations in 

Co-IP experiments with overexpressed HDAC7-FLAG confirmed that both FAT10 isoforms, 

FAT10 CYC as well as FAT10 SYC interacted with HDAC7 (Figure 37B, lanes 5-8). This 

interaction was again independent from proteasome inhibition but was enhanced when 

degradation by the 26S proteasome was suppressed (Figure 37B, lanes 5 and 7 vs. 6 and 8). 

However, with respect to the size and considering the used reducing conditions (4% 2-ME), 

one could assume that it is a non-covalent interaction.  

Overall, HDAC6 was confirmed as interaction partner for FAT10 CYC as well as FAT10 SYC 

and this interaction was independent from proteasomal degradation. Moreover, HDAC7 was 

identified as a new FAT10 interaction partner that awaits for its further characterization.  
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Figure 37: Both FAT10 variants interact with HDAC6 and HDAC7, independent of proteasomal inhibition.  

(A, B) Transiently transfected HEK293 cells expressing the indicated proteins were additionally treated for 6 h with 

MG132 (10 µM) to block proteasomal degradation, as indicated. Immunoprecipitation was performed using 

monoclonal anti-FAT10 antibody (clone 4F1) coupled to Protein A sepharose and proteins were separated under 

reducing conditions (4% 2-ME). Western blot analysis was performed with the respective antibody and anti-β-actin 

staining served as loading control. Shown is one out of four (A) or three (B) experiments with similar outcomes, 

respectively. 

3.3.4. The ubiquitin E3 Ligase CHIP: a new FAT10 interaction partner and substrate 

Another interesting hit of the mass spectrometry analysis was the E3 ubiquitin-protein ligase 

C-terminus of Hsc70-interacting protein (CHIP, Stub1) which was only found in the sample 

containing FAT10 SYC. CHIP has a molecular size of around 36 kDa making it plausible that 

it may represent the prominent band which appeared at this hight with FAT10 SYC but was 

absent with FAT10 CYC (Figure 36A, lane 3 vs. 4). So far, only one E1 activating enzyme, 

UBA6, one E2 conjugating enzyme, USE1, and no E3 ligases have been identified for FAT10 

conjugation (76,79,80,141). This made CHIP even more attractive for further investigations 

since it might act as a potential FAT10 E3 ligase.   

In a first approach, the mass spectrometry results of its interaction with FAT10 SYC should be 

confirmed and FAT10 CYC was included in the experiment to investigate a possible specificity 

of CHIP towards one FAT10 isoform (Figure 38A). After overexpression of both FAT10 variants 

and myc-FLAG-CHIP in HEK293 cells, co-immunoprecipitations revealed that both, FAT10 

SYC as well as FAT10 CYC were able to interact with CHIP in a non-covalent manner (Figure 

38A, lanes 5 and 6). Indeed, this finding proved the mass spectrometry identifying the E3 ligase 

CHIP as a new non-covalent interaction partner, however, CHIP seems not to have a specificity 

for FAT10 SYC.   
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Next to the non-covalent interaction, a possible FAT10ylation of CHIP was detectable for both 

FAT10 variants (Figure 38A, lanes 5 and 6). Therefore, the possibility of CHIP being not only 

a FAT10 interaction partner but a FAT10 substrate as well was further investigated using a 

conjugation incompetent FAT10 mutant (FAT10 CYCIAA) as control (Figure 38B). With this 

mutant in hand, the covalent modification of CHIP could be confirmed as a non-reducible 

conjugate with the appropriate molecular mass of approximately 60 kDa was only formed with 

the wildtype FAT10 CYC protein (Figure 38B, lane 5). Again, FAT10 CYC also interacted 

strongly with CHIP in a non-covalent manner (Figure 38B, lane 5). In contrast, almost no 

interaction was detectable with the FAT10 CYCIAA mutant (Figure 38B, lane 6), suggesting 

that this interaction is also dependent or mediated through the C-terminal diglycine motif of 

FAT10. 

 

Figure 38: The ubiquitin E3 ligase CHIP is a new FAT10 interaction partner and substrate.  (A) HEK293 cells 

were transiently transfected with expression constructs for myc-FLAG-CHIP, FAT10 CYC and FAT10 SYC. Cleared 

lysates were subjected to immunoprecipitation using monoclonal anti-FAT10 antibody (clone 4F1) in combination 

with Protein A sepharose. Western blot analysis was performed by using a directly labelled anti-FLAG or polyclonal 

anti-FAT10 antibody. β-actin served as loading control. (B) Transiently HA-CHIP and FLAG-FAT10 CYC or FLAG-

FAT10 CYCIAA expressing HEK293 cells were used for immunoprecipitation of CHIP using anti-HA agarose. 

Proteins were separated under reducing conditions (4% 2-ME) and western blot analysis was performed using anti-

FLAG and anti-HA reactive antibodies. Anti-β-actin staining served as a loading control. Asterisks mark remaining 

HA-CHIP signals after stripping and shown is one experiment out of three (A) or two (B) repetitions with similar 

outcome, respectively.  

To sum up, the E3 ligase CHIP was identified as a new covalent as well as non-covalent 

interaction partner of both FAT10 isoforms, FAT10 CYC and FAT10 SYC. As already seen for 
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other substrates, the covalent modification of CHIP was dependent on FAT10`s C-terminal 

diglycine motif (see 3.1.3 and (141,202)). Likewise, the non-covalent interaction between these 

two proteins seemed also to be dependent on this motif since only a reduced interaction was 

observed with a mutant lacking the C-terminal GG. Nonetheless, it cannot be ruled out that it 

might be an indirect interaction which is enabled via another interaction partner as these 

experiments were performed in cellulo. Considering that CHIP is already characterized as a 

ubiquitin E3 ligase (95), the most prominent question is whether it can also function as FAT10 

E3 ligase. First attempts to test this possibility are described in the following chapter. 

3.3.4.1. Is CHIP a FAT10 E3 ligase? 

CHIP belongs to the family of U-box ligases, which possess the characteristic RING-like U-box 

domain and which serve as a scaffold bringing the ubiquitin charged E2 conjugating enzyme 

in close proximity to the substrate, thus stimulating the ubiquitin transfer (87,121). So far, the 

Ubc13-Uev1a complex, Ubc4 and members of the UbcH5 family were described to be a 

cognate E2 conjugating enzyme for CHIP (95,103,107), while no information about the E2 

conjugating enzyme USE1 could be found. However, as USE1 is the only known E2 

conjugating enzyme for FAT10 up to date (141), the interaction with USE1 is necessary for 

CHIP to act as a FAT10 E3 ligase and to function as adaptor for the FAT10 charged USE1 

and putative FAT10 substrates. In HEK293 cells HA-CHIP, FLAG-USE1 and FAT10 CYC or 

FAT10 SYC were overexpressed and an immunoprecipitation of HA-CHIP was performed 

(Figure 39A). Indeed, a non-covalent interaction between CHIP and USE1 was observed 

(Figure 39A, lane 4). This interaction was not changed in the presence of FAT10 and CHIP 

was able to interact with auto-FAT10ylated USE1 as well (Figure 39A, lanes 5 and 6).   

Assuming that CHIP is a FAT10 E3 ligase, it appears imaginable that an overexpression of the 

putative E3 lead to an increase in FAT10 conjugates. Therefore, CHIP was co-expressed 

together with FLAG-FAT10 CYC and FLAG-FAT10 SYC as well as their respective conjugation 

incompetent mutant forms lacking the C-terminal diglycine motif and an immunoprecipitation 

of FLAG-FAT10 conjugates was performed (Figure 39B). Compared to FAT10 conjugates in 

absence of CHIP, the FAT10ylation pattern of both FAT10 isoforms was increased in presence 

of the putative E3 ligase (Figure 39B, middle panel, lanes 3-6). This observation was further 

supported by the normalization of conjugate signals to monomeric FAT10 (Figure 39C). 

Although these differences were not significant a tendency might be discovered. Additionally, 

as already seen previously, a strong covalent and non-covalent interaction was detectable 

between CHIP and both FAT10 isoform (Figure 39B, upper panel, lanes 5 and 6). Again, the 
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covalent as well as the non-covalent interactions were dependent on the C-terminal diglycine 

motif as they were absent with the respective conjugation incompetent FAT10 mutants (Figure 

39B, upper panel, lane 7 and 8).  

Together with the observed interaction between USE1 and CHIP, these preliminary data 

indicate that CHIP may function as a part of the FAT10 conjugation machinery. It will be 

exciting to discover the role of this interaction further and to validate whether CHIP act as a E3 

ligase for FAT10 or whether FAT10 influences the CHIP-mediated ubiquitination of specific 

target proteins leading to modified cellular processes.  

 

Figure 39: CHIP interacts with the FAT10 E2 conjugating enzyme USE1 and increases the FAT10ylation of 

overall substrates.  (A) Extracts from HEK293 cells transiently transfected with the indicated expression plasmids 

were subjected to immunoprecipitation using anti-HA agarose. Subsequent western blot analysis was performed 

with directly labelled antibodies reactive against HA or FLAG or the rabbit primary polyclonal antibody against  
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FAT10 combined with a secondary goat anti-rabbit antibody. Detection of endogenous β-actin was used as loading 

control. (B) After 24 hrs of transient transfection of HEK293 cells with the indicated expression plasmids, FAT10 

substrates were immunoprecipitated with anti-FLAG M2 affinity gel. Proteins were separated under reducing 

conditions (4% 2-ME) and western blot analysis was performed with directly labelled anti-HA and anti-FLAG reactive 

antibodies. As loading control, β-actin staining was used. (C) Western blot signals of overall FAT10 conjugates in 

absence or presence of HA-CHIP were quantified by using densitometric calculations of the signal intensity. Values 

were normalized to ECL signals of monomeric FAT10. Shown is the mean ± s.e.m. of three independent 

experiments (n=3). For both experiments, one representative experiment out of three experiments with similar 

outcomes is shown. Remaining signals from previous antibody incubations after stripping are marked with an 

asterisk.  

To sum these results up, it could be shown that both FAT10 isoforms are activated by UBA6 

and conjugated to target proteins. However, differences in the activation were observed under 

in vitro and in cellulo conditions. Moreover, a reduced intensity of total FAT10 SYC substrates 

was observed compared to FAT10 CYC. The reasons of these observations remain to be 

clarified. Interestingly, the pattern of total FAT10 substrates and interaction partners seemed 

to be different but no specific protein only interacting with one FAT10 isoform could be 

identified so far. Though, two new FAT10 interaction partners were found, namely the histone 

deacetylase HDAC7 and the E3 ubiquitin ligase CHIP. Both await further and more detailed 

investigation regarding the outcome of their interaction with FAT10. Nonetheless, preliminary 

data revealed that CHIP might function as a E3 ligase for FAT10 as the overall FAT10ylation 

was tended to be increased in presence of overexpressed CHIP which was also able to interact 

with the FAT10 E2 conjugating enzyme USE1.  
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4. Discussion 

4.1. The ubiquitin-like modifier FAT10 inhibits retinal PDE6 activity and 

mediates its proteasomal degradation 

For many people, sight is the most important and valued sense which contributes decisively to 

the quality of life and a certain independence (418,419). Therefore, visual impairment or 

blindness represent a strong handicap for the affected patients. As vision is a very complex 

sensory modality, it is dependent on various processes and signaling pathways and thus on 

many functional proteins that guarantee the correct procedure. One of these proteins is the 

aryl hydrocarbon receptor-interacting protein-like 1 (AIPL1) which is expressed in the pineal 

gland as well as in photoreceptor cells (331-333). Its main function is to act as a co-chaperone 

for the phototransduction effector enzyme, the phosphodiesterase 6 (PDE6) (314,315,343). 

Therefore, AIPL1 is indispensable for the maintenance of phototransduction in photoreceptors 

and a loss of AIPL1 leads to rapid degeneration of rods and cones (345). This is further 

underlined by the finding that single point mutations in the aipl1 gene already cause the retinal 

dystrophy LCA resulting in the degeneration of photoreceptors and vision loss (331). Recently, 

a connection between AIPL1 and the ubiquitin-like modifier FAT10 was identified (220). 

Besides targeting covalently modified substrate proteins for proteasomal degradation 

(152,153,190), FAT10 seems to be able to influence the functionality and activity of non-

covalent interaction partners (146,193,194). Considering the AIPL1 expression profile (331-

333), a possible role of FAT10 in photoreceptor cells was investigated.  

The described interaction between AIPL1 and FAT10 (220) was confirmed with endogenous 

FAT10 (Figure 14A) and characterized in more detail. The investigation of the AIPL1 interaction 

site within FAT10 revealed that AIPL1 binds to both UBL-domains of FAT10 (Figure 15A). This 

is in contrast to other FAT10 interaction partners such as Nub1L, which has been shown to 

interact only with the N-terminal FAT10 UBL-domain (206). Vice versa and in line with other 

AIPL1 interaction partners (337,338,343,358), FAT10 interacts with the TPR motifs of AIPL1 

(Figure 15B) that are already described to be important for protein-protein interactions (340). 

Unexpectedly, neither point mutations within the TPR domain (A197P, C239R) nor in any other 

domain of AIPL1 (e.g. R38C in FKBP, P376S in proline-rich domain) influenced the interaction 

with FAT10 (Figure 14C). This feature is not comparable to other AIPL1 interaction partners 

that bind to the TPR motifs, as they often show deficits in binding when a mutation within the 
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TPR domain is present as e.g. shown for Nub1 (358). However, as AIPL1 binds both FAT10 

UBL domains (Figure 15A), it seems likely that multiple sites within the TPR region are involved 

in this specific interaction compensating the effect of a single point mutation. Interestingly, no 

direct interaction of AIPL1 with ubiquitin was observed in vitro (Figure 14E). This difference 

might be explained by the finding that the surface charge distributions of ubiquitin and FAT10 

differ entirely from each other (180). Hereby, the hydrophobic patch in ubiquitin (L8, I44 and 

V70), that serves in most cases for ubiquitin-protein interactions is neither conserved in the 

FAT10-N nor the FAT10-C UBL domain (180). In case of the interaction with AIPL1, it can 

therefore be possible that FAT10 possesses a certain interaction motif or patch which is not 

present in ubiquitin. Moreover, as we could show that AIPL1 is able to interact with both UBLs 

of FAT10, one could further speculate that the single domain of ubiquitin is not sufficient for a 

stable interaction with AIPL1.  

So far, FAT10 expression is mainly restricted to organs of the immune system or is dependent 

on pro-inflammatory cytokine stimulation in other tissues and cell types (179,181,182). 

However, its expression has not yet been investigated in retinal cells. This thesis provides 

data, that FAT10 expression is inducible at mRNA as well as at protein level in the 

retinoblastoma cell line Weri-Rb1 upon cytokine treatment with TNFα and IFNγ (Figure 16A). 

Additionally, FAT10 mRNA expression could be confirmed in human retina samples (Figure 

16C) and, at least for donor 1, FAT10 protein seemed to be detectable in western blot (data 

not shown). Nonetheless, it has to be considered that the retina is a multi-layer structure 

including various different cell types (256). Unfortunately, difficulties in obtaining human retina 

samples as well as limitations in the received material prevented the possibility of performing 

additional biochemical interaction studies on human AIPL1 and FAT10, which would have 

given further hints of specific FAT10 expression in photoreceptor cells. Moreover, investigating 

a possible FAT10 upregulation during the LCA pathogenesis in vivo using the hypomorphic 

AIPL1 mouse model, that is described to show a LCA phenotype over time (346), was not 

successful as unexpectedly no homozygous aipl1h/h mouse could be identified during the work 

on this project (see 3.2.5). The reduction of PDE6 protein represents a hallmark of the LCA 

phenotype and is also observed in the aipl1h/h mouse (345,346). As no PDE6 protein decrease 

was observable in heterozygous aipl1h/+ mice (Figure 34), it can be concluded that the 

heterozygous genotype might not be sufficient for the development of LCA. Even if FAT10 

expression would be measurable in the mouse retina at mRNA level, either upon cytokine 

induction after viral infections or during the pathogenesis of LCA, the situation on protein level 

would remain unknown. Here, the obstacle is the lack of a suitable antibody reactive against 

mouse FAT10 that would be sensitive and specific enough to visualize endogenous mFAT10 

in immunostainings of mouse retina and thus the identification of the precise retinal cell type 
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expressing FAT10. Nevertheless, the here described findings expand the knowledge about the 

FAT10 expression profile now including the human retina as FAT10 expressing tissue.   

With regard to the fact that FAT10 mRNA expression was not detectable in every donor sample 

and as it can be excluded that donors of the retinal tissues suffered from a known retinopathy, 

it can be suggested that FAT10 might not be constitutively expressed but rather be upregulated 

as a consequence of inflammation. This is further in line with the inducible FAT10 expression 

in Weri-Rb1 retinoblastoma cells (Figure 16A and Figure 23). Nonetheless, it cannot be 

excluded that FAT10 is also induced during the pathogenesis of retinopathies such as LCA. 

Often, photoreceptor degeneration is accompanied by the accumulation of cGMP (420,421) 

and high cGMP levels are also found in the retina of aipl1-/- mice (345). Moreover, increased 

levels of cGMP caused by the inhibition of PDE6 with the drug zaprinast in porcine retinal 

explants resulted in the production of TNFα and IL-6 (417), which is in turn a cytokine 

combination that was shown to induce FAT10 expression in HepG2 cells (187). This represents 

a mechanism how FAT10 might be induced and upregulated in the retina leading to the 

assumption that FAT10 is most probably expressed in the retina of LCA patients. Unproductive 

PDE6 assembly caused by pathogenic AIPL1 mutants (314,315,350) can introduce an 

inflammatory environment enabling FAT10 induction that potentially further aggravates the 

situation.  

To further specify a possible function of FAT10 within the retina, the identification of a retina-

specific FAT10 substrate would deliver more information. As mRNA expression of the cognate 

FAT10 E1 activating enzyme UBA6 and E2 conjugating enzyme USE1 was found in human 

retina (Figure 16D and E), the modification of retinal proteins with FAT10 is plausible. In this 

work, the rod PDE6 has been identified as the first retina-specific FAT10 substrate (Figure 17) 

and the catalytic β-subunit of rod PDE6 becomes FAT10ylated despite interacting with other 

PDE6 subunits (Figure 18C). Mouse PDE6, which β-subunit shares 93% sequence similarity 

to the human PDE6β subunit at amino acid level, was used as source of PDE6 holoenzyme. 

Thereby, it could additionally be shown that incorporated PDE6β becomes FAT10ylated as 

well (Figure 18D). Purification of mouse PDE6 from the retina was achieved by using the so-

called ROS-1 antibody that is described to only recognize fully assembled mouse PDE6 (413). 

Although ectopically expressed human PDE6 seems to be active, as the cGMP level within 

HEK293T cells was altered upon its expression with AIPL1 (351), the complete ectopically 

expressed human holoenzyme could unfortunately not be sufficiently immunoprecipitated and 

thus purified using the mouse PDE6-specific ROS-1 antibody.   

Knowing that AIPL1 functions as chaperone for proper PDE assembly (314), the question 

arose whether AIPL1 might also influence PDE6 FAT10ylation, its degradation and even 

possibly FAT10 conjugation.   
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First, a possible influence of AIPL1 on the FAT10 activation was investigated because of the 

described interaction between AIPL1 WT and the FAT10 E1 activating enzyme UBA6 (220),. 

Indeed, either AIPL1 WT or pathogenic AIPL1 mutants (AIPL1-A197P, AIPL1-C239R) reduced 

the UBA6-mediated FAT10 activation in vitro (Figure 28). However, no clear reduction was 

detectable under in cellulo conditions using overexpression systems (Figure 30). An 

approximately 6x molar excess of AIPL1 versus FAT10 was required to inhibit FAT10 activation 

in vitro (Figure 28). However, by looking at the situation in vivo, it is reasonable that high 

amounts of the important protein AIPL1 are expressed in photoreceptors as confocal staining 

of human retina detected a strong AIPL1 protein expression in rod inner segments (332) and 

RT-PCR data revealed high levels of AIPL1 mRNA in human retina (Figure 16B). These data 

can be implemented in a possible time course, as it is conceivable that an excess of AIPL1 is 

present at the very beginning of FAT10 upregulation, where the FAT10 protein level is still very 

low. By inhibiting FAT10 activation at this stage, this may contribute to the protection of retinal 

FAT10 substrates such as PDE6 pointing to a protective mechanism in a cell-type dependent 

manner. Although UBA6 is bi-specific for FAT10 and ubiquitin (76,79), no reduced UBA6-

mediated ubiquitin activation was observable in vitro as well as in cellulo (Figure 29). This can 

be explained by the different interaction properties of FAT10 and ubiquitin towards AIPL1. 

While FAT10 is able to directly interact with the chaperone, this does not seem to be the case 

for ubiquitin (Figure 14D and E). Therefore, it can be concluded that rather the interaction 

between AIPL1 and FAT10 is responsible for the reduced FAT10 activation than the interaction 

between AIPL1 and the E1 activating enzyme UBA6. This hypothesis of FAT10 being 

sequestered by AIPL1 and resulting in a hindrance of its activation is supported by the finding 

that other non-covalent FAT10 interacting proteins such as Nub1 can act in a similar way in 

vitro (Figure 31).   

Second, as AIPL1 acts as a chaperone for PDE6 (314) and as FAT10ylation of PDE6β targets 

it for proteasomal degradation (Figure 20), the possible impact of AIPL1 on the conjugate 

stability and degradation may imply another possible level of regulation. Indeed, both, AIPL1 

WT and AIPL1-A197P stabilized monomeric FAT10 and thus also the PDE6β-FAT10 

conjugate (Figure 19) while the degradation of the conjugate was slowed down in the presence 

of these AIPL1 variants (Figure 27). However, a significant difference between AIPL1 WT and 

the pathogenic LCA-causing mutants could not be observed concerning their interaction with 

FAT10 or their ability to stabilize FAT10ylated PDE6 (Figure 14 and Figure 19). To make the 

interaction network even more complex, it was shown that FAT10 interacts strongly with Nub1, 

which is highly expressed in the brain and accelerates the degradation of FAT10 and FAT10 

conjugates by the 26S proteasome (153,206,358). Since Nub1 was shown to bind to wild type 

AIPL1 but not to some of the LCA-causing variants of AIPL1 (357,358) it is quite possible that 

binding of Nub1 to AIPL1 is required to more effectively sequester FAT10 from PDE6. Hence, 
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the interaction network between Nub1, AIPL1 and FAT10 looks as follows: AIPL1 and FAT10 

interact with the C-terminal part of Nub1 (206,358); Nub1 and FAT10 bind to the AIPL1 TPR 

domain ((358) and Figure 15B) and AIPL1 and Nub1 need the N-terminal UBL domain of 

FAT10 for interaction ((206) and Figure 15A). This combination offers the possibility that these 

proteins compete for the binding to each other. AIPL1, modulating the nuclear translocation of 

Nub1 (359) or breaking the FAT10-Nub1 interaction, might help to antagonize the accelerated 

FAT10-mediated degradation. Indeed, by using the model substrate FAT10-DHFR it has 

already been shown that AIPL1 is able to counteract the accelerated Nub1-mediated 

degradation (220). Therefore, it would be very interesting to test whether AIPL1 WT but not 

the pathogenic AIPL1-A197P mutant can antagonize and decelerate the FAT10-PDE6β 

conjugate degradation in presence of Nub1 in cellulo. Different approaches to investigate this 

subject were already tested but need further establishment to draw a conclusion (see 3.2.4). 

Nonetheless, as not all pathogenic AIPL1 mutants are defective in their Nub1 binding (358), a 

possible impaired counterregulation would be AIPL1 mutant-specific and would have to be 

tested one by one.  

Importantly, not only AIPL1 but also PDE6 is almost exclusively expressed in rod and cone 

photoreceptors within the retina (314,332,333,422,423). Therefore, the identification of AIPL1 

as an interaction partner and PDE6 as a substrate of FAT10 led to the suggestion that FAT10 

itself is expressed by the photoreceptors functioning in the maintenance of proteostasis during 

phototransduction. Covalent modification of PDE6 with FAT10 was shown to target it for 

proteasomal degradation (Figure 20) as already seen for other FAT10 substrates such as the 

ubiquitin E1 activating enzyme UBE1, the transcription factor JunB or the ubiquitin 

deconjugating enzyme OTUB1 (193,194,202). Although it is already described that the 

absence of AIPL1 leads to the degradation of PDE6 subunits by the proteasome (315), the 

here described FAT10-dependent mechanism reveals another explanation how PDE6 can 

alternatively be introduced into the degradation cycle, independent of ubiquitination.   

Moreover, the non-covalent interaction of FAT10 with the PDE6 enzyme has a negative impact 

on the enzyme activity as FAT10 seems to inhibit the capability of PDE6 to hydrolyse cGMP 

(Figure 22). So far, PDE6 is the only listed cGMP-specific class of PDE enzymes expressed 

in photoreceptors of the retina (423). Therefore, one can assume that FAT10 specifically 

inhibits PDE6 activity, although not purified components but whole mouse retina cell lysates 

were used for the investigation. As the only other PDE family expressed in the eye, PDE8, is 

using cAMP as substrate (423-425) and not cGMP as applied in the assay, FAT10 obviously 

influenced specifically the PDE6 activity. Interestingly, this is another example showing that 

the non-covalent interaction of FAT10 with a substrate protein has a strong influence on 

substrate functionality. While the activity of the deconjugating enzyme OTUB1 was enhanced 
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by the interaction with FAT10 (194) the activation of the ubiquitin-like modifier SUMO was 

diminished when FAT10 interacted with the SUMO E1 activating enzyme AOS1/UBA2 (193). 

Due to the identification of the GAFa and the catalytic domain of PDE6β as FAT10 interaction 

sites (Figure 21) several possibilities appear imaginable how FAT10 can influence the PDE6 

activity. First, FAT10 may disturb the presumably permanent cGMP binding to the GAFa 

domain or interferes with the diffusion of cGMP into the catalytic domain (295,305,306). 

Besides the cGMP binding site, the GAFa domain of the respective catalytic subunit contains 

the dimerization site of PDE6α and PDE6β (in PDE6 α aa59-74 and in PDE6β aa57-72) (415). 

However, co-immunoprecipitation experiments showed that the catalytic subunits still interact 

and eventually dimerize with each other independently of additional FAT10 expression in 

HEK293 cells (Figure 24). These data indicate that FAT10 does not disturb the 

heterodimerization of heterologous PDE6αβ. The binding of two transducin α-subunits (Gαt-

GTP) is necessary for the full hydrolytic activity of rod PDE6 (307,310). Interference of FAT10 

with the Gαt-GTP binding sites within PDE6, e.g. by FAT10 interaction with PDE6γ (Figure 

17D) or FAT10 binding to the catalytic domain of PDE6αβ (Figure 21), would result in a 

decreased activation ability. Therefore, an even more detailed investigation of the interaction 

between FAT10 and PDE6 can provide clearer evidence of how FAT10 diminishes PDE6 

activity.  

Photoreceptors possess an inner and an outer segment separating functional pathways. While 

AIPL1 is expressed in the inner segment and is not readily detected in the outer segment (332), 

PDE6 needs to be assembled in the inner segment but its activity is restricted to the outer 

segment. Assembled PDE6 holoenzymes need to be translocated to the outer segment via the 

connecting cilium. Therefore, the localization of FAT10 within photoreceptors remains an 

interesting topic and depicts another mechanism how FAT10 could disturb the normal 

processes within photoreceptors. Equal distribution within the whole photoreceptor is required 

for FAT10 to have an influence on PDE6 via the covalent as well as non-covalent interaction. 

Again, one could assume that AIPL1 may capture FAT10 within the inner segment, as long as 

it is possible in terms of FAT10 quantity. This would hinder the FAT10 translocation into the 

outer segment and help to maintain PDE6 function within the already exported enzymes in the 

disc membranes. However, as already supposed for the reduced FAT10 interaction, this may 

only be possible at the beginning of FAT10 expression and thus by relatively small FAT10 

protein amounts compared to AIPL1.   

Interestingly, the PDE6β-FAT10 conjugate accumulated in the presence of AIPL1 (Figure 19). 

Therefore a trimeric complex formation of PDE6, FAT10 and AIPL1 is suggested (Figure 25). 

Co-immunoprecipitation experiments revealed that ectopically expressed AIPL1 is able to 

interact with ectopically expressed PDE6β (Figure 25). It was already shown that the AIPL1 
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FKBP domain binds the farnesylated catalytic PDE6α subunit (317). In contrast, PDE6β is 

post-translationally geranylgeranylated (318,319). Since a geranylgeranyl moiety could 

partially compete away the binding of AIPL1 to a farnesylated PDE6α mimetic in fluorescence 

assays (337), it is assumed that AIPL1 is also able to bind the geranylgeranyl group and in 

turn the PDE6β (Figure 25). Usage of size exclusion chromatography experiments with 

recombinant proteins strengthens the idea of a complex formation between FAT10, AIPL1 and 

PDE6β (Figure 26). However, aggregation of recombinant AIPL1 and PDE6β complicated the 

interpretation and the procedure. Interestingly, PDE6 subunits do not aggregate in absence of 

AIPL1 when being purified from mouse retina (315). Therefore, mouse PDE6 purified by using 

the ROS-1 antibody could be tested as source for PDE6 subunits. Interestingly, individual 

expression of a PDE6β/PDE5 chimera (GAFa and b from PDE6 and catalytic domain from 

PDE5) in Sf9 insect cells resulted in the formation of aggregates as well (415). This 

aggregation could be circumvented by additional co-expression of a PDE6α/PDE5 chimera 

with subsequent dimer formation (415), opening the possibility of expressing both, PDE6α and 

-β in insect cells with subsequent purification of PDE6αβ dimers via gel filtration. Moreover, 

the expression of AIPL1 in insect cells might help to attenuate its tendency of aggregation 

since more possible post-translational modifications may contribute to an enhanced stability. 

Also a co-expression of AIPL1 and PDE6β from one expression plasmid with two separate 

IRES sites in insect cells could stabilize both proteins during the purification process. Overall, 

the establishment of the SEC experimental setup would be beneficial to tackle other aspects 

as for instance competition assays between Nub1, AIPL1 and FAT10. When interpreting the 

effects of a trimeric complex formation in the inner segment, one can suppose that PDE6 might 

be retained in the inner segment. However, as the outer segment membrane discs and hence 

the associated proteins need to be constantly replenished (271), an impaired translocation of 

PDE6 would result in reduced amounts of PDE6 in the outer segment. Thus, an eventual lack 

of PDE6 renewal or a FAT10-dependent inhibition of PDE6 function could cause visual 

impairment during inflammation as e.g. in chorioretinitis or during retinopathies. 

Disregarding LCA, the identification of PDE6 as FAT10 substrate may provide evidence that 

other PDEs could represent FAT10 substrates as well. Showing that FAT10 binds to the PDE6 

catalytic domain (Figure 21) and considering that the catalytic subunits are highly conserved 

among the PDE families (422,423) it appears plausible that FAT10 might also influence other 

phosphodiesterases. In particular, PDE5, which is expressed in a variety of tissues, seems to 

be a candidate as it is sequentially and structurally closely related to PDE6. They share cGMP 

as substrate and most PDE5 inhibitors are also potential PDE6 inihbitors (289). Of course it 

would also be interesting to test whether other retinal proteins such as rhodopsin or RPE65 

can serve as FAT10 substrate or interaction partner as well. The analysis of proteins expressed 
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by different retinal cell types besides photoreceptors would further provide information about 

the expression profile of FAT10 within the retina.  

The disease LCA is not only caused by mutations in the aipl1 gene. Other mutations in genes 

contributing to the correct progress of general pathways within the photoreceptors or RPE cells 

are described as LCA-causing as well (379,380). In these cases, AIPL1 would be principally 

functional. Then, a possible upregulation of FAT10 during the pathogenesis would not only 

directly affect PDE6 stability and activity but could also impact AIPL1. In general, the 

chaperone functionality of AIPL1 is dependent on its interaction with Hsp90. Since both, FAT10 

and Hsp90 have been shown to bind to the AIPL1 TPR motifs ((343) and Figure 15B), FAT10 

might compete Hsp90 away from AIPL1 resulting in an impaired chaperone functionality. A 

more detailed insight into the interaction between Hsp90 and AIPL1 showed that pathogenic 

AIPL1 mutations such as A197P or C239R abolished the tight interaction with this important 

chaperone (343). In contrast, these mutants are still able to interact with FAT10 (Figure 14), 

so the respective amino acids (A197 and C239) can be excluded as FAT10 binding sites within 

AIPL1. Thus, the possibility for a binding competition between Hsp90 and FAT10 to AIPL1 is 

strongly reduced. However, the AIPL1 lysine residue at position 265 is also important for Hsp90 

binding as well since its mutation to alanine reduced the interaction (343). As FAT10 is 

conjugated to internal lysine residues within substrate proteins and as AIPL1 itself was shown 

to become FAT10ylated ((220) and data not shown), the K265 represents a very interesting 

putative interaction or binding site for a FAT10-mediated inhibition or regulation. Recently, 

AIPL1 was further described to interact via its TPR domain with the inhibitory PDE6γ subunit 

and it is suggested that this interaction is involved in the AIPL1 substrate specificity towards 

PDE6 (338). Hindrance of PDE6γ linkage to AIPL1 caused by FAT10 competition could 

influence and misbalance the AIPL1 substrate specificity resulting in inefficient PDE6 

assembly. The identification of these overlapping binding sites of PDE6γ and Hsp90 in AIPL1 

(338) strengthens the potential effect of FAT10 onto AIPL1 functionality. Again, the exact 

specification of the FAT10 interaction site within the AIPL1 TPR domain, e.g. by using more 

AIPL1 truncation variants or cross-linking experiments, will help to understand possible effects 

of FAT10 onto the AIPL1 chaperone functionality in more detail.  

When bringing the here described findings and resulting possibilities into context and when 

trying to integrate FAT10 into the pathogenesis of LCA, the following final hypothesis can be 

drawn (Figure 40).   

Under healthy conditions, FAT10 is absent from the human retina and the visual cascade is 

not disturbed. PDE6 is successfully assembled by AIPL1 and translocated into the 

photoreceptor outer segment where it fulfills its role in phototransduction.  Upon inflammatory 
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conditions, FAT10 expression is upregulated, for example by the action of TNFα and IL-6 

(Figure 40; 1). As this represents a temporary situation, the negative effects of FAT10 might 

be compensated to a certain degree. FAT10 activation might be reduced through AIPL1 excess 

over the low FAT10 protein amounts at the beginning of an inflammation, PDE6 stabilization 

by AIPL1 and the Nub1-mediated degradation of FAT10yled proteins would be antagonized 

by AIPL1. However, as FAT10 can still influence the AIPL1 or PDE6 functionality, it must be 

downregulated in time before major damages to the visual system are developed.   

Considering the situation within the retina during the pathogenesis of LCA, one can imagine 

that a long lasting inflammation prevails. Commonly, the photoreceptor function is impaired 

due to mutations in genes encoding for important retinal proteins. Taking AIPL1 as an example, 

pathogenic mutations result in the misassembly and subsequent proteasomal degradation of 

PDE6. The consequential imbalance in phototransduction leads to increased cGMP levels. As 

a reaction, IL-6 and TNFα, amongst probably other inflammatory cytokines, are expressed 

which can induce FAT10 expression in return (Figure 40; 1). When the situation within the 

photoreceptors remains constant as e.g. in the LCA retinopathy, a chronic expression of FAT10 

can be assumed resulting in an overcome of the potentially protecting properties of AIPL1. In 

this case, FAT10 itself has a strong negative impact on the proper functionality of 

photoreceptor processes causing an even more aggravated condition. First, FAT10 directly 

affects its retinal-specific substrate PDE6 (Figure 40; 2). FAT10-mediated proteasomal 

degradation of PDE6 depicts one possibility how PDE6 subunits are targeted for degradation 

during LCA pathogenesis. Second, regarding LCA type 4 which is caused by specific AIPL1 

mutants, this effect may even be stronger as not all AIPL1 mutants are able to still interact with 

Nub1 and to prevent accelerated FAT10-mediated degradation. Third, FAT10 inhibits PDE6 

activity via several conceivable mechanisms such as interfering with cGMP or Gαt-GTP binding 

(Figure 40; 3). Fourth, the formation of FAT10-containing protein complexes within the inner 

segment could influence the translocation and renewal of PDE6 enzyme to the outer segment 

(Figure 40; 4). Fifth, depending on the disease causing mutation, FAT10 can potentially not 

only affect the PDE6 enzyme but also AIPL1 by binding to its TPR domain. This binding may 

result in a probable diminished interaction of AIPL1 with either Hsp90 or PDE6γ and therefore 

in a reduced AIPL1 chaperone functionality and selectivity (Figure 40; 5).  

In summary, for the first time, the ubiquitin-like modifier FAT10 is linked to the human retina by 

detecting FAT10 mRNA expression and identifying PDE6 as retina-specific FAT10 substrate. 

The involvement of FAT10 in the regulation of PDE6 depicts another interesting example that 

FAT10 cannot only influence the target protein stability by guiding it to proteasomal 

degradation but also mediates changes in the activity of substrates via non-covalent 

interaction. Although there are still a few unanswered questions, this work provides first 
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insights into the role of FAT10 in retinal cells as well as in the pathogenesis of LCA and 

illustrates how other factors besides the disease-causing mutations might drive and aggravate 

the course of the disease. By focusing not only the already known disease-causing mutations 

and players but by also considering additional modulators and regulators, the complex 

molecular mechanism of photoreceptor degeneration during LCA pathogenesis might be better 

understand in the future. 

 

Figure 40: Proposed model of the role of FAT10 during the LCA pathogenesis.  Shown is a schematic model 

of the role of FAT10 during the pathogenesis of LCA including its function within the inner and outer segment of a 

rod photoreceptor. In healthy conditions (left panel), PDE6 subunits (green and black) are synthesized in the inner 

segment while AIPL1 (dark blue) interacts with its co-chaperone Hsp90 (light blue). After AIPL1-supported correct 

assembly of PDE6, the holoenzyme is translocated to the outer segment where it hydrolyses cGMP upon activation 

by the transducin α-subunit (Gαt-GTP). During LCA pathogenesis (right panel), cGMP levels within the 

photoreceptors are elevated due to the lack of functionality of specific proteins for example like AIPL1. In turn, the 

production of IL6 and TNFα allows a chronic FAT10 (red) expression (1). Covalent FAT10ylation of PDE6 single 

subunits or holoenzymes target them for proteasomal degradation (2). Moreover, PDE6 activity is inhibited by non-

covalently interacting FAT10 via several imaginable mechanisms such as interfering with cGMP or Gαt-GTP binding 

(3). The formation of complexes including FAT10, AIPL1 and PDE6 stabilizes the PDE6 protein but also interferes 

with translocation of PDE6 to the outer segment (4). When LCA is not caused by mutated AIPL1, the interaction of 

FAT10 with AIPL1 may disturb the AIPL1-Hsp90 chaperone complex formation resulting in an impaired PDE6 

assembly (5).  
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4.2. Comparison of the two human FAT10 isoforms - FAT10-CYC vs. 

FAT10-SYC 

HLA-F adjacent transcript 10 (FAT10) belongs to the family of ubiquitin-like modifier (ULM) and 

can become attached to an internal lysine residue of substrate proteins mediated by an 

enzyme cascade. In case of FAT10, so far only one E1 activating enzyme, namely UBA6 

(76,79), and one E2 conjugating enzyme, USE1 (141), has been described. A FAT10-specific 

E3 ligase or deconjugating enzyme has not been identified yet. Interestingly, there are two 

human FAT10 sequences published that differ only in their amino acid at position 160. Here, 

human FAT10 can either possess a cysteine (NCBI GenBank Accession No. NM_006398) or 

a serine residue (NCBI GenBank Accession No. AF123050). In the current work both FAT10 

variants were investigated in order to determine putative differences in their conjugation 

capability and substrate specificity.  

Alignments of the FAT10 protein sequences revealed that this specific residue is not conserved 

among different species (Figure 35A). In contrast, differences were found when comparing the 

endogenous FAT10 sequences in various human cell lines (Figure 35B) representing a 

potential cell-type specific expression. Nonetheless, the origin of the cell line and the individual 

genetic background of each donor have to be considered as this could point to a certain 

demographic distribution or just a personalized expression of the respective FAT10 variant. 

The comparison between these two FAT10 variants CYC and SYC was started by investigating 

the activation by the E1 activating enzyme UBA6 with subsequent transfer onto the E2 

conjugating enzyme USE1. Interestingly, the data varied between the in vitro and in cellulo 

experimental setups (Figure 35C and D). While FAT10 SYC seemed to be better activated 

than FAT10 CYC in vitro, no differences concerning the activation of the two isoforms could 

be found in cellulo (Figure 35C and D). When performing in vitro studies with FAT10, the 

protein stability always has to be considered as mutation of all FAT10 cysteines to serines was 

shown to increase the its stability (180,410). Although recombinant wildtype FAT10 variants 

only differing in the amino acid at position 160 were used in the here described in vitro 

experiments, the presence of an additional cysteine could have a negative effect on stability 

and thus the activation capacity of FAT10 CYC compared to FAT10 SYC. However, it can be 

suggested that the detected differences in the activation by UBA6 do not rely on the FAT10 

protein amounts since they were evaluated as equal on western blot. Considering the 

discrepancy in in vitro activation of the two FAT10 isoforms, variations in the recognition 

capabilities and binding affinities of UBA6 towards FAT10 as well as unequal activation kinetics 

can represent another aspect. It might be possible that FAT10 SYC is easier recognizable by 

UBA6, binds more efficiently to the adenylation site or the active site and shows therefore a 
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stronger activation by UBA6 in vitro. In relation to this assumption, it was already shown for 

ubiquitin that the tetrapeptide in front of the C-terminal diglycine motif, especially the ubiquitin 

Arg72 residue, is important for its recognition by the cognate E1 enzyme (82,426-428). Similar 

observations were made with FAT10, as mutation of the FAT10 C-terminal residues (CYCI) to 

the corresponding residues found in ubiquitin (LRLR) resulted in a FAT10 variant that behaved 

like ubiquitin as it could be activated by the ubiquitin-specific E1 enzyme UBE1 as well (200). 

Therefore, it can be concluded that this tetrapeptide in FAT10 is essential for its specificity 

towards UBA6 and USE1 (200) and changes in this particular sequence region may alter the 

specificity and affinity of FAT10 towards its E1 enzyme.   

When comparing the in vitro and in cellulo data generated for the UBA6-mediated activation 

of the two FAT10 isoforms (Figure 35), the incubation time of FAT10 with UBA6 might influence 

the outcome. While, the in vitro activation was stopped after 1 hour, the in cellulo experiment 

included 24 h of transient expression of the FAT10 isoforms followed by immunoprecipitation 

overnight. Hence, one cannot exclude that FAT10 CYC in vitro activation amounts would have 

reached SYC activation levels after a longer incubation period. Even further, as it is known that 

UBA6 is able to auto-FAT10ylated itself (76), one can also not prevent an isopeptide bond 

formation after a certain time of reaction. This isopeptide cannot be distinguished from thioester 

bonds on SDS PAGE gels performed under non-reducing conditions. Therefore, the UBA6-

dependent activation of FAT10 SYC and CYC under in vitro conditions would require further 

investigations such as shorter time incubations, e.g. by performing a time course of the 

conjugate formation, before a clear conclusion can be drawn.  

Analysis of the overall amount of FAT10 CYC or SYC respective substrates in cells revealed 

a isoform-specific substrate pattern which is illustrated by specific bands in western blot (Figure 

36). Thus, it cannot be excluded that additional E1 or E2 enzymes besides UBA6 and USE1 

or different so far unknown E3 ligases are able to mediate the FAT10 conjugation in cellulo. 

Especially E3 ligases often possess a specificity for their cognate E2 enzyme and target 

proteins (21). Therefore, an involvement of additional or FAT10 isoform-specific enzymes 

could explain the varying substrate specificity and conjugation capability. Another explanation 

for the differences in the conjugation pattern might arise from the activity of putative, FAT10-

specific deconjugating enzymes, specifically cutting the FAT10-substrate isopeptide bond, 

although, no FAT10-specific deconjugating enzyme is known yet. However, ubiquitin and other 

ULM such as ISG15 were shown to possess specificity determinants for individual DUB 

families within their very last C-terminus sequence (71,429). Nevertheless there is still the 

opportunity that deconjugating enzymes exist for FAT10 which means that changes within the 

C-terminal sequences of the two isoforms may have an influence on their recognition by the 

cognate deconjugating enzyme. Considering this possibility, this may also explain the reduced 
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amount of detectable FAT10 SYC-conjugated substrates and the increased amount of 

monomeric FAT10 SYC (Figure 36), as a SYC-specific deconjugating enzyme would maybe 

not be able to recognize and remove FAT10 CYC from substrate proteins. Moreover, 

differences in the activation kinetics could also account for the reduced FAT10 SYC conjugates 

as faster conjugation may result in faster degradation. Interestingly, the same conjugation 

pattern for the respective overexpressed FAT10 isoform was obtained in FAT10 knockout HEK 

293 with concomitant treatment of cells with IFNγ and TNFα (Figure 36B). This confirmed that 

also FAT10 SYC conjugation is not dependent on inflammatory conditions, as it has already 

previously been shown for FAT10 CYC (410).  

To identify potential target proteins that are specific for one FAT10 isoform a mass 

spectrometry analysis was performed. Amongst others, the histone deacetylase HDAC6, 

which is an already characterized FAT10 interaction partner (192), was specifically found in 

the analysis with overexpressed FAT10 SYC. However, subsequent co-immunoprecipitation 

experiments confirmed HDAC6 as interaction partner for both FAT10 variants (Figure 37A). In 

contrast to the published data, no proteasome inhibition was necessary for a successful 

interaction between HDAC6 and both FAT10 variants ((192) and Figure 37A). Nevertheless, 

as the experimental studies were performed in two different cell lines, HEK293 (this work) 

versus HEK293T (192), respectively, the discrepancies might be explainable due to the 

different genetic backgrounds of these cells. Interestingly, the HDAC6-relative protein HDAC7 

was used as comparative control protein in co-immunoprecipitation experiments and could be 

confirmed as new interaction partner for FAT10 SYC and CYC (Figure 37).  

The identification of the ubiquitin E3 ligase CHIP by mass spectrometry analysis with FAT10 

SYC but not with FAT10 CYC is very interesting for further investigation. Subsequent co-

immunoprecipitation experiments revealed that CHIP interacts with both FAT10 variants and 

additionally becomes covalently modified with FAT10 (Figure 38). Since no FAT10-specific E3 

ligase has been described so far, the question of whether CHIP can act as FAT10 E3 is of 

primary importance. CHIP belongs to the group of U-box ligases in the family of RING ligases 

which means that it does not possess an active site cysteine but rather acts as a scaffold 

protein between a cognate E2 conjugating enzyme and a target protein (87). With respect to 

ubiquitin, CHIP has been shown to undergo auto-ubiquitination (95,103,106). Interestingly, 

comparable observations were made with the FAT10 E2 conjugating enzyme USE1, which 

auto-FAT10ylates itself leading to the proteasomal degradation of the modified enzyme and 

thus represents a negative feedback mechanism (201). Therefore, it will be very interesting to 

check whether FAT10ylation of CHIP is also based on auto-modification and may display a 

mode of regulation as well. Moreover, members of the UbcH5 E2 family as well as Ubc4 and 
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Ubc13-Uev1a were identified as cognate E2 conjugating enzymes (95,103,107). As USE1 is 

the only known E2 enzyme for FAT10 so far, an interaction between USE1 and CHIP would 

be essential for CHIP to interact as FAT10 E3 ligase. Preliminary co-immunoprecipitation 

experiments revealed an interaction between overexpressed USE1 and CHIP in HEK293 cells 

(Figure 39A). Moreover, non-covalent interaction of FAT10 and CHIP seemed to be dependent 

on the FAT10 C-terminal diglycine motif (Figure 39B), hypothesizing a possible formation of 

an E2-E3 complex. In this case CHIP interacts with a USE1 molecule that is charged with 

FAT10 at its active site cysteine which in turn is mediated by the FAT10 C-terminal diglycine 

motif. However, more data are needed to verify whether CHIP can act as a FAT10 E3 ligase. 

The first step should be the detailed investigation of the relation between CHIP and USE1 in 

vitro to define a direct interaction and to exclude co-reactions and cellular effects caused by 

other endogenous E2 or E3 enzymes. On the one hand, the interaction site on CHIP could be 

destructed by using a CHIP variant lacking the complete U-box domain (CHIPΔUbox) as this 

domain was identified as interaction site for the E2 enzymes (106,107,430). Additionally, the 

CHIPΔUbox mutant was already shown to be impaired in auto-ubiquitination (95). Therefore, 

usage of either CHIPΔUbox or the catalytic death mutant of USE1, USE1-C188A, represents 

a possibility how a potential auto-FAT10ylation could be confirmed. Vice versa the disruption 

of the CHIP interaction site within the E2 enzyme should be also taken into account. Within the 

cognate E2 enzymes, the so-called S-P-A motif (serine-proline-alanine amino acid sequence) 

was described to be necessary but not sufficient for productive CHIP binding (106,430). When 

looking at the amino acid sequence of USE1 it becomes obvious that it also possesses a S-P-

A motif (amino acids 201-203). Interestingly, the sequence comparison of USE1 and UbcH5C 

revealed that this motif appears to be conserved among these two E2 enzymes within the core 

UBC domain and the S-P-A motif in USE1 seems to be structurally exposed to the surface 

(200). Therefore, it would be interesting whether mutations within the S-P-A motif influences 

the capability of USE1 to interact with CHIP and thus give a hint whether USE1 acts similarly 

to other cognate E2 enzymes of CHIP. The most promising approach provides the mutation of 

the serine to a lysine residue containing a bulkier side chain as it is assumed that these 

sidechains would not fit into the close-packed interface with CHIP (107). Indeed, E2 enzymes 

that possess a modified K-P-A (lysine-proline-alanine) instead of the S-P-A motif as UbcH7 

show incompatibility with CHIP (95,106,107).   

Within this work, an increased amount of overall FAT10 conjugates was detected in presence 

of overexpressed CHIP in HEK293 cells (Figure 39B and C). However, additional experimental 

set-ups and readouts are beneficial and necessary to finally determine CHIP as a FAT10 E3 

ligase. Hereby, one could think about working with CHIP mutants lacking the ubiquitin E3 ligase 

activity such as CHIPΔUbox or the H260Q, H261A and P270A point mutations (103,431,432). 

The identification of a substrate protein for which FAT10ylation is dependent on the CHIP 
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activity would be the final proof. This could either be achieved by analysing and comparing the 

overall FAT10 substrates in wildtype and CHIP knockout cells or by step by step testing of 

known CHIP or FAT10 substrates Possibilities could be the tumor suppressor p53, which has 

been described as both FAT10 and CHIP substrate (240,433), or the autophagosomal receptor 

p62, which could not yet become FAT10ylated under in vitro conditions leading to the 

suggestion that the proper E3 ligase was missing (A. Aichem, AG Groettrup).  

Overall, this project contains exciting new approaches which form the basis for upcoming 

research. Especially, further characterization of the FAT10 isoforms as well as of CHIP as a 

new substrate and potential E3 ligase will increase the understanding of FAT10 and its 

regulation and conjugation.  
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GCCC 

BsmBI, HindIII 

pSUMO-HA-

AIPL1-A197P 
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CCAGTGCGTCTCA

GGTGGTTACCCCT

ACGACGTGCCCGA
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CTGTATTTTCAGAT

GGATGCCGCTCTG

CTCCTGAACG 

CCCAAGCTTTCAG

TGCTGCAGCGAGT

GCCC 

BsmBI, HindIII 
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pCMV-myc-
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CCAGTGCGTCTCA

GGTGGTTACCCCT

ACGACGTGCCCGA

CTACGCAGAAAAC

CTGTATTTTCAGAT

GGATGCCGCTCTG

CTCCTGAACG 

CCCAAGCTTTCAG

TGCTGCAGCGAGT

GCCC 

BsmBI, HindIII 
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GGCCATGGAGG

CCCGAATTCGGT
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ATGCAGAAGCTG
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GACCTGGGAGG

AGGAAGCCTCAG

TGAGGAGCAGG

CCCGGAGC 

CCGCGGTACCTC

GAGTCACAGGAT

ACAGCAGG 
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