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Abstract 

Ubiquitylation is a widespread posttranslational modification involved in all major 

cellular pathways. Ubiquitin can be attached to target proteins as a single moiety or form 

conjugates of higher complexity, creating unique interaction surfaces on the substrates, 

called the ‘ubiquitin code’. DNA sliding clamp PCNA is one of the substrates for which 

mono- and polyubiquitylation have been shown to perform different functions during 

replication over damaged DNA. Monoubiquitylation of PCNA recruits translesion synthesis 

polymerases, whereas modification of PCNA with a K63-linked polyubiquitin chain 

activates an error-free damage bypass pathway in a mechanistically poorly characterised 

manner.  

To explore the roles of PCNA polyubiquitylation in human cells, tailor-made 

ubiquitin ligases were designed and applied to create ubiquitin chains on PCNA 

independently of the responsible cellular enzymes. These tailor-made enzymes harbour 

a PCNA-interaction motif combined with linkage-specific ubiquitin ligase domains, 

designed to create M1-, K63- and K48-linked ubiquitin chains. By applying tailor-made 

ligases in human cells, I demonstrate that unscheduled modification of PCNA with K63-

linked polyubiquitin chains leads to global replication collapse. Mass spectrometry-based 

analysis identifies the ubiquitin-dependent segregase VCP as the responsible effector. By 

performing a series of independent in vitro and in vivo assays, I demonstrate that K63-

linked chains on PCNA are further modified by the E2 enzyme UBE2K with K48 linkages, 

leading to the recruitment of VCP, PCNA degradation and checkpoint activation. I further 

demonstrate that the build-up of branched K63-K48 chains is not an artefact of tailor-made 

enzymes but is a general cellular pathway, which takes place upon replication over 

damaged DNA and underlies the synthetic lethality between the tumour suppressor 

BRCA1 and the deubiquitylating enzyme USP1. 

Finally, I describe the ‘Ubiquiton’ technology recently designed in our laboratory. It 

allows inducible polyubiquitylation of any protein of interest with M1-, K63- and K48-linked 

chains. By applying this technology to human histone H2B, I demonstrate the feasibility of 

this approach in human cells. Altogether, this work focuses on two protein engineering 

technologies, which allowed to explore the functions of PCNA polyubiquitylation and 

provides the basis for a study of ubiquitin signalling on other substrates. 
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Zusammenfassung 

Die Ubiquitinierung ist eine weit verbreitete posttranslationale Modifikation, die an 

allen wichtigen zellulären Signalwegen beteiligt ist. Ubiquitin kann als einzelnes Molekül 

an das Zielprotein angehängt werden oder Konjugate in höherer Komplexität bilden, die 

als 'Ubiquitin-Code' bezeichnet werden. Einige Substrate wie beispielsweise das DNA-

Ringklemmenprotein PCNA üben je nach Ubiquitinierungsstatus unterschiedliche 

Funktionen aus. Während der Replikation beschädigter DNA dient die 

Monoubiquitinierung von PCNA als Rekrutierungssignal für Transläsionspolymerasen, 

während die Modifikation von PCNA mit einer K63-verknüpften Polyubiquitinkette, auf 

noch mechanistisch unzureichend charakterisierte Weise, den fehlerfreien ‘Template 

Switching’ Signalweg aktiviert.  

Um die Rollen der PCNA-Polyubiquitinierung in menschlichen Zellen zu 

erforschen, wurden maßgeschneiderte Ubiquitin-Ligasen entworfen und angewendet, 

welche unabhängig von den verantwortlichen zellulären Enzymen Ubiquitinketten auf 

PCNA synthetisieren. Diese maßgeschneiderten Enzyme enthalten ein PCNA-

Interaktionsmotiv kombiniert mit verknüpfungsspezifischen Ubiquitin-Ligase-Domänen, 

die so konzipiert sind, dass sie M1-, K63- und K48-verknüpfte Ubiquitinketten erzeugen. 

In der vorliegenden Arbeit werden die maßgeschneiderten Ubiquitin-Ligasen verwendet 

um die Rollen der PCNA-Polyubiquitinierung in menschlichen Zellen zu untersuchen. Ich 

weise nach, dass eine außerplanmäßige Modifikation von PCNA mit K63-verknüpften 

Polyubiquitinketten zum Zusammenbruch der Replikation führt. Eine 

Massenspektrometrie-basierte Analyse identifizierte die Ubiquitin-Segregase VCP als 

Interaktor von polyubiquitiniertem PCNA in vivo. Durch eine Reihe von unabhängigen in 

vitro und in vivo Assays zeige ich, dass K63-verknüpfte Ketten auf PCNA durch das E2-

Enzym UBE2K mit K48-Verknüpfungen weiter modifiziert werden. Dies resultiert in der 

Rekrutierung von VCP, dem Abbau von PCNA und der Aktivierung des Checkpoints. 

Darüber hinaus zeige ich weiter, dass der Aufbau verzweigter K63-K48-Ketten kein 

Artefakt der maßgeschneiderten Enzyme ist, sondern vielmehr ein allgemeiner zellulärer 

Prozess, der bei der Replikation geschädigter DNA abläuft und der der synthetischen 

Letalität zwischen dem Tumorsuppressor BRCA1 und der Deubiquitinase USP1 zugrunde 

liegt. 
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Abschließend beschreibe ich die kürzlich in unserem Labor entwickelte 

Technologie namens 'Ubiquiton', die eine induzierbare Polyubiquitinierung jedes 

beliebigen Proteins mit M1-, K63- oder K48-verknüpften Ketten ermöglicht. Indem ich 

diese Technologie bei dem menschlichen Histon H2B einsetze, demonstriere ich die 

Anwendbarkeit dieses Systems in menschlichen Zellen. Insgesamt konzentriert sich diese 

Arbeit auf zwei Technologien des Protein-Engineerings, die es ermöglichen, die 

Funktionen der PCNA-Polyubiquitinierung zu erforschen und die zusätzlich die Grundlage 

für die Untersuchung der Ubiquitin-Signale anderer Substrate schaffen.  
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Chapter 1 
 

Introduction 

 

1.1 The Ubiquitin system 

1.1.1 Ubiquitin as a posttranslational modifier 

 Protein-protein interactions form the basis of life. Whereas some proteins tend to 

interact with each other constitutively, many protein-protein interactions emerge or 

disappear as a response to certain stimuli. Regulation of protein interactions often occurs 

at a posttranslational level through protein modification, as it does not require time-

consuming de novo protein synthesis. Modification of a protein can change its 

interactome, stability or subcellular localisation and may initiate or terminate cellular 

pathways. More than 400 posttranslational modifications (PTMs) are known, affecting side 

chains of amino acids as well as N- and C-termini of proteins (Khoury et al., 2011). Many 

PTMs are small modifications of amino acids: typical examples are phosphorylation, 

methylation or acetylation. The addition of a modification changes the charge distribution 

and spatial characteristics of a given amino acid, thereby affecting corresponding 

interactions. Importantly, due to their size, small modifications are recognised in the 

context of surrounding amino acids: the precise position of a small modification in a protein 

may drastically change its function. A canonical example is the modification of histone 

tails: trimethylation of lysines K4 and K9 of histone H3, which are separated by just four 

amino acids, leads to opposite effects on gene expression (Lu et al., 2018; Bannister and 

Kouzarides, 2011).  

 An 8.6 kDa protein Ubiquitin, as well as a family of structurally related proteins, 

termed ubiquitin-like modifiers (UBLs), can also serve as a posttranslational modification. 

Attachment of ubiquitin to target proteins occurs via an isopeptide bond between the C-

terminal glycine of ubiquitin and the ε-amino group of the substrate lysine. Although lysine 

is the most common ubiquitylation target, other amino acids such as serine, cysteine, 

threonine or N-terminal methionine have also been shown to be ubiquitylated (McClellan 

et al., 2019; Ciechanover, 2005; Ben-Saadon et al., 2004). In striking contrast to small 
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modifications, ubiquitin is several magnitudes larger and, for small substrates, can be 

comparable in size to its target proteins. Not surprisingly, the attachment of ubiquitin may 

result in a conformational change of a region surrounding the attachment site, as 

suggested by in silico simulations for Ubc7 and p19 (Hagai and Levy, 2010). Due to its 

size, recognition of ubiquitin usually occurs by means of dedicated ubiquitin-binding 

domains (Husnjak and Dikic, 2012), allowing for certain flexibility in terms of an attachment 

site (discussed later in section 1.1.6.3). The importance of ubiquitin is highlighted by its 

extremely high conservation: just three amino acids out of 76 differ between yeast and 

human ubiquitin (Zuin et al., 2014). Being present at approximately 108 copies per cell, 

ubiquitin is one of the most abundant proteins, amounting to up to 5% of all proteins in a 

cell (Yewdell 2001; Haas and Bright, 1985). The structure of ubiquitin involves a β-sheet, 

an α-helix and a short 310 helix. It is compact except for the highly flexible C-terminal 

region, which protrudes from the globular fold (Figure 1A) (Vijay-Kumar et al., 1987). A 

characteristic feature of ubiquitin is the presence of two water-exposed hydrophobic 

patches: the I44 patch (L8-I44-V70) and the I36 patch (I36-L71-L73). Most known 

ubiquitin-binding domains interact with hydrophobic patches (Grabbe and Dikic, 2009), 

although for several types of ubiquitin-binding domains the non-hydrophobic D58 patch 

(R54-T55-S57-D58) and F4 patch (Q2-F4-T14) have the highest impact on the interaction 

(Figure 1B) (Lee et al., 2006; Sato et al., 2011; Wright et al., 2016).  

 There are multiple ways in which ubiquitin can modify a target protein. The first one 

is monoubiquitylation – attachment of a single ubiquitin moiety. This type of modification 

has been observed for PCNA, histones, RAD18, CENP-A and other substrates and 

typically plays signalling non-degradative roles (Hicke 2001; Hoege et al., 2002; Stelter 

and Ulrich, 2003; Zeman et al., 2014; Niikura et al., 2019). A substrate can also carry 

several monoubiquitin moieties (multi-monoubiquitylation) (Lai et al., 2001; Haglund et al., 

2003). Importantly, ubiquitin itself can be a target for ubiquitylation, with seven internal 

lysines (K6, K11, K27, K29, K33, K48, K63) or the N-terminal methionine of ubiquitin 

acting as attachment sites (Figure 1C). Therefore, 8 linkage types between two ubiquitin 

moieties are possible, all detected in mammalian cells (discussed in detail in section 

1.1.3). Furthermore, multiple lysine residues of a single ubiquitin can be ubiquitylated, 

giving rise to branched ubiquitin chains. Given that ubiquitin itself can be 

posttranslationally modified and considering the existence of non-lysine ubiquitylation, 
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ubiquitin can form a great variety of structures with different topologies. This phenomenon 

has been called the ‘Ubiquitin code’ (Figure 1D) (Komander and Rape, 2012).  

 

Figure 1: Ubiquitin as a posttranslational modifier. (A) Crystal structure of ubiquitin in cartoon 
representation (PDB: 1UBQ). Highlighted are the following secondary structure elements: β-sheet 
(pink), α-helix (light blue) and 310 helix (dark blue). (B) Crystal structure of ubiquitin as in (A) with 
highlighted interaction patches: I44 patch (yellow), I36 patch (orange), D58 patch (light blue) and 
an F4 patch (pink). (C) Crystal structure of ubiquitin as in (A) with highlighted N-terminal 
methionine and lysine residues. (D) Different modes of protein ubiquitylation. 

1.1.2 Enzymatic core of the ubiquitin system 

Attachment of ubiquitin to the target proteins takes place via a cascade of 

enzymatic reactions involving ubiquitin-activating enzymes (E1), ubiquitin-conjugating 

enzymes (E2) and ubiquitin ligases (E3), which mediate the final step and are responsible 

for the choice of a substrate (Stewart et al., 2016; Zheng and Shabek, 2017). Human cells 
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possess 2 E1, at least 38 E2 and at least 600 E3 enzymes. E1 enzymes couple the C-

terminus of ubiquitin to their active site via a thioester bond, followed by a transfer of 

ubiquitin to the catalytic site of E2 enzymes. The next step in the ubiquitylation cascade 

highly depends on the type of E3 enzymes. There are three different classes of ubiquitin 

ligases: RING/U-box, HECT and RING-between-RING (RBR). Ligases of the RING-type 

mediate interactions between E2 enzymes and substrates: ubiquitin is directly transferred 

from the E2 enzyme onto the substrate. As the E3 enzyme does not directly participate in 

the ubiquitin transfer, the linkage type in the case of RING-type E3s is determined by the 

E2 enzyme. On the contrary, HECT-type E3s first load ubiquitin on their catalytic cysteine 

and then transfer it onto the substrate. In this case, the linkage type is dependent on the 

E3 enzyme. RBR-type E3 enzymes can be considered RING-HECT hybrids, as they 

possess two RING domains, one interacting with the ubiquitin-charged E2 and the other 

accepting ubiquitin from the E2. As for HECT-type E3s, the linkage type in the case of 

RBR enzymes is determined by the E3 enzyme itself (Figure 2).  

 

 

 

Figure 2: Enzymatic machinery of the ubiquitin system. Schematic representation of the 
ubiquitylation cascade starting from the free ubiquitin and resulting in a ubiquitylated substrate. 
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1.1.3 Ubiquitin chains 

As introduced in section 1.1.1, two ubiquitins in a chain can be connected with at 

least 8 linkage types. Whereas certain linkage types have been shown to fulfil specific 

functions in a cell, for many chain types the significance of the linkage remains 

unexplored. Here I summarise the known functions of ubiquitin chains, starting with the 

best and finishing with the least well-characterised ones, as well as describe functions of 

the known ubiquitin structures of higher complexity. 

1.1.3.1 K48-linked ubiquitin chains 

 K48 linkages are the most abundant linkage type in a cell, representing a canonical 

signal for protein degradation by the proteasome (section 1.1.4) (Pickart, 1997). This 

pathway is indispensable for cell viability, as expression of the K48R mutant of ubiquitin 

cannot compensate for the loss of ubiquitin genes (Finley et al., 1994). Whereas a 

minimum chain length of 4 ubiquitin units has been initially suggested to be a signal for 

proteasomal degradation, later findings suggest that high local ubiquitin concentration is 

more important than chain length: two di-ubiquitin K48-linked chains on a cyclin B1 

represent a stronger degradation signal than a single tetra-ubiquitin chain of the same 

linkage type (Thrower et al., 2000; Lu et al., 2015). Despite their predominant role in 

protein degradation, several reports indicate that K48-linked chains may fulfil regulatory 

non-degradative functions. An example is the transcriptional factor Met4, which binds 

K48-linked chains with high specificity. This interaction competes with the binding of the 

transcription machinery to the same region, thereby repressing the transcriptional activity 

of Met4 (Villamil et al., 2022; Li et al., 2019). Another example is the translesion 

polymerase kappa, which has been shown to associate with K48-linked ubiquitin chains 

on PCNA upon conditions of nucleotide starvation. However, the relevance of chain 

linkage on PCNA as well as its functions need to be clarified (Tonzi et al., 2018). 

1.1.3.2 K63-linked ubiquitin chains 

 K63-linked polyubiquitylation performs a variety of predominantly non-degradative 

functions in a cell. Assembly of these chains by RING-type ubiquitin ligases often depends 

on the E2 enzyme UBC13. It possesses unique linkage specificity due to its obligatory 

interaction with the catalytically inactive E2 variant MMS2. In yeast, Ubc13 functions with 
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ubiquitin ligases Rad5 and Pib1, whereas its human homologue has a broader spectrum 

of cognate E3s, including HLTF, SHPRH, TRAF6, RNF8, CHFR and CHIP (Hodge et al., 

2016). 

Modification of the DNA sliding clamp PCNA with K63-linked chains is 

indispensable for error-free damage bypass and fork reversal in yeast and human cells, 

respectively (section 1.2.3.5), and modification of histones with this chain type is required 

for the proper DNA damage response during repair of double-strand breaks (Schwertman 

et al., 2016; Stelter and Ulrich, 2003; Vujanovic et al., 2017). In the latter case, the 

responsible reader is RAP80, which brings the BRCA1A complex to the site of damage. 

The binding of K63-linked chains by RAP80 occurs via its highly linkage-selective tandem 

ubiquitin-binding motifs, which served as a basis for the design of K63-linked polyubiquitin 

sensor probes (Sims and Cohen, 2009; Sims et al., 2012). K63-linked chains, assembled 

by ubiquitin ligases TRAF6, cIAP1 and cIAP2, are also crucial for inflammation and 

immune responses via the recruitment of TAB2 and promoting NF-κB activation (Deng et 

al., 2000; Wajant and Scheurich, 2011). Functions of K63-linked ubiquitin chains in 

membrane trafficking are demonstrated by the strict requirement of this chain type for the 

endocytosis of yeast uracil permease Fur4; a similar pathway has also been observed for 

mammalian proteins, such as epidermal growth factor receptor EGFR or dopamine 

transporter DAT (Galan and Haguenauer-Tsapis, 1997; Vina-Vilaseca and Sorkin, 2010). 

 K63-linked chains have also been shown to be modified with K48 linkages, 

resulting in the formation of branched ubiquitin chains, which can be assembled by the 

ubiquitin ligases UBE2K, HUWE1 and UBR5 and fulfil both degradative and non-

degradative functions in a cell (Ohtake et al., 2018; Ohtake et al., 2016; Pluska et al., 

2021). A recent proteomics-based study identifies a number of proteins, which selectively 

bind to branched K63-K48 chains, but not to homotypic K63- or K48-linked ones (Lange 

et al., 2023). 

1.1.3.3 M1-linked (linear) ubiquitin chains 

In S. cerevisiae, M1 linkages between ubiquitins are not produced enzymatically 

and are only present in the product of the UBI4 gene, which is a head-to-tail fusion of 5 

ubiquitins. In higher eukaryotes, M1-linked chains are produced by the LUBAC complex, 

which is, up until now, the only E3 ligase complex known to synthesise linear ubiquitin 



26 
 

chains. The LUBAC complex consists of three components: ubiquitin ligases HOIL1 and 

HOIP, as well as the structural component SHARPIN. HOIL1 mainly participates in the 

transfer of the first ubiquitin to the substrate (lysine, serine or threonine residues), whereas 

HOIP extends ubiquitins on the substrate into an M1-linked chain (Kelsall et al., 2019; 

Smit et al., 2013). Several substrates for linear ubiquitylation (RIPK1/2, TRADD, TNFR1, 

etc.), as well as readers of linear ubiquitin chains (ABIN1-3, Optineurin, A20, etc.), have 

been reported (Fennell et al., 2018; Dittmar and Winklhofer, 2019). Interestingly, NF-κB 

essential modulator NEMO is both a selective reader of linear ubiquitin chains and a 

substrate of linear polyubiquitylation. Functions of linear ubiquitin chains mainly involve 

inflammation and immune responses. However, the role of linear polyubiquitylation in the 

ubiquitin fusion degradation pathway in human cells has also been reported (Tokunaga 

and Iwai, 2012; Kirisako et al., 2006). In addition to homotypic linear chains, mixed M1/K63 

chains have been implicated in the IKK activation pathway (Emmerich et al., 2013). M1-

linked chains were also found on the TRAF6 proteins in combination with K48 and K63 

linkages, suggesting the presence of a complex ubiquitin code on this substrate (Ohtake 

et al., 2016). 

1.1.3.4 K11-linked ubiquitin chains 

K11-linked chains have been most extensively characterised in the context of 

branched chains generated by the APC/C complex. The E2 enzyme UBE2S assembles 

K11 linkages on top of the substrates, pre-ubiquitylated by the UBE2C enzyme with K63, 

K48 and K11 linkages. Branched K11/K48 conjugates have been shown to possess a 

unique interface, increasing their affinity to p97/VCP and the proteasome receptor S5a 

and facilitating faster degradation of the APC/C substrates (Boughton et al., 2020; Meyer 

and Rape, 2014). Branched K11/K48 chains have also been found on misfolded nascent 

proteins. Their formation depends on the ubiquitin ligases UBR4 and UBR5 (Yau et al., 

2017). Another example is the degradation of the secretory factor EVI/WLS, which is 

dependent on VCP activity and ubiquitin-conjugating enzymes UBC13, UBE2K and 

UBE2J2. Ubiquitin code on EVI/WLS includes K48, K63 and K11 linkages. High linkage 

specificity of UBC13 (K63) and UBE2K (K48) suggests that UBE2J2 might be the enzyme 

that builds K11 chains on the EVI/WLS substrate. Similar ubiquitin architecture, namely a 

combination of K63, K48 and K11 linkages, is triggered by K63-linked polyubiquitylation 
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in mammalian cells. This pathway has been employed to create a new class of PROTACs, 

which rely on K63 ubiquitylation (Akizuki et al., 2023). Apart from a role in protein turnover, 

several non-degradative roles of K11-linked chains have also been proposed. 

cIAP1/UBCH5-dependent polyubiquitylation of RIP1 with K11 linkages promotes NF-κB 

activation upon TNFα signalling (Dynek et al., 2010). Indirect evidence, based on 

depletion of the K11-selective DUB Cezanne, suggests that K11 chains are assembled 

on top of K63-linked chains during DNA damage response, limiting recruitment of 

RAP80/BRCA1-A complex to the sites of DNA damage (Wu et al., 2019).  

1.1.3.5 K27-linked ubiquitin chains 

Ubiquitin replacement strategy revealed that K27 linkages, along with K63 ones, 

are essential for the proper activation of the DNA damage response upon double-strand 

break induction. Ubiquitin ligase RNF168 was shown to be responsible for the 

polyubiquitylation of chromatin proteins with K27-linked chains, and a mass spectrometry-

based approach revealed histones as the main targets (Gatti et al., 2015). Another area 

where K27-linked chains were shown to be highly important is immune signalling. In 

response to cytoplasmic DNA accumulation, ubiquitin ligase AMFR modifies STING with 

K27-linked ubiquitin chains. This modification is crucial for recruiting the TBK1 kinase and 

downstream activation of the immune response (Wang et al., 2014). K27-linkages have 

also been found as a component of complex ubiquitin conjugates involving K6, K29 and 

K48 linkages (Zucchelli et al., 2010; Ben-Saadon et al., 2006). Apart from that, K27-linked 

ubiquitin dimers possess one additional interesting characteristic – compared to other 

linkages, they are resistant to cleavage by several linkage non-selective DUBs (Ubp6, 

USP5, USP2) – physiological relevance of this phenomenon remains to be understood. 

1.1.3.6 K29-linked ubiquitin chains 

K29-linked chains have been implicated in the ubiquitin fusion degradation (UFD) 

pathway, which is responsible for the degradation of proteins C-terminally fused to an 

uncleavable ubiquitin moiety. Ufd4 builds a K29-linked on a ubiquitin moiety of a UFD 

substrate. This chain is further modified with K48 linkages by Ufd2, leading to the 

degradation of the substrate (Johnson et al., 1995; Koegl et al., 1999). UFD pathway is 

generally conserved in human cells. Ubiquitin ligase TRIP12, which is a human 
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homologue of Ufd4, assembles K29-linked chains in vitro and in vivo and is involved in 

the degradation of UFD substrates (Park et al., 2009). Together with CRL2, TRIP12 is 

also involved in the formation of branched K29/K48 chains during PROTAC-induced 

degradation of BRD4, suggesting that roles of K29-linked polyubiquitylation by TRIP12 

extend beyond the UFD pathway (Kaiho-Soma et al., 2021). 

The only well-characterised example of non-proteolytic K29-linked 

polyubiquitylation is ubiquitylation of AXIN1 by Smurf1. This modification inhibits the 

interaction of AXIN1 with LRP5/6, leading to the repression of the Wnt/β-catenin pathway 

(Fei et al., 2013). 

 

1.1.3.7 K6-linked ubiquitin chains 

Mass-spectrometry analysis revealed enrichment of K6 linkages after UV treatment 

but not after ionising radiation (Elia et al., 2015). BRCA1/BARD1 complex was shown to 

build K6-linked chains as a response to replication stress (Morris and Solomon, 2004). 

However, the targets and readers of K6-linked ubiquitylation in these conditions are not 

yet identified. Another condition that leads to a build-up of K6 linkages is the depolarisation 

of mitochondria – in this case, the responsible ligase is Parkin. Ubiquitin replacement 

strategy reveals that K6-linked ubiquitylation in this condition is crucial for the timely 

initiation of mitophagy (Ordureau et al., 2015). HUWE1 is another ligase that creates K6-

linked chains in vitro and in vivo (Michel et al., 2017). Mitochondrial membrane protein 

MFN2 is a target of HUWE1-dependent K6-linked polyubiquitylation, however, the 

existence of other HUWE1 substrates is not excluded. Recently, K6-linked ubiquitylation 

has been linked to the quality control pathway at the stalled ribosomes, with RFN14 being 

the responsible ubiquitin ligase (Oltion et al., 2023). Finally, proteomic analysis reveals a 

unique behaviour of K6-linked chains with respect to VCP and proteasome inhibition: 

whereas K48 linkages accumulate in a cell upon inhibition of either VCP or proteasome, 

the abundance of K6 linkages significantly increases upon VCP inhibition but remains 

rather unchanged upon inhibition of proteasome (Heidelberger et al., 2018). This pinpoints 

K6 linkages as VCP substrates and, at the same time, highlights the non-degradative role 

of these linkages. 
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1.1.3.8 K33-linked ubiquitin chains 

Similar to K6-linked chains, K33 linkages accumulate in mammalian cells upon UV 

but not ionising irradiation (Elia et al., 2015). One of the described substrates of K33-

linked polyubiquitylation is XRCC1. Once allosterically activated by 5-

hydroxymethylcytosine, ubiquitin ligase UHRF2 polyubiquitylates XRCC1 with K33 

linkages, leading to the recruitment of RAD23B and activating base excision repair 

pathway (Liu et al., 2021). Apart from DNA damage, K33-linked polyubiquitylation occurs 

during T-cell activation, AMPK family kinase signalling and post-Golgi trafficking (Yuan et 

al., 2014; Al-Hakim et al., 2008; Huang et al., 2010). Recently developed split GFP-based 

polyubiquitin imaging approach PolyUB-FC revealed that the autophagosome cargo 

protein SQSTM1/p62 interacts with K33-linked chains via its UBA binding domain, 

promoting the transport of K33-polyubiquitylated cargo to the autophagosomes (Nibe et 

al., 2018). 

 

1.1.4 The ubiquitin-proteasome system 

Together with autophagy, the ubiquitin-proteasome system (UPS) is a key 

regulator of cellular metabolism, accounting for 80-90% of total protein degradation (Lee 

and Goldberg, 1998). The discovery of the UPS resulted in the award of the 2004 Nobel 

Prize to A. Ciechanover, A. Hershko and I. Rose (Ciechanover et al., 1980; Hershko et 

al., 1980). The main enzyme complex of the UPS is the 26S proteasome, which consists 

of the 20S core protease subunit and two regulatory 19S particles. 20S proteasome has 

a cylindrical shape, resulting from the stacking of two α-rings and two β-rings, each 

consisting of seven subunits. Proteolysis is performed by β1, β2 and β5 subunits, which 

cleave peptide bonds after acidic, basic and hydrophobic amino acids, respectively. 19S 

regulatory subunits cap the 20S proteasome on one or both sides (Figure 3A). Their 

primary role is to recognise polyubiquitylated substrates, unfold them and translocate 

them into the proteasome inner chamber, where the hydrolysis of peptide bonds takes 

place (Tanaka, 2009). Although the 26S proteasome possesses intrinsic ubiquitin 

receptors (Martinez-Fonts et al., 2020), several factors have been shown to bind 

polyubiquitylated substrates and shuttle them to the proteasome. An example is RAD23, 

which, on the one hand, selectively binds K48-linked chains and, on the other hand, 
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interacts with proteasome via its ubiquitin-like domain (Liang et al., 2014; Chen and 

Madura, 2002). As a part of the 19S regulatory particles, several deubiquitinating enzymes 

are associated with the 26S proteasome - USP14, RPN11, and UCH37. They remove 

ubiquitin moieties from polyubiquitylated substrates upon binding to the proteasome, 

protecting ubiquitin from degradation and replenishing the cellular ubiquitin pool (Shin et 

al., 2020). 

In some instances, direct shuttling of polyubiquitylated proteins to the proteasome 

is impossible. This happens, for example, when proteins reside in the membranes or are 

tightly bound to DNA. In this case, polyubiquitylated proteins undergo unfolding by the 

ATPase VCP/p97 concomitantly with their extraction from the corresponding cellular 

compartments (Meyer and Weihl, 2014; Meyer et al., 2012). VCP is a highly conserved 

protein, which belongs to type II AAA+ ATPase family due to the presence of two tandem 

ATPase domains (D1 and D2) and a large N-terminal domain, which mediates interactions 

of VCP with its substrates. VCP exists as a homohexamer, although two VCP hexamers 

can interact tail-to-tail and form a dodecamer: interaction between the subunits is 

promoted by ATP binding to the D1 domain (Wang et al., 2003) (Figure 3B). Unfolding of 

the substrates by VCP occurs via a hand-over-hand mechanism: sequential ATP 

hydrolysis by subunits leads to a conformational change and a step-by-step translocation 

of the substrate polypeptide chain through the central pore (Cooney et al., 2019). Although 

VCP can directly interact with and unfold a subset of its targets, typical VCP substrates 

are conjugated to ubiquitin (Ahlstedt et al., 2022). Recognition of polyubiquitylated 

proteins by VCP takes place with the help of its multiple adaptors. Interestingly, whereas 

some adaptors (UFD1, NPLOC4, UBXN1) prefer to bind K48-linked and K48-K11 

branched ubiquitin chains, marked preference for branched K63-K48 chains was 

observed for the VCP-associated proteins ZFAND2B, ATXN3 and RHBDD1 (Yau et al., 

2017; Lange et al., 2023).  
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Figure 3: Structure of 26S proteasome and VCP. (A) Structure of a human 26S proteasome, 
obtained by electron microscopy, in spheres representation (Zhang et al., 2022). (B) Structure of 
human VCP, obtained by electron microscopy, in cartoon representation. Different colours 
correspond to different subunits of a hexamer (Yu et al., 2021). 

1.1.5 Deubiquitylating enzymes 

Attachment of ubiquitin to target proteins can be reverted by the action of ubiquitin-

specific hydrolases, or deubiquitylating enzymes (DUBs). The activity of DUBs results in 

the termination of ubiquitin signalling (including prevention of protein degradation) and 

replenishment of the free ubiquitin pool. Human cells have ~100 DUBs, which can be 

roughly divided into two classes: cysteine proteases, which use cysteine as a catalytic 

residue, and metalloproteases, which employ a catalytic serine and zinc as a cofactor. 

Like E3 enzymes, many DUBs have their preferred substrates and linkage types. For 

example, USP1 removes monoubiquitin moiety from PCNA and FANCD2 (Huang et al., 

2006; Nijman et al., 2005); AMSH and OTUB1 are selective towards K63- and K48-linked 

polyubiquitin chains, respectively (McCullough et al., 2006; Wang et al., 2009). 

Deubiquitylating enzyme A20/TNFAIP3 is the only known protein that has ubiquitin ligase 

activity, deubiquitylating activity and binds to polyubiquitin chains. Interestingly, these 

three functions are directed towards different chain types: A20 selectively binds to linear 

ubiquitin chains, cleaves K63-linked and synthesises K48-linked ubiquitin chains 

(Tokunaga et al., 2012; Wertz et al., 2004). All these functions are essential for the NF-κB 
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activation, highlighting the complexity of the ubiquitin code in this pathway (Bai et al., 

2022). 

1.1.6 Tools to study the ubiquitin system 

1.1.6.1 Mass spectrometry 

Detection of protein ubiquitylation by mass spectrometry relies on the specific 

signature that ubiquitin leaves on the substrate after trypsin digestion: ubiquitin is removed 

from the substrate via cleavage of the peptide bond between R74 and G75, leaving two 

C-terminal glycine residues of ubiquitin attached to the substrate via an isopeptide bond. 

Detection of such peptides by mass spectrometry allows to identify those residues of the 

substrate, which had been ubiquitylated. Early proteomics approaches to study 

ubiquitylation relied on the expression of tagged ubiquitin, which allows isolating and 

identifying ubiquitylated proteins by means of affinity chromatography or 

immunoprecipitation (Peng et al., 2003). Development of the monoclonal antibody against 

GG dipeptide coupled via an isopeptide bond to a lysine allowed to identify global 

ubiquitylation profile of a cell in unperturbed conditions, i.e. without overexpression of 

tagged ubiquitin (Kim et al., 2011; Wagner et al., 2011). Absolute quantification of ubiquitin 

linkages became possible with the development of AQUA (absolute quantification) mass 

spectrometry, where synthesised isotope-labelled ubiquitin peptides are used as an 

internal standard. This method allowed direct quantification of ubiquitin linkages on the 

cyclin B1, which is heavily ubiquitylated by the anaphase-promoting complex: rather 

surprisingly, K48, K63 and K11 linkages amount up to 40% of total ubiquitin forms, the 

rest being monoubiquitylation events (Kirkpatrick et al., 2006). Detection of ubiquitin chain 

branching by mass spectrometry is more challenging: during trypsin digestion, the majority 

of the ubiquitin peptides, originating from branched chains and therefore containing two 

diGly remnants at the same time, will be cleaved between the two ubiquitylation sites. This 

makes it later impossible to understand whether these remnants originate from the same 

ubiquitin molecule. An interesting approach to overcome this problem was used to prove 

the presence of branched K63-K48 chains in vivo: R54, the only residue between K48 and 

K63 that leads to trypsin cleavage, was mutated to alanine. Tryptic digestion of this 

ubiquitin mutant produces peptides, which contain both K48 and K63 residues, allowing 
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to simultaneously monitor their ubiquitylation. Combining this approach with AQUA 

technology revealed that nearly one-fifth of all K63 linkages are branched via K48. The 

amount of branched K63-K48 linkages increases upon proteasome inhibition, suggesting 

their role in protein degradation (Ohtake et al., 2016).   

1.1.6.2 High-affinity binders to polyubiquitin chains 

Different conformations of ubiquitin linkages underlie the existence of high-affinity 

binders, which prefer one linkage type over the others. The first class of binders is linkage-

selective antibodies, which are available for all linkage types (Matsumoto et al., 2010; 

Matsumoto et al., 2012; Newton et al., 2008). Linkage-selective antibodies allow the 

detection of their cognate linkages by western blotting or immunofluorescence. However, 

their use in vivo is limited due to the complex maturation process required for the correct 

antibody folding. The use of non-antibody binders can overcome this limitation. A major 

class of binders to ubiquitin linkages is based on the existing linkage-selective ubiquitin-

binding domains. For example, the NZF domain of TAB2 and the UBAN domain of NEMO 

have been used as sensors for K63-linked and linear ubiquitin chains, respectively (Qin 

et al., 2022). Linkage selectivity of these domains is achieved due to their binding to the 

interface between two ubiquitin moieties around the (iso)peptide bond. Another approach 

relies on combining several weak ubiquitin-interacting motifs separated by appropriate 

linkers. As demonstrated for tandem ubiquitin-interacting motifs (tUIMs) of RAP80 and 

Ataxin-3, linker length determines the linkage selectivity of the domain. Whereas high-

avidity binding to K63-linked chains by RAP80 tUIMs requires 7 amino acid linkers 

between ubiquitin-binding entities, 2 amino acid linkers are optimal for binding to more 

compact K48-linked chains by Ataxin-3 (Sims and Cohen, 2009). Varying the type of 

ubiquitin-binding modules and amino acid composition of the linkers allows to create 

binders with different affinities toward desired linkages (Sims et al., 2012). 

Apart from adapting naturally occurring ubiquitin-binding domains, a number of 

artificial protein binders to ubiquitin linkages have been developed. These binders are 

typically based on a specific protein frame with several variable regions, which dictate 

specificity to a target. Existing high-throughput screening platforms allow the selection of 

binders by screening a library of peptide fragments incorporated in the variable regions. 

One example is affimers, ~12 kDa proteins based on a cystatin fold with two variable 
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regions that dictate their specificity (Tiede et al., 2017). An affimer developed for the K6 

linkage has found widespread use and revealed the involvement of K6-linked 

polyubiquitylation in the DNA damage response and VCP metabolism, as well as led to 

the identification of proteins ubiquitylated with this linkage type (Michel et al., 2017; 

Heidelberger et al., 2018). Another example is nanobodies – single-chain camelid 

antibodies, which have found use in fundamental science and also have therapeutic 

applications (Salvador et al., 2019). Selection of nanobodies on high-throughput display 

platforms in vitro bypasses the need of animal immunisation. Nanobodies have been 

developed not only for pure K48 and K63 linkages, but also for K63-K48 branched 

ubiquitin chains (Gonzalez-Santamarta et al., 2023; Lange et al., 2023). The latter 

nanobody was used to confirm the degradative function of branched K63-K48 linked 

chains and identify the previously underestimated role of these linkages in DNA damage 

response.  

 

1.1.6.3 Protein engineering approaches 

As discussed in section 1.1.1, recognition of ubiquitylated substrates by effector 

proteins differs from the recognition of small modifications, such as phosphate or methyl 

groups. Affinity to ubiquitylated substrates is often achieved by combining separate 

substrate-binding and ubiquitin-binding domains. It allows for certain conformational 

flexibility both for the modified substrate and the effector protein. Moreover, ubiquitin is 

attached to the substrate via its flexible C-terminus, contributing to the conformational 

freedom of the product. Indeed, X-ray scattering analysis and molecular simulations 

confirm the conformational flexibility of ubiquitylated PCNA (Powers et al., 2018). This is 

further supported by the fact that the formation of a complex between ubiquitylated PCNA 

and its reader protein – polymerase eta – involves significant rotation of the ubiquitin 

moiety (Lau et al., 2015). Therefore, a natural approach to mimic the ubiquitylation at the 

native lysine is to fuse a ubiquitin moiety N- or C-terminally to the substrate. Notably, the 

design of the fusion proteins should include removal or mutation of the terminal GG 

peptide, as it may lead to cleavage by DUBs in case of N-terminal fusions or uncontrolled 

conjugation to cellular proteins via its C-terminus in case of C-terminal fusions (Qian et 

al., 2002; Qin et al., 2016).  If the flexibility of the effector protein and ubiquitin-substrate 



35 
 

fusion allows their interaction, linear fusions to ubiquitin can rescue the phenotypes that 

originate from the loss of a target lysine residue or the responsible ubiquitin ligases. The 

number of known cases when linear fusions can substitute for the native ubiquitylation 

events is surprisingly high: for more than 20 proteins, linear fusions to ubiquitin or 

ubiquitin-like modifiers can functionally replace modifications at the native lysine residues 

(Asimaki et al., 2022). These known substrates belong to entirely different cellular 

pathways: DNA damage response (PCNA, RAD18, FANCD2), regulation of chromatin 

structure (H2A, H2B), endocytosis (EGFR, EEA1), immune response and related 

signalling pathways (RIP1, NEMO, p53). An interesting alternative approach has been 

used to mimic PCNA ubiquitylated at K164: PCNA was split between residues 163 and 

164, followed by an attachment of ubiquitin to the N-terminus of the second fragment 

(Freudenthal et al., 2010). The resulting fusion protein resembles PCNA ubiquitylated at 

K164: it forms stable trimers and supports translesion synthesis in vitro and in vivo. 

Unlike monoubiquitylation, there are only a few described attempts to mimic 

polyubiquitin chains using linear fusions. As fusions of multiple ubiquitins in-frame 

represent a linear chain, this approach may accurately represent linear and, in some 

cases, conformationally similar K63-linked chains, whereas their ability to mimic differently 

linked chains remains questionable. Linear fusion of three ubiquitins was successfully 

used to mimic a K63-linked chain on the yeast membrane transporter Ypq1 in the 

approach termed RapiDeg (Rapamycin-induced degradation). Recruitment of the chain to 

Ypq1 by means of the FKBP-FRB dimerisation system resulted in its rapid internalisation 

and degradation. Thus, a linear fusion of three ubiquitins can successfully mimic 

endogenous K63-linked ubiquitin chains in the membrane trafficking pathways (Zhu et al., 

2017). Another example comes from the mitophagy field: linear tetraubiquitin fusions 

harbouring the S65D phospho-mimicking mutation are proficient in recruiting phospho-

mimetic Parkin (Okatsu et al., 2015). This approach directly targets the ubiquitin chain to 

the outer mitochondrial membrane via a mitochondrial targeting domain. Therefore, a 

phosphorylated ubiquitin chain can lead to Parkin recruitment independently of the 

substrate to which it is attached. Significantly, targeting linear di-, tetra-, or hexa-ubiquitin 

chains to the mitochondrial outer membrane induces mitophagy independently of Parkin 

(Yamano et al., 2020). A third example is PCNA polyubiquitylation: Unlike native K63-

linked chains, linear polyubiquitin fusions to PCNA do not support error-free damage 
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bypass in S. cerevisiae (Zhao and Ulrich, 2010). At the same time, an extension of a 

ubiquitin moiety of a ubiquitin-PCNA fusion protein in a K63-linked manner supports error-

free damage bypass, even if chain length is limited to a single K63 linkage (Takahashi et 

al., 2020). This may reflect that combining a non-native linkage type with a non-native 

attachment site results in the fusion protein not being recognised by the endogenous 

effector(s) of polyubiquitylated PCNA. 

1.2 Genome stability   

Maintenance of genetic information is essential to sustain an organism's life and 

ensure the lives of the next generations. Endogenous and exogenous factors constantly 

threaten the integrity of DNA – the carrier of the entire genetic information of a cell. In this 

section, I will describe the most common sources of DNA damage and the mechanisms a 

cell can employ to maintain genetic information in challenging conditions. 

1.2.1 Types of DNA damage 

1.2.1.1 Base oxidation 

Reactive oxygen species (ROS) constantly threaten DNA as they are produced 

during cellular respiration due to ionising radiation or other pathways (Markkanen, 2017). 

Among all four DNA bases, guanine oxidation at position C8 (8-oxoG) (Figure 4A) is one 

of the most well-known examples of oxidative DNA damage, the other common ones 

being thymine glycol and 8-hydroxy adenine. Typical agents used to induce oxidative 

damage of DNA are hydrogen peroxide (H2O2) and hydroxyurea (HU). The latter affects 

cells in at least two different ways, depleting the dNTP pool and leading to the formation 

of H2O2 and oxidative damage of DNA (Sakano et al., 2001). Repair of oxidised bases 

typically includes their removal from DNA by OGG1 and MYH DNA glycosylases and 

subsequent abasic site repair (section 1.2.1.6). 

1.2.1.2 Base alkylation 

Alkylation of DNA bases (predominantly methylation of purine bases) is another 

prominent type of DNA damage. The most common methylated DNA bases are N7-

methylguanine (Figure 4B), O6-methylguanine and N3-methyladenine. 

Methylmethanesulfonate (MMS) and N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) are 
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two DNA methylating drugs widely used to study the cellular response to DNA alkylation. 

Cellular enzymes can directly demethylate several methylated bases. For example, O6-

methylguanine can be directly demethylated by E. coli Ogt or mammalian MGMT (Dolan 

et al., 1990; Sedgwick and Lindahl, 2002). Methylated bases can be also excised by DNA 

glycosylases (Bjelland et al., 1993; Singer and Hang, 1997), leading to the formation of 

abasic sites (section 1.2.1.6). 

1.2.1.3 Bulky adducts 

This term applies to large (polycyclic) aromatic compounds covalently attached to 

DNA bases. The main difference between small base modifications (oxidation, 

methylation) and bulky adducts is that the latter significantly distort the DNA helix (Gómez-

Pinto et al., 2004). A typical example of a bulky DNA adduct is benzo[a]pyrene and its 

oxidised derivative BPDE, which efficiently modifies the N2 position of guanine (Hess et 

al., 1997) (Figure 4C). Repair of bulky adducts typically includes the excision of a 

damaged DNA strand with the subsequent filling of the resulting ~30 nt gap (nucleotide 

excision repair, NER) (Schärer, 2013). Importantly, DNA duplex distortion is a critical step 

in the NER-dependent repair of bulky adducts, as the distorted helix is recognised by the 

XPC–RAD23B complex, favouring the nucleotide excision repair pathway (Sugasawa, 

2001). 

1.2.1.4 UV photoproducts 

UVB (280-315 nm) and UVC (<280 nm) light can lead to DNA damage via the 

formation of cyclobutane pyrimidine dimers and (6-4) photoproducts (Figure 4D and 3E). 

Both lesions induce distortion of the DNA helix, which is more prominent in the case of (6-

4) photoproducts. Although certain organisms possess enzymes that can directly repair 

both types of photoproducts (photolyases) (Zhang et al., 2017), their repair in human cells 

takes place via nucleotide excision repair (Tornaletti and Pfeifer 1996). The importance of 

this pathway for the repair of UV-induced lesions is highlighted by the fact that mutations 

in the members of the NER machinery are associated with severe photosensitive genetic 

diseases in humans: Xeroderma pigmentosum, Cockayne syndrome and 

trichothiodystrophy (Bergoglio and Magnaldo, 2006). 
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1.2.1.5 Interstrand crosslinks 

Interstrand crosslinks (ICLs) represent a lesion where two complementary DNA 

strands become covalently linked. Unlike all described above types of lesions, interstrand 

crosslinks affect both DNA strands simultaneously, which makes their repair more 

challenging. Furthermore, the covalent linkage of two DNA strands poses a roadblock for 

transcription and replication machinery. This ability of ICLs to cause severe problems in 

cellular metabolism is reflected by the widespread use of ICL-inducing agents, such as 

cisplatin or oxaliplatin, as potent chemotherapeutic drugs (Figure 4F). Apart from the 

mentioned platinum-based compounds, ICLs can be induced by nitrogen mustards, 

mitomycin C, psoralen in combination with UVA light exposure and many other chemicals 

(Deans and West, 2011). Repair of ICLs involves the coordinated action of multiple 

enzymes, including structure-specific nucleases, DNA helicases and polymerases. 

Mutation of the components of the ICL repair system results in a rare genetic disorder, 

Fanconi anaemia (Moreno et al., 2021), which gives rise to the name of the repair 

mechanism (Fanconi anaemia pathway). 

 

Figure 4: Different types of DNA lesions. (A) 8-oxoguanine. (B) N7-methylguanine. (C) Adduct 
of guanine to BPDE. (D) Thymidine dimer. (E) 6-4 photoproduct formed by adjacent thymidines. 
(F) DNA crosslink, formed by cis-platin between two guanine residues. 
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1.2.1.6 Abasic sites 

Abasic sites can be considered as an extreme form of base modification, as the 

whole nitrogen base is lost from the nucleotide due to the hydrolysis of the glycosidic bond 

– a process termed depurination (for A and G bases) or depyrimidination (for C and T 

bases). Cleavage of a glycosidic bond can happen spontaneously (An et al., 2014) or as 

a result of the enzymatic activity of DNA glycosylases. Abasic sites in DNA can contribute 

to genomic instability in multiple ways. First, losing a nitrogen base at a specific position 

in DNA means losing genetic information, and bypassing abasic sites by translesion 

synthesis polymerases (TLS) can be mutagenic (Chan et al., 2013). Second, the ribose 

ring in the absence of a base resides in equilibrium with its aldehyde form and can 

therefore react with amino groups of neighbouring proteins, such as histones, leading to 

the formation of DNA-protein crosslinks (Figure 5) (Sczepanski et al., 2010). Although 

crosslinking of abasic sites to HMCES protein was shown to serve a protective role 

(Nowotny, 2019), nonspecific crosslinking to chromatin proteins may pose a serious threat 

to transcription and replication. Hydrolysis of a glycosidic bond in vivo is an irreversible 

process, and repair of abasic sites requires base excision repair - excision of the 

deoxyribose, filling of the gap and ligation of DNA strands (Krokan and Bjørås, 2013).  

 

 

Figure 5. Structure of an abasic site and the mechanism of its conversion into a DNA-protein 
crosslink. 
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1.2.1.7 DNA-protein crosslinks 

DNA-protein crosslinks (DPCs) represent a broad class of modifications where a 

protein is covalently attached to a DNA base or backbone. Aldehydes represent one class 

of potent DPC-inducing substances: a formyl group can sequentially react with two 

nucleophiles, ultimately linking them together via a methylene bridge. A DPC is formed if 

these nucleophiles are represented by DNA bases (typically amino- and imino-groups) 

and proteins (typically N-terminus and several amino acid side chains). The high 

crosslinking activity of formaldehyde led to the development of the chromatin 

immunoprecipitation (ChIP) technique, which enables the identification of DNA-binding 

profiles of any proteins of interest (Orlando, 2000). Another source of DNA-protein 

crosslinks is the enzymatic activity of certain enzymes, such as topoisomerases I and II. 

These enzymes create single- and double-strand breaks in the DNA duplex, respectively, 

while being attached to the DNA backbone via a transient covalent bond between the 

phosphate group in DNA and a tyrosine residue in the enzymes (Champoux, 2001). While 

the normal enzymatic cycle of topoisomerases I and II involves rejoining of the DNA ends 

with the simultaneous release of the enzyme, inhibition of topoisomerases (for example, 

by camptothecin and etoposide, respectively) results in the enzyme remaining covalently 

attached to DNA. The repair of DPCs highly depends on the nature of the attached protein. 

It may involve direct reversal of a crosslink (for topoisomerase adducts), cleavage of the 

trapped protein by SPRTN/Wss1 protease, conversion of DPCs into clean double-strand 

breaks, nucleotide excision repair and other pathways (Stingele et al., 2017). 

1.2.1.8 Single-strand breaks 

Together with abasic sites, single-strand breaks (SSBs) or nicks represent one of 

the most common types of DNA insults. They can arise due to ROS activity towards the 

DNA backbone, as an intermediate of the BER pathway or TOP1 activity, and they are 

naturally present during DNA replication due to discontinuous synthesis of the lagging 

strand. When not being timely repaired, SSBs result in highly poisonous one-ended 

double-strand breaks during DNA replication. Typical ways to induce SSB formation in 

cells include H2O2 and MMS as damaging agents, which trigger SSBs due to BER 

activation. However, the spectrum of lesions for these drugs is quite diverse. Inhibition of 

TOP1 also results in SSBs concomitantly with the formation of DPCs. A much cleaner way 
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to create SSBs relies on the activity of the D10A mutant of Cas9 (Ren et al., 2014), which 

inactivates one of two nuclease domains of Cas9 and therefore turns its DSB-inducing 

activity into a nickase one. Repair of SSBs is initiated by the poly (ADP-ribose) polymerase 

PARP1, which binds to and is activated by DNA breaks (Ali et al., 2012). PARP1 activity 

results in the accumulation of single-strand break repair proteins, which include DNA end 

processing factors and DNA ligases, leading to the sealing of the DNA nick (Caldecott, 

2008).  

1.2.1.9 Double-strand breaks 

Double-strand breaks, which occur when two strands of a DNA duplex are 

simultaneously broken, represent highly deleterious structures: a single DSB can be 

sufficient to kill a cell (Cui and Bikard, 2016). DSBs can arise from two adjacent SSBs in 

the opposite DNA strands or exposure to ionising radiation or certain chemicals 

(neocarzinostatin, zeocin). Inhibition of human DNA topoisomerase TOP2 by etoposide 

also leads to the formation of DSBs. However, DNA ends in this case remain covalently 

attached to the enzyme. The primary pathway of DSB repair in human cells is non-

homologous end joining (NHEJ), which involves the processing of DNA ends and their 

ligation by DNA ligase IV and operates throughout the cell cycle. In the case of defective 

NHEJ machinery, DNA ends can be joined via an alternative end-joining pathway, which 

relies on microhomology and often involves base insertions by DNA polymerase theta 

(Chang et al., 2017). During S and G2 phases, when a sister chromatid is available, DSBs 

can be repaired by homologous recombination: resection of DNA ends leads to an 

invasion of RAD51-coated ssDNA into a sister chromatid, DNA synthesis on a sister 

chromatid template and resolution of Holliday-junction intermediates (Wright et al., 2018).  

Pathway choice is highly dependent on the cell cycle stage and includes multiple layers 

of regulation involving phosphorylation and ubiquitin signalling  (Yun and Hiom, 2009; 

Schwertman et al., 2016; Ceccaldi et al., 2016).  

1.2.2 Replication stress 

The time a cell spends between two divisions is called a cell cycle and can be 

subdivided into distinct stages. During the G1 phase, the primary goal of a cell is to grow 

and accumulate sufficient nutrients for DNA replication. The S phase is defined by 
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replication and finishes once the genome information has been duplicated. During the 

following G2 phase, a cell prepares for division in the subsequent M phase. Two daughter 

cells, which appear after mitosis, enter the G1 phase, and the cell cycle repeats. The S 

phase is the most critical for preserving genetic information: mistakes during DNA 

replication in the form of mutations or genomic rearrangements are propagated to 

following generations. Replication starts from discrete genomic regions – replication 

origins – and involves a series of events called ‘origin licencing’, which is necessary to 

initiate replication. It includes loading the origin recognition complex (ORC) onto double-

stranded DNA, followed by recruitment of CDT1, CDC6 and MCM2-7 double hexamers. 

This complex is further converted into bidirectional replication forks upon activation by 

DDK and CDK kinases (Parker et al., 2017). Processive DNA synthesis is carried out by 

the replisome – a multiprotein complex involving the helicase, replicative polymerases 

Polε and Polδ, primase Polα, replication sliding clamp PCNA and other factors. In vitro 

reconstitution of a human replisome requires 43 proteins, and more proteins may be 

involved in vivo (Baris et al., 2022). As DNA synthesis by polymerases occurs exclusively 

in the 5’-3’ direction, two DNA strands are replicated differently: one strand is replicated 

continuously by Polε in the 5’-3’ direction (leading strand) and the other discontinuously 

in small patches (lagging strand). These patches, termed Okazaki fragments, originate 

from ~35 nucleotide-long RNA primers, which Polδ extends into ~200 nucleotide-long 

fragments. Maturation of the lagging strand, which is one of the most common DNA 

metabolic processes, requires removing the RNA primer and ligating the neighbouring 

Okazaki fragments (Maga et al., 2001; Raducanu et al., 2022). When DNA replication is 

complete, converging replication forks meet and are disassembled in a VCP-dependent 

manner (Dewar and Walter, 2017). 

Replication stress is defined as a condition which leads to the slowdown or stalling 

of individual replication forks or global DNA synthesis (Zeman and Cimprich, 2014). The 

primary source of replication stress is damaged DNA bases, which often stall replicative 

DNA polymerases (section 1.2.1). Ribonucleotides, often incorporated in DNA by Polε 

and Polδ, can also block processive DNA synthesis (Dalgaard, 2012). Another source of 

replication stress arises from DNA sequences prone to form non-B form secondary 

structures. These typically involve hairpins, DNA triplexes and G-quadruplexes. 

Secondary structures can lead to replication stress by inhibiting helicase-dependent DNA 
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unwinding or stalling DNA polymerases if they are formed by ssDNA after the helicase 

unwinding (Sharma, 2011). Transcription-replication conflicts (TRCs) can also lead to 

replication stress as collisions with transcription machinery prevent DNA synthesis by 

DNA polymerases. TRCs are a common source of genomic instability in highly transcribed 

DNA regions, such as ribosomal DNA (Lindström et al., 2018; Murakumo et al., 2001). 

Depletion of the cellular nucleotide pool is another common trigger of replication stress. 

Hydroxyurea is a commonly used replication stress-inducing drug, which leads to dNTP 

pool depletion by inhibiting ribonucleotide reductase (Turner et al., 1966). Nucleotide 

depletion can also occur due to the excessive number of origins being fired simultaneously 

and is often a consequence of oncogene overexpression (Beck et al., 2012; Srinivasan et 

al., 2013; Jones et al., 2013). 

Replication stress often leads to persistent exposure of single-stranded DNA, 

which appears due to the unwinding of the parental DNA duplex by the replicative helicase 

after the polymerase has stalled. Single-stranded DNA stretches are bound and protected 

by ssDNA-binding protein complex RPA. The protective role of RPA is demonstrated by 

the fact that replication collapse upon substantial replication stress is often dependent on 

RPA levels and can be prevented by RPA overexpression (Toledo et al., 2013). The 

regions where dsDNA of the newly synthesised duplex turns into the exposed ssDNA – 

also called primer-template junctions – have been shown to activate checkpoint signalling, 

involving the Ataxia telangiectasia and Rad3 related (ATR) kinase (MacDougall et al., 

2007).  

One pathway to cope with replication stress relies on the regulation of origin firing. 

In order to control the distribution of resources, such as dNTPs, not all the origins are fired 

at the same time, and a significant proportion of the origins is not fired at all during the 

unperturbed S phase (dormant origins). However, in the presence of replication stress, 

firing of dormant origins increases the number of active replication forks, allowing to 

complete replication in time despite the stress conditions. Importantly, firing of new origins 

is the primary pathway that allows the completion of replication upon long-term replication 

block (Petermann et al., 2010). Nevertheless, stressed forks do not always have to rely 

on the neighbouring forks and are often able to sustain replication in the presence of DNA 

damage without removing DNA lesions. This involves a series of pathways, which will be 

discussed in detail in the following sections.  
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1.2.3 DNA damage bypass 

As two DNA strands are complementary, either of them contains all the genetic 

information of the cell. A lesion in one DNA strand can be eliminated and replaced with a 

correct nucleotide using the second DNA strand as a template. However, in a number of 

cases, a second DNA strand is not available. This can happen when an interstrand 

crosslink affects complementary DNA bases or during DNA replication when DNA strands 

are unwound by the MCM2-7 helicase. The latter situation is hazardous, as the excision 

of damaged nucleotides from single-stranded DNA regions during DNA replication results 

in single-ended double-strand breaks, which may lead to cell death if not timely repaired. 

Therefore, cells have developed a series of pathways that allow the completion of DNA 

replication in the presence of DNA damage without repairing the damaged bases. This 

series of pathways is collectively termed ‘DNA damage bypass’. In the following sections, 

I will describe the critical components of the damage bypass system in yeast and 

mammalian cells and how they are coordinated to enable the faithful completion of DNA 

replication. 

1.2.3.1 Translesion synthesis 

High fidelity of the replicative DNA polymerases ε and δ is achieved by the structure 

of their catalytic pockets, which can only accommodate a perfect Watson-Crick base pair, 

as well as by their ability to proofread and replace wrongly incorporated bases utilising the 

3’-5’ exonuclease activity (Bębenek and Ziuzia-Graczyk, 2018). Translesion synthesis 

(TLS) polymerases have more relaxed catalytic pockets and therefore reduced 

requirements for an incoming base pair. On the one hand, this allows them to catalyse 

DNA synthesis over damaged DNA. On the other hand, less strict control of base pairing 

and the lack of exonuclease activity can result in a higher mutagenesis rate than that of 

replicative polymerases. Whereas there are three TLS polymerases in S. cerevisiae (Polζ, 

Polη and Rev1), their number increases to 10 in human cells, at least 5 of which can 

function in DNA damage bypass. These are Polζ and the members of a so-called Y family 

of polymerases - Polη, Polκ, Polι and REV1. Unique structural features allow these 

polymerases to bypass specific lesions in an error-free manner. For example, Polη can 

perform error-free DNA synthesis over CPDs, making this polymerase crucial for the 

cellular response to UV damage (Hendel et al., 2008). In line with this, levels of Polη 
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drastically increase after UV irradiation in a p53-dependent manner, increasing cellular 

resistance to UV light (Lerner et al., 2017). Polκ can insert correct bases opposite of 

benzo[a]pyrene adducts and thymine glycol (Jha et al., 2016; Yoon et al., 2010). Although 

there are examples of an error-free mode of action of TLS polymerases, certain lesions, 

such as (6-4) photoproducts or abasic sites, tend to be bypassed by TLS polymerases in 

a mutagenic way. However, the danger of increased mutagenesis is often lower than that 

of the persistent replication blockade, as the latter may result in fork collapse, double-

strand breaks and, ultimately, cell death. TLS polymerase REV1 is quite different from 

other Y-family members: in addition to performing TLS synthesis, it acts as a scaffold for 

the recruitment of other TLS polymerases, including Polη, Polκ, Polι and Polζ (Ohashi et 

al., 2004; Murakumo et al., 2001). At least for Polκ and Polζ, it has been shown that their 

recruitment to the UV-damaged chromatin depends on REV1, confirming its scaffolding 

role (Gallina et al., 2021). For many DNA lesions, their bypass by TLS polymerases results 

in imperfectly paired bases, unable to be extended by replicative DNA polymerases. B-

family TLS polymerase Polζ, consisting of a catalytic (REV3) and structural (REV7) 

subunits, has been shown to efficiently elongate unpaired primer termini, suggesting a 

two-step lesion bypass mechanism: dependent on the type of DNA damage, the first TLS 

polymerase inserts a base opposite the lesion, followed by an extension step by Polζ 

(Shachar et al., 2009; Martin and Wood, 2019). Similar to Polη, expression of REV3 

increases after DNA damage in a p53-dependent manner, representing an adaptive 

response to replication stress (Krieg et al., 2006). 

1.2.3.2 Template switching 

In some instances, stalled primer terminus can use a sister chromatid as a template 

for extension in a DNA damage bypass pathway called template switching. In budding 

yeast, template switching is activated by K63-linked PCNA polyubiquitylation by 

Rad5/Ubc13/Mms2, although the effectors of this modification are unknown. Many steps 

of template switching resemble those from the homologous recombination pathway of 

DSB repair: following DNA unwinding and resection by Pif1 and Exo1, respectively, the 

formation of Rad51 filaments leads to the annealing of the ssDNA to the complementary 

strand of the homologous sister chromatid. Following branch migration and DNA synthesis 

based on the sister chromatid template, the resolution of Holliday structure-like 
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intermediates by Sgs1-Top3-Rmi1 complex completes the pathway, resulting in the error-

free bypass of the lesion (Figure 6) (García-Rodríguez et al., 2018b; García-Rodríguez 

et al., 2018a; Branzei and Szakal, 2016). The proposed mechanism was confirmed by 

means of two-dimensional gel electrophoresis and electron microscopy of the pathway 

intermediates (Giannattasio et al., 2014; Branzei et al., 2008). Despite being best 

characterised in budding yeast, template switching also operates in human cells, as was 

shown for the bypass of UV photoproducts and bulky adducts (Izhar et al., 2013; Piberger 

et al., 2020). 

In budding yeast, template switching is initiated by PCNA polyubiquitylation with 

K63-linked chains. The responsible E3 enzyme, Rad5, in addition to ubiquitin ligase 

activity, can catalyse fork regression and recruit the TLS polymerase Rev1 (Blastyák et 

al., 2007; Gallo et al., 2019). However, all three activities of Rad5 are genetically 

separable and, therefore, may be necessary in different physiological circumstances (Choi 

et al., 2015). 

 

 

 

 

Figure 6: Schematic representation of the template switching pathway. Main steps are 
depicted, including gap invasion into the sister chromatid, DNA synthesis on a sister chromatid 
template and resolution of the Holliday junction-like intermediates.  
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1.2.3.3 Fork reversal 

One of the mechanisms activated when a replisome encounters a DNA lesion or 

stalls due to other reasons is a transformation of a replication fork into a Holliday junction 

structure – a process termed replication fork reversal (Figure 7). Detection of reversed 

forks became possible due to advances in electron microscopy techniques, which allow 

direct visualisation of these replication intermediates. In budding yeast, fork reversal is a 

rare event: in cells treated for 30 min with HU, only 1.5% of replication forks appear to be 

reversed. Their number, however, increases if checkpoint kinase Rad53 is absent, rising 

to 11,2% (Sogo et al., 2002). In striking contrast to yeast, replication fork reversal in 

mammalian cells is considered one of the main pathways initiated as a response to 

replication stress. Electron microscopy experiments, which allow direct visualisation of 

reversed forks, revealed that 15-30% of forks are reversed after treating human cells with 

10 common DNA-damaging agents (Zellweger et al., 2015). 

The roles of the replication fork reversal and whether it can be considered a mode 

of damage bypass is a matter of debate. On the one hand, fork reversal transfers a 

damaged nucleotide into the parental DNA duplex, where it can be faithfully repaired. On 

the other hand, if the 5’-DNA overhang in the regressed arm is longer than the 3’ one, it 

can serve as a template for DNA synthesis and thus lead to damage bypass. This 

pathway, however, lacks experimental evidence. Alternatively, cleavage of a reversed fork 

by structure-specific nucleases results in a double-strand break, which can be repaired by 

a break-induced replication (BIR) pathway (Hanada et al., 2007; Donnianni and 

Symington, 2013). Another role for fork reversal has been recently proposed by Mutreja 

and colleagues (Mutreja et al., 2018). Using immunolabelling of individual ICLs, the 

authors demonstrate that not only those forks that encountered the lesion undergo 

reversal, but global ATR-dependent fork reversal takes place as a response to replication 

stress. The fact that even unaffected forks undergo reversal suggests that the formation 

of reversed forks may be a protective mechanism which slows down global replication, 

thereby providing stressed forks more time to deal with the damage. 

Several enzymes can regress replication forks in vivo and in vitro, among which 

SMARCAL1, HLTF and ZRANB3 are the best-characterised ones. SMARCAL1 is targeted 

to replication forks via RPA and reanneals DNA strands, which were unwound by the 
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helicase. HLTF performs a dual function: it promotes fork remodelling via its HIRAN 

domain and polyubiquitylates PCNA, leading to ZRANB3 recruitment. Importantly, these 

three translocases are not redundant in vivo, suggesting they participate in different 

stages of fork regression (Halder et al. 2022; Achar et al. 2015; Motegi et al. 2008; Ciccia 

et al. 2012). Recent studies also suggest that fork reversal is a two-step pathway: 

coordinated activity of SMARCAL1, HLTF and ZRANB3 leads only to initial steps of fork 

remodelling, leading to DNA supercoiling, sumoylation of TOP2B and recruitment of the 

DNA translocase PICH, which catalyses extensive fork reversal (Tian et al. 2021). 

 

Figure 7: Fork reversal. Schematic representation of a fork reversal pathway. Electron 
microscopy images of a stalled and reversed fork are adapted from (Zellweger et al., 2015). 

Replication fork reversal is responsible for the nascent DNA degradation 

phenotype: depletion of certain factors, termed replication fork protectors, leads to 

degradation of newly synthesised DNA. Some of the best-characterised fork protectors 

are BRCA1 and BRCA2 (Lemaçon et al. 2017). Prolonged replication stress in the 

absence of these factors leads to MRE11 and EXO1-dependent DNA degradation, 

dependent on fork remodellers SMARCAL1, HLTF and ZRANB3, and thus likely 

originating from reversed replication forks (Taglialatela et al. 2017). Depletion of another 

fork protector, WRNIP1, also leads to nascent DNA degradation. However, in this case, it 

is dependent on the nuclease DNA2. WRNIP1 has been proposed to directly bind Holliday 

junctions of reversed replication forks and protect them from SLX4-dependent cleavage 

and formation of double-strand breaks (Porebski et al. 2019). Thus, nascent DNA 
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degradation may result from DNA2-dependent resection of double-strand breaks. 

Interestingly, nuclease CtIP and the cytoskeleton motor protein MYO6 behave similarly to 

WRNIP1 regarding fork protection (Przetocka et al., 2018; Shi et al., 2023). In all the 

abovementioned cases, nascent DNA degradation depends on all three major fork 

reversal enzymes (Figure 8). However, there is one exception to this pattern, which will 

be discussed in section 1.2.3.5. 

 

Figure 8: Nascent DNA degradation. Schematic representation of the two major pathways of 
fork protection. BRCA1/2 prevent resection of a reversed fork by the nucleases MRE11 and EXO1, 
whereas WRNIP1 protects the Holliday junction from the activity of structure-specific nucleases 
with subsequent DSB resection. 

 

1.2.3.4 Repriming 

Another pathway cells often utilise when a replication fork encounters a lesion is 

reinitiation of DNA synthesis downstream of the lesion. As replicative polymerases cannot 

start DNA synthesis on the blank ssDNA template and require the presence of a short 

primer, this pathway is often referred to as repriming. Repriming is an essential part of 

unperturbed replication of the lagging strand due to its discontinuous mode of synthesis. 

However, it is not typical for the leading strand in the absence of replication stress. 

Repriming downstream of a lesion results in a daughter-strand gap, essentially a region 

of ssDNA flanked by dsDNA. These postreplicative gaps differ from single-strand gaps 
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that appear during nucleotide excision repair, as they contain a lesion in the ssDNA stretch 

(Figure 9A). The presence of postreplicative gaps after replication over damaged DNA 

has been proven by single-molecule techniques, such as electron microscopy and DNA 

fibre assays (Figure 9B).  

In budding yeast, Polα is responsible for repriming downstream of a lesion 

(Fumasoni et al., 2015). In contrast, human cells have an additional enzyme, PRIMPOL, 

which is targeted to stressed replication forks by RPA and can initiate DNA synthesis on 

the leading strand ~14 nucleotides past the lesion (Guilliam et al., 2017). Repriming 

neither repairs DNA damage nor leads to damage bypass but merely allows the replication 

fork to continue DNA replication past the lesion, which needs to be repaired later in a 

postreplicative manner via translesion synthesis or template switching. Significantly, 

postreplicative damage bypass can be separated from bulk DNA replication: yeast cells 

that lack Rad18, which is essential for damage bypass, are able to complete the S phase 

even in the presence of DNA damage, accumulating gaps behind the replication forks. 

Subsequent re-expression of Rad18 in the G2 phase leads to gap filling, which can be 

visualised by microscopy as short DNA stretches scattered along the bulk DNA. 

Interestingly, whereas both TLS and TS pathways can fill postreplicative gaps, for the UV-

induced lesions, TLS by Rev1 and Polζ is a dominant pathway of gap filling, with template 

switching acting as a backup (Daigaku et al., 2010). It was further demonstrated that 

damage bypass can occur in a postreplicative manner in Rad18-proficient cells. The loci 

where it takes place are visualised by RPA foci, resulting from repriming and gap 

expansion (Wong et al., 2020). Evidence for the postreplicative gap filling has also been 

found for mammalian cells: bypass of BPDE-induced bulky adducts requires repriming by 

PRIMPOL and homologous recombination at gaps in a postreplicative manner (Piberger 

et al., 2020).  

Although repriming allows the cells to continue replication after encountering DNA 

lesions, extensive use of this pathway can be detrimental to cell viability. The formation of 

daughter-strand gaps has been identified as an underlying pathway for the sensitivity of 

BRCA-deficient cells to chemotherapeutic drugs (Panzarino et al., 2021). Furthermore, 

hyperaccumulation of daughter-strand gaps can lead to elevated mutagenesis rates due 

to the increased use of TLS in gap filling (Somyajit et al., 2021). 
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Figure 9: Daughter-strand gaps. (A) Schematic representation of daughter-strand gaps and their 
comparison to NER-dependent gaps. Note that lesion is not eliminated from DNA upon daughter-
strand gap formation. (B) Electron microscopy image of a ssDNA gap behind the fork, adapted 
from (Zellweger et al., 2015). P: parental DNA duplex; D: daughter DNA strands. The arrow 
indicates a daughter-strand gap. 

Finally, it should be noted that once a replication fork encounters the lesion, there 

is competition between repriming, fork reversal and translesion synthesis. HLTF knockout 

cells, which lack a functional fork reversal pathway, do not slow down replication in the 

presence of low-dose HU due to PRIMPOL-dependent repriming. Conversely, increased 

expression of PRIMPOL interferes with fork reversal and prevents nascent DNA 

degradation in BRCA1-deficient cells. At the same time, mutation of the HLTF HIRAN 

domain, which is responsible for fork reversal, leads to unrestrained fork progression 

dependent on the TLS polymerase REV1 (Bai et al., 2020). There are multiple other 

examples of the interplay between the discussed pathways, extensively reviewed in 

(Quinet et al., 2021). 

1.2.3.5 Roles of ubiquitylated PCNA in DNA damage bypass 

DNA sliding clamp PCNA is subject to multiple posttranslational modifications, 

including phosphorylation, acetylation, sumoylation and ubiquitylation. Among these, 

mono- and polyubiquitylation of PCNA play an essential role in the cellular response to 

DNA damage and replication stress (Figure 10). PCNA monoubiquitylation, carried out 
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by the E3 enzyme RAD18, is a signal for the recruitment of TLS polymerases in yeast and 

human cells.  A common feature of TLS polymerases is their interaction with PCNA and 

ubiquitin: REV1 has two ubiquitin-binding motifs and a PCNA-interacting BRCT domain; 

Polη – two PCNA-interacting peptides and a ubiquitin-binding zinc finger; Polκ - two 

PCNA-interacting peptides and two ubiquitin-binding UBZ domains (Guo et al., 2006; 

Yoon et al., 2014; Acharya et al., 2008). In yeast, monoubiquitylation of PCNA is essential 

for TLS, as damage-induced mutagenesis is completely abolished in strains harbouring 

the PCNA K164R mutation (Stelter and Ulrich, 2003). In human cells, PCNA 

monoubiquitylation favours TLS, but appears to be not essential for it (Temviriyanukul et 

al., 2012). Interestingly, in avian DT40 cells, recruitment of the TLS polymerase REV1 

requires PCNA monoubiquitylation at gaps but not at replication forks (Edmunds et al., 

2008). In addition to TLS polymerases, metalloprotease Spartan has been shown to bind 

ubiquitylated PCNA via a combination of a PIP box and a UBZ domain (Centore et al., 

2012). By recruiting VCP, Spartan promotes the removal of Polη from the damage site, 

preventing excessive mutagenesis (Davis et al., 2012). Finally, a combination of a PIP 

box and a UBZ domain was found in a nuclease SNM1A (Yang et al., 2010). In the context 

of alternative telomere lengthening, ubiquitylated PCNA recruits SNM1A, initiating 

resection and template-switching pathway at damaged telomeres (Zhang et al., 2023). 

A ubiquitin moiety on PCNA can be further extended into a K63-linked polyubiquitin 

chain. In budding yeast, the responsible E3 is Rad5, which operates with highly K63-

specific E2 Ubc13/Mms2. Although human cells possess two Rad5 homologs, HLTF and 

SHPRH, they are not essential for PCNA polyubiquitylation. Recent findings implicate E3 

ligase RFWD3 in promoting this PCNA modification. However, it needs to be clarified 

whether RFWD3 directly polyubiquitylates PCNA or it recruits other E3 ligases to the 

damage site. In S. cerevisiae, PCNA polyubiquitylation activates an error-free branch of 

the damage bypass by means of template switching (section 1.2.3.2). This pathway 

seems to be conserved in higher eukaryotes, as K63-linked polyubiquitylation was shown 

to protect human cells against TLS-induced mutations. Interestingly, whereas K63-linked 

polyubiquitylation in yeast is vital for cell survival after MMS and UV damage, human cell 

lines with K63R mutant as the only source of ubiquitin are sensitive to cisplatin, but not to 

UV irradiation unless Polη is co-depleted (Chiu et al., 2006). This implies a high level of 

redundancy for the TS and TLS in the bypass of UV-induced photoproducts in human 
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cells. In addition to the activation of template switching, K63-linked PCNA 

polyubiquitylation is essential in human cells for the replication fork reversal, where it acts 

as a recruitment signal for the DNA translocase ZRANB3 (Ciccia et al., 2012). Another 

possible effector of polyubiquitylated PCNA is the TLS polymerase Polζ. K63-linked PCNA 

polyubiquitylation is essential for Polζ-dependent lesion bypass during replication in X. 

laevis egg extracts (Gallina et al., 2021).  Consistent with these data, the S phase gap-

filling pathway in human cells relies on UBC13 and REV1-Polζ (Tirman et al., 2021).  

PCNA polyubiquitylation in human cells has recently been linked to the replication 

fork protection pathway: prolonged replication stalling in PCNA polyubiquitylation-deficient 

cells leads to DNA2-dependent nascent DNA degradation (Thakar et al., 2020). 

Interestingly, this pathway is substantially different from the “BRCA1” and “WRNIP1” 

pathways, as it depends entirely on SMARCAL1, only partially on ZRANB3 and is 

independent of HLTF. This suggests that PCNA polyubiquitylation may be important to 

protect replication intermediates that originate from SMARCAL1 and ZRANB3 but not 

HLTF activity, underlining differential roles of these enzymes in fork regression.  

Finally, PCNA is also decorated with K48-linked polyubiquitin chains upon 

hydroxyurea-induced fork stalling. K48-linked polyubiquitylated PCNA was shown to 

interact with Polκ, implicating this modification in the pathway of fork restart (Tonzi et al., 

2018). However, the writers of this modification, as well as its functions, are currently 

unknown. 
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Figure 10: Roles of PCNA ubiquitylation in DNA damage tolerance. Depicted are only the best 
characterised pathways: translesion synthesis, template switching and fork reversal. For the 
details see main text. 
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1.3 Aims of this work 

Among all posttranslational modifications, ubiquitylation is one of the most complex 

due to the variety of topologies that ubiquitin units may adopt on a given substrate. At 

least 8 different ubiquitin linkages, branched chains and multi-ubiquitylation events create 

distinctive interaction surfaces on the modified proteins, determining their interaction 

profiles. PCNA polyubiquitylation is unique among other instances of protein 

polyubiquitylation: although the fact that PCNA is subject to modification with K63-linked 

chains is known for more than 20 years, responsible readers of this modification are yet 

not characterised. Even though human cells possess the enzyme ZRANB3, which binds 

to polyubiquitylated PCNA, several cellular pathways in human cells cannot be 

mechanistically explained if ZRANB3 is assumed to be the only effector of 

polyubiquitylated PCNA.  

This work aims to provide a better understanding of the pathways acting 

downstream of PCNA polyubiquitylation in human cells. For this purpose, artificial tailor-

made enzymes are used to build a K63-linked polyubiquitin chain on PCNA in the absence 

of exogenous DNA damage. This technology, which has previously been implemented in 

S. cerevisiae, allows to mechanistically separate ubiquitin signalling on PCNA from other 

damage-induced pathways. Furthermore, exchanging the K63-specific enzyme with a 

K48-specific one allows direct comparison of differently linked polyubiquitin chains on 

PCNA. Finally, the expression of artificial enzymes will be compared to physiological 

scenarios where excessive PCNA polyubiquitylation takes place.  
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Chapter 2 
 

Materials and methods 
 

 

2.1 Reagents 

2.1.1 Chemicals and recombinant proteins 

Unless indicated differently, chemicals and recombinant proteins used in this study 

were purchased from Sigma Aldrich or Thermo Fisher Scientific. Chemicals purchased 

from other companies are listed below. 

Carl Roth:  Ethanol 96% and 99.5%, isopropanol, acetic acid glacial, 

guanidine hydrochloride, imidazole, urea 

Macherey-Nagel:   NucleoBond Xtra Midi Plus 

MedChemExpress:   ML-323 

New England Biolabs:  Restriction endonucleases, 10x CutSmart buffer 

Takara Bio:   2x DNA ligation kit 

Polyscience:    Polyethyleneimine linear (Molecular weight ~ 25000 g/mol) 

Promega:    FUGENE HD transfection reagent 

QIAGEN:  QIAquick gel extraction kit, FlexiTube siRNA solutions, Ni-

NTA agarose 

Recombinant proteins for the in vitro ubiquitylation assay (section 2.13) were 

generously provided by Sabrina Wegmann (former member of Helle Ulrich laboratory). 

Recombinant proteins for the ubiquitin chain restriction assay (section 2.12.3) 

were generously provided by Christian Renz (a member of Helle Ulrich laboratory). 
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2.1.2 Antibodies 

Table 1: List of primary antibodies used in this study. Unless otherwise indicated, the 
dilutions refer to western blotting. 

ID Name Species Source Dilution 
11 BrdU (BU1/75) Rat mAb Abcam ab6326 DNA fibre 

assay: 1:50 
38 EXO1 Rabbit pAb GeneTex 

GTX109891 
1:1000 

42 Flag (M2) Mouse mAb Sigma Aldrich  
F1804 

1:2500 

72 HLTF Rabbit pAb Alexandra Belayew, 
UMONS (Belgium) 

1:1000 

122 PCNA (PC10) Mouse mAb IMB PPCF 1:5000 
125 PCNA  Rabbit pAb Abcam ab18197 1:2500 
133 γH2AX (JBW301) Mouse mAb Millipore 05-636-I 1:1000 
153 POLH Rabbit pAb Abcam ab17725 1:1000 
167 RAD18 (79B1048) Mouse mAb Abcam ab12007 1:1000 
199 RPA32 (12F3.3) Mouse mAb Abcam ab12320 1:2500 
261 Ubiquitin (VU1) Mouse mAb Tebu-bio VU101 1:1000 
262 Ubiquitin (K48-

selective, Apu2) 
Rabbit mAb  Millipore 05-1307 1:1000 

263 Ubiquitin (K63-
selective, HWA4C4) 

Mouse mAb Enzo BML-PW-
0600 

1:1000 

265 Ubiquitin (P4D1) Mouse mAb CST 3936 1:5000 
272 VSV (P5D4) Mouse mAb Roche 

11667351001 
1:2500 

276 ZRANB3 Rabbit pAb Bethyl A303-033A 1:1000 
324 Phospho-RPA S4-S8 Rabbit pAb Biomol A300-245A 1:2500 
334 Phospho-RPA S33 Rabbit pAb Biomol A300-246A 1:2500 
335 Phospho-RPA T21 Rabbit pAb R&D Systems 

AF6654 
1:2500 

339 CHK1 (2G1D5) Mouse mAb CST 2360 1:1000 
340 Phosho-CHK1 S345 Rabbit pAb CST 2341 1:1000 
372 H2B (53H3) Mouse mAb CST 2934 1:2500 
392 Linear Ubiquitin 

(LUB9) 
Mouse mAb Merck MABS451 1:1000 

395 WRNIP1 Rabbit pAb Bethyl A301-389A-T 1:1000 
402 SMARCAL1 Mouse mAb Santa Cruz sc-

376377 
1:1000 

404 GAPDH Goat pAb Novus Biologicals 
NB300-320 

1:10000 

408 RAP80 Rabbit pAb Novus Biologicals 
NBP1-87156 

1:1000 
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417 HUWE1 Rabbit pAb ThermoFisher PA5-
20374 

1:1000 

423 BrdU (B44) Mouse mAb BD Bio 347580 DNA fibre 
assay: 1:50 
IF: 1:500 

425 PCNA-Ub (D5C7P) Rabbit mAb CST 13439 1:2000 
436 UBE2K/HIP2 (H-6) Mouse mAb Santa Cruz sc-

390339 
1:2000 

442 Ubiquitin 1002A Rabbit mAb Bio-Techne 
MAB8595 

1:2500 

 

Table 2: A list of secondary antibodies used in this thesis. Unless otherwise indicated, 
the dilutions refer to western blotting. 

ID Name Species Source Dilution 
86 Mouse Alexa Fluor 488 Goat Life A-11001 IF: 1:500 
88 Mouse Alexa Fluor 647 Goat Life A-21236 DNA fibre assay 

1:100 
93 Mouse HRP Goat Pierce 1:10000 
156 Rabbit HRP Goat Pierce 1:10000 
186 Rat Alexa Fluor 488 Goat Invitrogen A-11006 DNA fibre assay 

1:100 
 

2.2 Media and solutions 

2.2.1 Media for bacteria 

All E. coli strains were grown in liquid Luria Broth (LB) medium or on LB-agar 

plates. If needed, liquid medium was supplemented with 100 μg/ml ampicillin or 30 μg/ml 

kanamycin, or antibiotic-containing LB-agar plates were used. Liquid LB medium, LB-agar 

plates and stock solutions of antibiotics were prepared by the IMB Media Laboratory.  

2.2.2 Media for mammalian cells 

 HEK 293T and MDA-MB-436 cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml 

streptomycin and 10% (v/v) Fetal bovine serum (FBS).  RPE1 hTERT cells were cultured 

in RPMI 1640 medium with the same supplements as stated for the DMEM medium. If 

indicated, 2 μg/ml puromycin, 100 μg/ml blasticidin, 100 μg/ml zeocin or 400 μg/ml G418 

were added to the medium.  



59 
 

2.2.1 Solutions 

Following solutions were prepared by IMB Media Laboratory: 5x PBS, 1M Tris-HCl 

pH 6.3, 1M Tris-HCl pH 7.5, 1M Tris-HCl pH 8.0, 1M KCl, 2M MgCl2, 0.5 M EDTA pH 8.0, 

5M NaCl, 10x TBE, 10x wet transfer buffer. 

Blocking buffer for DNA fibre assay: 2% (w/v) BSA in PBST 

Blocking buffer for immunofluorescence: 3% (w/v) BSA in PBST 

Blocking buffer for western blotting: 5% (w/v) skim milk powder in PBST 

Buffer A for denaturing pulldown: 6M Gua-HCl, 50 mM NaH2PO4, 50 mM Na2HPO4, 10 

mM Tris-HCl pH 8.0, 0.1% Tween 20 

Buffer B for denaturing pulldown: 8M Gua-HCl, 80 mM NaH2PO4, 20 mM Na2HPO4, 10 

mM Tris-HCl pH 6.3, 0.1% Tween 20 

Cell fractionation buffer: 10 mM HEPES pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 350 mM 

sucrose, 10% glycerol 

Cell lysis buffer for DNA fibre assay: 200 mM Tris-HCl pH 7.5, 50 mM EDTA, 0.5% SDS 

Dilution buffer for immunoprecipitation: 20 mM HEPES pH 7.5, 125 mM KOAc, 1.5 mM 

MgCl2, 10% glycerol 

Elution buffer for denaturing pulldown: 2x NuPAGE LDS sample buffer (Thermo Fisher 

Scientific), 200 mM imidazole, 10 mM DTT 

MES running buffer: 50 mM MES hydrate, 50 mM Tris, 0.1% SDS, 1mM EDTA 

MOPS running buffer: 50 mM MOPS, 50 mM Tris, 0,1 % (v/v) SDS, 1 mM EDTA 

PBST: 1x PBS, 0.1% (v/v) Tween 20 

PI staining buffer: 1x PBS, 20 μg/ml RNAse A (Sigma Aldrich), 100 μg/ml propidium iodide 

(PI) 

Ponceau S solution:  0.1% (w/v) Ponceau S in 5% (v/v) acetic acid 

Pre-extraction buffer for immunofluorescence: 100 mM PIPES pH 6.8, 1 mM EGTA, 100 

mM NaCl, 300 mM sucrose, 0,5% Triton X-100 
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RIPA buffer: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium 

deoxycholate, 0.1% SDS, 2.5 mM MgCl2 

Trans-Blot Turbo buffer: 1x Trans-Blot Turbo buffer (Bio-Rad), 20% ethanol 

Ubiquitylation buffer: 40 mM HEPES pH 7.4, 8 mM magnesium acetate, 50 mM NaCl 

Wet transfer buffer: 192 mM glycine, 25 mM Tris-HCl pH 8.3, 15% (v/v) methanol 

 

2.3 DNA oligonucleotides 

Table 3: A list of DNA oligonucleotides used in this thesis. 

ID Name Sequence 
3343 Ub-K63R-fw CCCTGTCTGACTACAACATCCAGAGAGAGTCCAC

CCTGCACCTG 
3344 Ub-K63R-rev CAGGTGCAGGGTGGACTCTCTCTGGATGTTGTAG

TCAGACAGGG 
4455 Ub-K48R-fw GATTGATCTTTGCCGGTCGACAGCTAGAAGACGG

TAGAAC 
4456 Ub-K48R-rev GTTCTACCGTCTTCTAGCTGTCGACCGGCAAAGA

TCAATC 
4457 Ub-K63R-fwII GTCTGATTACAACATTCAGCGAGAGTCCACCTTA

CATCTTG 
4458 Ub-K63R-revII CAAGATGTAAGGTGGACTCTCGCTGAATGTTGTA

ATCAGAC 
4950 Ubc7-His6-NotI-rev GCAAGCGGCCGCTTAGTGATGGTGATGGTGATG

AG 
5085 VSV-fw TACACTGACATCGAAATGAATAGATTG 
5086 E363-NotI-rev GCAAGCGGCCGCTTAAAAAACCGCATCGTGAAAT

G 
5194 Ube2G2-NotI-rev GCAAGCGGCCGCTCACAGTCCCAGAGACTTCTG 
5196 Ubc7-NcoI-fw GACCACCATGGGATCGAAAACCGCTCAGAAACG 
5197 Ube2G2-NcoI-fw GACCACCATGGCGGGGACCGCGCTCAAGAG 
5285 Flag-NotI-rev GCAAGCGGCCGCTTACTTGTCGTCGTCATCCTTG

TAG 
5288 hcoUbc7-ATG-fw AGCAAGACCGCCCAGAAGCG 
5289 hcoUbc7-NotI-rv GCAAGCGGCCGCTCAGAAGCCCAGGCTCTTCAG 
5305 hcoCue1-SmaI-fw CGATCCCGGGGCAGAGCAACCAGCACCCAAG 
5436 E363 I227A-fw GAGTGTCCTGCGTGTTTTGAAAACATGG 
5437 E363 I227A-rev TTCAAAACACGCAGGACACTCTTTAATAGC 
5438 E363-fw AATCTCCTTGTCTCAAGCACTAATAG 
5439 VSV-rev CTTCCCCAATCTATTCATTTCGATGTC 
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5447 E363RINGdel-rev CTCTTTAATAGCGTTATCAGTCGTG 
5448 E363RINGdel-fw GATGCGGTTTTTTAAGCGGC 
5454 hcoE31 RBR-N-BglII-fw CAGTAGATCTGCTAGCGGTGCTGGAGG 
5455 hcoE31 RBR-N-SbfI-rev TTCTCCTGCAGGTACATGGCCAGGCC 
5456 hcoE31 RBR-C-SbfI-fw TGTACCTGCAGGAGAACGGCATCGACTG 
5457 hcoE31 RBR-C-NotI-rev GAGTGCGGCCGCCTACTTGCGGCGGCGAGGG 
5799 hcoUbc7-P2A-PacI-fw GATCTTAATTAACGGAAGCGGAGCCACGAACTTC

TCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAA
ACCCCGGTCCTGACTACAAAGACCATGACGGT 

5880 Ub-K48R-fwII CAGCAGAGGTTGATCTTTGCTGGGAGACAGCTGG
AAGATGGACGC 

5881 Ub-K48R-revII GCGTCCATCTTCCAGCTGTCTCCCAGCAAAGATC
AACCTCTGCTG 

5896 His-Ub-HindIII-fw GCATAAGCTTCGGGCTGCAGATGCATCACC 
5897 Ub-NotI-rev GCATGCGGCCGCTCACCCACCTCTGAGACGGAG

G 
5981 HOIP-C885A-fw CGCCCTGGCCCGAGGAGGCGCTATGCACTTTCA

CTGTACCC 
5982 HOIP-C885A-rev GGGTACAGTGAAAGTGCATAGCGCCTCCTCGGG

CCAGGGCG 
6000 His8-H2B-HindIII-fw GCATAAGCTTACCATGCATCACCATCACCATCAC

CATCACATGCCAGAGCCAGCGAAGTCTGCTC 
6002 H2B-BamHI-rev CGATGGATCCCTTAGCGCTGGTGTACTTGGTG 
6006 P2A-mutagenesis-fw CGTGGAAGAAAAACTCGCTTCTGACTACAAAGAC 
6007 P2A-mutagenesis-rev GTCTTTGTAGTCAGAAGCGAGTTTTTCTTCCACG 
6008 Ub-K11R-fw GAAGACCCTGACTGGTAGGACCATCACTCTCGAA

G 
6009 Ub-K11R-rev CTTCGAGAGTGATGGTCCTACCAGTCAGGGTCTT

C 
6060 Ub-K6R-fw GGCATGCAGATCTTCGTGCGGACCCTGACTGGT 
6061 Ub-K6R-rev ACCAGTCAGGGTCCGCACGAAGATCTGCATGCC 
6062 Ub-K27R-K29R-

K33R-fw 
GACACCATTGAGAATGTCAGGGCAAGAATCCAAG
ACCGGGAAGGCATCCCTCCTGAC 

6063 Ub-K27R-K29R-
K33R-rev 

GTCAGGAGGGATGCCTTCCCGGTCTTGGATTCTT
GCCCTGACATTCTCAATGGTGTC 

6100 H2B-GA-fw ATGCCAGAGCCAGCGAAG 
6101 H2B-GA-rev CTTAGCGCTGGTGTACTTGGTG 
6102 H2B-FRB*-GA-rev GACTTCGCTGGCTCTGGCATACTAGTCTTGCTGA

TGCGGCG 
6103 H2B-His8-GA-fw CACCAAGTACACCAGCGCTAAGCATCACCATCAC

CATCACCATCACTAAGCGGCCGCTCGAGTCTAGA
G 

6165 PIP box-fw CATGGGCATGAAGCAAAGCTCATTGCTGTCATTC
TTTTG 

6166 PIP box-rev GATCCAAAAGAATGACAGCAATGAGCTTTGCTTC
ATGCC 
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6167 OTUB1 C91S-fw CAGGCCTGACGGCAACTCTTTCTATCGGGCTTTC 
6168 OTUB1 C91S-rev GAAAGCCCGATAGAAAGAGTTGCCGTCAGGCCT

G 
6187 His6-HindIII-fw AGCTTATGCATCACCATCACCATCACA 
6188 His6-HindIII-rev AGCTTGTGATGGTGATGGTGATGCATA 
6219 yUbc13hco-HindIII-fw GATCAAGCTTCCACCATGGCCAGCCTGCCCAAGC 
6220 yUbc13hco-NotI-rev CGATGCGGCCGCTCACTCGGGCTTCTTCTTGGC 
6221 yMMS2 hco-HindIII-fw GATCAAGCTTCCACCATGAGCAAGGTGCCCCGCA

AC 
6222 yMMS2 hco-NotI-fw CGATGCGGCCGCTCAGAACGTCTCGCCCTCTTTG 
6264 His6-NUbo-ATG 

mutagenesis-fw 
CACCATCACCATCACAAGCTTGGGCAGATCTTCG
TGAAGACCC 

6265 His6-NUbo-ATG 
mutagenesis-rev 

GGGTCTTCACGAAGATCTGCCCAAGCTTGTGATG
GTGATGGTG 

 

 

2.4 RNA oligonucleotides 

Table 4: A list of RNA oligonucleotides used in this thesis. Information is provided for 

the sense (5’-3’) strand of the duplex. 

Name Sequence 5’-3’  Source 
siHLTF GCGAAAUGACUUAUACUAUTT Life Technologies 
siHUWE1 GGUCUAAUCAUGCCGCAGATT Life Technologies 
siRAD18#1 GUUCAGACAUCAUAAGAGATT Life Technologies 
siRAD18#2 GGAUUAUCUAUUCAAGGAATT Life Technologies 
siRAP80#1 GAUACAGUAUUGACUCGGATT Life Technologies 
siRAP80#2 GGGUUGCAGAAAACGAAGATT Life Technologies 
siSMARCAL1 CAGCUUUGACCUUCUUAGCAA Qiagen 
siUBE2K ACAGGAUGCUGUAGUAGCAAA Qiagen 
siWRNIP1#1 CCAAGGCUGUCAUUUUAUATT Life Technologies 
siWRNIP1#2 GAAACAUAGCAUAAGGUUUTT Life Technologies 
siZRANB3#1 CCGGAUUCACAUCUAUACUAA Qiagen 
siZRANB3#2 UGCCAGUGUAUGACACCUUAA Qiagen 
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2.5 Plasmids 

 

Table 5: A list of plasmids created in this study 

 

ID Name Construction  Use 
4528 pENTR4-Ubc7-His6 Ubc7-His6 was amplified from 

p3365 with o5196 + o4950. PCR 
product was cloned into pHU1788 
via NcoI/NotI 

Gateway cloning 

4596 pENTR4-VSV-PIP-
E363 

VSV-PIP-E363 was amplified with 
o5085 + o5086 from a G-block 
(IDT). PCR product was cloned into 
p1788 via NcoI/NotI 

Gateway cloning 

4599 pDEST/FRT/TO-
Flag-VSV-PIP-E363 

Gateway LR recombination 
between p4596 and p3543.  

Overexpression of 
Flag-VSV-PIP-
E363 in 
mammalian cells; 
creation of FlpIn 
cell lines 

4635 pENTR4-VSV-PIP-
E348-Flag 

E348 sequence was amplified from 
a G-block (IDT) with o5305 + 
o5285. PCR product was cloned 
into pHU4597 via XmaI/NotI 

Gateway cloning 

4645 pENTR4-hcoUbc7 hcoUbc7 sequence was amplified 
from a G-block (IDT) with o5288 + 
o5289. PCR product was cloned 
into pHU1788 via NcoI/NotI 

Gateway cloning 

4650 pENTR4-Ube2G2 Ube2G2 sequence was amplified 
from p4393 with o5194 + o5197. 
PCR product was cloned into 
pHU1788 via NcoI/NotI 

Gateway cloning 

4651 pDEST-3xFlag-
Ube2G2 

Gateway LR recombination 
between p4650 and p1804 

Overexpression of 
3xFlag-Ube2G2 in 
mammalian cells 

4660 pDEST-3xFlag-
hcoUbc7 

Gateway LR recombination 
between p4645 and p1804 

Overexpression of 
3xFlag-hcoUbc7 in 
mammalian cells 

4715 pDEST/FRT/TO-
Flag-VSV-PIP-E363 
(I227A) 

PCR with 5’-phosphorylated o5436 
+ o5437 on pHU4599. Self-ligation 
of the PCR product 

Overexpression of 
Flag-VSV-PIP-
E363 (I227A) in 
mammalian cells; 
creation of FlpIn 
cell lines 
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4720 pDEST/FRT/TO-
Flag-VSV-E363 

PCR on p4599 with 5’-
phosphorylated oligos o5438 + 
o5439. Self-ligation of the PCR 
product 

Overexpression of 
Flag-VSV-E363 
(I227A) in 
mammalian cells; 
creation of FlpIn 
cell lines 

4756 pDEST/FRT/TO-
Flag-VSV-PIP-
E363ΔRING 

PCR on p4599 with 5’-
phosphorylated oligos o5447 + 
o5448. Self-ligation of the PCR 
product 

Overexpression of 
Flag-VSV-PIP-
E363ΔRING in 
mammalian cells; 
creation of FlpIn 
cell lines 

4894 pLentiCMV/Tre/3G 
Neo -VSV-PIP-E363 

Gateway LR recombination 
between p4893 and p4596 

Creation of stable 
cell lines with 
inducible 
overexpression of 
VSV-PIP-E363 

5109 pENTR4-VSV-PIP-
hcoE31 

Ligation of three DNA fragments: 
1. PCR on the G-block (IDT) with 
o5454 + o5455, digested with 
BglII/SbfI 
2. PCR on the G-block (IDT) with 
o5456 + o5457, digested with 
NotI/SbfI 
3. p4510 digested with NotI/BglII 
 

Gateway cloning 

5110 pDEST/FRT/TO-
Flag-VSV-PIP-E31 

Gateway LR recombination 
between p3543 and p4510 

Overexpression of 
Flag-VSV-PIP-E31 

in mammalian 
cells 

5111 pDEST/FRT/TO-
Flag-VSV-PIP-hcoE31 

Gateway LR recombination 
between p3543 and p5109 

Overexpression of 
Flag-VSV-PIP-
hcoE31 in 
mammalian cells 

5112 pDEST/FRT/TO-
Flag-VSV-PIP-E348-
Flag 

Gateway LR recombination 
between p3543 and p4635 

Overexpression of 
Flag-VSV-PIP-
E348-Flag in 
mammalian cells; 
creation of FlpIn 
cell lines 
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5136 pDEST/FRT/TO-
Flag-VSV-PIP-E348-
Flag-P2A-3xFlag-
hcoUbc7 

3xFlag-Ubc7 was amplified from 
p4660 with o5799 + o5289. PCR 
product was cloned into p5112 
backbone via PacI/NotI 

Overexpression of 
Flag-VSV-PIP-
E348-Flag-P2A-
3xFlag-hcoUbc7 in 
mammalian cells; 
creation of FlpIn 
cell lines 

5242 pDEST-His10-
Ubiquitin 

p2685 was amplified with o5896 + 
o5897 and cloned into p4530 via 
NotI/HindIII  

Overexpression of 
His10-Ubiquitin in 
mammalian cells 

5340 pDEST-His10-
Ubiquitin (K48R) 

Site-directed mutagenesis on 
p5242 with o5880 + o5881 

Overexpression of 
His10-Ubiquitin 
(K48R) in 
mammalian cells 

5341 pDEST-His10-
Ubiquitin (K63R) 

Site-directed mutagenesis on 
p5242 with o3343 + o3344 

Overexpression of 
His10-Ubiquitin 
(K63R) in 
mammalian cells 

5342 pDEST-His10-
Ubiquitin (K48R 
K63R) 

Site-directed mutagenesis on 
p5340 with o3343 + o3344 

Overexpression of 
His10-Ubiquitin 
(K48R K63R) in 
mammalian cells 

5346 pDEST-His10-
Ubiquitin (K11R 
K48R K63R) 

Site-directed mutagenesis on 
p5342 with o6008 + o6009 

Overexpression of 
His10-Ubiquitin 
(K11R K48R 
K63R) in 
mammalian cells 

5347 pDEST-His10-
Ubiquitin (K11R 
K48R) 

Site-directed mutagenesis on 
p5340 with o6008 + o6009 

Overexpression of 
His10-Ubiquitin 
(K11R K48R) in 
mammalian cells 

5351 pDEST/FRT/TO-
Flag-VSV-PIP-
hcoE348-P2A*-3xFlag-
hcoUbc7 

Site-directed mutagenesis on 
p5136 with o6006 + o6007 

Overexpression of 
Flag-VSV-PIP-
hcoE348-P2A*-
3xFlag-hcoUbc7 in 
mammalian cells 

5370 pcDNA5/FRT/TO-
His8-H2B-FKBP-CUb 

H2B sequence was amplified from 
p3234 with o6000 + o6002 and 
cloned into p5049 via 
HindIII/BamHI 

Overexpression of 
His8-H2B-FKBP-
CUb in 
mammalian cells 

5372 pcDNA5/FRT/TO-
His8-H2B-FKBP-
CUb(K48R) 

Site-directed mutagenesis on 
p5370 with o4455 + o4456 

Overexpression of 
His8-H2B-FKBP-
CUb(K48R) in 
mammalian cells 
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5374 pcDNA5/FRT/TO-
His8-H2B-FKBP-
CUb(K63R) 

Site-directed mutagenesis on 
p5370 with o4457 + o4458 

Overexpression of 
His8-H2B-FKBP-
CUb(K63R) in 
mammalian cells 

5379 pDEST-His10-
Ubiquitin (K6R K11R 
K48R) 

Site-directed mutagenesis on 
p5347 with o6060 + o6061 

Overexpression of 
His10-Ubiquitin 
(K6R K11R K48R) 
in mammalian 
cells 

5380 pDEST-His10-
Ubiquitin (K63-only) 

Site-directed mutagenesis on 
p5379 with o6062 + o6063 

Overexpression of 
His10-Ubiquitin 
(K63-only) in 
mammalian cells 

5381 pDEST-His10-
Ubiquitin (K0) 

Site-directed mutagenesis on 
p5380 with o3343 + o3344 

Overexpression of 
His10-Ubiquitin 
(K0) in mammalian 
cells 

5382 pcDNA5/FRT/TO-
NUa-HA-FRB*-H2B-
His8 

Gibson assembly for: 
1. PCR on p5046 with o6102 + 
o6103 
2. PCR on p5370 with o6100 + 
o6101 

Overexpression of 
NUa-HA-FRB*-
H2B-His8 in 
mammalian cells 

5425 pENTR4 PIP-OTUB1 p3457 was digested with 
NotI/BamHI and ligated with the 
annealed oligos o6165 + o6166 

Gateway cloning 

5431 pENTR4 PIP-OTUB1 
(C91S) 

Site-directed mutagenesis on 
p5425 with o6167 + o6168 

Gateway cloning 

5457 pDEST/FRT/TO-
Flag-PIP-OTUB1 

Gateway LR recombination 
between p3543 and p5425 

Overexpression of 
Flag-PIP-OTUB1 
in mammalian 
cells 

5458 pDEST/FRT/TO-
Flag-PIP-OTUB1 
(C91S) 

Gateway LR recombination 
between p3543 and p5431 

Overexpression of 
Flag-PIP-OTUB1 
(C91S) in 
mammalian cells 

5477 pcDNA5/FRT/TO-
yhcoUBC13  

yhcoUBC13 sequence was amplified 
from a G-block (IDT) with o6219 + 
o6220. PCR product was cloned 
into p4636 backbone via 
HindIII/NotI 

Overexpression of 
yhcoUBC13 in 
mammalian cells 

5478 pcDNA5/FRT/TO-
yhcoMMS2  

yhcoUBC13 sequence was amplified 
from a G-block (IDT) with o6221 + 
o6222. PCR product was cloned 
into p4636 backbone via 
HindIII/NotI 

Overexpression of 
yhcoMMS2 in 
mammalian cells 
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5703 pcDNA5/FRT/TO-
Myc-hcoE31(C885A)-
L20-FKBP-CUb 

Site-directed mutagenesis on 
p5236 with o5981 + o5982 

Overexpression of 
Myc-
hcoE31(C885A)-
L20-FKBP-CUb in 
mammalian cells 

5706 pcDNA5/FRT/TO-
His6-NUa-HA-FRB*-
H2B-His8 

p5382 was digested with HindIII 
and ligated with the annealed oligos 
o6187 + o6188, followed by site-
directed mutagenesis with o6264 + 
o6265 

Overexpression of 
His6-NUa-HA-
FRB*-H2B-His8 in 
mammalian cells 

 

Table 6: A list of plasmids generated by others and used in this study. 

ID  Name Use Source/Received from 
1788 pENTR4 Gateway cloning Simon Boulton 
1804 pDEST/N-

3xFLAG/FRT 
Gateway cloning Stephen West 

1809 pOG44 Creation of stable cell 
lines 

Simon Boulton 

3543 pDEST/TO/FLAG 
FRT Puro 

Gateway cloning Martin Möckel 

3457 pENTR4-OTUB1 Gateway cloning Stephanie Nick 
4636 pcDNA5/FRT/TO Overexpression in 

mammalian cells; 
creation of stable cell 
lines 

Petra Beli laboratory 

4693 pcDNA5/FRT/TO-
Nua-HA-FRB*-
E348-Flag  

Overexpression in 
mammalian cells 

Evrydiki Asimaki 

4892 pLenti CMV 
rtTAE3 Blast 

Lentiviral vector for 
the expression of the 
reverse tetracycline 
transactivator rtTAE3 

Vassilis Roukos laboratory 

4893 pLentiCMV/Tre/3G 
Neo Dest 

Gateway cloning Vassilis Roukos laboratory 

5046 pcDNA5/FRT/TO-
Nua-HA-FRB*-
E363-Flag 

Overexpression of 
Nua-HA-FRB*-E363-
Flag in mammalian 
cells 

Evrydiki Asimaki 

5236 pcDNA5/FRT/TO-
Myc-hcoE31-L20-
FKBP-CUb 

Overexpression of 
Myc-hcoE31-L20-
FKBP-Cub in 
mammalian cells 

Evrydiki Asimaki 
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2.6 Strains and cell lines 

2.6.1 Bacterial strains 

Table 7: A list of the E. coli strains used in this study 

ID Strain Genotype Use Source 
14 Top Ten F-mcrA Δ(mrr-hsdRMS-

mcrBC) Φ80LacZΔM15 Δ 
LacX74 recA1 araD139 
Δ(araleu) 7697 galU galK 
rpsL (StrR) endA1 nupG 

Cloning Invitrogen 

18 ccdB Survival 2 F-mcrA Δ(mrr-hsdRMS-
mcrBC) Φ80lacZΔM15 
ΔlacX74 recA1 araΔ139 
Δ(ara-leu)7697 galU galK 
rpsL (StrR) endA1 nupG 
fhuA::IS2 

Cloning of ccdB-
containing vectors 

Invitrogen 

 

2.6.2 Mammalian cell lines 

Table 8: A list of the mammalian cell lines used in this study 

ID  Cell line Antibiotics Source 
120 RPE1 hTERT FlpIn TREX Blasticidin, 

Zeocin, G418 
Jonathon Pines 
laboratory 

157 HEK 293T  Merck 
249 RPE1 hTERT FlpIn TREX Flag-

VSV-PIP-E363 
Blasticidin, 
Puromycin, G418 

This study 

257 RPE1 hTERT FlpIn TREX Flag-
VSV-E363 

Blasticidin, 
Puromycin, G418 

This study 

258 RPE1 hTERT FlpIn TREX Flag-
VSV-PIP-E363 (I227A) 

Blasticidin, 
Puromycin, G418 

This study 

259 RPE1 hTERT FlpIn TREX Flag-
VSV-PIP-E363 (ΔRING) 

Blasticidin, 
Puromycin, G418 

This study 

268 HEK 293T WT/PCNA K164R  George-Lucian 
Moldovan laboratory 

269 HEK 293T PCNA K164R  George-Lucian 
Moldovan laboratory 

270 RPE1 hTERT WT  Anja-Katrin Bielinsky 
laboratory 

271 RPE1 hTERT   Anja-Katrin Bielinsky 
laboratory 

273 RPE1 hTERT WT Tet-On VSV-PIP-
E363 

Blasticidin, G418 This study 
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274 Rpe1 hTERT PCNA K164R clone 
2B10 Tet-On VSV-PIP-E363 

Blasticidin, G418 This study 

275 HEK 293T Tet-On VSV-PIP-E363 Blasticidin, G418 This study 
277 HEK 293T WT/PCNA K164R Tet-On 

VSV-PIP-E363 
Blasticidin, G418 This study 

278 HEK 293T PCNA K164R Tet-On 
VSV-PIP-E363 

Blasticidin, G418 This study 

308 RPE1 hTERT FlpIn TREX Flag-
VSV-PIP-E348 

Blasticidin, 
Puromycin, G418 

This study 

313 RPE1 hTERT FlpIn TREX Flag-
VSV-PIP-E348-P2A-3xFlag-hcoUbc7 

Blasticidin, 
Puromycin, G418 

This study 

391 MDA-MB-436  Petra Beli laboratory 
 

 

2.7. General methods for DNA manipulation 

2.7.1 Measurement of DNA concentration 

Concentration of DNA in solution was measured with the Nanodrop 2000 

spectrophotometer (Thermo Scientific) or with the DeNovix DS-11 spectrophotometer 

(Biozym). 

2.7.2 Agarose gel electrophoresis 

Agarose gels were prepared by dissolving 1% (w/v) agarose in 1x TBE buffer, 

supplemented with SYBR Safe DNA stain (Invitrogen). DNA was mixed 5:1 with 6x DNA 

loading dye, loaded on a 1% agarose gel and run at 100 V until the desired separation of 

DNA bands took place. 1 kbp or 100 bp New England Biolab DNA ladder was used as a 

size standard. 

2.8 Methods for molecular cloning  

2.8.1 Polymerase chain reaction (PCR) 

DNA amplification by polymerase chain reaction (PCR) was performed using HF 

polymerase (IMB Protein production core facility). 1-10 ng of DNA were mixed with 5 μl of 

10x HF buffer, 2.5 μl of 10 μM forward and reverse oligonucleotides, 1 μl of 10 mM dNTPs 

and 0.5 μl of HF polymerase (2 cU/μl) in a total volume of 50 μl. The reaction was 

performed in a Professional TRIO cycler (Biometra). PCR protocol included a denaturation 
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step at 98°C for 30 s followed by 30 cycles of 98°C for 10 s (denaturation), 50-72°C 

(depending on the melting temperatures of the oligonucleotides) for 30 s (annealing) and 

72°C for 30 s per kbp of the amplified DNA fragment (extension). PCR was completed by 

a final extension step at 72 °C for 10 min.  

2.8.2 Site-directed mutagenesis 

In order to introduce point mutations in a plasmid, a PCR with primers containing 

the desired mutations was performed as described in section 2.8.1 with the following 

modifications. The annealing temperature was set to 42°C during the first 3 cycles and 

increased to 58°C during the next 18 cycles. The total number of cycles was 21, and the 

extension time was 9 min. After the completion of a PCR, 5.5 μl of 10x CutSmart buffer 

(New England Biolabs) and 0.5 μl DpnI restriction nuclease (20 U/μl) were added, followed 

by overnight incubation at 37°C. PCR product was purified with a GeneJET PCR 

purification kit (Thermo Fisher Scientific) and transformed into chemically competent E. 

coli cells (section 2.10.2). Mutations were analysed by DNA sequencing of plasmid DNA 

isolated from individual bacterial colonies.  

2.8.3 Gibson assembly 

DNA fragments containing ~20 nt long overlapping ends were mixed 1:1 (molar 

ratio) in a total volume of 10 μl, followed by the addition of 10 μl of the 2x Gibson assembly 

master mix (IMB Protein Production Core Facility). The reaction mix was incubated at 

50°C for 1 h and transformed into chemically competent E. coli cells (section 2.10.2). 

Individual bacterial clones were analysed for the presence of the desired plasmid by DNA 

sequencing.  

2.8.4 Gateway cloning 

100 ng of a Gateway entry vector was mixed with 100 ng of a Gateway destination 

vector in a total volume of 7.5 μl. 2.5 μl of the 4x LR clonase mix (IMB Protein Production 

Core Facility) were added to the mix, followed by incubation at room temperature for 1 h. 

2 μg of Proteinase K were added to the reaction mix and incubated at 37°C for 10 min. 

The reaction mix was transformed into chemically competent E. coli cells (section 2.10.2), 

and the presence of the desired plasmid DNA was analysed in individual bacterial clones 

by DNA sequencing.  
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2.8.5 Restriction cloning 

  For DNA digestion with endonucleases, 1-2 μg of plasmid DNA or PCR product 

were digested in 1x CutSmart buffer with 10-20 U of the desired endonuclease overnight 

at 37°C. DNA fragments were separated by agarose gel electrophoresis, and the desired 

fragment was purified using the QIAquick Del Extraction kit (Qiagen).  

 For DNA ligation, vector (backbone) and insert DNA fragments were combined in 

a 1:3 molar ratio in a total volume of 10 μl. 10 μl of the 2x DNA Ligation mix (Takara) were 

added, and the reaction mix was incubated at 16°C for 30 min. Ligation mix was 

transformed into chemically competent E. coli cells (section 2.10.2). Plasmid DNA was 

isolated from individual bacterial clones, and the fragments of interest were sequenced. 

2.8.6 DNA sequencing 

  400-700 ng of plasmid DNA were mixed with 1 μl of 10 μM DNA primer in a total 

volume of 7 μl and sent for sequencing to StarSEQ GmbH.  

 

2.9 Methods for protein manipulation 

2.9.1 SDS polyacrylamide gel electrophoresis 

SDS polyacrylamide gel electrophoresis was performed using 4-12% NUPAGE 

gels (Life Technologies). Protein samples were mixed 3:1 (v/v) with 4x NUPAGE LDS 

Sample buffer (Thermo Fisher), supplemented with 100 mM DTT, and incubated at 95°C 

for 5 min. After loading on a gel, the samples were run at 140V in 1x MOPS buffer for 60-

90 min. Prestained PageRuler (Thermo Fisher Scientific) was used as a size marker. For 

the detection of free ubiquitin and low-molecular-weight ubiquitin chains,1x MES buffer 

was used. 

 

2.9.2 Western blotting  

 In most cases, semi-dry transfer with Trans-Blot Turbo Transfer System (Bio-Rad) 

was used. Filter paper stacks and nitrocellulose membranes were equilibrated in 1x Trans-

Blot Turbo buffer for 1 min. A filter paper stack was placed at the anode (bottom) part of 
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a Trans-Blot cassette, followed by a membrane, a gel, and another stack of filter paper. 

Air bubbles were rolled out, the cassette was closed, and a constant voltage of 15 V was 

applied for 12 min, with the maximum allowed current being 1.3A. Following the transfer, 

membranes were optionally stained with Ponceau S solution to visualise the efficiency of 

the transfer, and the membranes were further incubated in the blocking buffer for 1-2 h at 

room temperature with constant shaking. Membranes were incubated with primary 

antibodies overnight at 4°C with constant shaking. Following 4× 5 min washes with PBST, 

secondary antibodies were applied for 1-2 h at room temperature. Membranes were then 

washed again 4× 5 min with PBST and developed with Amersham’s ECL Prime or Select 

Western blotting detection reagent. Chemiluminescence signal was recorded on a Fusion 

FX system (Vilber).  

 For the detection of PCNA polyubiquitylation, wet transfer in a Mini Trans-Blot Cell 

(Bio-Rad) was used. The technique was similar to the one described above, with the 

exception of buffer composition (Wet blot buffer) and transfer conditions (100 V, 100 min). 

 For the detection of free ubiquitin in the UBICREST assay with VU1 anti-Ubiquitin 

antibody (section 3.5.3.1), after Trans-Blot Turbo transfer, membranes were washed 2× 

5 min with PBS and incubated with 0.5% glutaraldehyde solution in PBS, followed by a 

2 h incubation in the blocking buffer at room temperature. Subsequent steps were identical 

to the ones described above.  

 

2.10 Methods for E. coli 

2.10.1 Cultivation of E. coli 

All E. coli strains were cultured in liquid LB medium or on LB-agar plates 

supplemented with the appropriate antibiotic at 37°C. 

2.10.2 Transformation of chemically competent E. coli cells 

 An aliquot of chemically competent E. coli Top Ten cells was thawed on ice, mixed 

with ~100 ng plasmid DNA or up to 10% (v/v) of a ligation mix and incubated for 20 min 

on ice. Following 45 sec of heat shock at 42°C, cells were diluted with 1 ml of LB medium, 

incubated for 45 min at 37°C with constant shaking and plated on an agar plate with the 
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respective antibiotic. In case ampicillin was used, cells were plated on an agar plate 

directly after the heat shock.  

2.10.3 Isolation of plasmid DNA 

To isolate plasmid DNA for sequencing or genetic manipulations, a single E. coli 

colony was incubated in 5 ml of LB medium with the respective antibiotic and grown 

overnight at 37°C with constant shaking (200 rpm). Bacteria were pelleted by 

centrifugation for 10 min at 4500 ×g, followed by plasmid DNA isolation with the GeneJET 

Plasmid Miniprep kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. For the preparation of transfection-grade DNA, a single E. coli colony was 

inoculated in 5 ml of LB medium with the respective antibiotic for 8 h, then diluted 1:1000 

into 220 ml of the antibiotic-containing LB medium and grown overnight at 37°C with 

constant shaking (200 rpm). DNA was subsequently isolated with the NucleoBond Xtra 

Midi Plus kit (Macherey-Nagel) according to the manufacturer’s instructions. 

 

2.11 Methods for mammalian cells 

2.11.1 Cell thawing and freezing 

 For cell thawing, a cryovial with frozen cells was transferred from the -150°C freezer 

into a water bath pre-warmed to 37°C. After thawing, cell suspension was added dropwise 

to a petri dish containing the respective cell medium. Cells were allowed to adhere to the 

dish overnight, and the following day the media was exchanged. 

 For cell freezing, exponentially grown cells were washed once with pre-warmed to 

37°C Dulbecco’s Phosphate-Buffered Saline (DPBS) (Gibco) and incubated with 0.05% 

Trypsin-EDTA-Phenol red (Gibco) until complete cell detachment. Cell suspension was 

mixed with complete DMEM or RPMI 1640 medium, followed by centrifugation at 300 ×g 

for 3 min. Cell pellet was resuspended in freezing medium (90% complete growth medium, 

10% DMSO), distributed in cryovials and transferred to the -80°C freezer in a CoolCell 

Freezing Container. The next day cryovials were transferred to the -150°C freezer for 

long-term storage.  



74 
 

2.11.2 Cell passaging 

 Cells were passaged once they reached ~90-100% confluency. After washing with 

DPBS, pre-warmed to 37°C, cells were incubated with 0.05% Trypsin-EDTA-Phenol red 

until complete cell detachment. Trypsin was inactivated by the addition of the complete 

growth medium, and cells were transferred to a new dish in a 1:8 to 1:10 dilution. Due to 

their slow growth rate, MDA-MB-436 cells were typically split in a 1:4 dilution.  

2.11.3 Cell harvesting 

In case cell lysates were needed, cells were washed on the plate once with DPBS, 

collected with a cell scraper in 1-2 ml of ice-cold DPBS and centrifuged at 300 ×g for 3 

min. DBPS was removed, and cell pellets were stored at -80°C until further processing. 

Cell harvesting for flow cytometry is described in section 2.11.11. 

2.11.4 Cell counting 

 The number of cells in a cell suspension after trypsinisation was determined with a 

TC20 Automated Cell Counter (BioRad) according to the manufacturer’s instructions. 

2.11.5 Transient transfection of DNA 

HEK 293T cells were transfected with polyethyleneimine (PEI) and RPE1 hTERT 

cells with the Fugene HD (Promega) reagent.  

2.11.5.1 Cell transfection with polyethyleneimine 

For transfection in 6-well plates, 2*105-5*105 HEK 293T cells were plated 24 h prior 

to transfection. 1.5 μg of plasmid DNA was mixed with 6 μl of PEI solution (1 mg/ml) in 

250 μl of DMEM media without FBS but with all other aforementioned supplements, 

vortexed and incubated for 10 min at room temperature. 750 μl of full DMEM media was 

then added to the DNA-PEI mix and the resulting 1 ml of the transfection mix was added 

to cells. For the transfection of larger cell plates, the amounts of reagents were scaled up 

accordingly. 

2.11.5.2 Cell transfection with Fugene HD 

 For transfection in 10-cm dishes, 1-2*106 RPE1 hTERT cells were plated 24 h prior 

to transfection. 3 μg of plasmid DNA were mixed with 9 μl of the Fugene HD reagent in 
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510 μl of Opti-MEM medium (Life Technologies) and incubated for 10 min at room 

temperature. Cell medium was replaced with 10 ml of fresh full RPMI 1640, followed by 

the dropwise addition of the transfection mix. The medium was replaced 24 h after 

transfection. 

2.11.6 Transient transfection of siRNA 

 Transient cell transfection with siRNA duplexes was performed with the 

Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific). For transfection in 10-cm 

dishes, 1-2*106 RPE1 hTERT cells were plated 24 h prior to the transfection. 10 μl of 

siRNA duplex solution was mixed with 25 μl of the Lipofectamine RNAiMAX reagent in 1 

ml of Opti-MEM medium and incubated for 20 min at room temperature. Cell medium was 

exchanged with 4 ml of Opti-MEM, pre-warmed to 37°C, followed by dropwise addition of 

the transfection mix. For RPE1 hTERT cells, medium was exchanged 8 h, for MDA-MB-

436 cells – 4 h after transfection. Functional experiments were performed 72 h after siRNA 

transfections. 

2.11.7 Creation of stable cell lines via Flp-In integration 

  2.7 μg of the Flp-recombinase expression vector (pOG44, ID 1809) was mixed with 

0.3 μg of the target plasmid and transfected in RPE1 hTERT FlpIn TREX cells (ID 120) as 

described in section 2.12.6. 24 h after transfection, cell medium was replaced, and 48 h 

after the transfection puromycin was added to the final concentration of 2 μg/ml. During 

the following 2 weeks, the medium was replaced every 2-3 days until bulk cell death took 

place and colonies of puromycin-resistant cells appeared. Surviving cells were 

trypsinised, pooled and further cultured with the standard cell culture techniques.  

2.11.8 Lentiviral transduction 

All manipulations that included lentiviral particles were conducted in the IMB S2 

laboratory. Recipient cells were plated in 10-cm dishes 24 h prior to transduction at 5*105 

(for RPE1 hTERT) or 2*106 (for HEK 293T) cells per plate. For the generation of lentiviral 

particles, lentiviral packaging plasmids (ID 3805, 3806 and 3807) were co-transfected in 

HEK 293T cells together with the rtTAE3-expressing vector (ID 4892) or the target transfer 

plasmid (based on the pLENTI CMV vector, ID 4894), as described in section 2.11.5.1. 

For each transfection, 4*106 of HEK 293T cells, 2,5 μg of each packaging plasmid and 4 
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μg of rtTAE3-expressing vector or the target plasmid were used. 7 h after transfection, the 

medium was changed with 10 ml of full DMEM, and cells were allowed to express the 

proteins for 24 h. After that, supernatants containing rtTAE3 and target plasming-

containing viral particles were combined, mixed with 16 μl polybrene (10 mg/ml stock 

solution), filter-sterilised and added to the cells-recipients. Media was replaced 24 h after 

transduction. 48 h after transduction, 100 μg/ml blasticidin and 400 μg/ml G418 were 

added to the medium. During the following 2 weeks of selection, cell medium was changed 

every 2-3 days, and cells were split 1:5 if they reached confluency.  

2.11.9 DNA fibre assay 

Cells were incubated with 50 μM CldU, washed 3× with pre-warmed to 37°C DPBS, 

followed by labelling with 50 μM IdU. The exact labelling times are described in the figure 

legends. If indicated, hydroxyurea was added during or after the second pulse, as 

described in the figure legends. After labelling, cells were washed 3× with ice-cold DPBS, 

trypsinised for 2-3 min at 37°C, diluted with complete cell media, centrifuged for 3 min at 

300 ×g, resuspended in DPBS, counted and diluted to the concentration of 1.75*105 

cells/ml. 7,5 μl of the lysis buffer were mixed with 4 μl of the cell suspension directly on 

the surface of a SuperFrost Ultra Plus Gold adhesion slide (Thermo Fisher Scientific). 

Cells were lysed on the slide at room temperature for 8.5 min. After that, the slide was 

tilted, allowing the drop to run down. The precise angle at which the slide was tilted 

depended on the temperature and the humidity of the air and was adjusted for every 

experiment in a way that it took at least 1 min for each drop to reach the end of the slide. 

The slides were air-dried for 30 min and fixed overnight in a fixation solution. Next day, 

the slides were washed 2× 3 min in PBS, dipped in water and denatured in 2,5M HCl for 

1,5 h at room temperature. Slides were washed with PBS 6× 2,5 min and blocked with a 

blocking solution for 40 min at room temperature. After that, the slides were incubated 

with primary antibodies (anti-BrdU ID 11 and 423) for 2,5h at room temperature, washed 

3× 5 min in PBST, followed by the incubation with the secondary antibodies (ID 88 and 

186) for 1 h at room temperature in the dark. The slides were washed 3× 5 min in PBST, 

2× 1 min in water, air-dried and mounted in ProLong Diamond Antifade Mountant (Thermo 

Fisher Scientific). Images of DNA fibres were acquired with a Widefield Fluorescence 

Microscope (Thunder, LASX software, Leica) (magnification: 63x, NA 1.44 HC PL APO oil 
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immersion objective; LED illumination and the corresponding emission filters: 635 nm, 

642/80 and 475 nm, 535/70). Lengths of DNA fibres were quantified manually using the 

Fiji/ImageJ software. 

2.11.10 Preparation of cell lysates 

  Cells were collected with a cell scraper in ice-cold PBS, centrifuged at 1000 ×g for 

3 min, the cell pellet was resuspended in RIPA buffer, supplemented with 1x cOmpleteTM 

protease inhibitor cocktail (Roche) and Sm nuclease (0.625 cU/ μl), and incubated for 1 h 

on ice. Lysates were centrifuged at 21500 ×g for 10 min, and the supernatant was 

transferred to a new tube. Protein concentration was determined with the Protein Assay 

Dye Reagent (Bio-Rad) according to the manufacturer’s instructions.   

2.11.11 Cell cycle analysis by flow cytometry 

For cell cycle analysis by flow cytometry, cells were washed once on a plate with 

DPBS, pre-warmed to 37°C, and incubated with 0.05% Trypsin-EDTA-Phenol red (Gibco) 

until complete cell detachment. Trypsin was inactivated by addition of complete cell media, 

cells were centrifuged at 300 ×g for 5 min, washed once with PBS and centrifuged again 

at 300 ×g for 5 min. The supernatant was discarded, and the cell pellet was resuspended 

in 50 μl of ice-cold PBS. 1 ml of 70% ethanol, pre-cooled to -20°C, was added dropwise 

to the cell suspension with constant vortexing. Cell suspension was stored overnight at 

4°C and then transferred to -20°C until further processing. For the propidium iodide (PI) 

staining, cells were centrifuged at 1000 ×g for 10 min, washed once with 1 ml of ice-cold 

PBS and centrifuged again at 1000 ×g for 10 min. The supernatant was discarded, cells 

were resuspended in 500-1000 μl of PI staining buffer and incubated for 30 min at room 

temperature. Cells were analysed on the BD LSRFortessa SORP system (BD 

Biosciences) equipped with the BD FACSDIVA software. Data were analysed with the 

Flow Jo software. 

For 2D cell cycle analysis, 10 μl of EdU were added to cell medium 30 min before 

harvest. Coupling of the AlexaFluor 647 fluorophore was performed with Click-ITTM 647 

Flow Cytometry Assay kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Analysis of cells by flow cytometry was performed as described above.  



78 
 

2.11.12 Detection of single-stranded DNA by immunofluorescence 

RPE1 hTERT cells were plated in 6-well plates with coverslips (Carl Roth) at 

650000 cells/well and cultured in the presence of 10 μM BrdU for 24 h. Next, cells were 

treated as described in the respective figure legend, coverslips were transferred to a 24-

well plate, washed once briefly with ice-cold PBS and incubated for 5 min with pre-

extraction buffer on ice. Following another wash with PBS, cells were incubated with 4% 

formaldehyde in PBS for 10 min at room temperature and permeabilised with 0.3% Triton 

X-100 in PBS for 15 min at room temperature. Coverslips were then washed again in PBS 

and incubated in the blocking buffer for 1 h. Primary anti-BrdU antibody (clone B44, ID) 

solution was applied overnight at 4°C. Coverslips were washed 3× 5 min in PBST, 

incubated with secondary antibody (ID 86) for 1 h at room temperature, washed again 3× 

5 min in PBST and incubated with 1 μg/ml Hoechst 33342 (Thermo Fisher Scientific) in 

PBS for 5 min at room temperature for total DNA staining. Image acquisition and analysis 

were performed as described in section 2.11.9. 

2.11.13 SILAC labelling of cells 

For the analysis of the interactome of polyubiquitylated PCNA, stable isotope 

labelling by amino acids in cell culture (SILAC) mass spectrometry-based approach was 

used (Ong and Mann 2006). HEK 293T were labelled with ‘light’ (Lys-0, Arg-0), ‘medium’ 

(Lys-4, Arg-6) or ‘heavy’ (Lys-8, Arg-10) amino acids for 2 weeks and transfected as 

described in section 2.11.5.1. PCNA was immunoprecipitated as described in section 

2.12.1. During the last wash, beads from different samples belonging to the one replicate 

were pooled. Downstream processing and data analysis were performed by Ivan Mikicic 

(Petra Beli laboratory). 

2.11.14 Cell viability assay 

Cells were transfected with siRNAs as described in section 2.11.6 and, after 24 h, 

plated on a 96-well plate at 2000 cells per well. Next day, cell medium was replaced, and 

cells were treated as indicated in the respective figure legend for 72 h. Viability of cells 

was assessed with the MTT Cell Viability Assay Kit (Sigma Aldrich) according to the 

manufacturer’s instructions. 
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2.12 Detection of protein ubiquitylation 

2.12.1 Detection of PCNA ubiquitylation by PCNA immunoprecipitation 

Cells (typically 1 sub-confluent 15-cm plate per condition) were treated as indicated 

in the respective figure legends and collected with a cell scraper in ice-cold PBS. Cells 

were centrifuged at 1000 ×g for 3 min, the cell pellet was resuspended in the cell 

fractionation buffer, supplemented with 1× cOmpleteTM protease inhibitor cocktail (Roche), 

and incubated for 15 min on ice. The suspension was then centrifuged at 1300 ×g for 5 

min, the supernatant was discarded, and cell pellets were frozen at -80°C for at least 30 

min. Pellets were then resuspended in 1 ml of ice-cold RIPA buffer, supplemented with 1x 

cOmpleteTM protease inhibitor cocktail (Roche) and Sm nuclease (0.625 cU/ μl), followed 

by incubation for 45 min on ice. 60 μl of 5M NaCl was added to the lysates, which were 

briefly vortexed and incubated on ice for 15 min. Lysates were centrifuged at 21500 ×g 

for 10 min, supernatants were transferred to new tubes, and protein concentration was 

determined with the Protein Assay Dye Reagent (Bio-Rad) according to the 

manufacturer’s instructions.  Equal amounts of proteins for different conditions were mixed 

with RIPA buffer to make the total volume up to 1 ml, and 300 μl of dilution buffer for 

immunoprecipitation were added. 13 μl of each sample were taken out, mixed with 5 μl of 

4x NUPAGE LDS Sample buffer (Thermo Fisher), supplemented with 100 mM DTT, 

incubated at 95°C for 5 min and later used as the ‘input’ samples. 1.5 μg of monoclonal 

PC10 were added to each sample except for the negative control, and the samples were 

incubated for 2 h at 4°C. 40 μl of 50% Protein A-agarose slurry per sample were washed 

once with 500 μl of RIPA buffer and added to the cell lysates, followed by an overnight 

incubation at 4°C. Beads were then centrifuged at 1000 ×g for 3 min, the supernatant was 

discarded, and the beads were washed 6× 5 min with 1 ml of RIPA buffer at 4°C. After the 

last wash, the supernatant was removed completely with a syringe, and proteins were 

eluted in 60 μl of 2× NUPAGE LDS Sample buffer (Thermo Fisher), supplemented with 

50 mM DTT, at 95°C for 15 min. Beads were then centrifuged at 1000 ×g for 3 min, and 

the eluate was used for SDS-PAGE and western blotting (sections 2.9.1 and 2.9.2). 
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2.12.2 Detection of protein ubiquitylation by denaturing Ni-NTA pulldown 

HEK 293T cells were plated at 5*106 cells per 10-cm plate (for the pulldown of His-

tagged histone H2B, 48 h prior to harvest) or at 2.5*106 cells per 10-cm plate (for the 

pulldown of his-tagged ubiquitin, 72 h prior to harvest) and transfected with the required 

constructs 24 h after plating. On the day of harvest, cells were optionally treated as 

indicated in the respective figure legends and collected in ice-cold PBS with a cell scraper. 

After centrifugation at 1000 ×g 3 min, the cell pellet was lysed in 1.5 ml of buffer A. Lysates 

were sonified with the Branson Ultrasonics sonifier (2-3 pulses at the lowest intensity) to 

reduce the viscosity. 22.5 μl of 1M imidazole and 40 μl of 50% Ni-NTA slurry were added 

to each sample and incubated overnight on a rotation wheel at 4°C. Beads were washed 

4× 5 min buffer A and 2× 5 min buffer B at room temperature, followed by incubation with 

50 μl elution buffer for 10 min at 95°C. Beads were centrifuged for 5 min at 1000 ×g, 

eluates were collected and analysed by SDS-PAGE and western blotting (sections 2.9.1 

and 2.9.2) 

2.12.3 Ubiquitin chain restriction assay (UBICREST) 

For the in vitro ubiquitin chain restriction assay (UBICREST), PCNA was 

immunoprecipitated from mammalian cells as described in section 2.12.1 before the 

elution step. Beads were additionally washed 2 times with 500 μl of 1x ubiquitylation 

buffer, and after the last wash, the supernatant was completely removed with a syringe. 

Beads were resuspended in 80 μl of the 1x ubiquitylation buffer. If indicated, AMSH, 

OTUB1 or USP2cc were added to the final concentrations of 3 μM, 10 μM and 1 μM, 

respectively. Beads were incubated at 37°C for 1 h with constant shaking and manually 

vortexed every 10 min. Beads were then centrifuged for 5 min at 1000 ×g, 60 μl of the 

supernatant were mixed with 20 μl of 4x NUPAGE LDS Sample buffer (Thermo Fisher), 

supplemented with 100 mM DTT, and incubated at 95°C for 5 min (‘Supernatant’ fraction). 

The remaining supernatant was completely removed from the beads with a syringe, and 

proteins were eluted from the beads with 60 μl of 2x NUPAGE LDS Sample buffer (Thermo 

Fisher), supplemented with 50 mM DTT, at 95°C for 15 min. Beads were centrifuged at 

1000 ×g for 3 min, and the eluate was collected (‘Elution’ fraction). The presence of 

ubiquitin chains on ubiquitylated proteins in the ‘Supernatant’ and ‘Elution’ fractions was 

analysed by SDS-PAGE and western blotting (sections 2.9.1 and 2.9.2). 
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2.13 In vitro ubiquitylation assay 

 In vitro ubiquitylation assay was performed in 1x ubiquitylation buffer supplemented 

with 100 μM ATP in a 10 μl scale. 2 μM PCNA or PCNAUb(K164), 5 μM ubiquitin, 0.1 μM 

Uba1, 0.2 μM Ubc13 or UBE2N, 0.2 μM Mms2 or UBE2V2 and 1 μM PIP-E363 were 

incubated at 30°C for 40 min. The reaction was stopped by the addition of 3 μl of 4x 

NUPAGE LDS Sample buffer (Thermo Fisher) and analysed by SDS-PAGE and western 

blotting (sections 2.9.1 and 2.9.2). 
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Chapter 3 
 

Results 
 

 

3.1 Basis of the study. Design of PCNA-selective linkage-specific ubiquitin 

ligases 

DNA repair mechanisms are essential to preserve the integrity of genomic 

information and to sustain life at both cellular and organismal levels. DNA damage can be 

hazardous for cells during DNA replication, as it may lead to incorrect duplication of the 

genetic information and, ultimately, cell death or the development of cancer. To minimise 

possible devastating effects of DNA lesions during S phase, cells have developed a series 

of pathways, collectively termed “DNA damage bypass”. They allow to complete DNA 

replication in the presence of DNA lesions, which can be removed in a postreplicative 

manner once replication has finished. One of the critical layers of DNA damage bypass 

regulation is posttranslational modifications of the DNA sliding clamp PCNA (Ulrich and 

Takahashi, 2013). Upon accumulation of replication intermediates due to replication over 

damaged DNA, PCNA undergoes Rad18-dependent monoubiquitylation – a signal that 

recruits translesion synthesis polymerases to the sites of DNA damage. Subsequent 

extension of this monoubiquitin into a K63-linked chain activates an error-free branch of 

damage bypass. Although K63-linked PCNA polyubiquitylation is a phenomenon known 

for over 20 years (Hoege et al., 2002; Stelter and Ulrich, 2003), a comprehensive 

understanding of the pathway is still missing. In mammalian cells, DNA translocase 

ZRANB3 has been shown to bind polyubiquitylated PCNA via a combination of its PCNA-

binding motifs (PIP and APIM) and NZF domain, selective towards K63-linked ubiquitin 

chains (Ciccia et al., 2012). Recruitment of ZRANB3 to stalled replication forks promotes 

their transformation into Holliday junctions via a process termed replication fork reversal. 

However, yeast cells lack a convincing homologue of ZRANB3, and replication fork 

reversal is a rare event unless checkpoint signalling is deactivated (Sogo et al., 2002), 

indicating the presence of another reader of PCNA polyubiquitylation. In yeast, PCNA 

polyubiquitylation is catalysed by the E3 ligase Rad5, which, together with its cognate E2 
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Ubc13/Mms2, extends monoubiquitin moiety on PCNA into a polyubiquitin chain. As Rad5 

is a multi-domain protein that also recruits TLS polymerases and has a helicase activity 

(Gallo et al., 2019; Blastyák et al., 2007), it was initially not clear whether the presence of 

a ubiquitin chain on PCNA is sufficient to activate error-free DNA damage bypass in yeast, 

or ubiquitin-independent functions of Rad5 are also essential for this pathway. 

Furthermore, the importance of linkage type in this process has not yet been 

characterised. These biological problems have been successfully solved by replacing 

Rad5 with artificial enzymes that mimic its ubiquitin ligase activity and are able to create 

not only native K63 but also other types of polyubiquitin linkages (Wegmann et al., 2022). 

The catalytic core of these artificial enzymes is based on previously identified and further 

developed in our laboratory highly linkage-selective ubiquitin ligases. These enzymes 

have been successfully designed for three chain types, namely K63, K48 and M1 (linear) 

linkages, and will be addressed further in the text as E363, E348 and E31, respectively. The 

design of these enzymes is described below and graphically presented in Figure 11A. 

 K63-linked chains are assembled by an S. cerevisiae RING-type ubiquitin ligase 

Pib1, which, together with its cognate highly K63-selective E2 Ubc13-Mms2, 

functions in the multivesicular body (MVB) pathway (Renz et al., 2020). In order to 

keep the ubiquitin ligase activity but abrogate MVB-related functions, the N-

terminal phosphatidylinositol 3-phosphate-binding FYVE domain was removed 

from the protein (Shin et al., 2001).  

 K48-linked chains are assembled by a S. cerevisiae protein Cue1 that acts as an 

activator for the highly K48-selective E2 Ubc7 (Bagola et al., 2013). The 

transmembrane domain of Cue1 was removed in order to prevent its targeting to 

ER membrane (Ravid and Hochstrasser, 2007). 

 M1-linked chains are assembled by the H. sapiens RING-Between-RING ubiquitin 

ligase HOIP, which is a component of the LUBAC complex and is known to function 

with several E2 enzymes. As HOIP is a large and multi-domain protein, only the 

catalytic RING-in-between-RING and linear chain determination (LDD) regions 

were used as an E31 (Smit et al., 2012). Additionally, as HOIP is allosterically 

activated by ubiquitin (Lechtenberg et al., 2016), two uncleavable (G76L) ubiquitin 
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moieties together with appropriate linkers were added N-terminally to the catalytic 

domain (Wegmann et al., 2022). 

In order to bring the enzymes to PCNA, a canonical PCNA-interacting motif (PIP-

box) from the mismatch repair protein Msh6 was fused N-terminally to the described 

catalytic domains of the E3s. The resulting enzymes are called PIP-E363, PIP-E348 and 

PIP-E31. To promote the nuclear localisation of PIP-E31, a nuclear localisation signal 

(NLS) was added upstream of a PIP box.  

High linkage selectivity of the tailor-made E3s implies that they only take a specific 

ubiquitin lysine as a substrate and therefore cannot initiate a chain on any protein other 

than ubiquitin (elongation specificity). Thus, Rad18-dependent PCNA monoubiquitylation 

is a prerequisite for the activity of the enzymes. By expressing the tailor-made E3s in a 

rad5 background, one can explore whether PCNA polyubiquitylation is sufficient to initiate 

error-free damage bypass and which linkages would support this pathway. Strikingly, PIP-

E363 is able to reverse the damage sensitivity of a rad5 strain (Wegmann et al., 2022). 

Although to a lesser extent, the same holds true for PIP-E31, which most likely reflects the 

similar conformation of K63- and linear polyubiquitin chains (Komander et al., 2009). On 

the contrary, expression of PIP-E348 causes a dominant negative effect: not only is error-

free bypass not supported, but also translesion synthesis is inhibited due to the 

proteasomal degradation of PCNA (Figure 11B). These results not only indicate that 

PCNA polyubiquitylation is sufficient to trigger error-free damage bypass in yeast but also 

delineate the geometric requirements for ubiquitin chains in this pathway. This experiment 

was the first example of an in vivo manipulation of ubiquitin signalling: depending on the 

linkage type, differently linked ubiquitin chains, assembled on the same acceptor site of 

the same substrate, provide different biological outputs.  

 



85 
 

 

 

Figure 11: Design and implementation of tailor-made ubiquitin ligases.  (A) Design of PIP-
E3s: domain arrangement of linkage-selective ubiquitin ligases and PIP-E3s that use their catalytic 
domains. Numbers below the protein schemes indicate amino acid positions in the protein 
sequence. (B) Application of PIP-E3s in S. cerevisiae reveals linkage requirements in DNA 
damage bypass. 
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  The roles of PCNA polyubiquitylation in human cells are even less well understood. 

Although this signal has been associated with ZRANB3-mediated fork reversal, an 

accumulating number of cellular pathways that depend on this modification cannot be 

explained simply assuming that ZRANB3 is the only reader of polyubiquitylated PCNA 

(Tirman et al., 2021; Thakar et al., 2020). My goal in the present work was to use PIP-E3s 

in human cells to address the following two questions: 

 What are the functional consequences of PCNA polyubiquitylation in human 

cells? 

 How important is K63 linkage in ubiquitin signalling on PCNA in human 

cells? 

In the following sections, I address these questions and discuss the optimisation 

steps that were needed to transfer the yeast PIP-E3 system into human cells, the effects 

that are caused by K63-linked PCNA polyubiquitylation, a comparison of K63 versus K48 

polyubiquitylation, the physiological relevance of PCNA polyubiquitylation and, finally, 

further development of tailor-made ubiquitin ligases, which enables their application to 

other substrates. 
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3.2 Optimisation of PIP-E3s in mammalian cells 

3.2.1 PIP-E363  

The original PIP-E3 constructs contain a canonical PIP-box from yeast Msh6, 

which interacts with yeast PCNA. Although PCNA is a highly conserved protein - the 

human and yeast orthologues display 35% identity and 62% similarity - I first tested 

whether the yeast PIP-E363 can polyubiquitylate human PCNA in vitro. As a substrate, I 

used PCNA pre-monoubiquitylated by UbcH5c at its native lysine K164 (Hibbert and 

Sixma, 2012). As demonstrated in Figure 12A, PIP-E363 readily polyubiquitylates 

monoubiquitylated PCNA with a similar efficiency for yeast Ubc13-Mms2 pair or their 

human homologs UBE2N-UBE2V2. In accordance with the elongation specificity of PIP-

E3s, no reaction takes place if unmodified PCNA is used as a substrate. Instead, free 

ubiquitin chains are accumulated in this condition. This justifies the use of the PIP-E3 

constructs with the original PIP box in human cells.  

 

 

Figure 12: PIP-E363 is active in vitro and in human cells. (A) In vitro ubiquitylation assay with 
PCNA and PCNA-Ub(K164) as substrates and PIP-E363 as a ligase. Yeast and human E2s were 
compared. (B) PIP-E363 was expressed in HEK 293T cells for 24 h, followed by PCNA 
immunoprecipitation from chromatin. PCNA polyubiquitylation was analysed in the 
immunoprecipitate fraction, and expression of the ligase in whole cell extracts.  
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In order to proceed with in vivo studies, a codon-optimised version of PIP-E363 was 

cloned under the control of the CMV promoter and, as a proof-of-concept, overexpressed 

in HEK 293T cells. As shown in Figure 12B, expression of PIP-E363 induces robust 

polyubiquitylation of PCNA, visualised by the anti-Ubiquitin and anti-PCNA-Ub (native 

K164 linkage) antibody after immunoprecipitation of PCNA from chromatin. Importantly, 

in striking contrast to yeast, the basal levels of PCNA monoubiquitylation, likely originating 

from endogenous DNA damage or due to replication over difficult-to-replicate regions 

(Tubbs and Nussenzweig, 2017), are sufficient to support PIP-E363 activity.  

 

3.2.2 PIP-E348 

 Unlike K63-linked, K48-linked ubiquitin chains represent a canonical signal for 

proteasomal degradation and are rapidly deconjugated upon degradation of a substrate 

(Shin et al., 2020). Despite strong genetic evidence for PIP-E348 activity in vivo, K48-linked 

chains have not been detected on yeast PCNA, likely because of their transient nature 

(Wegmann et al., 2022). To overcome this problem, His10-tagged ubiquitin was 

overexpressed in human HEK 293T cells together with codon-optimised PIP-E348. 

Subsequent Ni-NTA pulldown under fully denaturing conditions allows the identification of 

all proteins that have incorporated His-tagged ubiquitin, including PCNA. Furthermore, in 

order to boost E3 activity, I co-overexpressed PIP-E348 together with the original yeast 

Ubc7, a codon-optimised version of it (hcoUbc7) or its human homologue UBE2G2. The 

results of the experiment are shown in Figure 13A. If only His-tagged ubiquitin, but no 

PIP-E348 is transfected, the anti-PCNA antibody detects a single species, likely 

representing PCNA modified with a single His-tagged ubiquitin. Expression of PIP-E348 

results in the formation of higher molecular weight PCNA forms, likely representing K48-

linked chains. Co-expression of non-codon-optimised Ubc7 further augments chain 

formation, and co-expression of UBE2G2 results in longer ubiquitin chains. Strikingly, 

when the codon-optimised version of Ubc7 is used, I observed the disappearance of 

monoubiquitylated PCNA concomitantly with the formation of high molecular weight 

species. This may indicate that the combination of PIP-E348 with codon-optimised Ubc7 

leads to very efficient polyubiquitylation of PCNA with K48 linkages and its subsequent 

rapid degradation. As PIP-E348 is elongation-specific, only monoubiquitylated PCNA 
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should undergo polyubiquitylation and degradation, which could explain the 

disappearance of the PCNA-Ub form. These results correlate with the expression levels 

of the enzymes, shown in Figure 13B: while the original yeast Ubc7 is hardly detectable 

by western blotting, codon optimisation drastically increases its levels. The disappearance 

of the monoubiquitylated PCNA in total cell extracts upon co-expression of PIP-E348 with 
hcoUbc7 correlates with the results of the Ni-NTA pulldown. Taken together, these results 

show that, depending on the co-expressed E2, PIP-E348 may create chains of different 

lengths and intensities. The most active combination is PIP-E348 together with hcoUbc7. 

 

 

 

Figure 13: Optimisation of PIP-E348 system in mammalian cells. (A) HEK 293T cells were 
transfected with the indicated constructs and allowed to express the proteins for 48 h. His-tagged 
ubiquitin conjugates were isolated via Ni-NTA pulldown and analysed for presence of PCNA by 
western blotting. (B) Expression of the enzymes as well as PCNA ubiquitylation were analysed by 
western blotting in the lysates of cells that were used for Ni-NTA pulldown. 

 

3.2.3 PIP-E31  

Linear polyubiquitylation by PIP-E31 was investigated analogously. Due to the high 

repetitiveness and GC content of the full-length PIP-E31, I was able to optimise the codon 

usage of this construct only partially (Figure 14A). Nevertheless, I detect the activity of 
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the PIP-E31 on PCNA after performing denaturing pulldown from cells expressing His-

tagged ubiquitin (Figure 14B). Importantly, unlike K48-linked chains, the incorporation of 

a His-tagged ubiquitin into a growing M1-linked chain terminates it because its N-terminus 

is blocked by the His-tag itself. Therefore, it is not surprising to see that, when co-

expressed with His-tagged ubiquitin, PIP-E31 predominantly creates di- and tri-

ubiquitylated PCNA forms. Interestingly, even though the codon usage of this construct 

could not be fully optimised, partial optimisation still results in higher expression levels of 

the enzyme and more potent PCNA polyubiquitylation.  

 

 

 

 

Figure 14: Optimisation of PIP-E31 system in mammalian cells. (A) Schematic representation 
of the PIP-E31 enzyme. The region that was codon optimised for expression in human cells is 
encircled with a red dashed line. (B) HEK 293T cells were transfected with the indicated constructs 
and allowed to express the proteins for 48 h. His-tagged ubiquitin conjugates were isolated via Ni-
NTA pulldown and analysed for presence of PCNA by western blotting (left). Expression of the 
enzymes was analysed by western blotting in total lysates from the cells that were used for the 
Ni-NTA pulldowns. 
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3.3 Excessive K63-linked PCNA polyubiquitylation results in replication 

catastrophe  

3.3.1 Creation of a cell line with inducible expression of PIP-E363 

Up until now, the DNA damage field has accumulated a lot of data that originate 

from different model organisms and, particularly, from different human cell lines. As 

mutations in DNA damage response pathways are one of the key mechanisms employed 

by cancer cells to achieve immortality, the genetic background of a cell line should be 

taken into account when interpreting experimental results (Erenpreisa and Cragg, 2013). 

Importantly, some DNA damage and replication stress-related phenotypes are cell line-

specific, and the reasons for this specificity remain unclear (Liu et al., 2020). As a starting 

point, I chose a human retinal epithelial cell line RPE1 hTERT for two main reasons. First, 

this cell line is diploid, chromosomally stable and untransformed, immortality being 

achieved via constitutive telomerase expression.  Second, PCNA polyubiquitylation has 

been shown to be essential for fork protection in these cells (Thakar et al., 2020). Data 

from the Ulrich laboratory, as well as others (Igoucheva et al., 2006), suggest that the 

introduction of exogenous double-stranded DNA in mammalian cells via transient 

transfection leads to activation of DNA damage response, which may be the consequence 

of lesions present in the transfected DNA. Therefore, in order to carefully analyse the 

impact of K63-linked PCNA polyubiquitylation on damage signalling, PIP-E363 was stably 

integrated in RPE1 hTERT FlpIn cells via FRT recombination (Figure 15A). In the 

resulting cell line, hereafter called RPE1 hTERT PIP-E363, the open reading frame of the 

ligase was integrated into the genome and placed under the control of a doxycycline-

inducible promoter. In this system, two copies of a TetO sequence are placed immediately 

downstream of a CMV promoter and, in the absence of doxycycline, are tightly bound by 

the TetR protein expressed in the host line. The addition of doxycycline releases TetR 

from the DNA, allowing transcription from the CMV promoter. As the initial PIP-E363 

construct contained a VSV tag at the N-terminus and the vector for FlpIn recombination 

provided a Flag tag, the resulting protein expressed in the RPE1 hTERT PIP-E363 cell line 

carried both tags. As expected, the addition of doxycycline induced robust expression of 

PIP-E363, detectable by western blotting with the anti-Flag or anti-VSV antibodies (Figure 

15B). Furthermore, I observed that expression of the construct begins as early as 2 h after 
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the addition of doxycycline and gradually increases over time (Figure 15C). To analyse 

whether PIP-E363 expression level, arising from a single-copy integration, is sufficient to 

induce PCNA polyubiquitylation, I analysed the presence of ubiquitin chains on PCNA 

after 24 h expression of the enzyme by means of PCNA pulldown from chromatin. Albeit 

less efficient than after a transient overexpression of PIP-E363 in the HEK 293T cell line, 

PCNA polyubiquitylation was also induced by adding doxycycline to RPE1 hTERT PIP-

E363 cells (Figure 15D). Importantly, when PCNA monoubiquitylation was enhanced by 

UV light treatment, the amount of PIP-E363-generated chains increased correspondingly. 

I also observe a decrease in monoubiquitylated PCNA levels after expression of the 

ligase, consistent with the conversion of PCNA-Ub into polyubiquitylated forms. These 

data justify the use of an RPE1 hTERT PIP-E363 cell line as a model system to study 

PCNA polyubiquitylation. 
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Figure 15: Creation and characterization of an RPE1 hTERT PIP-E363 cell line. (A) Schematic 
representation of cell line generation based on FRT recombination. (B) Indicated cell lines were 
treated with 1 μg/ml doxycycline for 24 h and expression of PIP-E363 was analysed by western 
blotting. Asterisks indicate signal remaining from Flag or VSV detection. (C) RPE1 hTERT PIP-
E363 cells were treated with 10 nM or 100 nM doxycycline for the indicated times, followed by 
western blotting. (D) RPE1 hTERT PIP-E363 cells were treated with 1 μg/ml for 24 h and, if 
indicated, irradiated with 40 J/m2 4h prior to cell harvesting. After chromatin fractionation and lysis, 
PCNA was immunoprecipitated from the lysates and analysed by western blotting with the 
indicated antibodies. 
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3.3.2 PIP-E363-expressing cells activate checkpoint signalling and exhibit S phase 

arrest 

A common hallmark of cells experiencing replication stress or DNA damage is the 

activation of checkpoint signalling. This involves hyperactivation of certain kinases, 

typically ATR, ATM and DNA-PK, characterised by increased self-phosphorylation and 

phosphorylation of substrates such as CHK1, CHK2, RPA, H2AX and many others (Lanz 

et al., 2019). PCNA polyubiquitylation is also a cellular response to replication stress; 

however, it is not yet known how a cell would react to this modification if no DNA damage 

is present. To understand whether polyubiquitylation of PCNA without exposing cells to 

DNA-damaging agents also induces checkpoint activation in cells, we first analysed the 

phosphorylation status of the checkpoint kinase CHK1. Surprisingly, we observe strong 

activation of CHK1 phosphorylation, starting from 6 h post-PIP-E363 induction (Figure 

16A). Interestingly, while phosphorylated CHK1 peaks at early time points, it almost 

disappears after 24 h, together with a drop in total CHK1 levels. As phosphorylation of 

CHK1 has been shown to be a destabilizing modification (You-Wei Zhang et al., 2005), 

the results suggest that excessive and persistent CHK1 phosphorylation during extensive 

PIP-E363 expression leads to substantial degradation of this kinase. We also observe 

phosphorylation of the histone variant H2AX at serine 139 (γH2AX), which is a common 

marker for the presence of DNA double-strand breaks. Unlike phospho-CHK1, we do not 

see an increase in γH2AX at the early time points but rather late, suggesting that DNA 

double-strand breaks occur as a consequence of long-term replication stress induced by 

PIP-E363. As CHK1 phosphorylation is carried out by ATR, which is typically activated 

upon persistent exposure of single-stranded DNA, I analysed RPA phosphorylation at S33 

and T21 as a proxy for the presence of single-stranded DNA. Indeed, both phosphorylated 

RPA forms appear after the expression of PIP-E363, and the kinetics of this modification 

is more similar to that of phospho-CHK1 than γH2AX (Figure 16B). Interestingly, the 

extent of checkpoint activation is comparable or even higher, as for the 24 h time point, 

than that induced by 40J/m2 UV light, which is considered a high dose of DNA damage. 

Taken together, these data suggest that expression of PIP-E363 leads to exposure of 

single-stranded DNA and checkpoint activation, ultimately resulting in DNA double-strand 

breaks. 
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As activation of checkpoint signalling slows down cell cycle progression, I analysed 

the DNA content of RPE1 hTERT cells expressing PIP-E363 for 6–48 h. As shown in 

Figure 16C, expression of PIP-E363 leads to a strong early S-phase arrest: the effect is 

already noticeable 12 h after the addition of doxycycline and becomes stronger at the later 

time points.  

 

 

 

Figure 16: PCNA polyubiquitylation induces checkpoint activation and cell cycle arrest. (A) 
RPE1 hTERT PIP-E363 cells were treated with 1 μg/ml doxycycline for the indicated time periods 
and, if indicated, irradiated with 40 J/m2 4h prior to cell harvesting. Activation of checkpoint 
signalling was analysed by western blotting with indicated antibodies. Ponceau S staining serves 
as a loading control. (B) RPA phosphorylation was analysed by western blotting for cells treated 
as in (A). (C) RPE1 hTERT PIP-E363 cells were treated as in (A), followed by cell cycle analysis 
by flow cytometry. 
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The significant accumulation of PIP-E363-expressing cells in the S phase suggests 

they struggle to complete replication. This phenomenon could be caused by lower total 

replication speed, which can be monitored by nucleotide incorporation. 2D cell cycle 

analysis reveals a robust decrease in the incorporation of the thymidine analogue EdU 

24 h and, even stronger, 48 h after the expression of PIP-E363 (Figure 17A). This 

indicates that PIP-E363-expressing cells require more time to complete replication, thus 

explaining their accumulation in the S phase. At the same time, lower EdU incorporation 

for cells in the S phase can have two main reasons. First – the number of replication forks 

remains unchanged, but their velocity decreases. Second – the speed of individual forks 

per se is unaffected, but the total number of active replication forks decreases. The second 

scenario is less likely, as the general response to replication stress involves excessive 

firing of new origins, leading to more replication forks being active at a given time (Courtot 

et al., 2018). Nevertheless, one cannot exclude that PCNA polyubiquitylation may 

permanently stall replication forks, decreasing the number of moving replisomes. In order 

to discriminate between these two scenarios, I performed a DNA fibre assay, which allows 

monitoring of replication speed at the level of individual replication forks. This assay 

involves the treatment of the cells with two different thymidine analogues, CldU and IdU, 

followed by cell lysis and spreading of the DNA on a glass slide. Subsequent 

immunofluorescent detection of CldU and IdU allows direct visualisation of replication 

tracts and analysis of fork speed in given conditions. Importantly, in this assay, ongoing 

replication results in two-colour tracts, whereas one-colour tracts may represent initiation 

and termination of replication (depending on the colour) or fork stalling. As shown in 

Figure 17B, expression of PIP-E363 for 12 h results in a massive decrease in replication 

fork speed, indicating that the first scenario, namely reduced replication speed at the level 

of individual forks, is responsible for the cell cycle arrest. 

 



97 
 

 

Figure 17: Lower EdU incorporation and replication speed in PIP-E363-expressing cells. (A) 
RPE1 hTERT PIP-E363 cells were mock-treated or treated with 1 μg/ml doxycycline for 24 h or 48 
h, followed by a treatment with 10 μM EdU for 30 min. Levels of incorporated EdU as well as total 
DNA content were analysed by flow cytometry. (B) DNA fibre assay was performed in RPE1 
hTERT PIP-E363 cells that were mock-treated or treated with 1 μg/ml doxycycline for 12 h. 
Representative images and quantification of total tract lengths are shown. Scale bar corresponds 
to 30 μm. ****p<0.0001 (Mann-Whitney U test). 

 

3.3.3 ATR inhibition exacerbates effects of PIP-E363 

The above-described data demonstrate that K63-linked PCNA polyubiquitylation 

by PIP-E363 leads to dramatic consequences for cells: intra-S checkpoint signalling is 

activated, fork speed decreases, and cells arrest in the S phase. This persistent replication 

arrest ultimately results in the formation of double-strand breaks. It is known that activation 

of checkpoint signalling per se even in the absence of real DNA damage may inhibit cell 

cycle progression (Soutoglou and Misteli, 2008). Therefore, I aimed to understand 

whether inhibition of checkpoint signalling would prevent any long-term adverse effects of 

PIP-E363 expression. Phosphorylation of CHK1 and RPA at S33 upon expression of PIP-

E363 suggests that ATR is one of the kinases responsible for checkpoint generation. 

Therefore, I reasoned that if ATR activity is the reason for replication collapse after PIP-

E363 expression, inhibition of this kinase should prevent the negative effects of PCNA 

polyubiquitylation, including DSB formation. As shown in Figure 18, the addition of the 
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ATR inhibitor VE-821 essentially prevents CHK1 phosphorylation after PIP-E363 

expression. Phospho-RPA T21 levels are partially reduced, and phospho-RPA S4-S8 

levels are unaffected, consistent with the known contribution of other checkpoint kinases 

to the phosphorylation of these residues (Liu et al., 2012). Strikingly, I observe a heavy 

increase in a γH2AX signal in the conditions where ATR is inhibited on top of PIP-E363 

expression. As H2AX phosphorylation is a canonical marker of DNA double-strand 

breaks, this indicates that ATR activity prevents DNA breakage after prolonged PCNA 

polyubiquitylation. In this respect, the expression of PIP-E363 is similar to the treatment of 

cells with the replication stress-inducing agent hydroxyurea (HU). Inhibition of ATR leads 

to excessive firing of new origins and RPA exhaustion, leading to the formation of single-

stranded DNA that is not coated by RPA and therefore prone to breakage (Toledo et al., 

2013). ATR has a second known activity that prevents the formation of breaks during HU 

treatment: it phosphorylates SMARCAL1, preventing excessive fork reversal and SLX4-

dependent cleavage of reversed forks (Couch et al., 2013). It is likely that one of these 

mechanisms is responsible for the observed PIP-E363-induced γH2AX signalling upon 

ATR inhibition. 

 

Figure 18: ATR prevents DSB formation upon excessive PCNA polyubiquitylation. RPE1 
hTERT PIP-E363 cells were mock-treated or treated with 1 μg/ml doxycycline or 10 μM VE-821 for 
the indicated time periods. Checkpoint signalling was analysed by western blotting. Ponceau S 
staining serves as a loading control.  
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3.3.4 Effects of PIP-E363 expression are dependent on its interaction with PCNA 

and catalytic activity 

To prove that the observed phenotypes are not the result of potential off-target 

activity of PIP-E363, I created a panel of mutants of this ligase: 1) lacking the PIP-box 

(ΔPIP or, alternatively, E363), 2) containing the point mutation I227A, which has been 

shown to abolish interaction with Ubc13 in yeast (Renz et al., 2020) or 3) completely 

lacking the RING domain (ΔRING) (Figure 19A). I created RPE1 hTERT-based cell lines 

that express these mutants of PIP-E363 and compared them to the cell line expressing the 

original PIP-E363. As shown in Figure 19B, interfering with either PCNA binding or with 

the catalytic activity of E3 results in no checkpoint activation, although all constructs, 

except for the probably unstable PIP-E363ΔRING, were expressed at similar levels. 

Interestingly, I227A reduces but does not completely abolish the activity of PIP-E363 – 

nevertheless, this is sufficient to completely abrogate checkpoint signalling. Moreover, the 

expression of none of these constructs interferes with cell cycle progression either (Figure 

19C). Therefore, this means that both the interaction with PCNA and the catalytic activity 

of PIP-E363 are important to induce replication catastrophe in cells. 
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Figure 19: Negative effects of PIP-E363 require interaction with PCNA and catalytic activity. 
(A) Scheme of the PIP-E363 enzyme and its mutant forms: lacking a PIP box, containing an I227A 
mutation or lacking a RING domain. (B) RPE1 hTERT cells carrying doxycycline-inducible PIP-
E363 variants described in panel (A) were treated with 1 μg/ml doxycycline for 6 h. Expression of 
enzymes and checkpoint activation were analysed by western blotting. Ponceau S staining serves 
as a loading control. (C) Cell cycle profiles of cells treated as in (B) but for 24 h.  
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3.3.5 PCNA monoubiquitylation is a prerequisite for PIP-E363 activity in vivo 

The findings described earlier show that replication stress induced by PIP-E363 

results from its ubiquitin ligase activity in the vicinity of PCNA. However, there is a 

possibility that our tailor-made E3 extends ubiquitin(s) present on substrates other than 

PCNA. To test this hypothesis, I integrated PIP-E363 by means of lentiviral transduction in 

an RPE1 hTERT K164R (KR) mutant cell line, in which K164 of PCNA is mutated to 

arginine and therefore cannot be ubiquitylated by RAD18 (Thakar et al., 2020). As a 

control, the corresponding parental RPE1 hTERT (WT) cell line was used. Together with 

PIP-E363, TetR was integrated in the same cells in order to make expression of the ligase 

doxycycline-inducible. Additionally, to confirm that the effects are not cell line-specific, I 

also used the following panel of HEK 293T-derived cells (Thakar et al., 2020):  

1. Wild-type HEK293 (WT) 

2. Heterozygous PCNA K164R, in which other PCNA alleles were inactivated.  

The loss of PCNA levels was compensated by re-expressing wild-type 

PCNA (WT/KR). 

3. Heterozygous PCNA K164R mutant, in which other PCNA alleles were 

inactivated.  Loss of PCNA levels was compensated by re-expressing 

mutant PCNA (KR/KR). 

Figure 20A shows the expression of PIP-E363 and activation of the checkpoint after 

its integration in the described cell lines. The RPE1 hTERT FlpIn PIP-E363 cell line serves 

as a positive control (here, the ligase is ~2 kDa heavier due to the presence of an 

additional Flag tag). Despite having a higher expression of PIP-E363, the cell lines that 

harbour the PCNA K164R mutation do not activate checkpoint signalling after expression 

of the ligase, as demonstrated by the absence of phospho-RPA T21 or γH2AX. In order 

to show that the K164R mutation abolishes PIP-E363-induced polyubiquitylation, PCNA 

was immunoprecipitated from these cell lines after the expression of PIP-E363. In 

accordance with PIP-E3s being elongation-specific, polyubiquitylation of PCNA by PIP-

E363 is completely abolished when the acceptor lysine is not available (Figure 20B). 

Interestingly, compared to homozygous wild-type cells, we do not observe a decrease in 

PCNA polyubiquitylation in HEK 293T WT/KR cells. This may be due to the fact that 

exogenous PCNA is overexpressed in the WT/KR cell line, leading to slightly higher total 
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PCNA levels and may ultimately interfere with the pathway. Alternatively, it is possible that 

checkpoint activation by PIP-E363 requires all three subunits of PCNA to be 

simultaneously monoubiquitylated, which is less likely to be the case in the WT/KR cell 

line. It has been reported that such simultaneous ubiquitylation of PCNA subunits acts as 

a switch for the HLTF mode of action (Masuda et al., 2018). It remains to be understood 

what the underlying molecular mechanism of HLTF activity towards the fully and partially 

monoubiquitylated PCNA trimers is and whether it can also be applied to the PIP-E363 

system. 

Consistent with no checkpoint signalling being active in K164R cells, only wild-type, 

but not mutant RPE1 hTERT cells exhibit cell cycle arrest after PIP-E363 expression 

(Figure 20C). Interestingly, HEK 293T maintain the normal cell cycle progression even 

when the checkpoint is active, highlighting that the genetic background of a cell line may 

influence its reaction to replication stress and checkpoint signalling (Figure 20D). 

To further prove that PIP-E363-induced effects are specific for PCNA, the E3 was 

expressed in cells transiently depleted of Rad18 by means of two independent siRNAs. 

S-phase arrest (Figure 21A, 11B) and robust checkpoint activation (Figure 21C) were 

observed only in cells, transfected with control siRNA and were absent upon knock-down 

of Rad18. Of note, siRNA #1 led to a moderate decrease in expression levels of PIP-E363; 

however, this is not the case for siRNA #2 and, altogether, these results place Rad18 

upstream of PIP-E363 in the PCNA ubiquitylation cascade. 
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Figure 20: The negative effects of PIP-E363 are dependent on lysine 164 of PCNA. (A) 
Indicated cell lines with integrated PIP-E363 were treated 1 μg/ml doxycycline for 24 h. Expression 
of the E3, PCNA levels and checkpoint activation were analysed by western blotting of total cell 
lysates with the indicated antibodies. Ponceau S staining serves as a loading control.  (B) 
Indicated cell lines with integrated PIP-E363 were treated as in panel (A), followed by chromatin 
isolation, PCNA immunoprecipitation and western blotting with indicated antibodies. (C) Cell cycle 
profiles of wild-type and PCNA K164R RPE1 hTERT TetOn PIP-E363 cells, treated with 1 μg/ml 
doxycycline for 24 h. (D) Cell cycle profiles of wild-type, heterozygous and homozygous PCNA 
K164R mutant HEK 293T TetOn PIP-E363 cells, treated with 1 μg/ml doxycycline for 24 h. 
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Figure 21: The negative effects of PIP-E363 are dependent of RAD18 activity. (A) Cell cycle 
profiles of RPE1 hTERT PIP-E363 cells, transfected with control siRNA or 2 independent siRNAs 
against RAD18 for 72 h and treated with doxycycline during the last 12 h or 24 h. (B) Quantification 
of cell cycle distribution of cells treated as described in (A). (C) RPE1 hTERT PIP-E363 cells were 
treated as described in (A), followed by lysis and western blotting with the indicated antibodies. 
Ponceau S staining serves as a loading control. 
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3.3.6 Negative effects of PIP-E363 are independent of known interactors of 

polyubiquitylated PCNA 

To date, two proteins have been reported to interact with polyubiquitylated PCNA. 

One is the DNA translocase ZRANB3, which catalyses the reversal of replication forks. 

Therefore, we hypothesised that excessive fork reversal upon PIP-E363 overexpression 

may cause activation of checkpoint signalling. However, I observed that depletion of 

ZRANB3 with 2 independent siRNAs does not abolish PIP-E363-induced checkpoint 

activation (Figure 22A), indicating that the negative effects of the ligase expression are 

likely ZRANB3-independent. ZRANB3 catalyses fork reversal with at least two other DNA 

translocases – HLTF and SMARCAL1. Although a link between HLTF and SMARCAL1 

recruitment to stalled replication forks and PCNA ubiquitylation, as well as a possible 

functional redundancy between all three translocases, have not been reported, I tested 

whether depletion of HLTF and SMARCAL1 would counteract the negative effects of PIP-

E363. Similar to ZRANB3, depletion of HLTF or SMARCAL1 does not significantly change 

checkpoint activation upon PCNA polyubiquitylation (Figure 22B).  

As the factors that must act downstream of PCNA polyubiquitylation in the PIP-

E363 system do not have to bind to PCNA itself and can merely be general readers of K63-

linked chains on chromatin, I hypothesised that the responsible factor could be RAP80. 

This protein is involved in double-strand break repair by binding to K63-linked chains on 

histones and recruiting the BRCA1-A complex to damage sites to counteract resection 

(Hu et al., 2011). However, no change in checkpoint activation is observed when RAP80 

is depleted (Figure 22C). The same holds for the second known interactor of 

polyubiquitylated PCNA, WRNIP1 (Figure 22D). Thus, the phenotypes observed in the 

PIP-E363 system suggest the presence of other readers of PCNA polyubiquitylation. 
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Figure 22: The negative effects of PIP-E363 are independent of fork reversal enzymes, 
RAP80 and WRNIP1. RPE1 hTERT PIP-E363 cells were transfected with siRNAs against ZRANB3 
(A), HLTF (B), SMARCAL1 (B), RAP80 (C) and WRNIP1 (D) for 72 h and treated with doxycycline 
for 12 h or 24 h. Expression of PIP-E363 and levels of RPA phosphorylation were analysed in total 
cell lysates by western blotting. Ponceau S staining serves as a loading control. 
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3.4 Analysing the interactome of polyubiquitylated PCNA 
 

Given that the depletion of putative interactors of polyubiquitylated PCNA did not 

lead to the rescue of PIP-E363–induced checkpoint activation, I set out to identify 

interactors of polyubiquitylated PCNA in an unbiased manner in vivo by mass-

spectrometry. In order to prove that pulling down PCNA in my experimental setup 

preserves binding of PCNA to its known interactors, I analysed whether ZRANB3, HLTF, 

EXO1 and POLH, all of which have been reported to directly interact with PCNA (Ciccia 

et al., 2012; Seelinger and Otterlei, 2020; Chen et al., 2013; Bienko et al., 2005), co-

immunoprecipitate with PCNA. I also compared whether stable or transient 

overexpression of PIP-E363 influences these interactions.  

 

 

Figure 23: Immunoprecipitation of chromatin-bound PCNA preserves its interactions with 
a panel of known PCNA binders. PIP-E363 was expressed either in HEK 293T PIP-E363 cells by 
addition of 1 μg/ml doxycycline for 24 h or via a transient overexpression of PIP-E363 in wild-type 
HEK 293T cells, followed by chromatin isolation and immunoprecipitation of PCNA. The levels of 
PCNA ubiquitylation as well as co-immunoprecipitated ZRANB3, HLTF, EXO1 and POLH were 
analysed by western blotting.  
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As shown in Figure 23, all four factors bind to PCNA. However, these interactions 

seem to be independent of the ubiquitylation status of PCNA. I also observe that transient 

overexpression of the enzyme leads to more intense PCNA polyubiquitylation, justifying 

the use of this method for further MS-based experiments. 

To analyse the interactome of polyubiquitylated PCNA in mammalian cells, I 

performed SILAC labelling in HEK 293T cells with heavy or light amino acids, followed by 

transient overexpression of PIP-E363 or, as a control, PIP-E363ΔRING (Figure 24A). The 

experiment was performed in triplicates: twice PIP-E363 was overexpressed in heavy-, and 

PIP-E363ΔRING in light-labelled cells, and for the third replicate, a label switch was 

performed. Preparation of samples for mass-spectrometry, as well as subsequent data 

analysis, was carried out by Ivan Mikicic (Petra Beli laboratory). Figure 24B shows the 

results of this experiment as a volcano plot; factors that preferentially interact with 

polyubiquitylated PCNA are shown on the right side. Importantly, we observe WRNIP1 as 

one of the top interactors. ZRANB3 peptides, on the contrary, were not identified in this 

experiment, probably due to the transient nature of its interaction with polyubiquitylated 

PCNA or low expression levels. Somewhat unexpectedly, I observed the preferential 

binding of VCP (valosin-containing protein, also known as p97 or Cdc48 in yeast) and the 

proteasomal subunit PSMD4 to polyubiquitylated PCNA. VCP is an ATP-dependent 

unfoldase that extracts polyubiquitylated proteins from chromatin and other cellular 

compartments (Meyer and Weihl, 2014). VCP is targeted to its substrates via a set of 

adaptor proteins (Meyer and van den Boom, 2023); however, a high preference of VCP 

for K48-linked and branched, but not K63-linked chains has been reported (Yau et al., 

2017; Lange et al., 2023). PSMD4 is a ubiquitin receptor of the proteasome, which has 

been shown to bind both K63 and K48-linked polyubiquitin with a marked preference for 

longer ubiquitin chains (Wang et al., 2005). Factors that preferentially bind to 

polyubiquitylated PCNA in the aforementioned interactome analysis also include the 

ubiquitin ligases HUWE1 and UBR5, both of which have been shown to bind K63-linked 

ubiquitin chains and to be involved in DNA damage repair pathways in mammalian cells 

(Ohtake et al., 2016; Choe et al., 2016; Cipolla et al., 2019).  

Table 9 contains a list of proteins identified in the interactome analysis that have 

been implicated either in DNA damage response or in ubiquitin-mediated transactions.  
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Figure 24: Analysing the interactome of polyubiquitylated PCNA. (A) MS-based experimental 
approach to identify interactors of polyubiquitylated PCNA. (B) Volcano plot of the results of the 
experiment. Factors that preferentially interact with polyubiquitylated PCNA are highlighted in red. 

 

Table 9: Selected interactors of polyubiquitylated PCNA, identified in the MS experiment 

Protein name Fold change  
PCNA-Ubn/PCNA 

Brief description 

HUWE1 1.5763 HECT-type ubiquitin ligase. Interacts with 
PCNA (Choe et al., 2016), as well as K63-
linked polyubiquitin, assembles K48 linkages 
on top of K63-linked chains (Ohtake et al., 
2016). 

PSMD4 1.3209 Ubiquitin receptor subunit of the 26S 
proteasome. Prefers long ubiquitin chains 
(Wang et al., 2005). 

FBXL12 1.3202 Substrate-recognition component of the SCF 
E3 ubiquitin ligase complex. Mediates 
ubiquitylation of Ku80 at damage sites (Postow 
and Funabiki 2013). 

WRNIP1 1.2845 Interacts with polyubiquitylated PCNA (Saugar 
et al., 2012; Kanu et al., 2016). Involved in 
replication fork protection (Leuzzi et al., 2016; 
Porebski et al., 2019) and intra-strand crosslink 
repair (Socha et al., 2020). 
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VCP 1.2697 VCP/p97 extracts polyubiquitylated proteins 
from membranes or cellular structures (Meyer 
and van den Boom 2023). Is involved in many 
pathways that safeguard genome stability (Vaz 
et al., 2013) 

ERBB2 1.2715 Receptor tyrosine kinase often overexpressed 
in breast cancers. Modulates repair of certain 
DNA lesions produced by chemotherapy 
(Boone et al., 2009) 

H1.3 1.2573 Linker histone. Involved in chromatin 
compaction into higher order structures 
(Hergeth and Schneider 2015) 

UBR5 1.2224 HECT-type ubiquitin ligase. Interacts with the 
components of replication fork and controls the 
levels of histone H2A monoubiquitylation 
(Cipolla et al., 2019). Limits spreading of 
chromatin ubiquitylation (Gudjonsson et al., 
2012). Forms branched K63-K48 ubiquitin 
chains (Ohtake et al., 2018). 

 

 Thus, in the interactome of polyubiquitylated PCNA, I identified several factors that 

have not been previously known to be associated with this modification. In the following 

sections, I will analyse several of these factors to unravel the pathway triggered by 

excessive K63-linked PCNA polyubiquitylation. 
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3.5 K63-linked chains on PCNA are converted into conjugates of higher 

complexity in vivo 

3.5.1 VCP activity underlies PIP-E363-induced replication collapse 

In the interactome of polyubiquitylated PCNA, we observe components of the VCP 

– proteasome pathway. This is a common mechanism of extraction and degradation of 

polyubiquitylated substrates; however, the relevance of ubiquitin chain linkage in this 

context remains underinvestigated. Therefore, I hypothesised that VCP might be one of 

the factors that mediated checkpoint activation following the expression of PIP-E363. Since 

VCP is an essential protein and its knockdown can lead to heavy alterations of cellular 

metabolism, I set out to inhibit its activity via allosteric inhibition with NMS-873 (hereafter 

referred to as VCPi) (Magnaghi et al., 2013). Regardless of how long either PIP-E363 is 

expressed, or VCP is inhibited, blocking VCP activity prevents checkpoint activation by 

PIP-E363 (Figure 25A). As inhibition of VCP for 12 h leads to a reduction of the ligase 

levels, probably due to a toxic effect of the compound, only shorter (6 h) times of VCP 

inhibition are used for future experiments. Consistent with the role of VCP in the turnover 

of ubiquitylated proteins, VCP inhibition leads to the accumulation of a high molecular 

weight ubiquitin smear. Yet, interestingly, the pool of free ubiquitin seems to be unaffected 

by this treatment. Concomitantly with an abrogation of checkpoint signalling, VCP 

inhibition leads to the accumulation of polyubiquitylated PCNA on the chromatin (Figure 

25B). I also observe that long polyubiquitin conjugates on PCNA are more efficiently 

extracted from chromatin than shorter forms, as demonstrated by stronger enrichment of 

high molecular weight smear upon VCP inhibition.  
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Figure 25: VCP activity mediates the toxic effects of PIP-E363 expression. (A) RPE1 hTERT 
PIP-E363 cells were treated with 1 μg/ml doxycycline or 5 μM NMS-873 (VCPi) for the indicated 
time periods, followed by western blotting with the indicated antibodies. (B)  RPE1 hTERT PIP-
E363 cells were treated as described in (A), followed by chromatin isolation, PCNA 
immunoprecipitation and western blotting with the indicated antibodies. (C) RPE1 hTERT PIP-
E363 cells were labelled with 10 μM BrdU for 24 h, treated as described in panel (A) followed by 
immunofluorescence staining against BrdU in non-denaturing conditions. Images represent an 
overlay of DAPI (blue) and BrdU (green) signals. The scale bar corresponds to 30 μm. (D) 
Quantification of the experiment described in (C). Graph represents the number of nuclear foci per 
nucleus in cells that have at least one nuclear focus. *p<0.05; ***p<0.001 (Mann-Whitney test). 
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 Expression of PIP-E363 induces replication catastrophe, which is characterised by 

activation of checkpoint signalling, exposure of single-stranded DNA and cell cycle arrest. 

To exclude the possibility that VCP inhibition acts similarly to ATR inhibition - reducing the 

checkpoint signalling without affecting the other adverse effects of PIP-E363 expression - 

I analysed the exposure of single-stranded DNA upon expression of PIP-E363 and 

inhibition of VCP. This was achieved by labelling the cells with BrdU and performing 

immunofluorescence staining in non-denaturing conditions: only BrdU carried within 

single-stranded DNA can be visualised by this method. As shown in Figure 25C, D, 

expression of PIP-E363 induces massive exposure of single-stranded DNA; however, this 

is largely prevented by VCP inhibition. These data indicate that multiple negative effects 

of PIP-E363 overexpression rely on the removal of polyubiquitylated PCNA from chromatin 

by VCP. 

 Next, I wanted to understand whether the observed activity of VCP towards 

polyubiquitylated PCNA is specific to the PIP-E363 system or is also present when PCNA 

polyubiquitylation is induced by replication stress. Therefore, I induced replication stress 

in wild-type RPE1 hTERT cells by means of three DNA-damaging agents – HU, MMS and 

UV, and analysed the impact of VCP inhibition on PCNA polyubiquitylation in these 

conditions. All three genotoxins create polymerase-stalling base lesions, and HU 

additionally leads to fork stalling due to the depletion of the free nucleotide pool. As shown 

in Figure 26A, PCNA polyubiquitylation is induced by all three treatments. Inhibition of 

VCP increases the intensity of chromatin-bound PCNA polyubiquitylation, the effect being 

the strongest for HU and MMS. To make sure that all ubiquitin-reactive species observed 

in the PCNA IP/western blot depend on PCNA K164 monoubiquitylation and do not 

correspond to de novo PCNA ubiquitylation events on other residues, I analysed PCNA 

ubiquitylation in the RPE1 hTERT PCNA K164R cell line in the presence HU and VCPi. 

As demonstrated in Figure 26B, in RPE1 hTERT PCNA K164R cells, PCNA gets neither 

mono- nor polyubiquitylated. These results highlight the similarity between the PIP-E363 

system and the replication stress response and indicate that VCP-mediated extraction of 

PCNA is a common pathway downstream of PCNA polyubiquitylation.  
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Figure 26: VCP extracts polyubiquitylated PCNA from chromatin under replication stress 
conditions. (A) RPE1 hTERT cells were left untreated, treated with 4 mM HU for 4,5h, 0.01% 
MMS for 1 h followed by 4,5h recovery or 40J/m2 UV followed by 4,5h recovery. During recovery 
or HU treatment, 5 μM VCPi (NMS-873) or the corresponding amount of DMSO were also added. 
PCNA polyubiquitylation was analysed by immunoprecipitation from the chromatin fraction and 
western blotting. (B) HU-induced PCNA polyubiquitylation in RPE1 hTERT (WT) or RPE1 hTERT 
PCNA K164R (KR) was analysed as in panel (A). 

 

3.5.2 Analysing the interactome of polyubiquitylated PCNA upon VCP inhibition 

Up until now, it remains unclear what happens to the interactors of polyubiquitylated 

proteins upon their removal by VCP from different cellular compartments. If 

polyubiquitylated PCNA is removed from chromatin, its binders will likely leave it as well. 

Therefore, some interactions could be lost in our MS-based experiment. Also, although 

K48 and K11 linkages were identified in the interactome, they showed no enrichment after 

PCNA polyubiquitylation. As these linkage types are well-characterised substrates for 

VCP-dependent extraction, VCP inhibition would be necessary in order to analyse their 

presence on chromatin upon polyubiquitylation of PCNA. For that reason, I performed an 
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analogous mass spectrometry-based experiment as described in section 3.4, except that 

VCP was inhibited for 6 h both during PIP-E363ΔRING or PIP-E363 expression. 

Preparation of samples for mass-spectrometry analysis as well as subsequent data 

analysis was carried out by Ivan Mikicic (Petra Beli laboratory). Figure 27A shows the 

results of the experiment as a volcano plot, with factors preferentially interacting with 

PCNA upon PIP-E363 expression positioned on the right half of the plot. I reproducibly 

observe WRNIP1 and HUWE1 as interactors of polyubiquitylated PCNA. The DNA 

translocase ERCC6L (PICH), which has been shown to catalyse processive fork reversal 

(Tian et al., 2021), is also enriched upon PCNA polyubiquitylation. No other proteins with 

known functions in DNA replication or repair were enriched in the condition of PIP-E363 

expression. Interestingly, analysis of the ubiquitin linkages in the described experiment 

reveals an increase not only of K63 but also of K48 and K11 linkages after K63-linked 

PCNA polyubiquitylation (Figure 27B). In the following sections, I will discuss the origin 

of these linkages and their impact on VCP-dependent PCNA extraction. 

 

 

Figure 27: Interactome of polyubiquitylated PCNA upon VCP inhibition. (A) Volcano plot 
showing interactors of PCNA upon expression of PIP-E363ΔRING (left) or PIP-E363 after 6 h 
treatment with VCPi (NMS-873). Proteins with known functions in replication or DNA repair are 
highlighted in yellow. (B) Enrichment of ubiquitin linkages in the conditions described in panel (A).   
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3.5.3 K63-linked chains on PCNA are converted into branched K63-K48 conjugates 

3.5.3.1 UBICREST assay 

It was intriguing to observe that polyubiquitylation of PCNA with K63-linked chains 

leads to an increase of K48- and K11-linked ubiquitin chains that co-immunoprecipitate 

with PCNA. As immunoprecipitation of PCNA is performed under non-denaturing 

conditions, there are three scenarios that can explain these results (Figure 28): 

1. K48 and K11 linkages are assembled on top of K63-linked chains (branched 

ubiquitin chains) 

2. K63-linked chain remains intact. However, PCNA lysines other than K164 undergo 

K48- or K11-linked polyubiquitylation 

3. K48 and K11-linked chains reside on PCNA interactors and therefore are not 

covalently attached to (polyubiquitylated) PCNA 

 

Figure 28: Scenarios explaining accumulation of K48 and K11 linkages in PCNA 
immunoprecipitates. From left to right: K48 and K11 linkages are assembled on top of K63-
linked chains, on PCNA (except K164) or on PCNA interactors. 

 

To discriminate between the first scenario and the latter two, I employed a 

deubiquitinase-based assay called UBICREST (Ubiquitin Chain Restriction) (Hospenthal 

et al., 2015) to determine the precise architecture of ubiquitin chains on PCNA. In the 

following experiments, I focus mainly on K48 linkages due to the availability of a high-

quality linkage-specific antibody and established UBICREST assays for this linkage type. 
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The experimental set-up required immunoprecipitation of PCNA from cellular extracts, 

followed by treatment with linkage-selective deubiquitinating enzymes (hereafter called 

DUBs) and analysis of the ubiquitylation status of PCNA (‘elution from beads’) or soluble 

ubiquitin forms that are released into solution upon DUBs cleavage (‘supernatant’). This 

discrimination between soluble and insoluble (coupled to beads via PCNA) ubiquitin forms 

explains whether K48 linkages were assembled on top of K63-linked chains or have 

another attachment site. If a K63-linked chain on PCNA remains intact and is not further 

modified with other linkages, its cleavage by the K63-selective DUB AMSH (McCullough 

et al., 2006) should produce ubiquitin in the soluble fraction. Concomitantly, 

monoubiquitylated PCNA should remain on the beads, as AMSH is not able to cleave the 

first ubiquitin attached to a substrate. At the same time, if ubiquitin units in a K63-linked 

chain are further modified with other linkages, AMSH will not be able to cleave them, and 

they will appear in the soluble fraction as di-ubiquitin, tri-ubiquitin or higher conjugates 

depending on the length of branched units in an initial chain. This reaction is possible if 

AMSH activity towards K63-linked chains is unaffected by chain branching, which is most 

likely the case (Ohtake et al., 2016). We can also expect a loss of K48 linkages from the 

beads, which should be released into the supernatant. However, if a non-K63 linkage 

resides on a ubiquitin closest to PCNA, this linkage will not be targeted by AMSH cleavage 

and, therefore, should remain coupled to PCNA (Figure 29A).  

Firstly, I applied UBICREST-AMSH to the chains generated by PIP-E363. Four 

conditions were compared: mock treatment (DMSO), expression of PIP-E363, VCP 

inhibition or a combination of both. As demonstrated in Figure 29B, VCP inhibition alone 

does not lead to PCNA polyubiquitylation, whereas expression of PIP-E363 results in the 

robust formation of chains on PCNA, which are further stabilised by VCP inhibition. 

Consistent with the linkage specificity of PIP-E363, almost all ubiquitin signal on the beads 

disappears after incubation with AMSH. In striking contrast to the total ubiquitin signal, an 

anti-K48 linkage-selective antibody reveals the presence of K48 linkages only if both PIP-

E363 is expressed and VCP is inhibited, but in neither of these conditions alone. This may 

indicate that once formed, K48 linkages are promptly removed from chromatin by VCP 

and therefore are undetectable in the chromatin fraction. Similarly to total ubiquitin, the 

anti-K48 signal is lost upon AMSH treatment. As AMSH is unable to cleave K48 linkages, 

this suggests that K48 linkages are assembled on top of K63-linked chains. Analysis of 
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the ubiquitin forms released in the soluble fraction after AMSH treatment reveals the 

presence of low-intensity chain branching even in unperturbed cells, which is mainly 

limited to di-ubiquitin. This chain branching increases with PIP-E363 expression and is 

strongly stabilised by concomitant VCP inhibition. Interestingly, in the latter condition, the 

chain branching pattern shows more di-ubiquitin and tri-ubiquitin forms than 

monoubiquitin. Although precise quantification of the degree of chain branching from this 

experiment is difficult, we can roughly estimate that approximately every second ubiquitin 

in a chain is modified with non-K63 linkages. It is also worth pointing out that inhibition of 

VCP mainly affects uncleaved linkages but not monoubiquitin, indicating that branched 

chains are a better substrate for VCP than homotypic K63 linkages. 

To understand the nature of the branched chains on PCNA, I applied DUBs with 

different linkage selectivities to PCNA polyubiquitylated in vivo by PIP-E363. Suppose 

ubiquitin linkages released into the supernatant upon treatment with AMSH are 

conjugated through K48. In that case, co-treatment with the K48-selective DUB OTUB1 

(Wang et al., 2009) should decrease their amount, whereas treatment with a non-selective 

DUB USP2 should result in only monoubiquitin in the soluble fraction (Figure 30A). As 

shown in Figure 30B, amounts of di- to tetraubiquitin in the soluble fraction after AMSH 

cleavage are reduced when OTUB1 is added to the reaction. Some chains may remain 

upon combined treatment with AMSH + OTUB1 due to incomplete digestion by OTUB1 

or because other linkages are present (for example, K11, as their mobility in a gel is similar 

to that of K48-linked chains (Michel et al., 2018)). Surprisingly, reaction with OTUB1 alone 

also releases a chain in the supernatant, which is absent when both AMSH and OTUB1 

are used together. This indicates that the architecture of the chains may be more complex 

than initially anticipated: K48 linkages, assembled on top of the K63-linked chain, are 

further modified by K63 linkages, likely due to the presence of PIP-E363. As predicted, 

USP2 releases monoubiquitin as the only soluble form. Taken together, these data 

confirm that K63 chains on PCNA are branched in vivo and that these branched chains 

consist, at least partially, of K48 ones.  
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Figure 29: The UBICREST assay reveals ubiquitin chain branching on PCNA. (A) Schematic 
representation of a UBICREST assay applied to a homotypic (top) or branched ubiquitin 
conjugates (bottom). (B) On-beads fraction of the UBICREST assay applied to PCNA ubiquitylated 
via transfection of HEK 293T cells with PIP-E363 and, if indicated, treatment with 5 μM VCPi (NMS-
873) for 6 h. (C) Supernatant fraction of the UBICREST assay described in (B). Ubiquitin was 
detected with the VU1 monoclonal antibody. 
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Figure 30: K63-linked chains on PCNA are branched with K48 linkages. (A) Schematic 
representation of the UBICREST assay with the K63-selective DUB AMSH, the K48-selective DUB 
OTUB1 and the linkage non-selective DUB USP2 (cc = catalytic centre). (B) Supernatant fraction 
of the UBICREST assay applied to PCNA ubiquitylated via transfection of HEK 293T cells with 
PIP-E363 and, if indicated, treatment with 5 μM VCPi (NMS-873) for 6 h. Ubiquitin was detected 
with the VU1 anti-ubiquitin antibody. 

 

Finally, I applied the UBICREST assay to analyse the architecture of ubiquitin 

chains formed on PCNA upon replication stress independently of PIP-E363. HU, MMS and 

UV light were used as replication stress-inducing agents, and VCP was inhibited to 

increase the amount of chromatin-bound polyubiquitylated PCNA. Similar to the PIP-E363 

system, AMSH cleavage releases ubiquitin chains into the soluble fraction, indicating that 

branching of K63-linked chains takes place (Figure 31). Interestingly, among all three 

treatments, adding HU together with VCP inhibition results in the highest amount of both 

total K63 linkages, as indicated by the strong accumulation of monoubiquitin in the 

supernatant, and branched conjugates. One possible explanation for these differences 

between the three genotoxins may lie in their mechanism of action: MMS and UV directly 

damage DNA bases, and PCNA ubiquitylation is triggered once a replisome encounters 

damaged DNA. On the contrary, hydroxyurea affects all the active replication forks due to 
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the depletion of the dNTP pool and, therefore, may affect more replication forks at a given 

time, thus inducing stronger PCNA polyubiquitylation. Altogether, both the PIP-E363 

system and replication stress produce similar ubiquitin architectures on PCNA, which 

suggests that they should trigger similar downstream mechanisms in vivo. 

 

3.5.3.2 Targeted deubiquitylation of PCNA in vivo recapitulates the UBICREST 

assay 

In a UBICREST assay, DUBs are applied to polyubiquitylated PCNA 

immunoprecipitated from cell extracts. I aimed to understand whether targeting the K48-

selective DUB OTUB1 to PCNA can interfere with chain branching in vivo.  A similar 

strategy has been employed in the DUBTAC method, where OTUB1 is targeted to 

substrates via heterobifunctional small molecules to promote substrate stabilisation  

(Henning et al., 2022). To promote the interaction of OTUB1 with PCNA, I fused a PIP-

box N-terminally to OTUB1, analogously to the architecture of tailor-made ubiquitin ligases 

(Figure 32A). An N-terminal Flag tag was used for the detection of the enzyme. 

Furthermore, since OTUB1 has been shown to directly bind and inhibit UBC13 and, 

therefore, may cause side effects upon its overexpression, the catalytically inactive 

OTUB1 mutant C91S was used as a control (hereafter referred to as “CS“). Figure 32B 

shows the expression levels of WT and CS PIP-OTUB1. This fusion protein is expressed 

at drastically higher levels than PIP-E363, which may be due to the codon usage of the 

constructs or the higher stability of OTUB1 in comparison to E363. Inhibition of VCP 

reduces the levels of PIP-OTUB1, possibly due to the general toxic effects of VCPi. Figure 

32C demonstrates the effects of PIP-OTUB1 expression on PIP-E363-induced PCNA 

polyubiquitylation. Surprisingly, expression of PIP-E363 alone or in combination with PIP-

OTUB1 CS results in similar levels of PCNA polyubiquitylation despite much higher levels 

of PIP-OTUB1 CS compared to PIP-E363, which I expected to have a dominant-negative 

effect. When catalytically active PIP-OTUB1 is used, polyubiquitin chains on PCNA, 

visualised by total ubiquitin antibody, become shorter. At the same time, the K48-linked 

polyubiquitin signal is reduced in PCNA immunoprecipitates. Thus, similarly to the in vitro 

assays, PIP-OTUB1 can de-branch K63-K48 chains on PCNA. Interestingly, the increase 
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in PCNA-Ub and PCNA-Ub2 levels in the condition of PIP-E363 and PIP-OTUB1 co-

expression likely indicates that these PCNA forms (and potentially others) are further 

modified with K48 linkages in vivo. These data confirm the results of the in vitro 

UBICREST assay, which suggested that not only distant but also the first ubiquitin in a 

K63-linked chain, can be a substrate for K48-linked ubiquitylation. Altogether, the 

consequences of targeting OTUB1 to PCNA in vivo confirm the results of the UBICREST 

assay and validate the approach as a tool to interfere with the branching of K63-linked 

chains in vivo.  

 

 

 

Figure 31: Replication stress induces formation of K63-K48 branched chains on PCNA. 

RPE1 hTERT WT cells were mock-treated, treated with 4 mM HU for 2 h, 0.01% MMS for 1 h 

followed by 2 h recovery or 40 J/m2 UV followed by 2 h recovery. In all cases, NMS-873 (VCPi) or 

the corresponding amount of DMSO were added to a final concentration of 5 μM during the last 2 

h of treatments. Soluble (left) and bead (right) fractions of the UBICREST assay are shown 
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Figure 32: Targeting of OTUB1 to PCNA interferes with chain branching in vivo. (A) Scheme 
of the PIP-OTUB1 construct and its activity towards PCNA modified with branched ubiquitin 
chains. (B) Western blot analysis of whole cell extracts from HEK 293T cells, transfected with the 
specified constructs and, if indicated, treated with 5 μM VCPi (NMS-873) for 6 h. Ponceau S 
staining serves as a loading control. (C) PCNA polyubiquitylation in HEK 293T cells, transfected 
and treated as described in (B). Asterisk indicates PCNA modified with a K48-linked di-ubiquitin. 
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3.5.3.3 K63-linked chains on PCNA are branched via K48 and K11 

The UBICREST assay and the in vivo targeting of the K48-selective DUB OTUB1 

to PCNA reveal that the K63-linked chains built by PIP-E363 or by cellular enzymes upon 

replication stress are further modified with K48 linkages. At the same time, MS-based 

interactome analysis suggests that the build-up of not only K48 but also K11-linked chains 

is induced by PIP-E363 expression upon inhibited VCP activity. Because linkages other 

than K63, K48 and K11 were not identified in this experiment, they cannot be quantified, 

yet they may still be involved in the branching of K63-linked chains on PCNA. The 

involvement of specific ubiquitin lysines in certain cellular pathways can be conveniently 

analysed by expressing the corresponding ubiquitin mutants. In yeast, ubiquitin 

replacement strains, in which exogenous ubiquitin mutants are expressed upon the knock-

out of endogenous ubiquitin genes, have found widespread use (Meza Gutierrez et al., 

2018). Although a similar strategy exists for mammalian cells, it involves transient knock-

down of ubiquitin genes (Xu et al., 2009), which is highly labour-consuming and may 

cause unwanted side effects due to changes in total ubiquitin levels. Another commonly 

used approach in human cells relies on overexpressing a tagged ubiquitin mutant without 

depleting its endogenous pool. Subsequent tag-based pulldown allows for the enrichment 

of proteins that incorporated the overexpressed ubiquitin. To analyse which of the six 

ubiquitin lysine residues are involved in the branching of the K63-linked chains on PCNA, 

I created the following panel of His10-tagged ubiquitin mutants: K48R, K11R/K48R and 

K6R/K11R/K27R/K29R/K33R/K48R (“K63-only”-Ubiquitin). In addition, for each ubiquitin 

variant (including the wild-type), I added the K63R mutation. This modification acts as a 

negative control as it does not support the assembly of K63-linked chains. The addition of 

this mutation to the “K63-only”-Ubiquitin results in a “K0-Ubiquitin” that lacks any lysines 

and can modify proteins only as a single unit. My hypothesis regarding the effects of the 

ubiquitin mutants on PIP-E363-induced PCNA polyubiquitylation is graphically represented 

in Figure 33A. In the case of wild-type ubiquitin overexpression, branching of K63-linked 

chains should occur, leading to the degradation of the polyubiquitylated PCNA forms. On 

the contrary, the K48R mutation should protect K63-linked chains from branching via K48, 

stabilising polyubiquitylated PCNA. If additional lysines are involved in chain branching, 

their mutation may lead to even further stabilisation of polyubiquitylated PCNA. Adding a 
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K63R mutation should inhibit PCNA polyubiquitylation by PIP-E363 in all cases. Figure 

33B shows the ubiquitylated PCNA forms that were enriched with the Ni-NTA pulldown 

and therefore were ubiquitylated with His-tagged ubiquitin. Without PIP-E363, only a single 

prominent band is present, corresponding to monoubiquitylated PCNA. Interestingly, upon 

expression of PIP-E363, I do not observe ubiquitin chains but rather the disappearance of 

monoubiquitylated PCNA. The same effect was observed for PIP-E348 (Figure 13). These 

observations indicate that, upon overexpression of ubiquitin, the pathway is accelerated, 

and equilibrium is shifted towards PCNA degradation. As expected, accumulation of 

chains takes place when the K48R ubiquitin mutant is used. Strikingly, even further 

stabilisation is observed upon overexpression of the double K11R/K48R mutant, whereas 

mutation of all lysines except K63 (K63-only form) does not further increase the amount 

of detected polyubiquitylated PCNA. As expected, the K0-Ubiquitin mutant abolishes 

chain formation for all chain types, therefore confirming that the observed 

polyubiquitylated PCNA forms contain K63 linkages. This clearly pinpoints K48 and K11 

as the two substrate lysines for branching of a K63-linked polyubiquitin chain on PCNA. 
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Figure 33: K63-linked chains on PCNA are branched via K48 and K11. (A) Schematic 
representation of the chain architecture analysis by overexpression of ubiquitin mutants. (B) 
Indicated ubiquitin mutants were expressed in HEK 293T cells together with PIP-E363, followed by 
Ni-NTA pulldown and analysis of PCNA ubiquitylation by western blotting.  

 



127 
 

3.5.4 UBE2K is involved in the build-up of branched chains on PCNA 

One of the important characteristics of PIP-E363 is its exclusive linkage selectivity, 

as proven in vitro and in vivo in S. cerevisiae (Wegmann et al., 2022). Therefore, it is 

reasonable to envision that certain cellular enzymes use K63-linked chains on PCNA as 

a substrate and extend them via lysines K48 and K11, into branched conjugates. This 

would also explain the appearance of branched chains on PCNA upon replication stress 

in the absence of PIP-E363, when K63-linked polyubiquitylation is carried out by cellular 

enzymes. Several enzymes have been reported to exhibit chain branching activity towards 

K63-linked ubiquitin chains. The first is the ubiquitin-conjugating (E2) enzyme UBE2K and 

its yeast homologue UBC1. In addition to a UBC domain, characteristic of all E2 enzymes 

(Stewart et al., 2016), it possesses a highly K63 linkage-selective UBA domain (Figure 

34A). This specificity is demonstrated by the ability of this UBA domain to discriminate 

between K63-linked and conformationally similar M1-linked ubiquitin chains (Pluska et al., 

2021). Upon binding to a K63-linked ubiquitin dimer, UBE2K ubiquitylates K48 of the 

proximal ubiquitin. Importantly, UBE2K is much more processive in creating a single K48 

linkage on a K63-linked dimer than in synthesising long K48-linked chains. The second 

ligase with chain branching activity is the HECT-type E3 HUWE1, which was also 

identified as a binder of polyubiquitylated PCNA in our mass-spectrometry-based 

interactome analysis. HUWE1 turns homotypic K63-linked chains on TRAF6 into 

branched structures and, in cooperation with UBR4 and UBR5, branches K63-linked 

chains on TXNIP (Ohtake et al., 2016; Ohtake et al., 2018). In order to understand whether 

UBE2K and HUWE1 are involved in chain branching in the PIP-E363 system, these 

enzymes were depleted in RPE1 hTERT PIP-E363 cells. As shown in Figure 34B, 

depletion of UBE2K almost completely abolishes checkpoint activation after the 

expression of PIP-E363. Depletion of HUWE1 leads to a moderate decrease in checkpoint 

activation, and co-depletion of both enzymes behaves like depletion of UBE2K alone. 

Importantly, the knockdown of UBE2K does not affect the expression levels of PIP-E363, 

which means that the deleterious effects of excessive PCNA polyubiquitylation depend on 

the enzymatic activity of UBE2K.  

Next, I analysed whether UBE2K can branch ubiquitin chains on PCNA in vitro 

(these reactions were performed by Nils Krapoth, Ulrich Laboratory). As demonstrated in 
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Figure 34C, when unmodified PCNA or PCNA monoubiquitylated on K164 were used as 

substrates, UBE2K does not display any significant activity. However, when K63-linked 

polyubiquitylated PCNA is used as a substrate, the addition of UBE2K drastically changes 

the chain pattern. Anti-ubiquitin and anti-K63-polyubiquitin signals shift to the high 

molecular weight range, and the anti-K48 signal appears only when PCNA is pre-

polyubiquitylated with K63 linkages and UBE2K is added to the reaction. At the same time, 

there is a reduction in shorter ubiquitylated PCNA forms, thus suggesting that they are 

converted into heavier conjugates due to UBE2K activity. This experiment confirms the 

specificity of UBE2K towards K63-linked chains in comparison to monoubiquitin and non-

ubiquitylated substrates.  

To prove that UBE2K also affects PCNA polyubiquitylation in vivo in the PIP-E363 

system, the tailor-made ligase was expressed in RPE1 hTERT cells transfected with an 

siRNA against UBE2K or a corresponding control siRNA, and VCP was inhibited to further 

accumulate chains on chromatin-bound PCNA. As expected, the knockdown of UBE2K 

leads to a decrease in both anti-ubiquitin and anti-K48-linked polyubiquitin signal after 

PCNA immunoprecipitation, whereas the levels of PCNA monoubiquitylation in whole cell 

extracts appear to slightly increase upon loss of UBE2K (Figure 35). This indicates that 

the above-described drop in PCNA polyubiquitylation is not the result of lower levels of 

monoubiquitylated PCNA but rather confirms the chain branching activity of UBE2K. The 

UBICREST assay also confirms this hypothesis: when UBE2K is depleted, less di- and 

tri-ubiquitin forms are released into the soluble fraction after AMSH-mediated cleavage of 

polyubiquitylated PCNA without significantly affecting the amount of cleaved 

monoubiquitin (Figure 36A). Overall, these observations show that UBE2K is involved in 

the formation of short K48 linkages on top of PCNA-conjugated K63-linked chains. Yet, it 

is also clear that a significant amount of chain branching in the PIP-E363 system takes 

place even in the absence of UBE2K, thus suggesting that ubiquitin ligases may be 

involved in this pathway.  
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Figure 34: UBE2K forms K63-K48 branched ubiquitin chains in the PIP-E363 system. (A) 
Schematic representation of the UBE2K domain structure and catalytic activity. (B) Checkpoint 
activation in RPE1 hTERT PIP-E363 cells after depletion of HUWE1 and UBE2K and doxycycline-
induced expression of the ligase for the indicated times. (C) In vitro ubiquitylation assay with 
UBE2K as a ligase and PCNA, PCNA-Ub and PCNA-Ubn(K63) as substrates. 
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Figure 35: Effects of UBE2K on PCNA polyubiquitylation in vivo. RPE1 hTERT PIP-E363 cells 
were depleted of UBE2K and treated with 1 μg/ml doxycycline and 5 μM NMS-873 (VCPi) for 6 h. 
PCNA ubiquitylation was analysed after PCNA immunoprecipitation from the chromatin fraction or 
in total cell extracts. Ponceau S staining serves as a loading control.  

 

Finally, I analysed the impact of UBE2K on PCNA polyubiquitylation upon 

replication stress. I compared different replication stress-inducing agents: HU (2 h and 

4 h), MMS and UV. As shown in Figure 36B, MMS and UV induce stronger PCNA mono- 

and polyubiquitylation than HU, and depletion of UBE2K leads to a reduction in some 

polyubiquitylated forms of PCNA. Although the UBICREST assay is needed to strictly 

prove that these forms represent branched chains on PCNA, the first evidence suggests 

that UBE2K is active on K63-linked chains on PCNA independently of the enzyme(s) that 

create them. Interestingly, checkpoint signalling is unaffected by UBE2K depletion. In the 

case of MMS and UV, it is likely that a significant portion of the checkpoint signalling 

originates from the nucleotide excision repair and gap resection outside of the S phase 

(Balogun et al., 2013), and for all tested damaging agents, PCNA polyubiquitylation seems 

to play a minor role in checkpoint activation in wild-type RPE1 cells. 
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Figure 36: UBE2K affects PCNA polyubiquitylation both in the PIP-E363 system and during 
endogenous damage response. (A) The UBICREST assay was performed on PCNA, 
immunoprecipitated from RPE1 hTERT PIP-E363 cells treated with 1 μg/ml doxycycline and 5 μM 
NMS-873 (VCPi). Soluble ubiquitin forms were visualised by western blotting with the VU1 
ubiquitin antibody. (B) RPE1 hTERT cells were mock-treated, treated with 4 mM HU for 2 h or 4h, 
with 0.01% MMS for 4h or with 40J/m2 UV followed by a 4h recovery in complete growth medium. 
PCNA ubiquitylation and checkpoint signalling were analysed in total cell extracts by western 
blotting with the indicated antibodies. Ponceau S staining serves as a loading control. 

 

3.6 Analysing the significance of polyubiquitin linkage type on PCNA in 

triggering replication collapse 

K63- and K48-linked polyubiquitin chains are the most studied polyubiquitin conjugates. 

The difference between these chain types is unambiguously demonstrated by their 

different effects on DNA damage bypass in S. cerevisiae (Wegmann et al., 2022). In the 

human PIP-E363 system, I observe the downstream modification of the K63-linked chain 
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on PCNA with K48 linkages, leading to VCP recruitment and extraction of the 

polyubiquitylated PCNA from chromatin. Therefore, unlike the situation in budding yeast, 

in human cells one would expect that modifying PCNA with a K48-linked chain should 

lead to a similar, rather than opposite, phenotype, as both VCP and the proteasome have 

a high affinity towards K48-linked chains. I decided to test whether polyubiquitylation of 

PCNA with K48-linked chains leads to checkpoint activation in a manner similar to K63-

linked chains and, if so, which chain type is more efficient in recruiting VCP and promoting 

replication catastrophe. 

 

3.6.1 Establishment of a cell line with inducible K48-linked polyubiquitylation of 

PCNA 

Our initial optimisation of PIP-E348 in HEK 293T cells showed that maximal activity 

towards PCNA requires co-overexpression of the yeast E2 Ubc7, optimised in terms of 

codon usage for H. sapiens. PIP-E348 construct contains a VSV and a Flag tag at its N-

terminus, and Ubc7 is additionally N-terminally tagged with a triple Flag sequence. For 

the sake of simplicity, in the following sections, I will omit the tags from the construct 

names. In order to create a cell line that expresses both PIP-E348 and Ubc7, I created a 

single fusion protein containing both enzymes separated by a self-cleavable P2A peptide. 

The latter consists of 22 amino acids and is co-translationally cleaved between the C-

terminal glycine and proline (Ryan et al., 1991). Upon expression and self-cleavage of a 

fusion protein, the first enzyme (PIP-E348) receives 21 additional amino acids on its C-

terminus, and the second protein (Ubc7) starts with a proline just upstream of its genuine 

initiator methionine (Figure 37A). The fusion construct, hereafter called PIP-E348-P2A-

Ubc7, was integrated into RPE1 hTERT FlpIn cells in a manner analogous to the RPE1 

hTERT PIP-E363 cell line. A cell line that carries PIP-E348 without the P2A-Ubc7 extension 

was used as a control. Figure 37B shows the expression of the enzymes in the described 

cell lines after the addition of doxycycline and VCP inhibition. As expected, only PIP-E348 

is expressed in the RPE1 hTERT PIP-E348 cell line. An additional species can be observed 

in the RPE1 hTERT PIP-E348-P2A-Ubc7 cell line, corresponding to P2A-cleaved Ubc7. 

Notably, the apparent molecular weight of PIP-E348, originating from the fusion construct, 



133 
 

is slightly higher than that of the enzyme expressed in RPE1 hTERT PIP-E348 cells, 

reflecting the presence of the post-cleavage peptide remnant of P2A at the C-terminus of 

the ligase. Consistently with results obtained in HEK 293T cells upon transient 

overexpression of the enzymes, efficient polyubiquitylation of PCNA requires co-

overexpression of Ubc7 together with PIP-E348 (Figure 37C). Interestingly, even upon co-

expression of Ubc7 and PIP-E348, the levels of polyubiquitylated PCNA are quite low if 

VCP is not inhibited. This indicates that even single K48 linkages on PCNA, along with 

longer chains, trigger efficient VCP-mediated removal from chromatin. 

 

Figure 37: Design and creation of a cell line with inducible K48-linked polyubiquitylation of 
PCNA. (A) Schematic representation of a self-cleavable fusion of PIP-E348 to Ubc7 via a P2A 
peptide. The full amino acid P2A sequence as well as the cleavage site are shown. (B) Cell lines 
with doxycycline-inducible expression of PIP-E348 or its self-cleavable fusion with Ubc7 were 
treated for 6 h with 1 μg/ml doxycycline or 5 μM VCPi (NMS-873). Enzyme levels were analysed 
by western blotting of cell lysates against the Flag tag. Ponceau S staining serves as a loading 
control. (C) Indicated cell lines were treated as in (B), followed by PCNA immunoprecipitation from 
the chromatin fraction and western blotting with the indicated antibodies. Note that the order of 
samples is opposite of those in (B). 
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A certain proportion of the PIP-E348-P2A-Ubc7 construct in RPE1 hTERT cells 

remains uncleaved and appears as a ~50 kDa product (Figure 37B). Since this 

permanent fusion could be more active than co-expressed but separate E3 and E2 

enzymes, I investigated whether rendering the P2A peptide uncleavable could further 

boost the activity of the system. Provided that the four last amino acids of the P2A peptide 

are critical for the self-cleavage (Hahn and Palmenberg 1996), I created a mutant version 

with the C-terminal NPGP sequence mutated to KLAS sequence (hereafter referred to as 

P2A*, Figure 38A). As expected, the mutant version appears in a western blot as a ~ 50 

kDa protein with no detectable free PIP-E348 or Ubc7 (Figure 38B). Interestingly, 

permanent fusion of Ubc7 to PIP-E348 via P2A* leads to a similar level of PCNA 

polyubiquitylation as making the E3 and E2 enzymes from the self-cleavable precursor. 

Consistently with the experiments described above, K48-linked ubiquitin chains produced 

by the uncleavable mutant on chromatin-bound PCNA can be detected only upon VCP 

inhibition (Figure 38C). 

On the one hand, these results could indicate that head-to-tail fusion of the E2 to 

E3 results in their optimal orientation for the ubiquitin transfer. On the other hand, the 

amount of polyubiquitin chains on PCNA depends on the level of PCNA 

monoubiquitylation, which may become a limiting factor for the reaction. Therefore, for the 

PCNA system, I did not pursue using the permanent fusion of PIP-E348 to Ubc7 because 

it does not display any additional activity beyond that provided by the self-cleavable fusion. 

However, for the future development of tailor-made enzymes, for example, for the 

‘Ubiquiton’ technology (section 3.8), these constructs may be of practical use. 

 

3.6.2 Direct comparison of K63- versus K48-linked PCNA polyubiquitylation 

The data described above suggest that K63- and K48-linked PCNA 

polyubiquitylation may similarly affect cell replication, as they both are substrates for VCP 

activity. In order to directly compare these chain types on PCNA, they were induced in 

RPE1 hTERT cells by expressing PIP-E363 or PIP-E348-P2A-Ubc7 (Figure 39). I observed 

that K63- and K48-linked ubiquitin chains on PCNA behave differently with respect to VCP 

inhibition. For K63-linked chains, VCP does not extract oligo-ubiquitylated (containing 2-

4 ubiquitin units) PCNA from chromatin but is rather active towards heavily 



135 
 

polyubiquitylated forms, likely consisting of branched ubiquitin conjugates. This is different 

for K48-linked chains, where all ubiquitin conjugates on PCNA, including a single K48 

linkage, are substrates of VCP. Yet, K63-linked polyubiquitylation of PCNA leads to a 

much stronger checkpoint activation than K48-linked one, as demonstrated by higher 

levels of RPA phosphorylation 6 h after the expression of the corresponding E3 enzymes 

for the former. Remarkably, for both chain types, checkpoint activation is dependent on 

VCP activity. Altogether, these data indicate that although both chain types lead to the 

activation of checkpoint signalling, probably due to the removal of PCNA from chromatin, 

K63-linked chains are significantly more active in triggering this pathway. 

 

 

Figure 38: Self-cleavable and uncleavable fusions of PIP-E348 to Ubc7 display similar 
activity towards PCNA in vivo. (A) Schematic representation of the self-cleavable construct PIP-
E348-P2A-Ubc7 in comparison to its uncleavable version PIP-E348-P2A*-Ubc7. (B) HEK 293T cells 
were transfected with the indicated constructs and harvested after 24 h. If stated, VCPi (NMS-
873) was added to growth medium to a final concentration of 5 μM 6 h prior to cell harvesting. Cell 
lysates were analysed by western blotting against the Flag tag. Ponceau S staining serves as a 
loading control. (C) HEK 293T cells were treated as described in (B), followed by PCNA 
immunoprecipitation from the chromatin fraction and western blotting with the indicated antibodies. 
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Figure 39: Comparison of K63- and K48-linked PCNA polyubiquitylation. RPE1 hTERT PIP-
E363 or PIP-E348-P2A-Ubc7 cells were treated with 1 μg/ml doxycycline or 5 μM VCPi (NMS-873) 
for 6 h, followed by chromatin fractionation and PCNA immunoprecipitation (left) or lysis and 
western blotting analysis with the indicated antibodies. Ponceau S staining serves as a loading 
control.  

One possible explanation for why K63-linked chains trigger stringer checkpoint 

activation could be that branched ubiquitin chains, originating from K63 ones, are a better 

substrate for VCP than homotypic K48-linked chains. Despite the fact that it has not 

directly been investigated for K63 chains, this effect has been demonstrated for K48 and 

K11 linkages: branched conjugates have higher affinity to VCP (and its adaptors) than 

homotypic chains (Yau et al., 2017). I previously demonstrated that UBE2K is at least 

partially responsible for the branching of K63-linked chains in the PIP-E363 system. If our 

mechanistic understanding of the pathway is correct, UBE2K depletion should not affect 

checkpoint activation in the PIP-E348 system because UBE2K cannot branch K48-linked 

chains. As demonstrated in Figure 40, this is indeed the case. While checkpoint activation 

by PIP-E363 largely depends on UBE2K, PIP-E348-induced checkpoint activation is 

significantly less intense and does not depend on the levels of UBE2K. Interestingly, if 
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DNA damage is directly induced by MMS, I do not observe a significant dependency of 

checkpoint activation on UBE2K. This indicates that in the presence of exogenous DNA 

damage, most checkpoint signalling originates from sources other than polyubiquitylated 

PCNA. 

 

 

 

 

Figure 40: UBE2K mediates checkpoint activation after K63-, but not K48-linked PCNA 
polyubiquitylation. RPE1 hTERT cells inducibly expressing PIP-E363 or PIP-E348-P2A-Ubc7 
were transfected with an siRNA against UBE2K or a non-targeting siRNA for 72 h and treated, if 
indicated, with 1 μg/ml doxycycline for 24 h. 90 min treatment with 0.01% MMS was used as a 
positive control for checkpoint activation. The levels of the E3s, UBE2K and phosphorylated RPA 
were analysed in total cell extracts by western blotting. Ponceau S staining serves as a loading 
control. 
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3.7 Analysing the physiological relevance of ubiquitin chain branching on 

PCNA 

3.7.1 Introduction to the synthetic lethal relationship between BRCA1 and USP1 

In human cells, the endogenous levels of PCNA monoubiquitylation are sufficient 

to support PIP-E363 activity. Due to the elongation specificity of the tailor-made E3s, the 

amount of polyubiquitylated PCNA must be governed by the availability of the 

monoubiquitylated form. The ubiquitin ligases HLTF and SHPRH display activities similar 

to PIP-E363: they directly interact with PCNA and can extend a monoubiquitin moiety into 

a K63-linked chain (Seelinger and Otterlei, 2020; Motegi et al., 2008; Unk et al., 2006). 

Nevertheless, contrary to the endogenously expressed HLTF and SHPRH, PIP-E363 

expression can lead to a replication catastrophe. Therefore, I hypothesised that certain 

mechanisms may counteract the activity of HLTF and SHPRH but not PIP-E363. One of 

these mechanisms could rely on recruiting the DUB USP1, which deubiquitylates 

monoubiquitylated PCNA and FANCD2 (Huang et al., 2006; Nijman et al., 2005). The 

tonicity-responsive enhancer-binding protein TonEBP has been shown to recruit both 

SHPRH and USP1 to the sites of DNA damage, preventing persistent PCNA 

polyubiquitylation (Kang et al., 2019). Therefore, I investigated whether inhibition of USP1 

activity can, in certain cellular backgrounds, phenocopy the expression of PIP-E363. 

Recently, USP1 and BRCA1 were shown to be in a synthetic lethal relationship: inhibition 

or depletion of USP1 in BRCA1-deficient cells results in cell death concomitantly with a 

drastic decrease in total PCNA levels. This synthetic lethality depends on RAD18 and 

UBE2K, suggesting that PCNA, rather than FANCD2 ubiquitylation underlies the observed 

phenotypes (Simoneau et al., 2023). The reported effects of USP1 inhibition in BRCA1-

deficient cells resemble the phenotypes of PIP-E363 expression, including impaired cell 

growth, accumulation of cells in the S phase and a lower replication speed. Dependency 

of these phenotypes on UBE2K makes it tempting to imply that chain branching could be 

the underlying pathway. Additionally, inhibition of USP1 in a BRCA1-deficient background 

leads to deprotection of replication forks, as observed by the degradation of nascent DNA 

after blocking replication with hydroxyurea. Although fork deprotection has been 

demonstrated to depend on RAD18 activity, other details of the pathway remain unknown 
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(Lim et al., 2018). In the following sections, I will investigate whether the replication 

problems in BRCA1-deficient cells where USP1 is also inhibited have the same origin as 

those in PIP-E363-expressing cells. 

 

3.7.2 VCP mediates PCNA degradation upon inhibition of USP1 in BRCA1-deficient 

cells 

As a model cell line lacking functional BRCA1, I used breast cancer MDA-MB-436 

cells (kind gift from Petra Beli Laboratory, IMB). These cells contain a mutation in exon 20 

of BRCA1, resulting in a truncated protein (Elstrodt et al., 2006). If inhibition of USP1 in 

the background of BRCA1 deficiency is indeed functionally similar to overexpression of 

PIP-E363 in wild-type cells, VCP inhibition should reverse these effects because 

polyubiquitylated PCNA cannot be removed from chromatin and subsequently degraded. 

Since inducing significant PCNA degradation requires 24 h of USP1 inhibition (Simoneau 

et al., 2023), and inhibition of VCP for too long is cytotoxic, in order to further boost PCNA 

monoubiquitylation and therefore accelerate the pathway, I treated the cells with a high 

dose of hydroxyurea (HU). Indeed, although 4 h treatment with hydroxyurea alone does 

not lead to a significant loss of PCNA in total cell extracts, the addition of the USP1 

inhibitor ML-323 (hereafter USP1i) induces PCNA degradation (Figure 41). The observed 

degradation is VCP-dependent, as it can be reversed upon co-treatment with the VCP 

inhibitor. A long exposure of the western blot for PCNA reveals the presence of short 

degradation products when hydroxyurea is used together with the USP1 inhibitor, likely 

originating from incomplete proteasomal degradation of PCNA. Given that inhibition of 

VCP not only stabilises PCNA but also prevents the formation of partially degraded PCNA 

forms, this means that, as for the artificially modified PCNA in the PIP-E363 system, 

extraction of natively polyubiquitylated PCNA from chromatin by VCP is a prerequisite for 

its proteasomal degradation. Notably, checkpoint activation, as represented by levels of 

RPA phosphorylation, correlates with PCNA levels, pinpointing the role of PCNA in 

checkpoint activation in this system. Time course analysis reveals consistent PCNA 

degradation 0-6 h after the addition of both HU and USP1 inhibitor in both total cell extracts 
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(Figure 41B) and the chromatin fraction (Figure 41C), which can be rescued by VCP 

inhibition. 

The behaviour of monoubiquitylated PCNA in this experiment is surprising: 

although co-treatment with VCPi, HU and USP1i massively stabilises total PCNA levels, 

the levels of the monoubiquitylated form remain relatively unchanged. This could be 

explained if constant recycling of PCNA takes place at the HU-induced replication 

intermediates. Once polyubiquitylated, PCNA is removed from chromatin and degraded 

by the proteasome. If new PCNA trimers replace the removed ones, they should undergo 

the same process as forks remain in a compromised state. In this scenario, the total 

amount of PCNA should drop due to continuous proteasomal degradation, but the levels 

its monoubiquitylated form should be determined by the number of stressed forks or other 

replication intermediates and therefore remain similar in a given timescale.  

.  
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Figure 41: HU- and USP1i-dependent PCNA degradation in BRCA1-deficient cells. (A) MDA-
MB-436 cells were treated with 4 mM HU, 30 μM ML323 (USP1i) or 5 μM NMS-873 (VCPi) for 
4 h, followed by western blotting with the indicated antibodies. Ponceau S serves as a loading 
control. (B) MDA-MB-436 cells were treated with 4 mM HU, 30 μM ML323 (USP1i) or 5 μM NMS-
873 (VCPi) for the indicated time periods followed by western blotting with the indicated antibodies. 
(C) MDA-MB-436 cells were treated as in (B) followed by isolation of the chromatin fraction and 
western blotting with the indicated antibodies. 
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3.7.3 Ubiquitin chain branching underlies the synthetic lethality between BRCA1 

and USP1 

The synthetic lethality between BRCA1 and USP1 was shown to originate from a 

massive loss of PCNA and to be dependent on RAD18 and UBE2K (Simoneau et al., 

2023). According to the in vitro data and the PIP-E363 system, UBE2K is unlikely to act on 

monoubiquitylated PCNA but rather on polyubiquitylated one. As the ubiquitin ligase 

RFWD3 promotes PCNA polyubiquitylation without significantly affecting 

monoubiquitylated PCNA levels (Moore et al., 2023), I tested whether depletion of RFWD3 

would prevent USP1i toxicity in BRCA1-deficient cells. As shown in Figure 42A, the USP1 

inhibitor ML-323 affects MDA-MB-436 cell viability in a dose-dependent manner. 

Importantly, depletion of RAD18, UBE2K or RFWD3 completely prevents ML-323 toxicity. 

Furthermore, treatment of MDA-MB-436 cells with increasing ML-323 concentrations for 

72 h results in bulk PCNA degradation, which is prevented if RAD18, UBE2K or (partially) 

RFWD3 are depleted (Figure 42B). Knocking down RAD18 prevents the ML-323-induced 

increase in PCNA monoubiquitylation, which is consistent with the role of RAD18 in 

monoubiquitylating PCNA. Depleting UBE2K does not prevent PCNA monoubiquitylation 

but still reverts PCNA degradation. This is consistent with our model, where I propose that 

UBE2K acts on polyubiquitylated PCNA without affecting its monoubiquitylation. 

Furthermore, I observe RAD18-, UBE2K- and RFWD3-dependent activation of checkpoint 

signalling, as demonstrated by an increase in phospho-RPA T21 levels, concomitantly 

with PCNA degradation. Thus, inhibiting USP1 in a BRCA1-deficient background affects 

cells in the same way as expressing PIP-E363 in wild-type cells. Thus, I propose that chain 

branching on PCNA is the pathway that mediates the degradation of this protein in MDA-

MB-436 cells and underlies BRCA1-USP1 synthetic lethality. 
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Figure 42: Toxic effects of USP1 inhibition in BRCA1-deficient cells is dependent on 
RAD18, UBE2K and RFWD3. (A) MTT cell viability assay performed on MDA-MB-436 cells, 
transfected with the indicated siRNAs for 48 h and cultured for 96 h in the presence of indicated 
concentrations of the USP1 inhibitor ML-323. (B) MDA-MB-436 cells were transfected and treated 
as described in (A). USP1 was inhibited for 72 h. The levels of PCNA and phosphorylated RPA 
were analysed by western blotting. Ponceau S staining serves as a loading control.  
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3.7.4 Removal of PCNA impacts the damage bypass pathway in BRCA1-deficient 

cells 

K63-linked PCNA polyubiquitylation in human cells has been functionally linked to 

the pathway of replication fork reversal (Vujanovic et al., 2017). Formation of reversed 

forks during replication over damaged DNA is thought to protect forks from collapse 

(Mutreja et al., 2018) and simultaneously transfer damaged bases into the parental DNA 

duplex, where they can be repaired by the base or the nucleotide excision repair 

machinery. In terms of replication speed, fork reversal slows down replication:  interfering 

with the pathway results in higher replication rates upon replication stress. Potentially, 

branching of K63-linked chains on PCNA can affect replication over damaged DNA in at 

least three different ways. First, removal of PCNA from replication forks is important for 

the completion of fork reversal (Park et al., 2019). Second, if this reaction takes place 

before ZRANB3 recruitment, it can rather prevent fork reversal as it should remove K63-

linked polyubiquitylated PCNA, which is necessary for ZRANB3 recruitment, from 

stressed forks. In this case, alternative pathways, such as TLS at the fork or repriming, 

should be favoured. Third, the branching could impact the interactions of polyubiquitylated 

PCNA with ZRANB3 or WRNIP1, or there may be specific readers of the branched chains.  

To gain insights into the roles of UBE2K-VCP pathway in DNA damage bypass, I 

used the MDA-MB-436 cell line and analysed how well it replicates over damaged DNA 

in the presence of the USP1 inhibitor, which should lead to excessive chain branching on 

PCNA. As a replication stress-inducing agent I used hydroxyurea, which induces oxidative 

damage of DNA bases and simultaneous depletion of the dNTP pool, and analysed the 

speed of replication by means of the DNA fibre assay. As shown in Figure 43A, inhibition 

of USP1 results in faster replication in the presence of hydroxyurea. The observed effect 

is likely due to PCNA removal from chromatin, as it does not take place if VCP is inhibited.  

Another assay that has been extensively used to study DNA transactions at 

stressed forks is the nascent DNA degradation (NDD) assay. It is based on the 

observation that in certain conditions, newly synthesised DNA is degraded by nucleases 

upon prolonged fork stalling, which can be visualised as a shortening of the replication 

tracts. These conditions typically involve depleting or inhibiting certain proteins, 

collectively termed “fork protectors”. BRCA1 is one of the best-characterised fork 
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protectors: knock-down of BRCA1 or loss-of-function BRCA1 mutants result in MRE11-

dependent DNA degradation upon prolonged HU treatment. This degradation is thought 

to originate from reversed forks, and the elimination of the fork reversal pathway rescues 

nascent DNA degradation in BRCA1 mutants. As shown in Figure 43B, I could reproduce 

the above-described phenotype in MDA-MB-436 cells: shortening of newly synthesised 

DNA takes place when HU is added for 5 h after cell labelling. At the same time, 

simultaneous inhibition of USP1 rescues this phenotype. 

 

 

 

 

Figure 43: USP1 inhibition in MDA-MD-436 cells affects replication upon replication stress. 
(A) DNA fibre assay performed in MDA-MD-436 cells treated as depicted in the scheme, following 
DNA spreading and staining. At least 100 fibres per condition were quantified. (B) Nascent DNA 
degradation assay in MDA-MD-436 cells, treated as indicated in the scheme. At least 100 fibres 
per condition were quantified. 
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In this assay, I cannot conclude whether the effects observed following USP1 

inhibition take place due to PCNA extraction because even VCP inhibition alone rescues 

nascent DNA degradation, and the simultaneous treatment with both inhibitors acts no 

differently. At this moment, I do not know precisely why VCP inhibition rescues nascent 

DNA degradation in MDA-MB-436 cells: possible scenarios and experiments to address 

this question are described in the Discussion. Nevertheless, the presented data indicate 

that excessive chain branching and VCP-dependent removal of PCNA interfere with fork 

reversal, favouring higher replication speeds upon replication stress and preventing the 

degradation of nascent DNA upon prolonged fork stalling. Future experiments will be 

needed to analyse which pathways compensate for the loss of fork reversal in these 

conditions and whether this could affect the long-term survival of cancer cells.  
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3.8 Expanding the technology beyond PCNA: the “Ubiquiton” system 

3.8.1 Design of the “Ubiquiton” system 

Tailor-made ubiquitin ligases represent a powerful tool to study ubiquitin signalling, 

as they allow direct manipulation of ubiquitin chain linkage. PCNA is one of the few 

proteins for which mono- and polyubiquitylation with different linkage types have been 

shown to fulfil different functions. Nevertheless, the DNA damage response alone involves 

ubiquitylation of numerous substrates (García-Rodríguez et al., 2016), for which the 

significance of chain linkage is not understood. Therefore, the development of a system 

that would allow applying linkage-selective E3s to any substrate would be of great 

practical use. The catalytic domains of the E363, E348 and E31 highly prefer ubiquitin as a 

substrate (Section 3.1). In the PIP-E3 system, the first ubiquitin is provided to PCNA in 

vivo by RAD18/RAD6 upon replication stress in yeast. In human cells, it is present in 

significant amounts even without exogenous sources of damage. Although for certain 

proteins, such as histones, FANCD2 and RAD18, monoubiquitylation is a well-

characterised modification, for many others this is not the case and generalising the PIP-

E3 system would require solving the problem of chain initiation. Furthermore, a general 

dimerisation strategy is needed to bring the substrate and ligases in close proximity. The 

“Ubiquiton” technology provides a solution for these challenges; it allows the application 

of linkage-specific E3s to any protein of interest (Figure 44A). Chain initiation in this 

system is achieved using the split-ubiquitin principle, which is based on the ability of two 

ubiquitin halves (containing amino acids 1-34 and 35-76, respectively) to refold when 

brought in close proximity (Johnsson and Varshavsky 1994). Upon refolding, the ubiquitin 

halves mimic the tertiary structure of a wild-type ubiquitin and, therefore, can be 

recognised by the ubiquitylation machinery. When one half of ubiquitin is fused to a 

substrate and the other to a ligase, ubiquitin refolds when the interaction between the 

substrate and the ligase is induced, allowing for polyubiquitylation by an E3. In addition to 

splitting ubiquitin into two halves, two point mutations were also introduced: G76V in the 

C-terminal moiety of the split-ubiquitin to make it resistant to DUB cleavage and I13A in 

the N-terminal half to reduce background interaction of ubiquitin halves in the absence of 

a dimerisation signal (Pratt et al., 2007). Finally, the FKBP-FRB dimerisation system is 

used to bring the E3s and the substrates together. These two domains come from 
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immunophilin FKBP12 and the protein kinase mTOR and interact in the presence of the 

small molecule drug rapamycin (Chen et al., 1995). In the resulting system, a fusion of an 

N-terminal ubiquitin half to the FRB domain (hereafter called NUbo) and a fusion of the 

FKBP domain to a C-terminal ubiquitin half (hereafter called CUbo) are appended to 

substrates and E3s as single tags. Addition of rapamycin induces interaction between 

FKBP and FRB, which is followed by the re-folding of ubiquitin from its two halves. The 

E3s then extend the reformed ubiquitin in a linkage-specific manner. Figure 44B shows 

how the Ubiquiton system works for K63, K48 and M1-linked polyubiquitylation. 

Importantly, for K63- and K48-Ubiquiton, NUbo tags are applied to E3s and the CUbo tag 

to a substrate. In this case, the resulting chains are covalently attached to a substrate. 

Since, unlike K63 and K48, ubiquitin’s M1 residue is located in an NUbo tag, for the M1-

Ubiquiton, the NUbo tag is applied to a substrate and the CUbo tag to the E3s.  

 

3.8.2 Application of the Ubiquiton system to human histone H2B 

 Histone mono- and polyubiquitylation is an essential cellular response to DNA 

damage. Nevertheless, the role of ubiquitin chain linkage in histone-coupled chains is not 

yet well investigated. Therefore, I used human histone H2B as a model substrate for the 

Ubiquiton system. All constructs were cloned under the control of a CMV promoter and, if 

not originating from H. sapiens, codon-optimised for human cells. The E31 sequence was 

partially codon-optimised, as described in section 3.2.3.  

 For the K63-Ubiquiton, N-terminally His8-tagged H2B-CUbo was used as the 

substrate and NUbo-E363 as the ligase. Additionally, we co-expressed yeast Ubc13 and 

Mms2 to boost the E363 activity. Isolation of the substrate under denaturing conditions 

reveals robust polyubiquitylation upon the addition of rapamycin (Figure 45A). As 

expected, given the underlying properties of the Ubiquiton system, mutation of the K63 

acceptor lysine in the CUbo tag prevents rapamycin-induced polyubiquitylation.  

 Because both K63 and K48 are located at the C-terminal half of a split-ubiquitin, 

the same substrate as for the K63-Ubiquiton was used for the K48-Ubiquiton. Similarly to 

the PIP-E348 system, Ubc7 was co-expressed with NUbo-E348. Figure 45B shows a 

rapamycin-inducible build-up of K48-linked chains on H2B-CUbo, which depends on the 

availability of K48 of ubiquitin. 
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 Finally, the activity of E31-CUbo was detected in total cell extracts with the LUB9 

antibody, which detects linear ubiquitin linkages and the NUbo tag and, therefore, the 

unmodified NUbo-H2B as well. Figure 46 shows the polyubiquitylation of NUbo-H2B by 

E31-CUbo in the presence of rapamycin. An N-terminally blocked substrate (His6-NUbo-

H2B-His8) is a negative control for this system, similar to the K63R and K48R mutations 

in the previous experiments. It is important to note that blocking the N terminus of ubiquitin 

prevents the LUB9 antibody from recognising this protein, which complicates the 

interpretation of this control. Therefore, in order to make sure that the observed 

polyubiquitylation results from the E31 catalytic activity, I utilised the catalytic point mutant 

(C885A) of the E31. As expected, no build-up of chains is observed when this mutant is 

used. Thus, all three chain types can be assembled on a model H2B substrate, which 

validates the use of the Ubiquiton system to study ubiquitin signalling in human cells.  
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Figure 44 – Design of the Ubiquiton system. (A) Three principal components of the Ubiquiton 
system. (B) Schematic representation of the Ubiquiton system for the three chain types.  



151 
 

 

Figure 45: K63- and K48-Ubiquiton applied to human H2B. (A) The indicated constructs for 
K63-Ubiquiton were expressed in HEK 293T cells for 24 h. Cells were treated, if indicated, with 1 
μM rapamycin for 30 min, followed by a Ni-NTA pulldown under denaturing conditions. Substrate 
polyubiquitylation and expression of the constructs was analysed by western blotting of the Ni-
NTA pulldown (left) and whole-cell extracts (right). Ponceau S serves as a loading control. (B) 
Cells were treated as in panel (A), but the K48-Ubiquiton constructs were used. 
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Figure 46: M1-Ubiquiton applied to human H2B. Indicated constructs were expressed in HEK 
293T cells for 24 h. Cells were treated, if indicated, with 1 μM rapamycin for 240 min, followed by 
western blotting of whole-cell extracts with the indicated antibodies. Ponceau S staining serves as 
a loading control. 
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Chapter 4 

Discussion 

 

4.1 Tailor made E3s as a new engineering approach to study the ubiquitin 
code 

There are several approaches to studying the ubiquitin code. The majority of them 

rely on the analysis of the existing ubiquitin conjugates. These include mass-

spectrometry, linkage-selective binders and a deubiquitylase-based approach 

UBICREST. All these methods allow to unravel the architecture of the ubiquitin coat on a 

given substrate without providing information on how important each particular element of 

the ubiquitin code is. Indeed, in order to understand the significance of the ubiquitin code, 

one has to be able to directly manipulate it – change the ubiquitin architecture on a 

substrate and analyse the physiological consequences of this manipulation. The task is 

challenging because the writers of the ubiquitin code are often unknown. In addition, 

ubiquitin ligases often have multiple functions and, therefore, cannot be depleted without 

severe side effects for a cell. Therefore, protein engineering approaches, which allow to 

re-create specific ubiquitin structures, are of great importance. There are a lot of known 

examples where permanent fusions of ubiquitin to a protein successfully mimic 

monoubiquitylation events (Asimaki et al., 2022). This approach, however, has relatively 

limited scope in mimicking polyubiquitylation. Whereas conformations of head-to-tail 

ubiquitin functions can be similar to that of K63-linked chains, other linkage types are 

unlikely to be functionally replaced by linear polyubiquitin fusions. The present work 

focuses on two protein engineering-based systems, which allow polyubiquitylation of 

desired substrates with K63-, K48- or M1-linked polyubiquitin chains. The first system – 

PIP-E3s – is specific for PCNA and was successfully implemented before in S. cerevisiae. 

In this study, PIP-E3s were optimised for human cells. Whereas PIP-E363 did not require 

further optimisation steps except for optimisation of codon usage, I observed that the 

activity of PIP-E348 drastically increased in the presence of its cognate E2 Ubc7, which 

can be co-overexpressed or produced as a self-cleavable or a permanent fusion with PIP-

E348. Unlike PIP-E363 and PIP-E348, the activity of PIP-E31 was detectable only in 
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denaturing conditions and upon overexpression of ubiquitin. This may reflect that linear 

chains are more prone to DUB cleavage in human cells or that this enzyme needs further 

optimisation to become as active as K63- and K48-specific E3s. The fundamental 

difference between PIP-E3s and other approaches, where E3s are targeted to the 

substrates, is their elongation specificity and, therefore, reliance on PCNA 

monoubiquitylation. One can envision the development of similar tailor-made E3s by 

means of fusing linkage-selective E3s to substrate binding domains for substrates other 

than PCNA. In order to promote the activity of E3s, the substrates need to be 

monoubiquitylated in vivo, which limits the scope of potential candidates. The second 

system I used in this study is the Ubiquiton technology, which can be applied to any 

desired protein and overcomes the abovementioned problem of chain initiation. While 

catalytic domains remain the same as in PIP-E3s, several advances have been 

implemented in the system: the FKBP-FRB dimerisation system as a means of substrate 

targeting and the split ubiquitin approach for chain initiation. In this thesis, I demonstrate 

the applicability of the Ubiquiton system to the human histone H2B, and my co-workers 

Evrydiki Asimaki and Christian Renz have successfully used it to polyubiquitylate human 

EGFR and GFP as a proof-of-concept substrate. Unlike PIP-E3s, overexpression of E2s 

was needed for both ‘K63’ and ‘K48’-Ubiquiton. One possible explanation for this 

phenomenon could lie in the different availability of the substrates in these systems. While 

PIP-E3s can only act on monoubiquitylated PCNA, which is a relatively rare PCNA 

modification in unchallenged conditions, the substrate for the Ubiquiton system was 

overexpressed. In this case, more components of the ubiquitylation machinery may be 

needed to support the ubiquitylation of the substrate, explaining the need for E2 

overexpression.  

There are several described approaches, where ubiquitin ligases are targeted to 

the substrates of interest. One well-known example is proteolysis-targeting chimaeras 

(PROTACs) – heterobifunctional molecules, which bring the desired substrate and the E3 

enzyme in close proximity. A wide range of ubiquitin ligases has been used as a ‘degrader’ 

component of the PROTAC system (Békés et al., 2022). In contrast PROTACs, the 

Ubiquiton system allows not only to degrade proteins but also to study numerous non-

degradative functions of K63- and M1- polyubiquitin chains. Even in the context of protein 

degradation, the Ubiquiton system provides an alternative way for targeted protein 
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degradation based on the addition of rapamycin, thereby allowing, in combination with 

other technologies, independent degradation of several cellular proteins.  

Another example of a technology which is based on the targeted protein 

ubiquitylation is the ProxE3 system: catalytic domain of the HECT-type K63-selective E3 

NEDD4 was in an inducible manner targeted to the mitochondria-localised substrate 

(Richard et al., 2020). The authors demonstrate that the activity of the E3 results in the 

sequestration of mitochondria but not mitophagy induction. However, although the 

catalytic domain of NEDD4 is predominantly K63-selective, it also multi-monoubiquitylates 

the substrate, making it difficult to differentiate between multi-mono and polyubiquitylation. 

In the Ubiquiton system, this is achieved by the split ubiquitin system: mutation of the 

acceptor lysine on a Ubiquiton tag prevents chain formation while retaining the re-folding 

of the first ubiquitin. Thus, tailor-made E3s and, in particular, the Ubiquiton system provide 

a series of conceptual advances over the existing ubiquitin technologies and have a great 

potential to explore the function of the ubiquitin code.  

 

4.2 Exploring the roles of PCNA polyubiquitylation by means of PIP-E3s 

4.2.1 Which biological questions are addressed by the PIP-E3 system in yeast and 

human cells? 

Despite the same mechanism of PIP-E3s’ activity in yeast in human cells, 

fundamental biological questions addressed by the expression of these artificial enzymes 

are different. The underlying reason is the extent of PCNA monoubiquitylation in cycling 

cells in undamaged conditions. In yeast, this modification is damage-inducible. Therefore, 

DNA damage is a prerequisite for PIP-E3 activity in this organism. Thus, a biological 

question for this system can be whether PIP-E363 can functionally act as Rad5 – an E3 

enzyme responsible for PCNA modification with K63-linked chains in the DNA damage 

bypass. Enzymes with alternative linkage specificity (PIP-E348 and PIP-E31) provide 

insight into the relevance of K63 linkage in the pathway. As demonstrated by Wegmann 

et al., PIP-E363 and PIP-E31 can functionally replace Rad5 in the DNA damage bypass 

pathway, whereas PIP-E348 counteracts damage bypass owing to PCNA degradation and 

exerts dominant-negative effects.  
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In human cells, PCNA is modified with monoubiquitin during normal S-phase 

progression, whereas polyubiquitylation becomes evident only upon substantial 

replication stress. The activity of PIP-E3s is therefore not damage-inducible: endogenous 

levels of PCNA monoubiquitylation are sufficient to support the activity of PIP-E3s, which, 

in the case of PIP-E363, leads to replication catastrophe as early as 6 h after the induction 

of the ligase. Therefore, it is impossible to utilize PIP-E3s to address the same biological 

question as in budding yeast. Instead, the activity of PIP-E363 simulates a damage 

response in a cell without ‘real’ DNA damage. This experimental setup is conceptually 

similar to tethering DNA damage markers to chromatin without any exogenous damage 

(Soutoglou and Misteli, 2008). As demonstrated by Soutoglou et al., forced recruitment of 

DSB repair proteins NBS1, MRE11, MDC1, and ATM to chromatin leads to G2/M arrest 

of cells, although ‘real’ DSBs are not present. In this sense, polyubiquitylation of PCNA by 

PIP-E363 in otherwise unchallenged cells creates a signal, which would typically appear 

in cells that experience replication stress. In theory, cells can either ignore this 

unscheduled PCNA modification or undergo a response to it. My results show that the 

second scenario is the case: human cells respond to PIP-E363-induced PCNA 

polyubiquitylation as if they would replicate over damaged DNA: they activate checkpoint 

signalling and arrest in the S phase.  Moreover, PIP-E348, albeit less efficient, leads to the 

same phenotype, highlighting the differences in the damage response pathway in yeast 

and human cells.  

 

4.2.2 Expression of PIP-E363 phenocopies HU-induced replication stress and USP1 

inhibition in BRCA1-deficient cells 

 One of the first observed phenotypes of PIP-E363 expression was S phase arrest 

and activation of checkpoint signalling. Whereas checkpoint activation begins as early as 

6 h post PIP-E363 induction, cells exhibit S-phase accumulation starting from 12 h after 

expression of PIP-E363. Alongside S-phase arrest, late (> 24 h) response to PIP-E363 

expression includes reduced EdU incorporation, reduced replication speed and formation 

of double-strand breaks, visualised by the appearance of γH2AX signal. Notably, at early 

time points, ATR activity prevents the formation of DNA breaks, as ATR inhibition by VE-

821 leads to increase of γH2AX 6 h after PIP-E363 expression. All the observed 
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phenotypes are common for cells experiencing replication stress. Indeed, treatment of 

cells with high-dose hydroxyurea leads to activation of checkpoint signalling due to 

exposure of single-stranded DNA, reduced replication speed, S-phase arrest and 

formation of DSBs upon prolonged treatment. Moreover, at early time points, ATR 

prevents the formation of DSBs by preventing excessive origin firing and RPA exhaustion. 

This similarity between PIP-E363 and HU treatment is surprising: treatment with HU affects 

all replication forks simultaneously, whereas PIP-E363 creates a chain only at the sites 

where PCNA is monoubiquitylated. As monoubiquitylated PCNA levels are relatively low, 

it suggests that K63-linked polyubiquitylation is a potent signal for checkpoint activation. 

One crucial difference between HU-induced replication stress and PIP-E363 expression is 

PCNA levels: activation of checkpoint signalling in PIP-E363 occurs concomitantly with a 

drastic decrease in total PCNA levels, whereas massive PCNA degradation upon HU 

treatment has not been reported. 

 Another situation which affects cells in a way similar to PIP-E363 expression is the 

inhibition of USP1 in BRCA1-deficient cells: this treatment results in RAD18-dependent S 

phase arrest and checkpoint activation, ultimately leading to cell death. Although the 

importance of BRCA1 deficiency in this scenario is poorly understood and will be 

discussed in section 4.2.6, USP1 inhibition leads to an increase in PCNA 

monoubiquitylation. As monoubiquitylated PCNA is a substrate for subsequent 

polyubiquitylation, inhibition of USP1 in a BRCA1-deficient background is likely to induce 

replication collapse via the same mechanism as PIP-E363 expression. Thus, expression 

of PIP-E363 leads to similar effects as replication stress triggered by at least two different 

sources.   

 

4.2.3 Effects of PIP-E363 expression are on-target 

In the course of the work, I performed a series of controls to prove that the observed 

effects are PCNA-specific. PIP-E363-induced checkpoint activation and cell cycle arrest 

do not take place if: 

1. PIP-box of the ligase is deleted, interaction with UBC13 is compromised via a point 

mutation of a RING domain, or the catalytic domain is completely deleted 
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2. PCNA K164R cell line is used, deficient in PCNA ubiquitylation 

3. RAD18 is depleted, preventing PCNA monoubiquitylation 

Taken together, these data demonstrate that unscheduled PCNA polyubiquitylation 

with K63-linked chains leads to replication catastrophe. 

Results from HEK293T-based cell lines (George-Lucian Moldovan laboratory) 

provide additional information about the nature of the adverse effects of PIP-E363 

expression. Whereas HEK293T WT cells do, and HEK293T PCNA K164R do not activate 

checkpoint upon expression of PIP-E363, cells expressing both wild-type and mutant 

PCNA forms behave like full mutant cells. One possible explanation could be that multiple 

subunits of the same PCNA trimer need to be polyubiquitylated to lead to the observed 

phenotype. Several studies indicate that simultaneous ubiquitylation of multiple PCNA 

subunits of the same trimer may be essential for damage tolerance in human cells. First, 

human cells expressing two different PCNA forms – WT and PCNA K164R – are sensitive 

to UV and cisplatin, suggesting that heterotrimeric PCNA forms interfere with damage 

bypass (Kanao and Masutani, 2017). Second, HLTF preferentially polyubiquitylates PCNA 

trimers, pre-monoubiquitylated on all three subunits (Masuda et al., 2018).  Finally, 

HUWE1, identified in this study as an interactor of polyubiquitylated PCNA, was shown to 

amplify the ubiquitin signal various of substrates in different cellular compartments (Zhou 

et al., 2023). One could also speculate that the activity of HUWE1 would include the 

propagation of ubiquitin signalling from one PCNA subunit onto others. This needs to be, 

however, further investigated.  

 

4.2.4 Ubiquitylated PCNA is a VCP substrate 

Depletion of the two factors that have been previously shown to interact 

preferentially with polyubiquitylated PCNA – ZRANB3 and WRNIP1 – do not prevent 

checkpoint activation by PIP-E363. Moreover, as there might be redundancy between 

ZRANB3 and other fork remodellers, I tested whether HLTF and SMARCAL1, as well as 

the interactor of K63-linked polyubiquitin chains RAP80, are responsible for the harmful 

effects of PIP-E363 expression. However, none of these factors seems to be involved in 

the pathway, suggesting the presence of other readers of PCNA polyubiquitylation. This 
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was a reason to conduct a mass-spectrometry-based identification of factors that 

preferentially interact with polyubiquitylated PCNA in vivo. Alongside WRNIP1, which 

serves as a positive control, I identified components of a VCP-proteasome system 

enriched in polyubiquitylated PCNA conditions. Importantly, VCP has been shown to 

regulate the disassembly of replisomes upon replication termination, and several studies 

suggest an involvement of VCP in the process of DSB repair (Meerang et al., 2011). 

However, the functions of VCP in the DNA damage bypass pathway have not yet been 

reported. VCP inhibition by NMS-873 indeed prevents checkpoint signalling after PIP-E363 

expression. Moreover, one can observe a massive accumulation of polyubiquitylated 

PCNA on chromatin upon VCP inhibition. These data pinpoint VCP activity towards 

polyubiquitylated PCNA as the reason for replication collapse after PCNA 

polyubiquitylation. Importantly, this pathway is not an artefact of the PIP-E363 system and 

also operates when PCNA polyubiquitylation is induced by HU, MMS or UV light, 

suggesting that removal of polyubiquitylated PCNA from chromatin is a general response 

to replication stress.  

 

4.2.5 PCNA is modified with branched ubiquitin chains 

Mass-spectrometry-based analysis of PCNA, immunoprecipitated from PIP-E363-

expressing cells upon VCP inhibition, reveals upregulation of K63, K48 and K11 linkages. 

Interestingly, this combination of ubiquitin linkages on a single substrate has already been 

reported for several proteins. For example, the ubiquitin coat, consisting of K63, K48 and 

K11 chains, is created by the APC/C complex on the cyclin B1, mediating its rapid 

degradation at the anaphase onset (Kirkpatrick et al., 2006). Similar ubiquitin architecture 

is present on the secretory factor EVI/WLS, the responsible ubiquitin-conjugating 

enzymes being UBE2N, UBE2K and UBE2J2 (Wolf et al., 2021). As UBE2N and UBE2K 

are highly K63- and K48-linkage specific, UBE2J2 is likely responsible for generating the 

K11 component of the ubiquitin code. CRISPR screen also identified that UBE2K, UBE2J2 

and a K63-specific ubiquitin ligase MARCH5 are responsible for the degradation of the 

pro-apoptotic factor NOXA. Importantly, UBE2K and UBE2J2 do not mediate NOXA 

degradation in MARCH5-deficient cells, suggesting that a K63-linked chain serves as a 

basis for the build-up of a complex branched K63-K48-K11 architecture (Nakao et al., 
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2023). The same pathway likely underlies the mechanism of action of cIAP-based 

degraders: a K63-linked chain is further modified with K48- and K11-linkages, leading to 

rapid degradation of a target protein (Akizuki et al., 2023). Therefore, the branching of 

K63-linked chains on PCNA may not be specific to PCNA but rather represent a particular 

case of a general pathway initiated by K63-linked chains.  

 The model that K48 ubiquitin linkages on PCNA after PIP-E363 expression are 

assembled on top of K63-linked chains was further confirmed by means of the UBICREST 

assay, where linkage-selective DUBs are used to delineate the architecture of the ubiquitin 

conjugates. Treatment of PCNA, immunoprecipitated from PIP-E363-expressing cells, with 

a K63-linkage selective DUB AMSH leads to the removal of both K63 and K48 linkages 

from PCNA. Analysis of soluble ubiquitin forms after AMSH cleavage confirmed that 

PCNA is decorated with K63-K48 branched ubiquitin chains. I further demonstrate that 

ubiquitin-conjugating enzyme UBE2K is at least partially responsible for the branching of 

K63-linked chains on PCNA in vitro (collaboration with Nils Krapoth) and in vivo. Transient 

depletion of UBE2K diminishes the amount of branched ubiquitin chains on PCNA and 

completely prevents checkpoint activation by PIP-E363. The latter observation is quite 

interesting because it suggests that a certain amount of ubiquitin chain branching on 

PCNA can be tolerated by cells; however, its excessive amount results in a replication 

collapse. By directly comparing the consequences of K63- versus K48-linked PCNA 

polyubiquitylation, I observed that both chain types lead to VCP-dependent replication 

collapse. However, due to UBE2K-dependent branching, K63-linked chains lead to much 

more substantial adverse effects than K48-linked chains (Figure 47). This suggests that 

branched K63-K48 chains are a better substrate for VCP-mediated extraction than 

homotypic chains, which agrees with similar findings for the branched K11-K48 chains 

(Yau et al., 2017). A recent study suggests that branched K63-K48 chains play a role in 

VCP metabolism: several VCP-interacting proteins (ATXN3, ZFAND2B, RHBDD1) 

preferentially bind to branched K63-K48 conjugates compared to homotypic K63 and K48-

linked chains. It is worth pointing out, that in the same study, VCP itself was found to 

preferentially bind to K48-linked chains. Therefore, it is likely that certain branched chain-

specific VCP adaptors are involved in the removal of PCNA from chromatin. As none of 

them was identified in the MS experiment, alternative approaches, such as crosslinking 
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MS or siRNA/CRISPR screens, are needed to identify VCP adaptors involved in removing 

polyubiquitylated PCNA from DNA. 

Another remaining question is the nature of identified K11 linkages on PCNA. 

Theoretically, these linkages can be assembled either on top of K63-linked or K48-linked 

chains. This can be understood in the future by performing a UBICREST assay with K63- 

or K48-selective DUBs and analysing the presence of K11 linkages in soluble and PCNA-

bound fractions by K11-selective antibodies or mass spectrometry. K11-selective DUB 

Cezanne and branched K48-K11 selective antibody may also be of great use in this 

direction.  

 

 

  

 

 

Figure 47: Schematic representation of the pathway, initiated by PCNA polyubiquitylation 
in the PIP-E363 and PIP-E348 systems  
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4.2.6 Ubiquitin chain branching underlies synthetic lethality between BRCA1 and 

USP1 

Why does inhibition of USP1 in BRCA1-deficient cells phenocopy overexpression 

of PIP-E363? Whereas USP1 inhibition increases the levels of mono- and, consequently, 

polyubiquitylated PCNA, the role of BRCA1 deficiency in this pathway is unclear. The 

difference between BRCA1-proficient and -deficient cells is evident even during otherwise 

unchallenged replication, as BRCA1-deficient cells tend to accumulate single-strand DNA 

gaps, which likely originate from PRIMPOL repriming at DNA lesions or difficult-to-

replicate structures (Cong et al., 2021; Quinet et al., 2020). A recent study suggests 

BRCA1 monoubiquitylates PCNA during unperturbed replication, promoting continuous 

DNA synthesis (Salas-Lloret et al., 2023). A similar phenotype, namely accumulation of 

daughter strand gaps, is exhibited by PCNA K164R cells, confirming the proposed role of 

BRCA1-mediated PCNA ubiquitylation in gap suppression. Studies in yeast suggest that 

PCNA can remain at the 3’ of a gap while the replisome further continues DNA synthesis 

(Daigaku et al., 2010). Increased formation of DNA gaps may result in more PCNA trimers 

being loaded on DNA at any time point: in addition to active replication forks, PCNA is 

likely to be present at the gaps in BRCA1-deficient cells, increasing DNA-bound PCNA 

pool, which can be a substrate for ubiquitylation. Once PCNA is sequentially 

monoubiquitylated, polyubiquitylated, undergone chain branching by UBE2K, extracted 

from DNA by VCP and degraded, a new PCNA trimer can be loaded on the same 

daughter-strand gap by RFC clamp loader, and the cycle can repeat (Schrecker et al., 

2022). In this scenario, total PCNA levels will be a trade-off between degradation of 

chromatin-bound PCNA and PCNA translation in the cytoplasm. Due to the presence of 

DNA gaps, the rate of chromatin-bound PCNA degradation should be higher in BRCA1-

deficient cells, explaining the observed rapid degradation of PCNA (Figure 48). Proof of 

this hypothesis would require performing the experiments described in section 3.7.3 upon 

depletion of PRIMPOL when the formation of ssDNA gaps, at least on the leading DNA 

strand, is prevented. Alternatively, if the hypothesis is correct, inhibition of VCP or 

depletion of UBE2K should prevent excessive gap formation, which can be visualised by 

DNA fibre assay with S1 nuclease treatment (Quinet et al., 2017). 
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Figure 48: A model explaining rapid PCNA degradation upon USP1 inhibition in BRCA1- 
deficient compared to wild-type cells. Excessive formation of daughter-strand gaps may lead 
to more PCNA being loaded onto DNA and undergo ubiquitylation and degradation. More detail 
in the main text. 

   

4.2.7 USP1 slows down replication under stressed conditions in BRCA1-deficient 

cells  

Inhibition of USP1 in BRCA1-deficient cells for 24 – 72 h results in bulk PCNA 

degradation and cell death. I hypothesised that this treatment may also affect replication 

on a shorter timescale. As described in section 1.2.3.4, once a replication fork stalls due 

to encountering a lesion or nucleotide starvation, there are multiple ways to solve this 

issue, the main ones being translesion synthesis, fork reversal and repriming. Of these 

three, only repriming is favoured upon the conditions of PCNA depletion, as both TLS and 

fork reversal require PCNA ubiquitylation. Indeed, my results suggest that fork reversal is 

impaired in BRCA1-deficient cells, as nascent DNA degradation in this cell line is 

prevented by USP1 inhibition. Previously, depletion of USP1 was shown to further 

aggravate, rather than rescue, nascent DNA degradation upon BRCA1 deficiency (Lim et 
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al., 2018). However, it should be noted that there is no discrepancy between these data. 

Conditions for DNA fibre assay in the Lim et al. study include either siRNA-mediated 

depletion of USP1 or long-term (24 h) treatment with a USP1 inhibitor. These conditions 

already induce significant PCNA degradation, which may alter the composition or 

structure of replication forks when HU is applied, enhancing the effects of BRCA1 

deficiency (Simoneau et al., 2023). On the contrary, I applied the USP1 inhibitor together 

with HU, ensuring that USP1 inhibition would not affect the replication forks before they 

encountered stress conditions. In addition, excessive repriming in BRCA1-deficient cells 

upon USP1 inhibition is supported by higher replication speed in these conditions. This 

acceleration of forks upon USP1 inhibition does not take place if VCP activity is inhibited, 

confirming the proposed role of PCNA extraction from DNA in counteracting TLS and fork 

reversal and facilitating repriming. Although strict proof of USP1 influence on fork reversal 

would require performing electron microscopy of the replication intermediates, the rescue 

of the nascent DNA degradation upon BRCA1 deficiency has been widely used as a proxy 

for impaired fork reversal. Rescue of the nascent DNA degradation in BRCA1-deficient 

cells can happen even in the presence of a functional fork reversal pathway, for example, 

if MRE11 nuclease activity is compromised. However, there is no known connection 

between USP1 and MRE11, so the hypothesis that USP1 inhibition impairs fork reversal 

in BRCA1-deficient cells seems more plausible. 

 

4.2.8 Potential clinical significance of the findings 

As PCNA is an essential factor in DNA replication and repair, compromising its 

functions may be a promising approach to inhibit the growth of tumour cells. Chang et al. 

describe a system for targeted PCNA degradation based on a CRL adaptor SPOP fused 

to a PCNA-targeting peptide Con1 (Chang et al., 2022). Once delivered into cells, Con1-

SPOP induces robust PCNA degradation, resulting in mitotic defects, mitochondria 

dysregulation and overall complete inhibition of tumour growth in vivo. These effects 

depend on PCNA degradation, as they are not observed upon stoichiometric inhibition of 

PCNA. In this study, I demonstrated that PCNA decoration with K63-linked chains leads 

to more efficient PCNA degradation than K48-linked polyubiquitylation. Therefore, there 

is a possibility that the PIP-E363 construct may be even more efficient in inhibiting tumour 
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growth than Con1-SPOP fusion. As cancer cells often experience replication stress and 

may have elevated levels of ubiquitylated PCNA at replication forks and daughter-strand 

gaps, PIP-E363 may preferentially inhibit the proliferation of cancer cells. More research is 

needed to assess the viability of this approach. 

Moreover, the results obtained in this study highlight the toxicity of PCNA 

ubiquitylation in BRCA1-deficient cells. Analysis of mutations in the factors involved in the 

pathway (RAD18, UBC13, RFWD3, UBE2K, VCP adaptors and others) may serve as a 

basis for prediction of how BRCA1-deficient tumours react to USP1, VCP or TLS inhibition 

or treatment with HU. The results may also be expanded beyond BRCA1-deficient 

tumours, as discussed in section 4.3.1.  

 

4.3 Future perspectives 

4.3.1 PCNA polyubiquitylation 

Excessive PCNA polyubiquitylation with K63-linked chains, induced either by the 

expression of PIP-E363 or by USP1 inhibition in a BRCA1-deficient background, results in 

replication collapse. As this effect is potentially helpful for drug discovery applications, it 

is crucial to explore whether it also occurs in other cellular backgrounds. My results 

suggest that ubiquitin chain branching on PCNA and its removal from chromatin take place 

even in wild-type cells as a part of a replication stress response. However, unlike BRCA1-

deficient, wild-type cells do not experience substantial PCNA degradation upon treatment 

with genotoxins. As mentioned in section 4.2.6, an increased presence of daughter-

strand gaps in BRCA1-deficient cells can be a reason for a higher PCNA degradation rate 

in this genetic background. However, there are other conditions that lead to increased 

formation of gaps during DNA replication. One example is the inhibition of PARP, which 

leads to an increase in replication speed due to the excessive accumulation of daughter-

strand gaps (Maya-Mendoza et al., 2018). As this situation is similar to BRCA1 deficiency, 

it is worth investigating whether co-treatment of wild-type cells with PARP and USP1 

inhibitors would lead to PCNA degradation and checkpoint activation. 
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Another open question is whether the PCNA-Ubn – UBE2K – VCP pathway protects 

replication forks from DNA2-mediated degradation. Indeed, the reason for the fork 

deprotection in PCNA K164R cell line or upon depletion of RAD18 or UBC13 is not yet 

identified. One possible explanation could be that VCP-dependent removal of PCNA from 

stressed replication forks is required for the proper fork reversal and protection. PCNA 

unloading by ATAD5 is essential for the fork reversal pathway in vitro. It is possible that 

PCNA unloading in vivo may involve other factors, such as VCP. 

Finally, since the translesion synthesis polymerase Polκ preferentially associates 

with PCNA modified with K48 ubiquitin linkages, it is tempting to speculate that ubiquitin 

chain branching by UBE2K may serve as a recruitment signal for this polymerase, 

facilitating fork restart after prolonged HU treatment. Future research is needed to address 

this question and investigate the timely coordination between the signalling functions of 

PCNA-conjugated ubiquitin chains and VCP-dependent termination of the signalling. 

 

4.3.2 The Ubiquiton technology 

 The Ubiquiton system generalises the PIP-E3 technology, allowing the 

polyubiquitylation of any protein of interest with one of three (M1-, K63-, K48-linked) chain 

types. Although the ubiquitin chains in the Ubiquiton system are assembled on the 

respective tags instead of native attachment sites, there are no known cases where an 

attachment site of a polyubiquitin chain would impact its functions on a substrate. I 

demonstrated that the Ubiquiton system can be applied to polyubiquitylate human histone 

H2B with three different linkage types. This experiment not only serves as a proof-of-

concept for the Ubiquiton technology in human cells but also allows to explore the role of 

ubiquitin signalling in the DSB response. Future experiments can include the modification 

of histones with polyubiquitin chains in the absence of ‘real’ DNA damage and analysing 

of a cellular response to this chromatin modification. Should this approach be 

unsuccessful, one can target the Ubiquiton components to chromatin by other means, 

such as the TetO-TetR tethering system or non-catalytic Cas9. Since ubiquitin signalling 

is involved in all major cellular pathways, the Ubiquiton technology will likely find 

applications beyond DNA damage signalling. It will be useful to study the roles of 

polyubiquitylation of those substrates that are known to be decorated with different 
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linkages. Examples are p53, RIPK1 and IRAK1 (Guo et al., 2021; Newton et al., 2008). 

Combining the Ubiquiton system with the proximity labelling mass spectrometry approach 

will allow to identify the interactors of the polyubiquitylated substrates. 

 Another possible application of the Ubiquiton system originates from the results of 

this work, namely the branching of K63-linked chains on PCNA. The apparent absence of 

a PCNA-targeting domain in UBE2K suggests that K63-linked chains on other substrates 

may also be decorated by UBE2K with K48 linkages. Indeed, nearly one-fifth of K63 

linkages are branched at K48, although the contribution of UBE2K to the ‘bulk’ branching 

of K63-linked chains is yet unknown. This question can be answered with the help of the 

Ubiquiton system: by assembling K63-linked chains on a panel of substrates (including 

non-physiological ones, e.g., GFP) and analysing their modification in vivo, one can 

explore the substrate specificity of UBE2K and other chain-branching enzymes. 

The expansion of the Ubiquiton technology in terms of other non-canonical linkages 

is one of the priorities of our laboratory. Several promising candidates will be characterised 

in vitro and in vivo, aiming to cover all 8 linkage types in the future. 

Finally, the Ubiquiton technology can be combined with the Sortase-based 

approach in order to site-specifically polyubiquitylate a protein of interest. Sortase-

mediated ubiquitylation, in combination with genetic code expansion, has been 

successfully applied to attach ubiquitin to the internal residues of target proteins (Fottner 

et al., 2019). Subsequent recruitment of tailor-made E3s would allow site-specific 

attachment of polyubiquitin chains, eliminating the need to attach tags to proteins. Thus, 

we anticipate further development of the Ubiquiton technology, leading to its broader 

applicability to different cellular pathways. 
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Chapter 5 

Appendix 
 

5.1 Abbreviations 
 

aa   Amino acid 

ADP   Adenosine-5’-diphosphate 

APC   Anaphase-promoting complex 

ATM   Ataxia-telangiectasia mutated 

ATP    Adenosine-5’-diphosphate 

ATR   Ataxia telangiectasia and Rad3 related 

AQUA   Absolute quantification 

BER   Base excision repair 

bp   Base pair 

BPDE   Benzo[a]pyrene dihydrodiol epoxide 

BRCA   Breast cancer 

BrdU   5-Bromo-2'-deoxyuridine 

BSA   Bovine serum albumine 

CHIP   Chromatin immunoprecipitation 

CldU   5-Chloro-2′-deoxyuridine 

CMV   Cytomegalovirus 

CPD   Cyclobutane pyrimidine dimer 

DMEM   Dulbecco's Modified Eagle Medium 

DNA   Deoxyribonucleic acid 

dNTP   Deoxynucleotide triphosphate 

Dox   Doxycycline 

DPC   DNA-protein crosslink 

DSB   Double-strand break 

dsDNA   Double-stranded deoxyribonucleic acid 
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DUB   Deubiquitylating enzyme 

EDTA   Ethylenediaminetetraacetic acid 

EdU   5-Ethynyl-2'-deoxyuridine 

hco   Human codon-optimised 

HECT   Homologous to E6-AP carboxyl terminus 

HIRAN   HIP116 Rad5p N-terminal 

HLTF    Helicase-like transcription factor 

HR   Homologous recombination 

hTERT   Human telomerase reverse transcriptase 

HU   Hydroxyurea 

ICL   Interstrand crosslink 

IdU   5-Iodo-2′-deoxyuridine 

IF   Immunofluorescence 

LDD   Linear chain determination domain 

LUBAC  Linear ubiquitin chain assembly complex 

MCM   Minichromosome maintenance protein complex 

MMS   Methyl methanesulfonate 

MNNG   N-Methyl-N'-nitro-N-nitrosoguanidin 

MVB   Multivesicular body 

NEMO   NF-κB essential modulator 

NER   Nucleotide excision repair 

NF-κB   Nuclear factor kappa-light-chain-enhancer of activated B cells 

NHEJ   Non-homologous end joining 

nt   Nucleotide  

NTA   Nitrilotriacetic acid 

NZF   Npl4 zinc finger 

ORC   Origin recognition complex 

PARP   Poly (ADP-Ribose) Polymerase 

PBS   Phosphate-buffered saline 

PCNA   Proliferating cell nuclear antigen 
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PEI   Polyethyleneimine 

PRIMPOL  Primase and DNA directed polymerase 

PROTAC  Proteolysis targeting chimera 

PTM   Post-translational modification 

RBR   RING-between-RING  

RING   Really interesting new gene 

RNA   Ribonucleic acid 

ROS   Reactive oxygen species 

RPA   Replication protein A 

RPE   Retinal pigment epithelium 

SDS   Sodium dodecyl sulfate 

SHPRH  SNF2 Histone Linker PHD RING Helicase 

siRNA   Small interfering ribonucleic acid 

SSB   Single-strand break 

ssDNA   Single-stranded deoxyribonucleic acid 

TLS   Translesion synthesis 

TRC   Transcription-replication conflict 

TS   Template switching 

UBAN   Ubiquitin-binding domain in ABIN proteins and NEMO 

UBD   Ubiquitin-binding domain 

UBICREST  Ubiquitin chain restriction 

UBLs   Ubiquitin-like proteins  

UBZ   Ubiquitin-binding zinc finger 

UIM   Ubiquitin-interacting motif 

UPS   Ubiquitin-Proteasome system 

UV   Ultraviolet light 

VCP   Valosin-containing protein  

VSV   Vesicular stomatitis virus    
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