
UBIQUITINATION 
IN THE UV-INDUCED 
DNA DAMAGE RESPONSE
from proteomics to patient

Petra Schwertman

U
b

iq
uitinatio

n in the U
V-ind

uced
 D

N
A

 D
am

ag
e R

esp
o

nse
Petra Schw

ertm
an  

2014



Ubiquitination in the UV-induced  

DNA Damage Response


from proteomics to patient

Petra Schwertman



Layout & printing: Off Page, Amsterdam

ISBN: 978-94-6182-445-5

© Copyright 2014 by Petra Schwertman. All rights 
reserved

No part of this book may be reproduced, stored in a 
retrieval system, or transmitted in any form or by any 
means, without prior permission of the author, or 
when appropriate, of the publisher of the presented 
published articles.



Ubiquitination in the UV-induced  

DNA Damage Response 
 

from proteomics to patient 
 

 

Ubiquitinatie in de UV-geïnduceerde  DNA-schade respons 

van proteomica tot patiënt 

 

 

 

Proefschrift 

 

ter verkrijging van de graad van doctor aan de 

Erasmus Universiteit Rotterdam 

op gezag van de rector magnificus Prof.dr. H.A.P. Pols 

en volgens besluit van het College voor Promoties. 

De openbare verdediging zal plaatsvinden op 

vrijdag 6 juni om 13:30 uur. 

 

 

Pieterke Schwertman 

Geboren te Groningen 

 

  

Ubiquitination in the UV-induced  

DNA Damage Response


from proteomics to patient

Ubiquitinatie in de UV-geïnduceerde DNA-schade respons

van proteomica tot patiënt

Proefschrift

ter verkrijging van de graad van doctor aan de

Erasmus Universiteit Rotterdam

op gezag van de rector magnificus Prof.dr. H.A.P. Pols

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

vrijdag 6 juni om 13:30 uur.

Pieterke Schwertman

Geboren te Groningen



Promotiecommissie

Promotor:		  Prof.dr. J.H.J. Hoeijmakers 

Copromotoren:		  Dr. W. Vermeulen

			   Dr. J.A.F. Marteijn

Overige leden:		  Prof.dr. L.H.F. Mullenders

			   Prof.dr. T.K. Sixma

			   Prof.dr. C.P. Verrijzer



Table of contents

Scope of the thesis� 7

Chapter 1	 General introduction � 9

Chapter 2	 An immunoaffinity purification method for the proteomic analysis 

of ubiquitinated protein complexes� 31

Chapter 3	 Quantitative proteomic analysis reveals changes in ubiquitinated 

protein complexes within the UV‑induced DDR� 55

Chapter 4	 UV-sensitive syndrome protein UVSSA recruits USP7 to regulate 

transcription-coupled repair � 85

Chapter 5	 UVSSA and USP7, a new couple in transcription-coupled DNA repair� 111

Appendix 	 Summary� 129

Samenvatting� 131

Curriculum Vitae� 134

Publications� 135

PhD portfolio� 136

Dankwoord� 138

5





Scope of the thesis

The integrity of DNA is continuously challenged by genotoxic agents from both internal and 

external origin that severely hamper vital DNA-dependent processes as genome duplication 

by replication and reading of the genetic code by transcription. The adverse effects of DNA 

damage are counteracted by a complex network of genome defence processes, referred 

to as the DNA damage response (DDR), which consists of different dedicated DNA repair 

systems and signalling pathways. 

Nucleotide excision repair (NER) is the main DNA repair process in mammalian cells that 

removes UV-induced DNA lesions. Protein ubiquitination has emerged as a key regulatory 

mechanism for this pathway. However, how the entire UV-light induced DDR (UV-DDR) is 

controlled via ubiquitination remains largely unknown. The aim of the research described 

in this thesis is to better understand the ubiquitin-mediated regulation of the UV-DDR. To 

identify new ubiquitin modifications and proteins not previously known to be involved within 

the UV-DDR on a proteome-wide scale mass spectrometry (MS) was used. To provide the 

necessary background Chapter 1 summarizes the current knowledge on DDR, ubiquitination 

and MS-based methods.

Since presumably not all proteins are ubiquitinated in any cellular response and as from 

those that are ubiquitinated only a fraction is usually modified at a given time, methods 

to enrich for these proteins are necessary to study them by MS. Chapter 2 describes 

an immunoaffinity purification method for the isolation of endogenously ubiquitinated 

proteins, which was especially developed for the proteomic analysis of ubiquitinated protein 

complexes.

Quantitative proteomic strategies – such as stable isotope labelling by amino acids in cell 

culture (SILAC)-based MS approaches – are designed to detect and quantify the effects of 

a specific stimulus on relative protein abundance in a proteome-wide fashion. In Chapter 3, 

SILAC-based quantitative proteomics was combined with the method described in Chapter 

2 to identify UV-induced ubiquitin modifications on proteins and protein complexes. Among 

the most enriched proteins in response to UV-induced DNA damage, NER factors known to 

be regulated by ubiquitin – including DDB2, XPC, CSB and POLR2A (the largest subunit of 

RNA Pol II) – were identified. The high enrichment of these NER proteins upon DNA damage 

validated our approach for isolating UV-induced ubiquitinated proteins. 

In Chapter 4 follow-up research is shown on one of the most enriched proteins that 

was identified in the MS screen presented in Chapter 3. The identification and molecular 

function of UVSSA and its interaction partner USP7 are described and their role in TC-NER 

is discussed. Of note, UVSSA was found to be the causative gene for UVSS, an unresolved 

NER-deficiency disorder.

To conclude, Chapter 5 discusses how the research on the role of UVSSA and USP7 in 

TC-NER contributes to a better understanding of the molecular mechanisms underlying 

the clinical differences between two human disorders associated with defective TC-NER: 

Cockayne syndrome (CS) and UV-sensitive syndrome (UVSS).
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General introduction 

1.1 DNA damage

DNA is the blueprint for our bodies. It contains all the biological information which is 

needed for proper function and duplication of our cells. The DNA is stored in the nucleus 

as two intertwined polynucleotide chains, called the double helix, conferring high stability 

to our hereditary information. However, the integrity of our DNA is constantly threatened 

by genotoxic agents from both internal and external origin (Figure 1). Under physiological 

conditions spontaneous hydrolysis of nucleotides results in abasic sites and deamination. 

Additionally, during normal cellular metabolism reactive oxygen species (ROS) are formed 

that can oxidize DNA, which leads to several types of DNA damage1. Sources of exogenous 

damage are, for example: ultraviolet (UV)-light present in sunlight, ionizing radiation, genotoxic 

compounds present in cigarette smoke and exhaust-gasses, and chemotherapeutic drugs. 

Damaged DNA can lead to mutations or chromosomal aberrations, thereby increasing the 

risk of cancer. Alternatively, DNA damage might inhibit transcription or replication, inducing 

apoptosis or cellular senescence and thereby contributing to premature aging2. 

To safeguard the integrity of the genome, organisms have evolved the DNA damage 

response (DDR)3,4. This response consists of a wide variety of DNA repair systems – as 

discussed in section 1.2 – and complementary signalling pathways. Two key DDR signalling 

factors in mammalian cells are the protein kinases ATM5 and ATR6. These kinases are important 

mediators in activating transient cell-cycle arrest, which is needed to provide an extended 

time window for DNA repair before replication or mitosis takes place7,8. Additionally, if the 
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Figure 1: DNA damage and repair
DNA is constantly exposed to a wide variety of endogenous and exogenous genotoxic agents (top). 
These agents induce different types of DNA lesions (middle), which are recognized and repaired by 
distinct DNA repair mechanisms (bottom). cis-Pt, cisplatin; MMC, mitomycin C; 6-4PP, 6-4 photoproduct; 
CPD, cyclobutane-pyrimidine dimer; HR, homologous recombination; NHEJ, non-homologous end 
joining. Adapted from Hoeijmakers11

11



1
damage cannot be repaired persistent DDR signalling through these kinases can lead to 

cellular senescence or apoptosis-mediated cell death. The aforementioned processes are 

complicated by the packaging of genomic DNA into a condensed and relatively inaccessible 

structure called chromatin. In order to make the damaged DNA more available to DDR 

factors chromatin needs to be remodelled, for example by post-translational histone 

modifications and nucleosome remodelling9,10. 

1.2 DNA repair

The first key step in initiating DNA repair is the DNA damage recognition, which is triggered 

by specialized lesion-sensors or by blocked transcription. Multiple, distinct DNA repair 

pathways exist to cope with the wide variety of DNA lesions (Figure 1)11.

Non-homologous end joining (NHEJ) and homologous recombination (HR)

Double strand breaks (DSB), induced by e.g. X-rays and anti-tumour agents, can be repaired 

by either non-homologous end joining (NHEJ) or homologous recombination (HR)12. In NHEJ 

the two ends of a DSB are joined together by ligating enzymes. Since some nucleotides 

may be lost or added during processing of the broken ends this pathway is error-prone and 

therefore associated with an elevated risk of mutagenesis13. In HR the intact copy on the 

sister chromatid is used to properly align and join the broken ends in an error-free manner. 

Since the presence of a homologous chromatid is essential, this pathway is only active in 

the S and G2 phases of the cell cycle14.

Interstrand Cross-Link (ICL) repair

Interstrand crosslinks (ICLs), which covalently link the two strands of the double helix, 

are highly toxic DNA lesions as they block transcription and replication. For that reason, 

chemical compounds that induce ICLs – such as mitomycin C (MMC) and cisplatin (cis-Pt) 

– are often used as chemotherapeutic drugs for the treatment of cancer. The molecular 

mechanistic details of ICL repair are not yet fully understood. However, ICL repair likely 

involves the participation of the Fanconi Anemia (FA) pathway proteins together with a 

complex coordination of homologous recombination (HR), nucleotide-excision repair (NER), 

and translesion synthesis (TLS)15,16.

DNA mismatch repair (MMR)

DNA mismatch repair (MMR) recognizes and removes base-base mismatches and insertion/

deletion mispairs that can arise during, for example, DNA replication and recombination. 

After mismatch recognition, the template and non-template strand are distinguished 

followed by a single-strand incision, degradation of the DNA strand past the mismatch 

and resynthesis of the excised tract17.

Base excision repair (BER)

Single strand breaks (SSB) and damaged bases that arise from oxidation, alkylation, and 

deamination are primarily repaired by base excision repair (BER). BER is initiated by a set 

of lesion-specific DNA glycosylases which recognize these small, non-helix-distorting base 
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lesions in the genome and cleave the damaged base from the sugar-phosphate backbone. 

The resulting abasic site is then cleaved by an endonuclease forming a single-strand break, 

which is subsequently processed by short-patch (1 nucleotide) BER or to a lesser extent 

long-patch (2-15 nucleotides) BER. Within both sub-pathways DNA polymerases fill in the 

nucleotide gap, and the remaining nick is sealed by DNA ligases.18

Nucleotide-excision repair (NER)

Nucleotide-excision repair (NER) removes a wide range of structurally unrelated lesions 

which can be induced by environmental mutagens (such as benzo[a]pyrene in coal tar and 

cigarette smoke), certain chemotherapeutic agents (such as cisplatin) and UV-light19. This 

wide variety of lesions has in common that they are all, to some degree, helix-distorting. 

The remarkable ability of NER to recognize and repair all these different lesions is achieved 

by proteins that recognize the distortion of the DNA duplex itself instead of a certain type 

of lesion. To study NER, lamps that emit UV-C irradiation are often used as a convenient 

way to directly induce well-characterized NER lesions in cells20. UV-light mainly leads to the 

formation of dimeric photoproducts involving two adjacent pyrimidine bases. The majority 

of these lesions are cyclobutane-pyrimidine dimers (CPDs), and 6-4 pyrimidine-pyrimidone 

photoproducts (6-4PPs)21,22. While 6-4PPs are highly helix-distorting, CPDs are still capable 

of base-pairing with the opposite strand. To remove helix-distorting lesions from the DNA 

more than 30 proteins are involved, together forming the multistep NER pathway. The key 

steps in the reaction include: (1) DNA damage recognition, (2) helix unwinding and damage 

verification, (3) double incision of the damaged strand and, (4) gap-filling of the repair patch 

and sealing of the nicks23. NER is divided into two distinct sub-pathways which only differ 

in the DNA damage recognition step: global genome NER (GG-NER)19 and transcription-

coupled NER (TC-NER) (Figure 2)24.

Damage recognition in global genome nucleotide-excision repair (GG-NER)

GG-NER recognizes and repairs DNA helix-distorting lesions located throughout the whole 

genome. Lesion recognition is achieved by two sensors: the XPC complex and the UV-DDB 

complex. The XPC complex is a heterotrimer consisting of XPC, RAD23B and CETN225. 

XPC efficiently recognizes severe helix-distortions like 6-4PPs and binds the intact strand 

opposite of the damage26. For the recognition of certain less helix-distorting lesions (like 

CPDs) the UV-DDB complex is needed, which is a heterodimer consisting of DDB1 and 

DDB2/XPE. The DDB2 subunit binds the damaged strand and subsequently flips out the 

damaged nucleotides and kinks the DNA duplex27. The UV-DDB complex has been shown 

to facilitate XPC binding to lesions28 and the DNA kinking ability of DDB2 might function 

to facilitate the binding of XPC to less helix-distorting lesions.

Damage recognition in transcription-coupled nucleotide-excision repair (TC-NER)

TC-NER is initiated when RNA polymerase II (RNA Pol II) is stalled during transcription 

by alterations in the DNA structure24. Lesion-stalled elongating RNA Pol II triggers the 

recruitment of several TC-NER specific factors to form a functional TC-NER complex; 

including the essential Cockayne syndrome A and B (CSA, CSB) proteins29. 
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Figure 2: Nucleotide-excision repair (NER)
NER is divided into two distinct sub-pathways which only differ in the DNA damage recognition step: 
global genome NER (GG-NER) and transcription-coupled NER (TC-NER). (i) In GG-NER helix-distorting 
lesions are recognized by the XPC-complex (XPC, RAD23B and CETN2), and in some cases with the help 
of the UV-DDB complex (DDB1 and DDB2). TC-NER is initiated by RNA polymerase II stalled at a lesion 
and requires at least two TC-NER-specific factors: CSA and CSB. (ii) After the damage recognition step 
the two sub-pathways converge in the common NER pathway. The XPB and XPD helicases of the TFIIH 
complex unwind a ~30-nucleotide region around the lesion. Next, XPA and the single-stranded-binding 
protein RPA are recruited. Once verification of the lesion has occurred, the damaged strand is excised 
through double incision by ERCC1/XPF (at the 5’ side) and subsequently XPG (at the 3’ side). (iii) The 
lesion-containing oligonucleotide is released from the DNA and the gap is filled in by the replication 
machinery (consisting of RFC, PCNA and DNA polymerase δ, ε and/or κ). Finally, the nick is sealed by 
DNA ligase I or IIIα (iv) completing the repair reaction. The red star indicates DNA damage. 

CSB is a member of the SNF2/SWI2 family of DNA-dependent ATPases30 and is 

suggested to have chromatin remodelling abilities, possibly also through recruitment of 

the p300 histone acetyltransferase31-33. CSB transiently interacts with elongating RNA Pol II 

and stimulates transcription34-39. Upon encountering a lesion, stalled RNA Pol II stabilizes 

its interaction with CSB39 and triggers, in cooperation with CSA, the recruitment of several 

other factors involved in NER, such as XAB2, HMGN1, TFIIS and p30029. Since RNA Pol II 
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likely shields the DNA lesion in its active pocket, the stalled transcription complex must be 

remodelled to enable access of the TC-NER factors to the lesion40-45. 

“Core”-nucleotide-excision repair (NER)

After the damage recognition step the two sub-pathways converge in the common NER 

pathway. One of the first key components to arrive is the TFIIH complex, which is a general 

transcription factor consisting of 10 subunits46,47. Two of these subunits, XPB and XPD, 

feature helicase activity involved in unwinding of a ~30-nucleotide region around the lesion. 

Next, XPA and the heterotrimer RPA are recruited. Together with TFIIH these two proteins 

are suggested to be involved in lesion-verification; XPA may recognize the damaged strand 

and single strand binding protein RPA binds the undamaged strand48,49. Once verification 

of the lesion has occurred, the damaged strand is incised by the heterodimer XPF-ERCC1 

at the 5’ side of the damage and subsequently by XPG at the 3’ side. The lesion-containing 

oligonucleotide is then released from the DNA and the gap is filled in by the replication 

machinery (consisting of RFC, PCNA and DNA polymerase δ, ε and/or κ)50. Finally, the nick 

is sealed by DNA ligase I or IIIα51 thereby completing the repair reaction (Figure 2).

NER-deficient disorders

The significance of NER is illustrated by several rare, autosomal recessive disorders associated 

with NER defects, such as xeroderma pigmentosum (XP), Cockayne syndrome (CS) and UV-

sensitive syndrome (UVSS)52. XP is caused by mutations in the XP genes XPA through XPG. 

XP patients display a dry scaly skin (xeroderma), abnormal pigmentation in sun-exposed skin 

areas (pigmentosum), photohypersensitivity of the skin, and an almost 10.000-fold increased 

risk for skin cancer in patients below 20 years of age53. The higher incidence of cancer 

in these patients is attributed to defective GG-NER. Since this pathway removes lesions 

throughout the genome, a defect in GG-NER would increase mutations and subsequently 

the risk for cancer. CS is caused by mutations in two genes essential for TC-NER, CSA and 

CSB. CS patients also display photohypersensitivity of the skin54. Additionally, in response 

to DNA damage, defective TC-NER results in apoptosis or senescence of cells. This effect 

is thought to contribute to the severe developmental, neurological, and premature aging 

features in patients with CS. In contrast to XP CS is not associated with increased skin cancer 

risk, which is probably due to the still functional GG-NER pathway55. UVSS is another disorder 

associated with defective TC-NER. In contrast to CS patients, UVSS patients express much 

milder features which are mostly restricted to UV hypersensitivity. UVSS comprises three 

complementation groups, which are defined by specific mutations in CSA, CSB and UV-

stimulated scaffold protein A (UVSSA)56. The underlying molecular reason for the striking 

variety in TC-NER-deficient phenotype is still largely unknown, although several models 

are proposed (see Chapter 5).

1.3 Ubiquitination

DNA repair processes are tightly controlled to ensure appropriate function and timing at the 

right location. This regulation relies for a big part on post-translational modification (PTM) of 

the repair proteins and signalling into the DNA damage response (DDR) pathway. There are 
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1
many types of PTMs known to modulate the function of DDR proteins upon DNA damage 

infliction, including phosphorylation57, ubiquitination58, sumoylation58, acetylation59,60 and 

parylation61,62. Within UV-induced NER, ubiquitination plays a prominent role63-65. 

Protein ubiquitination is a PTM which plays a crucial role in many cellular processes by 

controlling the activity, localization and stability of proteins. The highly conserved 76-amino-

acid protein ubiquitin (Ub) can be covalently attached to the ε-amino group of lysine residues 

in proteins66. In addition, less frequently also the N-terminal amine can be modified with 

ubiquitin67. Ubiquitination is a three-step enzymatic cascade, which involves Ub activating 

enzymes (E1), Ub conjugating enzymes (E2) and Ub ligating enzymes (E3)68 (Figure 3). The 

human genome encodes two E1 enzymes for ubiquitin, which use an ATP molecule to form 

a high-energy thioester bond between the c-terminus of ubiquitin and an internal cysteine 

residue of the E1. Subsequently, the activated ubiquitin is transferred to the active-site 

cysteine of one of the ~30 E2s69 in a human cell. Finally, an E3 is needed to couple the 

c-terminal glycine residue of ubiquitin to the substrate protein via an isopeptide bond. 

Humans express over 600 E3s70, which determine substrate specificity of the ubiquitination 

process. The two major types of E3s are defined by the presence of either a homologous 

to the E6AP carboxyl terminus (HECT) domain71 or a really interesting new gene (RING) 

domain72. For E3s harbouring a HECT domain the ubiquitin is first transferred from the 

E2 to form a thioester intermediate with the active-site cysteine of the E3, subsequently 

ubiquitin is coupled to the protein substrate. Most E3s, however, belong to the RING domain 

family, which mediate the direct transfer of ubiquitin from E2 to protein substrate. A third 

type of E3s is formed by a highly conserved, although very small family of E3s called the 

RING-between-RING (RBR) ligases73. These ligases contain two RING domains, RING1 and 

RING2, but combine features of both RING- and HECT-type ligases. First, RBR ligases bind a 

ubiquitin-conjugated E2 to their canonical RING1 domain. The ubiquitin is then transferred 

from the E2 to the RING2 domain, which contains a highly conserved cysteine that functions 

like a HECT active-site cysteine. Finally, the ubiquitin is then transferred from the RING2 

domain to the protein substrate. Because of this mode of action of RBR ligases, they could 

be seen as RING-HECT hybrids73.

Following addition of a single ubiquitin to a protein substrate at one or more sites 

(mono-ubiquitination), further ubiquitin molecules can be conjugated to the first resulting 

in a ubiquitin chain (poly-ubiquitination). Distinct chain-linkages can be formed at all 

seven internal lysine residues of ubiquitin (K6, K11, K27, K29, K33, K48 and K63) and at its 

N-terminus (M1). In addition to homotypic ubiquitin chains, which have a single linkage 

type, heterotypic chains are possible that contain mixed linkages within the same ubiquitin 

chain. The different poly-ubiquitin chains are structurally distinctive, which results in diverse 

functionalities74,75. The most abundant chain-linkage, through K48, is primarily a signal for 

proteasomal degradation, while linkage through K63 has a well-established role in cell 

signalling independent of degradation. In comparison, relatively little is known about 

possible specialized functions of the other chain-linkage types (Figure 4)74-76. 

 The different topologies of ubiquitination are decoded by a large number of proteins 

containing ubiquitin-binding domains (UBDs)76,77. At least 20 different families of UBD are 
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identified that interact with ubiquitinated substrates to regulate the fate of these proteins76-78. 

Dedicated UBDs exist that can selectively discriminate between different types of ubiquitin 

chains78. A specialized type of proteins with UBDs are the deubiquitinating enzymes (DUBs). 

These enzymes can remove ubiquitin moieties from protein substrates making ubiquitination 

a reversible PTM. In addition to general DUBs that can disassemble ubiquitin chains non-

specifically, specialized DUBs exist which can be substrate-specific or chain-linkage-specific. 

Substrate
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E3

Ub
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Ub

Ub

Substrate

Ub
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RING1 2
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Figure 3: Ubiquitination
Ubiquitin (Ub) can be covalently attached to lysine residues in a protein, in a three-step enzymatic 
cascade. A Ub activating (E1) enzyme uses an ATP molecule to form a thioester bond between the 
c-terminus of ubiquitin and an internal cysteine residue of the E1. Subsequently, the activated ubiquitin 
is transferred to the active-site cysteine of a Ub conjugating (E2) enzyme. Finally, a Ub ligating (E3) 
enzyme then catalyses the formation of an isopeptide bond between the c-terminal glycine residue 
of ubiquitin to a lysine of the substrate protein. Three types of E3s are known: HECT, RING and RING-
between-RING (RBR). In RING-E3-mediated ligation, Ub is transferred directly from the E2 to the 
substrate. In HECT-E3-mediated and RBR-E3-mediated ligation, Ub is transferred from the E2 to the 
E3 and then to the substrate. 
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Furthermore, DUBs are involved in ubiquitin chain editing; a process in which one chain 

type is replaced by a chain of another topology79-82. Altogether, ubiquitination is a highly 

dynamic and versatile pathway which, through the concerted action of E3s and DUBs, is 

capable of strictly regulating almost all biological processes.

In addition to ubiquitin many ubiquitin-like proteins (UBLs) are identified, including 

NEDD8, small ubiquitin-like modifier 1 (SUMO-1), SUMO-2, SUMO-3, ISG15 and FAT10. 

These proteins resemble ubiquitin either by sequence homology or structural homology and 

are conjugated to target proteins via an enzymatic cascade that resembles ubiquitination83,84.

1.4 Regulation of the UV-DDR by ubiquitination

In response to UV irradiation many proteins are ubiquitinated or deubiquitinated in order to 

orchestrate the complex UV-induced DDR at different key steps. For example, repair factors 

need to assemble into repair complexes at the correct time and location for proper repair 
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Figure 4: Topologies of ubiquitination
(i) Protein substrates can be modified by one ubiquitin (mono-ubiquitination) or a ubiquitin chain 
(poly-ubiquitination). (ii) Ubiquitin is coupled to a substrate by its c-terminal glycine (G) residue. 
Distinct ubiquitin chain-linkages can be formed at all seven internal lysine residues of ubiquitin (K6, 
K11, K27, K29, K33, K48 and K63) and at its N-terminus (M1). (iii) Poly-ubiquitin chains are structurally 
distinct, which results in diverse regulatory functions depending on the lysine residues they are linked 
through74-76,140. ERAD, endoplasmic-reticulum-associated protein degradation.
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to take place. Additionally, interplay with downstream signalling pathways is needed, for 

instance for the purpose of chromatin remodelling or activation of cell cycle checkpoints63,65.

Regulation of GG-NER by ubiquitination

The UV-DDB complex, which recognizes mild helix-distorting lesions, forms an E3 ubiquitin 

ligase complex together with Cullin-4A (CUL4A) and RBX1 (also known as Roc1)85. The ligase 

activity of this complex is inhibited by the COP9 signalosome (CSN), which binds and de-

neddylates the CUL4A subunit. Upon binding of the UV-DDB-E3 complex to DNA damage, 

CSN dissociates leading to neddylation of CUL4 and a subsequent increased E3 activity. 

The E3 complex can then poly-ubiquitinate XPC, which increases the affinity of XPC for 

DNA28. Another candidate for this non-proteolytical poly-ubiquitination of XPC is the recently 

identified SUMO-targeted ubiquitin ligase (STUbL) RNF111. In response to UV XPC is also 

modified by the ubiquitin-like protein SUMO. The E3 RNF111 specifically binds sumoylated 

XPC via its SUMO-interacting motif and together with the E2 Ubc13 attaches K63-linked 

ubiquitin chains to this protein86. Depleting cells of either DDB2 (of the UV‑DDB complex) 

or RNF111 leads to opposing effects on XPC accumulation at UV lesions86, indicative of 

differential regulatory functions of these ubiquitination events. Additionally, in response to 

UV irradiation XPC levels have been reported to undergo no change28, stabilisation 87 and 

degradation (independent of ubiquitination)88. The precise timing and function of these XPC 

changes remain unclear, however, a strict regulation of XPC is likely an important regulation 

step of GG-NER. Finally, the UV-DDB-E3 complex also auto-ubiquitinates its own DDB2 

subunit, which reduces its affinity for damaged DNA and ultimately leads to its degradation89. 

Recently, DDB2 was shown to undergo UV-induced PARylation as well, which inhibits its 

ubiquitination and subsequent degradation90. The opposing functional outcomes of the two 

PTMs seem to form a mechanism by which the stability of DDB2 is regulated during GG-NER.

Regulation of TC-NER by ubiquitination

In response to UV, CSB91-93 and the largest subunit of RNA Pol II (POLR2A)94-96 are poly-

ubiquitinated and proteasomal degraded. POLR2A is ubiquitinated when elongating RNA 

Pol II is stalled at a lesion97. An important function of this ubiquitination could be a fail-safe 

mechanism; when a lesion cannot be repaired or bypassed RNA Pol II is degraded as 

a last resort strategy to prevent persistent transcriptional arrest45. Recently, also a new 

ubiquitinated form of RNA Pol II was identified. Interestingly, this ubiquitination does not 

lead to proteasomal degradation of RNA Pol II98 and its function is currently still unknown. 

The E3s mediating these RNA Pol II ubiquitin modifications are still a matter of debate. 

Reports indicate that either the CSA-E3 complex (a complex similar to the UV-DDB complex 

and consisting of CSA together with DDB1, CUL4A and RBX1)91,94, BRCA1-BARD195 or Nedd496 

could be the responsible E3s. Although the exact function of these ubiquitin modifications 

in mammalian cells is still unclear, in yeast a complex model involving ubiquitin chain editing 

has been proposed for RNA Pol II regulation in response to UV (Figure 5)45. It is suggested 

that this intricate regulation mechanism of constant ubiquitination and deubiquitination may 

serve as a timer, to provide sufficient time for DNA repair before RNA Pol II is degraded 

as a last resort45,92.
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The other ubiquitinated key initiation factor of TC-NER, CSB, was shown to be a target 

of the CSA-E3 complex91. The ubiquitin-dependent degradation of CSB might function 

to remove CSB from the repair site in order to resume transcription after completing 

repair. In line with this, CSN (the negative regulator of the CSA-E3 complex) does not 

immediately dissociate from the CSA-E3 complex in response to UV85, as is the case with 

the UV-DDB-E3 complex. Another candidate for ubiquitinating CSB in response to UV is 

BRCA1-BARD1, which might exist alongside the CSA-dependent pathway93. In addition 

to being ubiquitinated CSB also contains a UBD in its c-terminus which is essential for 

TC-NER. Mutation or deletion of this domain results in the same cellular phenotype as 

absence of CSB, even though TC-NER complex formation was unperturbed99. This indicates 

that ubiquitin binding is essential for CSB function and a functional TC-NER complex. The 

ubiquitinated target protein to which CSB binds is currently still unknown.

UV-induced ubiquitination of histones

In chromatin, the DNA is typically wrapped around an octamer of core histones (two copies 

each of histones H2A, H2B, H3 and H4) and these nucleosomes are further condensed by 

additional proteins (e.g. linker histone H1)100. This compact structure of chromatin limits 

the ability of other proteins to interact with DNA. To allow efficient damage detection 

and repair, the chromatin structure needs to be made more accessible9,10,101. Remodelling 
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Figure 5: Model for RNA polymerase II (RNA pol II) regulation by ubiquitin chain editing 
(i) The E3 RSP5 can mono-ubiquitinate the large subunit of RNA Pol II (RPB1) and (ii) form K63-linked 
chains. (iii)The DUB UBP2 can trim these ubiquitin chains, but is not able to remove the initial mono-
ubiquitin. (iv) K48-linked ubiquitin chains can be formed on the initial ubiquitin by an Elongin/Cullin 
3 complex. (v) These K48-linked ubiquitin chains can then promote RNA Pol II degradation after its 
extraction from chromatin by the VCP/cdc48 segregase. (vi) However, the DUB UBP3 can completely 
remove ubiquitin chains before a critical ubiquitin chain length is reached, restoring RNA Pol II to its 
unmodified form. Adapted from Nouspikel65. 

20



1

General introduction 

of chromatin can be achieved by post-translational modification of histones, such as 

acetylation, methylation, phosphorylation and ubiquitination102. In response to UV-irradiation 

H2A, H2B, H3 and H4 have been shown to be mono-ubiquitinated103-108, which weakens the 

interaction between histones and DNA facilitating histone eviction from nucleosomes106,109. 

The UV-DDB-E3 complex has been implicated in the mono-ubiquitination of H2A, H3 and 

H4 in response to UV, linking the DNA repair process with chromatin remodelling. Another 

report showed that RNF8 (E3) together with Ubc13 (E2) is responsible for the UV-induced 

H2A mono-ubiquitination108. Furthermore, the H2A mono-ubiquitination was shown to 

be dependent on functional NER and the DNA damage signalling kinase ATR107,108. Since 

the downstream DDR factors 53BP1 and BRCA1 are recruited to UV-damaged DNA in 

non-cycling cells, it was proposed that the mono-ubiquitination of H2A might serve as a 

recruitment signal for additional auxiliary DDR factors108. 

1.5 MS-based methods to study ubiquitination

The involvement of protein ubiquitination in regulating NER, other DNA repair pathways 

and the DNA damage response (DDR) has extensively been shown58,110-112. However, it is 

expected that, next to the discussed ubiquitination events in section 1.4, many more proteins 

are involved within these processes and that ubiquitination plays an important role in their 

function and regulation. Antibody-based techniques, such as immunoblotting, are often 

used to study PTMs like ubiquitination. However, to identify new ubiquitin modifications 

and proteins not previously known to be involved in specific processes on a proteome-wide 

scale, mass spectrometry (MS) is the method of choice113. Moreover, various quantitative 

MS strategies – such as stable isotope labelling by amino acids in cell culture (SILAC) and 

isobaric tags for relative and absolute quantitation (iTRAQ) – are available for detecting and 

quantifying the effects of a specific stimulus in a proteome-wide fashion114. Additionally, 

since presumably not all proteins are ubiquitinated and as from those that are ubiquitinated 

only a fraction is usually modified at a given time, methods to enrich for these modified 

proteins will greatly enhance the detection of these PTMs by MS115-117.

Isolation of ubiquitinated proteins using epitope-tagged ubiquitin

Initially, strategies for the isolation of ubiquitinated proteins were primarily based on the 

ectopic over-expression of tagged ubiquitin (Ub)118-126. Tagged-Ub was originally applied 

using a yeast strain expressing His-tagged Ub, identifying 1075 potential ubiquitinated 

proteins118. Since then different epitope tags, such as FLAG-, HA-, Myc-, V5 and biotin-tags, 

have been used for protein isolation from different cell lines and species. Moreover, tandem-

tagged Ub was implemented to decrease non-specific protein enrichment using two-step 

purification protocols121-125. A major advantage of the epitope-tagged Ub approach is that 

proteins can be purified under denaturing conditions, thereby eliminating DUB and 26S 

proteasome activity. Additionally, since the ubiquitin modification is covalently attached 

to its substrate stringent washing conditions can be applied. Such conditions disrupt all 

protein-protein interactions thereby decreasing the isolation of non-ubiquitinated factors 

bound to ubiquitinated proteins and the isolation of the notorious high level of non-specific 
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proteins binding to isolation-matrixes. However, it cannot be excluded that exogenous 

over-expression of tagged Ub may lead to biased incorporation into mono-ubiquitination, 

certain ubiquitin chain-linkages or substrates. Furthermore, tagged Ub may also interfere 

with e.g. the stability, activity and localization of ubiquitinated proteins. Additionally, tagged 

Ub is not easily introduced in tissues and cell types that are difficult to transfect, such as 

primary and quiescent cells, limiting its applicability.

Isolation of endogenously ubiquitinated proteins 

To overcome some of the limitations of the epitope-tagged Ub approach ubiquitin-binding 

domains (UBDs) and anti-ubiquitin antibodies are used for the isolation of endogenously 

ubiquitinated proteins.

In eukaryotic cells over 20 families of UBDs have been identified, which can recognize 

and bind ubiquitin modifications77,78. However, their natural affinity for ubiquitinated proteins 

is generally not sufficient for large-scale purification127. Therefore, recombinant UBDs were 

engineered fusing multiple UBDs to increase their affinity for ubiquitin128,129. For example, 

Tandem ubiquitin binding entities (TUBEs) were used under non-denaturing conditions 

and identified 643 proteins in MCF7 cells128. An added advantage of these TUBEs is that, 

through binding, they are able to protect ubiquitinated proteins from DUBs and proteasomal 

degradation. A feature of UBDs to take into account is that, given their variety, they are likely 

to have a preference for specific subsets of substrates. Because of this, the UBD approach 

might be less well suited for general isolation of all types of ubiquitinated proteins. However, 

this bias in binding specificity for certain substrates might be exploited for isolation of 

ubiquitinated proteins with a specific chain-linkage.

Next to UBDs, endogenously ubiquitinated proteins can also be isolated using high-

affinity antibodies against ubiquitin. A well-known and widely used example is the monoclonal 

antibody FK2130, which recognizes both mono-ubiquitinated and poly-ubiquitinated proteins 

and can be used for isolating ubiquitinated proteins131-134. However, also for antibodies 

against ubiquitin it is difficult to assess whether they have equal affinity for different protein 

substrates and for the different ubiquitin chain-linkages.

Enrichment of ubiquitinated peptides

Approaches for the isolation of ubiquitinated proteins are effective for the identification of 

candidate ubiquitinated substrates. However, for further functional studies, identification of 

the actual ubiquitinated site on the protein is very useful and can be achieved using specific 

characteristics of peptides derived from ubiquitinated proteins. 

Generally, the protease trypsin is used for protein digestion in MS-based protein 

identification. It cleaves proteins at the carboxyl side of lysine and arginine, except when 

either is followed by a proline residue. Proteolytic digestion of ubiquitinated proteins with 

trypsin generates a specific di-glycine (GG) remnant on the ε amino group of the ubiquitinated 

lysine. Furthermore, these GG-modified lysine residues are not accessible to trypsin, leading 

to miscleavage in the peptide. Together, this results in a distinct monoisotopic mass shift of 

+114 Da in a ubiquitinated peptide that can be used to precisely identify and localize the 

site of ubiquitination in the peptide118. 
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In digested protein mixtures the presence of ubiquitinated peptides is often masked 

by large amounts of non-ubiquitinated peptides from the same protein or from other, non-

ubiquitinated proteins. Recently, methods to specifically isolate ubiquitinated peptides on a 

large scale have been successfully applied135-139. Using a GG-remnant antibody identification 

of up till ~19.000 endogenous ubiquitinated sites was reported136,137. However, an important 

notion to keep in mind for the ubiquitin remnant immunoaffinity profiling is that two Ub-like 

modifications – ISG15 and NEDD8 – result in the same GG-remnant as ubiquitin after 

cleavage with trypsin. Although the prevalence of these Ub-like modifications is estimated 

to be less than 6%136, a pre-enrichment for ubiquitinated proteins might be beneficial to 

ensure identification of ubiquitinated peptides.
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Abstract 

Protein ubiquitination plays an important role in the regulation of many cellular processes, 

including protein degradation, cell cycle regulation, apoptosis, and DNA repair. To study 

the ubiquitin proteome we have established an immunoaffinity purification method for 

the proteomic analysis of endogenously ubiquitinated protein complexes. A strong, 

specific enrichment of ubiquitinated factors was achieved using the FK2 antibody bound 

to protein G-beaded agarose, which recognizes mono-ubiquitinated and poly-ubiquitinated 

conjugates. Mass spectrometric analysis of two FK2 immunoprecipitations (IPs) resulted in the 

identification of 296 FK2-specific proteins in both experiments. The isolation of ubiquitinated 

and ubiquitination-related proteins was confirmed by pathway analyses (using Ingenuity 

Pathways Analysis and Gene Ontology-annotation enrichment). Additionally, comparing 

the proteins that specifically came down in the FK2 IP with databases of ubiquitinated 

proteins showed that a high percentage of proteins in our enriched fraction was indeed 

ubiquitinated. Finally, assessment of protein-protein interactions revealed that significantly 

more FK2-specific proteins were residing in protein complexes than in random protein sets. 

This method, which is capable of isolating both endogenously ubiquitinated proteins and 

their interacting proteins, can be widely used for unraveling ubiquitin-mediated protein 

regulation in various cell systems and tissues when comparing different cellular states.

32



2

An immunoaffinity purification method

Introduction

The regulation of proteins involves posttranslational modifications (PTMs) – such as 

phosphorylation and ubiquitination – to control their activity, localization, stability, and 

assembly into protein complexes. Ubiquitination was shown to play an increasingly important 

role in many cellular processes, including protein degradation, cell-cycle regulation, 

apoptosis, and DNA repair1-4. The highly conserved 76-amino-acid protein ubiquitin can 

be covalently attached to a lysine residue in protein substrates via an E1-E2-E3 enzymatic 

cascade. The E1-activating enzyme uses an ATP molecule to form a high-energy thioester 

bond between the C-terminus of ubiquitin and an internal cysteine residue. Next, the 

activated ubiquitin is transferred to a ubiquitin-conjugating enzyme (E2). Finally, an E3 

ubiquitin ligase is needed to transfer the ubiquitin to a lysine on the protein substrate5. 

Following addition of a single ubiquitin to a protein substrate (mono-ubiquitination), further 

ubiquitin molecules can be conjugated to the first, resulting in a ubiquitin chain (poly-

ubiquitination). Distinct chain-linkages can be formed at all seven internal lysine residues 

of ubiquitin (K6, K11, K27, K29, K33, K48 and K63) and at its N-terminus (M1). Next to 

homotypic ubiquitin chains, which have a single linkage type, heterotypic chains exists 

containing mixed linkages within the same ubiquitin chain. The most abundant chain-linkage, 

through K48, is primarily a signal for proteasomal degradation, while linkage through K63 

has a well-established role in cell signaling. In comparison, relatively little is known about the 

other chain-linkage types6,7. The ubiquitination process is highly dynamic and reversible, as 

illustrated by the existence of at least 80 different deubiquitinating enzymes (DUBs), which 

can remove ubiquitin moieties from protein substrates8-11.

The ubiquitination status of specific proteins can be studied by immunoblotting. To 

study the ubiquitin proteome, also known as the ubiquitinome, on a global scale, mass 

spectrometry (MS)-based proteomics is used. Since presumably not all proteins are 

ubiquitinated and as from those that are ubiquitinated only a fraction is usually modified 

at a given time, methods to enrich for these proteins are necessary to study them by MS12.

Initially, strategies for the isolation of ubiquitinated proteins were primarily based on the 

ectopic overexpression of tagged ubiquitin combined with a purification protocol incorporating 

at least one denaturing step in order to remove non-ubiquitinated interactors 13-22. Despite 

its proven use, it cannot be excluded that exogenous overexpression of tagged ubiquitin 

may lead to biased incorporation into mono-ubiquitination or certain ubiquitin chains and/

or may interfere with, e.g., the stability, activity, and localization of ubiquitinated proteins. 

Additionally, tagged ubiquitin is not easily introduced into tissues and cell types that are 

difficult to transfect, such as primary and quiescent cells, limiting its applicability.

Alternatively, some studies have made use of ubiquitin-binding domains (UBDs) or anti-

ubiquitin antibodies to isolate endogenously ubiquitinated proteins13,23-30 or peptides31-35, 

thereby overcoming the above-mentioned limitations. 

Proteolytic digestion of ubiquitinated proteins with trypsin generates a specific diglycine 

(Gly-Gly) remnant on the ε amino group of the ubiquitinated lysine. This remnant causes a 

distinct mass shift of the peptide mass that can be used to precisely identify and localize the 

site of ubiquitination in the peptide. The recent development of specific antibodies directed 
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against diglycine-modified peptides enables the efficient isolation of these peptides and 

the identification of ubiquitination sites by MS31-35. Because of the denaturing step that is 

necessary before trypsin digestion, the identification of non-ubiquitinated interactors using 

this approach is minimal.

Most of the methods for endogenously ubiquitinated protein isolation were performed 

under non-denaturing conditions, which are necessary for efficient binding of the UBDs or 

antibodies to the ubiquitinated proteins. Although the ubiquitinated protein pool might 

be exposed to residual DUB and proteasome activity under these conditions, it has the 

additional advantage to study protein complexes. Most biological processes mainly rely 

on intact, functional protein complexes36, whose subunits, however, are not necessarily all 

modified by ubiquitin. Therefore, to study the biologically relevant protein modules, including 

the non-ubiquitinated interactors, we started out by comparing three different methods 

for the isolation of endogenously ubiquitinated protein complexes under non-denaturing 

conditions. The most efficient approach of the three, a method based on FK2 antibody 

immunoprecipitation (IP), was further optimized and characterized for proteomic applications. 

Methods

Cell culture

HeLa and XP2OS cells were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen) 

supplemented with 10% fetal calf serum, 50 units/ml penicillin and 50 μg/ml streptomycin 

(Gibco) at 37°C and 5% CO2 in a humidified cell culture incubator. Cells were grown to 90% 

confluence in 9 cm dishes for all experiments.

Isolation of endogenously ubiquitinated protein complexes 

Cells were washed twice in ice-cold phosphate-buffered saline (PBS) and harvested by 

scraping in 500 µl lysis buffer. Either RIPA lysis buffer (PBS containing 1% Nonidet P-40, 

0.5% sodium-deoxycholate, 0.1% SDS) or tandem ubiquitin-binding entities (TUBEs) lysis 

buffer (50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1 mM EDTA, 1% NP-40, 10% glycerol) was 

used, both supplemented with 15 μM MG-132 (Enzo Life Sciences), 10 mM N-ethylmaleimide 

(Sigma), and Complete protease inhibitor cocktail (Roche). Lysates were incubated on ice 

for 10 min and centrifuged at 16,000g and 4°C for 15 min to remove remaining cell debris 

and DNA. Cleared lysates were added to the various purification resins: either 100 µl 50% 

slurry of agarose-TUBEs (LifeSensors), UbiQapture-Q matrix (Enzo Life Sciences), FK2 beads 

or control beads. The FK2 beads and control beads were prepared by incubating 100 μl 

50% protein G-beaded agarose slurry (Pierce) with 87.5 μg of respectively FK2 antibody 

(Enzo Life Sciences) or random mouse IgG (Millipore) for 40 min at room temperature. For 

crosslinking FK2 to the protein G beads the Pierce Crosslink Immunoprecipitation Kit was 

used. All resins were washed two times with lysis buffer before use. After incubating with 

lysates for 4 or 16 h at 4°C, the non-bound fractions were collected and the resins were 

washed four times with 10 bead volumes of lysis buffer. Bound protein complexes were 

eluted in 1 bead volume of 2x Laemmli buffer for 5 min at 98°C and loaded onto a 4-20% 

SDS-PAGE precast gradient gel (Invitrogen).
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Three different elution buffers compatible with a concentration-step using centrifugal 

filters (Amicon Ultra, Millipore) were tested for releasing ubiquitinated protein complexes 

from the FK2 beads: either 8 M urea buffer (8 M urea, 300 mM NaCl, 50 mM Na2HPO4, 

0.5% NP-40; pH 8), 2% SDS or 0.1 M Glycine pH 2 was used. Proteins were eluted in four 

consecutive steps by shaking for 5 min at 1250 rpm in an Eppendorf Thermomixer in two 

bead volumes of elution buffer.

Mass spectrometric analysis

Endogenously ubiquitinated protein complexes were isolated from one 90% confluent 

9 cm dish of HeLa cells for each experiment using the FK2 beads as described above. 

SDS-PAGE gel lanes were cut into 2 mm slices using an automatic gel slicer and subjected 

to in-gel reduction with dithiothreitol. Protein alkylation with iodoacetamide can produce a 

2-acetamidoacetamide covalent adduct to lysine residues, which has an atomic composition 

and mass identical to that of the diglycine remnant present at ubiquitinated lysines after 

trypsin digestion37. To prevent false-positive identification of ubiquitinated peptides we 

used deuterium-labeled iodoacetamide (98%; D4; Cambridge Isotope Laboratories) for 

alkylation. Proteins were subsequently digested with trypsin (Promega; sequencing grade), 

as described previously38. Nanoflow liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) was performed on an 1100 Series capillary LC system (Agilent Technologies) 

coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo) operating in positive mode. 

Peptide mixtures were trapped on a ReproSil-C18 reversed-phase column (Dr Maisch GmbH; 

1.5 cm × 100 µm, packed in-house) at a flow rate of 8 µl/min. Peptides were separated on a 

ReproSil-C18 reversed-phase column (Dr Maisch GmbH; 15 cm × 50 µm, packed in-house) 

using a linear gradient of 0–80% acetonitrile (in 0.1% formic acid) for 170 min at a constant 

flow rate of 200 nl/min using a splitter. The elution was directly sprayed into the electrospray 

ionization (ESI) source of the mass spectrometer. Spectra were acquired in continuum mode; 

fragmentation of the peptides was performed in data-dependent mode.

Raw mass spectrometry data were analyzed using the label-free algorithm of the MaxQuant 

software (version 1.3.0.5) with a 3 min time window for the match between runs option39. 

A false discovery rate (FDR) of 0.01 for proteins and peptides and a minimum peptide length 

of 6 amino acids were set. A site-specific FDR of 0.05 was applied separately. The Andromeda 

search engine40 was used to search the MS/MS spectra against the Uniprot human database 

(release April 2013) concatenated with the reversed versions of all sequences. A maximum 

of two missed cleavages was allowed. The precursor mass tolerance was set to 15 ppm, 

the fragment mass tolerance was set to 0.6 Da. The enzyme specificity was set to trypsin. 

Cysteine carbamidomethylation-2D was set as a fixed modification, whereas methionine 

oxidation and lysine ubiquitination were set as variable modifications. Before data analysis, 

known contaminants and reverse hits were removed from the protein lists.

Data analysis

The Ingenuity Pathway Analysis (IPA) software (Ingenuity® Systems, www.ingenuity.com) 

was used to identify canonical pathways associated with the FK2-specific proteins identified 

in the mass spectrometric analysis. Protein-protein interactions within the FK2-specific 
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protein group were assessed and visualized using the GeneMANIA41 plug-in of Cytoscape 

(version 2.7.0)42. Of the 296 FK2-specific proteins, 6 proteins were not recognized by the 

GeneMANIA plug-in and were therefore excluded from this analysis. Protein interaction 

networks were built based on physical interactions only.

Protein concentration, immunoblotting and silver staining

Protein concentration was determined using the Thermo Scientific Pierce BCA Protein Assay 

Kit according to the manufacturer’s protocol.

For immunoblotting we used a rabbit polyclonal against ubiquitin (Code Z0458; Dako) 

and a mouse monoclonal against mono-ubiquitinated and poly-ubiquitinated conjugates 

(FK2; Enzo Life Sciences). The anti-K48-linked poly-ubiquitin antibody (Apu2.07) and the 

anti-K63-linked poly-ubiquitin antibody (Apu3.A8) were kindly provided by Genentech and 

used according to their specifications43. Alexa Fluor 680 donkey anti-rabbit, Alexa Fluor 

795 donkey anti-mouse and Alexa Fluor 795 goat anti-human (Li-Cor Biosciences) were 

used to visualize the stained proteins using an infrared imaging system (Odyssey; Li-Cor 

Biosciences). Immunoblots were quantified with the Odyssey software (version 3.0.21). Data 

are expressed as integrated intensity of a specified area. The in vitro generated K48-linked 

and K63-linked ubiquitin chains were purchased from Enzo Life Sciences.

Total protein levels were visualized in-gel using a standard silver stain protocol. In short, 

gels were incubated for 16 h in 50% methanol, 12% acetic acid, 0.5 ml/L 37% HCOH. 

Subsequently, the gels were incubated 30 min in 50% EtOH and 1 min in 0.2 g/L Na2S2O3. 

After three 30 s washes in dH2O the gels were incubated for 45 min in 2 g/L AgNO3, 0.75 ml/L 

37% HCOH. Finally the gels were washed two times in dH2O for 30 s and incubated in 60 g/L 

Na2CO3, 4 mg/L Na2S2O3, 0.5 ml/L 37% HCOH until a desirable staining was achieved. 

Results

Isolation of endogenously ubiquitinated protein complexes

Our goal was to develop a method for the efficient isolation of endogenously ubiquitinated 

protein complexes suitable for mass spectrometry (MS)-based proteomics (Figure 1a). To 

this end, we compared three different affinity-based procedures under non-denaturing 

conditions: (1) agarose-TUBEs (Tandem Ubiquitin Binding Entities)44, a high-affinity ubiquitin 

trap based on ubiquitin-binding domains (UBDs) that binds only poly-ubiquitinated 

conjugates; (2) UbiQapture-Q matrix, a high affinity ubiquitin trap based on UBDs that 

binds both mono-ubiquitinated and poly-ubiquitinated proteins; and (3) the anti-ubiquitin 

antibody FK245, which recognizes both mono-ubiquitinated and poly-ubiquitinated proteins. 

The three different enrichment strategies were performed in parallel using HeLa whole-

cell extracts (WCEs) in RIPA lysis buffer. As a negative control – to determine nonspecific 

protein binding – random mouse IgGs bound to protein G beads were used. The isolation 

of endogenously ubiquitinated protein complexes was assessed on an immunoblot using 

a polyclonal α-ubiquitin antibody (Figure 1b) and quantified using Odyssey software 

(Figure 1c). In the negative control, the majority of ubiquitinated proteins (89%) remained 

present in the non-bound (NB) fraction and we observed virtually no nonspecific isolation 
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Figure 1: Isolation of endogenously ubiquitinated protein complexes
(a) Work flow for isolating endogenously ubiquitinated protein complexes for proteomic analysis. 
(b) Ubiquitinated proteins were isolated from HeLa WCE using either agarose-TUBEs, UbiQapture-Q 
matrix or FK2-beads. Protein samples were loaded on an SDS-PAGE gel in ratio and stained on an 
immunoblot with a polyclonal α-ubiquitin antibody to determine enrichment efficiency. (c) Odyssey 
quantification of Figure 1b. NB and total yield of IP of the IgG, TUBE-R, FK2 and UbiQ IPs were 
determined by normalization to the total of ubiquitinated proteins as shown by the WCE in RIPA buffer. 
The TUBE-T IP was normalized to WCE in TUBE buffer. WCE, whole-cell extract. NB, non-bound fraction. 
IP, immunoprecipitated proteins.

in the immunoprecipitated (IP) fraction. In contrast, in the three different enrichment 

procedures we observed up to 80% depletion of ubiquitinated proteins in the NB fraction, 

which indicates efficient binding of ubiquitinated proteins to the various purification resins. 

The total yield of ubiquitinated proteins isolated was highest in the methods using TUBEs 

(41%) or FK2 antibody (46%). 

Since the manufacturer of the TUBEs has suggested that the inclusion of detergents such 

as SDS or deoxycholate – which are present in our RIPA lysis buffer – might have a negative 

impact on the overall yield of poly-ubiquitinated proteins, an enrichment experiment with 

the recommended TUBEs lysis buffer was performed in parallel. The relative efficiency 

of ubiquitinated protein isolation with TUBEs in TUBE buffer was comparable to those 

of the TUBEs in RIPA buffer and FK2 beads isolation procedures (Figure 1c). However, 
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quantification of the WCE shows that lysis in TUBE buffer led to an almost two-fold less 

efficient extraction of ubiquitinated proteins from cells compared when the cells were lysed 

in RIPA buffer. TUBE isolation using the TUBE buffer was therefore excluded from further 

experiments. 

The efficiency of isolating ubiquitinated proteins was similar for the isolation procedures 

using TUBEs (in RIPA buffer) and FK2 antibody. However, the FK2 approach resulted in a 

slightly higher yield and has the further advantage of isolating mono-ubiquitinated proteins 

in addition to poly-ubiquitinated proteins44,45. This was also suggested by the stronger 

antibody staining for ubiquitinated proteins observed in the low-molecular-mass region 

(Figure 1b). Therefore further experiments were performed with the FK2 antibody.

Optimization of the FK2 IP

Since DUBs and the 26S proteasome might retain some residual activity under non-

denaturing conditions, despite the presence of specific inhibitors, a decrease in incubation 

time for the IP might result in less deubiquitination and protein degradation. Figure 2a 

shows that a reduction in incubation time from 16 to 4 h did not change the total amount 

of ubiquitinated proteins isolated. Concomitantly, incubating HeLa WCE for up to 8 h at 

4°C did not decrease the total amount of ubiquitinated proteins (Supplementary Figure 1a) 

indicating minimal loss of ubiquitinated proteins under the conditions used.

To use the FK2 antibody more efficiently, we optimized the FK2/WCE ratio by performing 

FK2 IPs with increasing amounts of WCE. Proteins were allowed to bind to the FK2 beads for 

4 h at 4°C. Although the amount of non-bound ubiquitinated proteins increased when more 

WCE was added to the same amount of FK2 beads, the amount of ubiquitinated proteins 

in the IP fractions increased as well, up to three-fold (Figure 2a,b and Supplementary 

Figure 1d). This increase in the total amount of ubiquitinated proteins isolated extended 

linearly with the increase in WCE input up to the second highest WCE input. A maximum in 

the amount of recovered ubiquitinated proteins was reached for the two IPs with the highest 

amount of WCE input, however at the same time the amount of ubiquitinated proteins in 

the corresponding NB fraction increased >50% for the highest amount of WCE (Figure 2b). 

Together, this indicated that the maximum binding capacity of the beads was reached at 

the second highest amount of WCE. To exclude the possibility of a fraction of ubiquitinated 

proteins remaining bound to the beads after elution, a second elution from the FK2 beads 

was performed (Figure 2a). Although additional FK2 antibody was eluted from the beads in 

the second elution step for all IPs, virtually all ubiquitinated proteins were recovered from 

the FK2 beads in the first elution step. Taken together, based on these results we conclude 

that the optimal ratio of WCE to FK2 beads is 5.3 mg of WCE protein for every 100 μl of 

FK2 beads (50% slurry), which corresponds to 87.5 μg of FK2 antibody.

This immunoaffinity purification method has been developed for the proteomic analysis 

of ubiquitinated protein complexes. In such an analysis the presence of low-abundant 

proteins could be masked by large amounts of antibody in the IP fraction (as observed in 

Figure 2a, see the asterisk). This occurs when antibodies are present in the sample, either 

during in-solution digestion or – if proteins have the same molecular weight as the antibody 

– during in-gel digestion for subsequent MS analysis. Although crosslinking of the FK2 
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Figure 2: Optimization and elution of the FK2 IP
(a) Endogenously ubiquitinated protein complexes were isolated using 40 µl FK2‑beads (50% slurry) and 
incubated for 4 or 16 h with an increasing amount of XP2OS WCE (0.6 – 2.4 mg). Samples were loaded on 
SDS-PAGE gels. Immunoblots were stained with the FK2 antibody. The left immunoblot shows the WCE 
and NB fractions, the right immunoblot shows the eluted IP fractions. A representative blot of this IP is 
shown (n = 2). (b) Odyssey quantification of Figure 2a. (c) The FK2 beads were incubated for 16 h with 
HeLa WCE. Bound proteins were eluted from the beads in four consecutive steps with either 8 M urea 
buffer, 2% SDS or 0.1 M Glycine pH 2. After elution the beads were boiled in 2x Laemmli buffer to assess 
residual bound proteins for elution efficiency. Protein samples were loaded on an SDS-PAGE gel in ratio 
and stained on immunoblot with the FK2 antibody. A representative blot of this IP is shown (n = 2). WCE, 
whole-cell extract. NB, non-bound fraction. LB, 2x Laemmli buffer. (*), Heavy and light antibody chains.
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antibody to the protein G beads greatly decreased the amount of antibody in the IP fraction, 

it also decreased the affinity of the antibody for ubiquitinated substrates (Supplementary 

Figure 1b). Without crosslinking, the free antibody in the sample cannot be separated 

from the ubiquitinated proteins, rendering in-solution digestion unfavorable. Therefore, for 

future MS experiments we chose to perform FK2 IPs without crosslinking followed by in-gel 

digestion. The areas of the gel containing the bands corresponding to antibody chains were 

excised into separate gel slices to minimize the presence of antibody in the other gel slices.

Since only a limited volume can be loaded into a slot of an SDS-PAGE gel lane, the 

volume into which bound proteins are eluted from the beads is limited as well when 2x 

Laemmli-buffer is used. For large-scale IP experiments, elution from the beads followed 

by a protein concentration step is therefore necessary. The compatibility of three different 

elution strategies with a subsequent concentration step using centrifugal filters (Amicon 

Ultra, Millipore) was investigated by releasing ubiquitinated protein complexes from the 

FK2 beads into either (1) 8 M urea buffer, (2) 2% SDS, or (3) 0.1 M glycine pH 2 (Figure 2c 

and Supplementary Figure 1e). After elution the beads were boiled in 2x Laemmli buffer to 

assess residual bound proteins for elution efficiency. Figure 2c shows that elution with 2% 

SDS was the most efficient: not only was the majority (77%) of bound ubiquitinated proteins 

eluted within the first two rounds of elution, but also almost no residual proteins (3%) 

remained bound to the FK2 beads after four elution rounds, as illustrated by the absence 

of ubiquitinated protein signal in the LB lane (Figure 2c and Supplementary Figure 1c). 

Characterization of the FK2 IP

The FK2 antibody is a mouse monoclonal recognizing both mono-ubiquitinated and poly-

ubiquitinated conjugates. According to the manufacturer’s data sheet the FK2 antibody 

can recognize various types of ubiquitin chains; however, it is unknown if it has equal 

affinities for all seven ubiquitin chain-linkages and for different protein substrates. If the 

FK2 antibody does have such a bias, then a specific fraction of ubiquitinated proteins will 

not be immunodepleted. To investigate this, we compared by immunoblot analysis the FK2 

antibody with a polyclonal antibody that recognizes both mono-ubiquitinated and poly-

ubiquitinated conjugates as well as free ubiquitin46. Samples of small-scale FK2 IPs with 

random IgG beads as negative control were separated by SDS/PAGE and immunoblotted 

with FK2 and the polyclonal α-ubiquitin antibody. The staining patterns for the IP samples 

were similar for both antibodies: we observed a strong depletion of ubiquitinated proteins 

in the NB fraction and a specific enrichment in the FK2 IP fraction (Figure 3a and b). The 

relative signal intensities in the IP fractions were also similar for both antibodies (Figure 3e), 

suggesting that FK2 has no bias for binding specific types of ubiquitin chain-linkages or 

protein substrates. To further support the notion that proteins with all ubiquitin chain-

linkages may be isolated using the FK2 antibody, the immunoblots were also stained with 

two available chain-specific antibodies that specifically recognize K48-linked and K63-linked 

ubiquitin chains. The chain specificity of the antibodies was confirmed by also loading 

K48-linked and K63-linked ubiquitin chains that were generated in vitro onto the gels. The 

staining patterns and relative signal intensities of ubiquitinated proteins in the IP fractions 

were again very similar for the antibodies used (Figure 3a-e). 
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Proteolytic digestion of ubiquitinated proteins with trypsin generates a specific diglycine 

(Gly-Gly) remnant on the ubiquitinated lysine. This remnant causes a distinct mass shift on 

the peptide mass that can be used to precisely identify and localize ubiquitination sites 

by MS. We performed in-gel digestion on an FK2 IP fraction with trypsin and identified 

ubiquitin-modified peptides on positions K6, K11, K27, K29, K48 and K63 of ubiquitin, 

representing six of the seven possible chain-linkages of ubiquitin (Supplementary Table 1). 

Together with the immunoblot results this suggests that there is no bias for FK2 in binding 

specific types of ubiquitin chains or protein substrates under the conditions used. 

To further evaluate the application of the FK2 antibody for our immunoaffinity purification 

method (intended for the proteomic analysis of ubiquitinated protein complexes), we 

performed two additional independent FK2 IP experiments with random IgG beads as a 

negative control for MS analysis. This replicate experiment differed only in the final washing 

step: beads were washed with either PBS or RIPA buffer for four times. We observed a strong, 

specific, and reproducible enrichment for ubiquitinated proteins, as shown by immunoblot 

analysis using two different antibodies (Figure 3f). Additionally, analysis of total protein 

levels – as visualized in-gel by silver staining – showed an enormous decrease (>200-fold) 

in total amount of protein in the IP fraction (Figure 3f), while most of the total ubiquitinated 

protein signal (Figure 3g) was recovered as shown by the immunoblot analysis. These results 

illustrate a high degree of specific enrichment for ubiquitinated factors. 

MS analysis

To further confirm the specificity and reproducibility of our enrichment strategy, the IP 

fractions of the two independently executed FK2 IPs (Figure 3f) were in-gel digested and 

run on an LTQ-Orbitrap XL mass spectrometer. Raw mass spectrometry data were analyzed 

using the label-free quantitation (LFQ) algorithm of the MaxQuant software (version 1.3.0.5). 

The proteins identified were considered true FK2 antibody interactors when an LFQ 

intensity (the total signal intensities of the peptides identifying each protein) was listed 

in the FK2 IP and there was either no LFQ intensity observed in the control IP or the FK2/

control LFQ intensity ratio was >2. Of the identified 951 true interactors, 296 proteins were 

identified in both experiments (Figure 4a and Supplementary Table 2a). 

To confirm that the presented enrichment method indeed isolates ubiquitinated and 

ubiquitination-related proteins, we performed three further analyses. First, we performed 

a functional pathway analysis of the 296 FK2-specific proteins found in both experiments. 

The Ingenuity Pathway Analysis (IPA) software (Ingenuity® Systems, www.ingenuity.com) 

identified 32 canonical pathways (p<0.05, Fisher’s exact test, Supplementary Table 3) with 

the protein ubiquitination pathway as most significantly present (Figure 4b), indicating 

an enrichment for ubiquitinated and ubiquitination-related proteins. As expected, a wide 

variety of other pathways was also identified, indicative of the importance of ubiquitination 

in different pathways. In line with this, when the 296 FK2-specific proteins were subjected 

to a Gene Ontology (GO) enrichment analysis using the functional annotation tool DAVID47, 

proteins associated with ubiquitination in the Biological Processes term were highly enriched 

for (Figure 4c and Supplementary Table 4). Finally, the FK2-specific protein list was compared 

with two large datasets of ubiquitinated proteins that were recently identified in peptide 
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Figure 3: Characterization of the FK2 IP
(a-d) Endogenously ubiquitinated protein complexes were isolated from HeLa WCE. Samples were 
loaded twice on SDS-PAGE gels in equal amounts compared to the WCE, IP sample was loaded at twice 
the amount. A representative blot of this IP is shown (n > 3). The immunoblots were stained with (a) FK2, 
(b) polyclonal α-ubiquitin, (c) α-K48-linked poly-ubiquitin (Apu2.07) and (d) α-K63-linked poly-ubiquitin 
(Apu3.A8). As specificity control for the chain-linkage specific antibodies, in vitro generated K48 and 
K63 ubiquitin chains (4 μg) were loaded. The last three lanes of the immunoblot in Figure 3c were 
scanned at a higher intensity. M, molecular weight marker. WCE, whole-cell extract. NB, non-bound 
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screens using antibodies recognizing the specific diglycine remnant on the ubiquitinated 

lysine32,33. There was a 62% overlap with the dataset of Kim et al.32 and a 70% overlap with 

that of Wagner et al.47, indicating that a high percentage of the isolated proteins were indeed 

ubiquitinated (Supplementary Table 2b).

One of the advantages of our approach is that ubiquitinated protein complexes can be 

isolated. To demonstrate that many of the proteins present in the FK2 IP fraction are part of 

protein complexes we evaluated their protein-protein interactions. Functional association 

data were obtained and visualized using the GeneMANIA plug-in in Cytoscape. The resulting 

protein network showed that 53% of the FK2-specific proteins interacted with at least one 

other protein within the FK2-specific protein group (Figure 4d). In contrast, when four sets 

of 290 proteins were randomly chosen from the Ensembl database, a significantly smaller 

percentage of proteins interacted (on average 15%, p = 3.3 × 10-23, Fisher’s exact test) 

(Figure 4d). Since a low percentage of interacting proteins in random protein sets could 

be explained by low-abundant, tissue-specific and/or badly annotated proteins, we also 

determined the percentage of interacting proteins in four random sets of proteins that were 

extracted from the two large datasets of ubiquitinated proteins recently identified in peptide 

screens by Kim et al.32 and Wagner et al.33. Because the enrichment step in both of these 

screens was performed at the peptide level – after a denaturing and digestion step – protein 

complexes were not isolated and all information about protein-protein associations was lost. 

For the random sets extracted from Kim et al.32 and from Wagner et al.33, the percentages of 

interacting proteins were on average 25% and 29%, respectively (Supplementary Figure 2). 

Although these percentages were higher than those found for the random sets collected 

from the Ensembl database, the percentages of interacting proteins for both datasets were 

similar and significantly lower than the 53% interacting proteins in the FK2-specific protein 

dataset (p = 1.8 × 10-12 for the Kim et al. dataset and 1.4 × 10-9 for the Wagner et al. dataset, 

Fisher’s exact test). This clearly indicates that the optimized enrichment method described 

here indeed isolates endogenously ubiquitinated protein complexes.

Discussion

We present here an immunoaffinity purification method for the proteomic analysis of 

endogenously ubiquitinated protein complexes. Proteins were successfully isolated 

using the FK2 antibody bound to protein G-beaded agarose, which recognizes mono-

fraction. IP, immunoprecipitated proteins. (e) Odyssey quantification of Figure 3a-d. Recovery efficiency 
was determined by normalization towards the total of ubiquitinated proteins as shown by the WCE. 
(f) Endogenously ubiquitinated protein complexes were isolated from HeLa WCE in two independent 
experiments. FK2 beads and control beads were washed 4x with either PBS or RIPA buffer before 
elution of bound proteins in 2x Laemmli buffer. The immunoblot was stained with FK2 and a polyclonal 
α-ubiquitin antibody. Total proteins levels were assessed with silver staining, WCE and NB were diluted 
200x as compared to the IP fractions. M, molecular weight marker. WCE, whole-cell extract. NB, 
non-bound fraction. Wash, final wash fraction before protein elution. IP, immunoprecipitated proteins. 
(g) Odyssey quantification of Figure 3f. Recovery efficiency was determined by normalization to the 
total of ubiquitinated proteins as shown by the WCE.
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Figure 4: Mass spectrometric data analysis
(a) Venn diagram of the FK2-specific MS-identified proteins in two independently executed FK2 IPs. 
(b) Functional annotation of the FK2-specific proteins identified in both experiments into canonical 
pathways using IPA. The five most significant pathways are shown. The significance of the pathways 
was determined using Fisher’s exact test (c) GO annotation enrichment analysis using DAVID. The 10 
most enriched biological processes with p < 0.005 are shown. The p‑values were corrected for multiple 
hypotheses testing using Bonferroni FDR. (d) Protein interaction networks were built using association 
data based on physical interactions, which were obtained through the GeneMANIA database and 
visualized using Cytoscape. Every dot represents a protein and connecting lines represent a physical 
interaction. Percentages of interacting proteins for the random protein sets are averages of n = 5. For the 
random protein set from the Ensembl database a representative protein interaction network is shown.
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ubiquitinated and poly-ubiquitinated conjugates (Figure 1 and 3f). An optimal WCE/FK2 

ratio was determined for the efficient isolation of ubiquitinated proteins and an IP incubation 

time of 4 h was shown to be sufficient for immunodepletion of ubiquitinated proteins from 

WCE of human cells (Figure 2a). A high degree of specific enrichment for ubiquitinated 

factors was achieved, as shown by the high recovery of ubiquitinated proteins (up to 86%, 

Figure 3g), while the total amount of proteins decreased strongly in the IP fraction (>200-

fold, as assessed on a silver-stained gel in Figure 3f). Finally, the efficient elution of bound 

proteins with 2% SDS from the FK2 beads (Figure 2c) illustrates the compatibility of this 

method with large-scale proteomic assays.

The MS analysis of two small-scale FK2 IPs resulted in the identification of 296 FK2-

specific proteins in both experiments (Figure 4a). The isolation of ubiquitinated proteins 

and ubiquitination-related proteins was confirmed by pathway analyses using IPA and GO-

annotation enrichment (Figure 4b,c). Additionally, comparing the FK2-specific proteins with 

databases of ubiquitinated proteins in the literature indicated that a high percentage of 

proteins in the enriched fraction in our assay was indeed ubiquitinated (Supplementary 

Table 2b). 

Further characterization of the FK2 IP, with immunoblot analysis using chain-linkage-

specific antibodies and two different α-ubiquitin antibodies, suggested that there was 

no detectable bias for the FK2 antibody in binding specific types of ubiquitin chains or 

protein substrates under the conditions used (Figure 3a-d). This was further supported by 

MS analysis of FK2-enriched proteins, which identified six (out of seven possible) specific 

poly-ubiquitin chain-linkages. The fact that the K33 ubiquitin-modified peptide was not 

identified could be explained by the fact that it is the least abundant chain-linkage type in 

unperturbed cells22 and that these experiments were performed on a small scale (IPs were 

performed on WCE from a single 9 cm dish).

The FK2 IP was performed under non-denaturing conditions, which allows the 

preservation of protein complexes. Most biological processes mainly rely on functional 

protein modules36; however, within complexes not all interactors are necessarily ubiquitin 

modified. Evaluation of protein-protein interactions within the FK2-specific protein group 

showed that a significantly higher percentage (53%) of the FK2-specific proteins are 

interacting among one another compared to proteins in random datasets from the Ensembl 

database (15%) or datasets of ubiquitinated-peptide IPs from Kim et al. (25%) and Wagner et 

al. (29%) (Figure 4d). This indicates that in our assay intact ubiquitinated protein complexes 

are indeed isolated. MS analysis identified 296 FK2-specific proteins in two FK2 IPs using 

PBS or RIPA buffer as the final wash buffer. Additionally, 655 proteins were found in only 

one of these IPs. Interestingly, 62% of the additional identified proteins were specific for 

the PBS-washed IP (Figure 4a and Supplementary Table 2a). Since PBS is a much milder 

buffer than RIPA buffer in terms of salt and detergent concentrations, our data suggest that 

changing the wash buffer stringency can result in a different amount of proteins isolated. 

It will be of interest to study whether changes in wash buffer stringency will result in the 

identification of additional ubiquitinated proteins or proteins that are transiently or weakly 

bound to ubiquitinated protein complexes. 

45



2

We showed that the FK2 IP efficiently enriched for ubiquitinated proteins of different 

chain-linkages; however, we cannot be certain that all ubiquitinated factors were equally 

efficient isolated. For this reason we performed an isolation of endogenously ubiquitinated 

protein complexes using the UbiQapture-Q matrix under the same conditions as for the 

FK2 IP. MS analysis identified a total of 735 UbiQapture-Q-specific proteins (Supplementary 

Table 2a). From this set 351 overlapped with the FK2-specific proteins (Supplementary 

Figure 2b). This indicates that while these methods isolate identical proteins, a considerable 

amount of additional method-specific proteins was also isolated. This suggests that the 

FK2 isolation method can be combined with other isolation procedures for ubiquitinated 

proteins, to broaden the pool of proteins isolated and to overcome a putative bias in the 

isolation procedure.

A limitation of the FK2 isolation method presented here is that, apart from sites 

on ubiquitin itself, we identified only a few ubiquitination sites on substrate proteins 

(Supplementary Table 1). It is therefore not possible to differentiate with certainty between 

ubiquitinated and non-ubiquitinated proteins based on the results of the MS analysis alone. 

The low number of ubiquitination sites identified could be explained by the absence of an 

enrichment protocol for ubiquitinated peptides in our assay. The presence of ubiquitinated 

peptides is probably masked by large amounts of non-ubiquitinated peptides from the same 

protein and from non-ubiquitinated interactors of the ubiquitinated proteins. Enrichment 

strategies for the detection of ubiquitination sites are available and would be an ideal 

tool to complement the data generated with this FK2-enrichment strategy. The recently 

developed method for the immunoenrichment of ubiquitinated peptides using a diglycine-

specific antibody31-35 is highly efficient and could be implemented to discriminate between 

ubiquitinated proteins and interacting non-ubiquitinated proteins in our FK2 samples 

containing ubiquitinated protein complexes.

In conclusion, the use of the FK2 antibody for protein isolation enables the enrichment 

of endogenously ubiquitinated proteins. The advantage of this method is that possible 

negative side effects of introducing tagged ubiquitin into the cells – such as a biased 

incorporation into mono-ubiquitination or certain ubiquitin chains and/or interference with, 

e.g., the stability, activity, and localization of protein substrates – are therefore prevented. 

Additionally, the FK2 isolation method described here is broadly applicable as it can also 

be used to isolate proteins from tissues and cell types that are usually difficult to transfect.

In recent years, mass spectrometry has become the method of choice for studying 

the proteome and, more specifically, PTMs. It can be used not only to analyze proteins 

and protein complexes, but also to dissect biological pathways and identify proteins not 

previously known to be involved in specific processes. Moreover, various quantitative 

mass spectrometry strategies are available for detecting and quantifying the effects of 

a specific stimulus in a proteome-wide fashion48. Label-based quantification methods – 

such as stable isotope labelling by amino acids in cell culture (SILAC) and isobaric tags 

for relative and absolute quantitation (iTRAQ)48 – are very suitable for comparing the 

abundance of proteins on a proteome-wide scale since they can provide a quantitative 

ratio for a large number of proteins. Combining the method we describe for the isolation 
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of endogenously ubiquitinated protein complexes using the FK2 IP with such quantitative 

proteomic techniques would therefore generate a powerful tool to study dynamic changes in 

the ubiquitinome following for example environmental stresses, drug treatment, knockdown 

of proteins, or when comparing two disease states.

Recently we showed a clear example of the successful application of this approach49. 

Combining the FK2 IP described here with SILAC-based proteomics identified several 

differentially ubiquitinated proteins in HeLa cells following UV-irradiation. The most 

prominent factors were DNA repair proteins that are involved in nucleotide excision repair 

(NER) and that are known to be ubiquitinated. Importantly, it also resulted in the identification 

of UVSSA (UV-stimulated scaffold protein A) as the causative gene for UVSS (UV-sensitive 

syndrome), a previously unresolved NER deficiency disorder49-51. Follow-up experiments 

showed that the ubiquitination status of UVSSA remained unchanged after UV and that 

this protein was co-purified as part of a UV-induced ubiquitinated protein complex49. These 

data illustrate the value and advantage of our non-denaturing immunoaffinity purification 

method, which is capable of isolating both ubiquitinated proteins and their interacting 

proteins, for the proteomic analysis of endogenously ubiquitinated protein complexes.
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Supplementary Figure 1: Optimization and elution of the FK2 IP
(a) HeLa WCE in RIPA buffer was incubated at 4°C for the indicated times. The immunoblot is stained 
with the FK2 antibody. A representative blot of this IP is shown (n=2) (b) Endogenously ubiquitinated 
protein complexes were isolated from HeLa WCE using either cross-linked or not cross-linked FK2 
beads. Protein samples were loaded on SDS-PAGE gel in ratio, IP samples were loaded 3.6x the amount. 
The immunoblot is stained with the FK2 antibody. (c) Odyssey quantification of Figure 2c. Recovery 
efficiency was determined by normalization to the total of ubiquitinated proteins as shown by the WCE. 
(d) Endogenously ubiquitinated protein complexes were isolated using 40 µl FK2‑beads (50% slurry) and 
incubated for 16 or 4 h with an increasing amount of XP2OS WCE (0.6 – 2.4 mg). Samples were loaded 
on SDS-PAGE gels. Immunoblots were stained with the FK2 antibody. The left immunoblot shows the 
WCE and NB fractions, the right immunoblot shows the eluted IP fractions. (e) FK2 beads and control 
beads were incubated for 16 h with HeLa WCE. Bound proteins were eluted from the beads in three 
consecutive steps with either 1% SDS, 0.1 M glycine pH 2 or 3 M Urea. Protein samples were loaded on 
an SDS-PAGE gel in ratio and stained on an immunoblot with a polyclonal α-ubiquitin antibody. WCE, 
whole-cell extract. NB, non-bound fraction. (*), heavy and light antibody chains.
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Supplementary Figure 2: Mass spectrometric data analysis
(a) Protein interaction networks were built using association data based on physical interactions, which 
were obtained through the GeneMANIA database and visualized using Cytoscape. A representative 
interaction network is shown for the random protein sets taken from the two large data sets of 
ubiquitinated proteins recently identified in peptide screens by Kim et al. and Wagner et al. Every dot 
represents a protein and connecting lines represent a physical interaction. (b) Venn diagram of the 
MS-identified specific proteins. UbiQapture-Q-specific proteins were compared with the FK2-specific 
proteins of the two FK2 IPs as shown in Figure 4a.
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The supplementary tables 1-4 can be found at http://dx.doi.org/10.1016/j.ab.2013.05.020.

Supplementary Table 1: Identified GG-peptides
List of identified ubiquitination sites of substrate proteins. Ubiquitin-modified peptides on position 
K6, K11, K27, K29, K48 and K63 of ubiquitin, representing six of the seven possible chain-linkages of 
ubiquitin, were found.

Supplementary Table 2: MS-identified protein list
(a) List of FK2-specific proteins identified in two independently executed FK2 Ps with the label-free 
quantitation (LFQ) algorithm of the MaxQuant software. Identified proteins were considered true FK2 
antibody interactors when either an LFQ intensity was listed in the FK2 IP and no signal was observed 
in the control IP, or when the ratio of the LFQ intensities for the FK2 IP versus control IP was >2. From 
the identified and validated 951 true interactors, 296 proteins were identified in both experiments. 
Additionally, the same criteria were applied to determine UbiQapture-Q-specific proteins and it is 
indicated if these proteins were identified in the FK2 IPs. (b) The GeneMANIA plugin in Cytoscape 
was used to build protein interaction networks. For each of the recognized 290 FK2-specific proteins 
found in both experiments it is indicated if the protein is not-interacting (NI) or interacting (complex). 
Additionally, it is indicated if the FK2-specific proteins were identified in two large data sets with 
ubiquitinated proteins of Kim et al. and Wagner et al.

Supplementary Table 3: Pathway analysis using IPA
Functional annotation of the 296 FK2-specific proteins into canonical pathways using IPA. The 
significance of the pathways was determined using Fisher’s exact test.

Supplementary Table 4: GO annotation enrichment analysis
GO annotation enrichment analysis using DAVID. The p-values were corrected for multiple hypotheses 
testing using Bonferroni FDR. Enriched terms were required to have at least a two-fold enrichment 
and p < 0.005.
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Abstract

Transcription-coupled nucleotide-excision repair (TC-NER) is a subpathway of NER that 

efficiently removes the highly toxic RNA polymerase II blocking lesions in DNA. Defective 

TC-NER gives rise to the human disorders Cockayne syndrome and UV-sensitive syndrome 

(UVSS)1. NER initiating factors are known to be regulated by ubiquitination2. Using a 

SILAC-based proteomic approach, we identified UVSSA (formerly known as KIAA1530) 

as part of a UV-induced ubiquitinated protein complex. Knockdown of UVSSA resulted in 

TC-NER deficiency. UVSSA was found to be the causative gene for UVSS, an unresolved 

NER-deficiency disorder3. The UVSSA protein interacts with elongating RNA polymerase II, 

localizes specifically to UV-induced lesions, resides in chromatin-associated TC-NER 

complexes and is implicated in stabilizing the TC-NER master organizing protein ERCC6 

(also known as CSB) by delivering the deubiquitinating enzyme USP7 to TC-NER complexes. 

Together these findings indicate that the UVSSA-USP7-mediated stabilization of ERCC6 

represents a critical regulatory mechanism of TC-NER in restoring gene expression. 
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Introduction

Nucleotide-excision repair removes a wide range of DNA damage, including UV-induced 

lesions. Inherited NER defects lead to extreme cancer proneness (xeroderma pigmentosum) 

or dramatic premature aging (Cockayne syndrome), showing the clinical impact of NER4. 

NER is initiated by two damage recognition pathways: global genome NER (GG-NER) and 

transcription-coupled NER (TC-NER). DNA helix-distorting injuries located throughout the 

genome are repaired by GG-NER to avoid replication-induced mutations and resultant cancer. 

TC-NER targets transcription-blocking lesions to enable recovery of arrested transcription, 

thereby preventing damage-induced apoptosis and resultant aging. In addition, it was 

shown that TC-NER is also important in overcoming UV-induced transcription-associated 

mutations5.

NER is regulated in response to UV irradiation by ubiquitination2 of the process-initiating 

factors xeroderma pigmentosum group C (XPC)6 and DNA damage-binding protein 2 

(DDB2)7 in GG-NER and Cockayne syndrome group B (CSB, also known as ERCC6) and the 

largest subunit of RNA polymerase II (RNA Pol II) in TC-NER8-10. However, how the entire 

pathway is controlled via ubiquitination remains enigmatic. 

Results and discussion

To characterize the UV-induced ubiquitination network, we performed an unbiased 

proteomic analysis of differentially ubiquitinated protein complexes after UV irradiation. 

Using a ubiquitin-binding (FK2) resin and selecting for mono- and poly-ubiquitinated 

proteins11, we achieved a strong and specific enrichment of endogenously ubiquitinated 

protein complexes (Supplementary Fig. 1a). With stable isotope labeling by amino acids 

in cell culture (SILAC)-based proteomics, we compared UV-treated and mock-treated cells 

and identified 50 upregulated and 13 downregulated proteins that were changed (by 

>1.5-fold) in response to UV (Fig. 1a). The prominent presence of four known ubiquitin-

regulated NER factors, DDB2, XPC, RNA Pol II and ERCC6 (Fig. 1a)6-9, at the very top of the 

list of enriched proteins shows the validity of our approach. The first unknown candidate 

was UVSSA (UV-stimulated scaffold protein A, encoded by a predicted gene KIAA153012), 

which has been renamed, with support from the Human Gene Nomenclature Committee 

(HGNC) (Fig. 1a). UVSSA is a highly conserved 709 amino acid protein predicted to contain 

two conserved yet poorly characterized domains (Supplementary Fig. 1b,c): an N-terminal 

Vps27/Hrs/STAM (VHS) domain13 and a C-terminal DUF2043 domain14. To verify UVSSA 

ubiquitination, we coexpressed HA-tagged ubiquitin (HA-Ub) and Flag-tagged UVSSA 

(UVSSA-Flag) in U2OS cells and identified mono-ubiquitinated UVSSA after both HA-Ub 

or Flag-UVSSA immunoprecipitation (Supplementary Fig. 1d,e). Unexpectedly, UVSSA 

ubiquitination did not increase in response to UV. As this screen was performed under 

non-denaturing conditions, it is possible that UVSSA was isolated as part of a UV-induced 

ubiquitinated protein complex and that it is implicated in the UV DNA damage response 

(DDR) independent of its own ubiquitination status. To test this possibility, we employed 

RNA interference to deplete UVSSA in NER-proficient U2OS cells (Supplementary Fig. 2a) 
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Figure 1: UVSSA knockdown results in reduced TC-NER activity.
(a) S-curve of the average log2 SILAC ratio of the forward and reverse experiment of ubiquitin (FK2 
antibody) binding proteins 1 h after UV-C exposure (16 J/m2). The fold change of the SILAC ratio of NER 
proteins known to be ubiquitinated upon UV exposure and of UVSSA are indicated. (b,c) Sensitivity of 
U2OS cells with small hairpin RNA (shRNA)- or siRNA-mediated knockdown of the indicated factors 
to UV-C irradiation (b) and IlludinS (c), as determined by colony-forming ability (mean ± s.d.). (d) UDS 
determined by 5-ethynyl-2’-deoxyuridine (EdU) incorporation for 3 h after UV-C exposure (16 J/m2) in 
primary VH10 cells after siRNA-mediated knockdown of the indicated factors. (e) RRS after UV-induced 
inhibition, with 2 h of pulse labeling with 5-ethynyl uridine (EU), 16 h after UV-C exposure (12 J/m2) 
in U2OS cells with siRNA-mediated knockdown of the indicated factors. In d and e, n>200 cells per 
sample. RFI, relative fluorescence intensity (mean ± s.e.m).

and observed clear UV hypersensitivity, similar to that achieved with knockdown of known 

NER factors (Fig. 1b). In addition, UVSSA knockdown resulted in IlludinS hypersensitivity 

(Fig. 1c), indicative of a role of UVSSA in TC-NER but not in GG-NER, as this drug specifically 
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sensitizes TC-NER-deficient cells15. The specific role of UVSSA in TC-NER was further shown, 

as knockdown resulted in a clear reduction of recovery of RNA synthesis (RRS) after UV 

irradiation, a measure that is specific for TC-NER16, whereas no effect was found on UV-

induced DNA repair synthesis (UDS), which is mainly a measure for GG-NER efficiency16 

(Fig. 1d,e and Supplementary Fig. 2b). Together, these data show that UVSSA is specifically 

implicated in TC-NERThe specific TC-NER deficiency after UVSSA knockdown strongly 

parallels the cellular TC-NER defect of individuals with UV-sensitive syndrome (UVSS)3,17. 

UVSS is a rare autosomal recessive disorder characterized by photosensitivity and mild 

freckling but, in contrast to Cockayne syndrome, occurs without neurological abnormalities. 

UVSS is genetically heterogeneous, which is caused by mutations in either ERCC6, ERCC8 

(CSA) or the previously unknown UVSSA causal gene3,17-19. To test whether UVSSA was the 

causative gene of UVSS, we expressed differently tagged UVSSA proteins (Supplementary 

Fig. 2c) in the UVSS group A (UVSS-A) cell line TA-2417. UVSSA expression restored UV and 

IlludinS sensitivity (Fig. 2a,b) and RRS deficiency (Fig. 2c,d) to wild-type levels. In addition, 

immunoblot analysis showed that the UVSSA protein was absent in UVSS-A cells relative to 

GG-NER-deficient (XP-C) or TC-NER-deficient (CS-B) cells (Fig. 2e). Together with mutational 

analysis of UVSSA in accompanying papers by Zhang et al.20 and Nakazawa et al.21, our data 

show that UVSSA is the causative gene in UV-sensitive syndrome and also establish that the 

encoded protein is a new TC-NER factor.

To investigate the in vivo role of UVSSA, we measured the dynamic association of UVSSA 

with NER in living cells. Green fluorescent protein (GFP)-tagged UVSSA, which was shown 

to be biologically active (Fig. 2a-d), accumulated at local UV-C DNA damage (LUD). LUD 

was either induced by a 266 nm UV-C laser22 (Fig. 3a,b) or by irradiation with a 254 nm 

UV-C lamp through a microporous filter23 (Supplementary Fig. 3a,b). Recruitment kinetics 

of GFP-UVSSA to LUD were strikingly similar to those of the TC-NER factor ERCC6 but 

were markedly different from the assembly rate of the GG-NER factors DDB2 and XPC 

(Fig. 3a,b). Inhibition of transcription by α-amanitin substantially attenuated the association 

of GFP-UVSSA with LUD (Fig. 3a,b), consistent with a role of UVSSA in TC-NER. UVSSA still 

accumulated at LUD in XP-C, XP-A, CS-A and CS-B cells (Fig. 3c), indicating that UVSSA 

accumulates early in the TC-NER process. Our ubiquitinome analysis, performed under non-

denaturing conditions, showed that UVSSA was enriched to the same extent as RNA Pol II 

(fivefold; Fig. 1a), which is known to be poly-ubiquitinated in response to UV8,10. This might 

suggest that UVSSA is copurified as part of an RNA Pol II-containing protein complex, such 

as lesion-stalled elongating RNA Pol II. To test this possibility, we compared the mobility 

of GFP-UVSSA by measuring fluorescence recovery after photobleaching (FRAP) in the 

presence of different transcription inhibitors. The DNA-intercalating drug actinomycin D, 

which strongly immobilizes GFP-RNA Pol II as a result of stalling at intercalating molecules24, 

also resulted in immobilization of GFP-UVSSA (Fig. 3d), as was the case with GFP-ERCC625. In 

contrast, a-amanitin released RNA Pol II from DNA, which also resulted in increased mobility 

of UVSSA. The opposing effects by these transcription inhibitors on GFP-UVSSA mobility in 

living cells cannot be caused by an indirect UVSSA interaction with RNA Pol II via ERCC625, 

as similar effects were found in CS-B cells (Supplementary Fig. 3c).
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Figure 2. UVSSA expression rescues TC-NER deficiency in UVSS-A (TA-24) cells.
(a, b) Colony survival of NER-proficient MRC5 cells, TC-NER-deficient CS-B (CS1AN) cells and the cell 
lines from subjects with UVSS-A (TA-24) after UV-C irradiation (a) and IlludinS treatment (b). Expression 
of Flag- or GFP-tagged UVSSA rescues the UV-sensitive phenotype of UVSS-A cells (mean ± s.d.). (c) 
In situ transcription in UVSS-A cells with and without expression of GFP-UVSSA, before and 16 h after 
UV-C exposure (12 J/m2), as measured by EU pulse labeling. Scale bar, 7 µm. (d) RRS activity of MRC5, 
UVSS-A and GFP-UVSSA-expressing UVSS-A cells using 2 h of pulse labeling with EU, 16 h after UV-C 
exposure (12 J/m2) (n>200 cells, mean ± s.e.m.). RFI, relative fluorescence intensity. (e) Immunoblot 
analysis of UVSSA in chromatin fractions of XP-C (XP4PA), CS-B (CS1AN) and UVSS-A (TA-24) cells. 
PCNA staining was used as loading control. 
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Because these findings argue for an interaction of UVSSA with the protein 

complex containing the elongating form of RNA Pol II (RNA Pol IIo), we performed 

coimmunoprecipitation experiments. Indeed, UVSSA-Flag coprecipitated with GFP-RNA 

Pol II in U2OS cells in equal amounts before or after UV damage (Fig. 3e). In addition, 

using a specialized chromatin immunoprecipitation (ChIP) procedure aimed at revealing 

endogenous TC-NER interacting proteins26, we found that also chromatin-bound RNA Pol IIo 
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also interacts with UVSSA in a UV-independent manner (Supplementary Fig. 3d) in UVSSA-

expressing UVSS-A and CS-B cells. This UV-independent UVSSA-RNA Pol II interaction 

explains the enrichment of UVSSA in our ubiquitin screen after UV irradiation (Fig. 1a), as 

this protein will be copurified by virtue of the enhanced ubiquitination of RNA Pol IIo in 

response to UV8, thereby explaining the similar SILAC ratio for both proteins. Together 

these data suggest that UVSSA dynamically interacts with active transcription complexes. 

To examine whether UVSSA is also present in active, chromatin-bound TC-NER complexes 

via its interaction with RNA Pol IIo we performed ChIP experiments with antibodies against 

HGMN1, a chromatin remodeler that is enriched in lesion-stalled TC-NER complexes26. 

This analysis revealed a clear UV-dependent interaction of endogenous UVSSA with active 

chromatin-bound TC-NER complexes in TC-NER-proficient cells (Fig. 3f). The UVSSA-

HMGN1 interaction was absent in CS-B cells, consistent with the notion that HMGN1 is 

not recruited to TC-NER complexes in the absence of ERCC626, showing that UVSSA only 

resides in HMGN1 complexes that are active in TC-NER. Using antibodies to ERCC6 for 

ChIP, we confirmed the UV-induced enrichment of UVSSA in active TC-NER complexes 

upon UV damage (Fig. 3g). Because UVSSA is targeted to active TC-NER complexes and is 

essential for efficient transcription restart after UV-damage17, we tested whether UVSSA is 

involved in the recruitment of the TC-NER master organizer ERCC6 to sites of UV damage. 

Knockdown of UVSSA attenuated the assembly of GFP-ERCC6 on LUD (Fig. 4a), whereas 

it did not affect XPC (GG-NER) accumulation (Supplementary Fig. 4a). In addition, we 

noted that with UVSSA depletion in cells stably expressing GFP-ERCC625, the total level of 

GFP-ERCC6 fluorescence was decreased (Supplementary Fig. 4b). ERCC6 protein levels are 

controlled by the ubiquitin-proteasome system after UV damage9. To test whether UVSSA 

has an effect on ERCC6 stability, we quantified endogenous ERCC6 levels in UVSS-A and 

GFP-UVSSA-complemented UVSS-A cells at different time points after UV irradiation (Fig. 

4b and Supplementary Fig. 4c). In UVSS-A cells, we observed a clear proteasome- and UV-

dependent decrease in ERCC6 levels compared to UVSSA-complemented UVSS-A cells. 

The levels of RNA Pol II were equally reduced in both cell lines8; however, RNA Pol II 

reappeared 8 h after UV damage only in the complemented UVSS-A cells. Whether this RNA 

Pol II recovery is a direct effect of UVSSA or an indirect consequence of rescued TC-NER 

remains to be determined. 

In order to examine how UVSSA influences ERCC6 protein stability, we immunoprecipitated 

GFP-UVSSA and analyzed UVSSA-interacting proteins by mass spectrometry. Of note, we 

identified the deubiquitinating enzyme ubiquitin carboxyl-terminal hydrolase 7 (USP7, also 

called HAUSP) that is known to have various functions in DDR27-30, as one of the most prominent 

interacting partners of UVSSA (Supplementary Fig. 4d). This interaction was confirmed by 

coimmunoprecipitation of UVSSA-Flag with Myc-USP7 (Fig. 4c). Moreover, we showed that 

endogenous USP7 resides in chromatin immunoprecipitated TC-NER complexes in a UV- and 

UVSSA-dependent manner (Fig. 4d and Supplementary Fig. 5a,b). Like the UVSSA-RNA 

Pol II interaction, the UVSSA-mediated USP7-RNA Pol II interaction is not increased after UV 

damage (Supplementary Fig. 5c). This suggests that USP7 is recruited to TC-NER complexes 

via its interaction with UVSSA. As UVSSA is missing in UVSS-A cells, decreased ERCC6 stability 

after UV could be explained by the absence of USP7 deubiquitinating activity in the TC-NER 
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Figure 3. UVSSA is recruited to active TC-NER sites in a UV-damage- and transcription-dependent 
manner.
(a) LUD infliction (arrow) in MRC5 cells stably expressing UVSSA-GFP. Right, cells were pretreated 
with 25 μg/ml α-amanitin for 16 h. Scale bar, 7 µm. (b) GFP fluorescence intensities of the indicated 
proteins at LUD relative to pre-damage intensity were recorded over time using live-cell confocal 
imaging (n>10 cells, mean ± s.e.m.). Right, magnification of the early time points. (c) XP-C (XP4PA), XP-A 
(XP2OS), CS-B (CS1AN) and CS-A (CS3BE) cells stably expressing GFP-tagged UVSSA were exposed 
to UV-C (266 nm) laser-induced damage (arrows). Scale bar, 7 µm. (d) Graph of FRAP results in which 
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complex. Indeed, depletion of USP7 by RNA interference (Supplementary Fig. 6a) caused a 

similar defect in RRS (Fig. 4e) and in reduction of ERCC6 levels (Fig. 4f and Supplementary 

Fig. 6b-d) after UV irradiation as UVSSA deficiency. These data suggest that USP7, recruited 

by UVSSA, has an important role in TC-NER. Additionally, the absence of further sensitization 

to the RRS defect by combined interference with UVSSA and USP7 expression (Fig. 4e) 

suggests that these genes are epistatic.

In summary, within our mass spectrometry analysis of the UV-induced ubiquitinome, 

we identified an uncharacterized protein (UVSSA), which was highly enriched upon UV 

irradiation in immunopurified ubiquitinated protein complexes. Functional analysis indicated 

that UVSSA is a new factor implicated in TC-NER and, of note, is the causative gene in the 

unresolved UVSS-A NER disorder. Two accompanying studies aimed at finding the genetic 

defect in UVSS-A also identified UVSSA as the gene mutated in individuals with UVSS-

A20,21. Their further functional analysis is consistent with our observation that UVSSA has 

an important role in TC-NER and is part of the protein complex containing the elongating 

form of RNA Pol II. Our data argue for a UV-independent UVSSA-RNA Pol IIo interaction. 

In contrast to GFP-UVSSA, we were not able to observe RNA Pol IIo accumulation at LUD 

with current technology. The transient or low-affinity interaction between UVSSA and RNA 

Pol IIo might be stabilized upon UV irradiation, explaining the UV dependency observed 

in native immunoprecipitations20 and the UV independence of the fixed interactions by 

cross-linking in ChIP shown here.

We propose a model (Supplementary Fig. 6f) in which one of the key functions of 

UVSSA in TC-NER is to protect ERCC6 against UV-induced degradation, by targeting 

the deubiquitinating enzyme USP7 to lesion-stalled RNA Pol II complexes. Of note, 

overexpression of ERCC6 in UVSS-A cells did not correct the TC-NER defect (Supplementary 

Fig. 6e), suggesting that the reduced levels of ERCC6 observed in UVSS-A cells is not sufficient 

to explain the UVSS phenotype. This suggests that the deubiquitination of ERCC6 by UVSSA 

is an essential step for proper TC-NER, either to provide an increased time frame for this key 

assembly factor to orchestrate TC-NER complex formation or to inhibit a ubiquitin-mediated 

functional change in ERCC6. In cells with UVSSA knockdown, reduced interaction was 

observed between RNA Pol IIo and ERCC6 (Fig. 4d). Whether this reduced interaction is a 

direct consequence or is independent of the ERCC6 ubiquitination remains to be elucidated. 

Either way, our data show the importance of the delicate ERCC6 ubiquitination equilibrium 

during TC-NER by counteracting TC-NER-specific E3 ligases9,31. USP7 has multiple roles in 

the relative fluorescence recovery after bleaching is plotted against the time after UVSSA-expressing 
MRC5 cells were untreated or treated with 25 μg/ml α-amanitin (16 h) or 10 μg/ml actinomycin D (1 h). 
RFI, relative fluorescence intensity. (e) U2OS cells cotransfected with GFP-RNA Pol II and UVSSA-Flag 
were subjected to GFP immunoprecipitation. Cells were UV-C irradiated (60 J/m2) 1 h before cell lysis. 
WCE, whole-cell extract; IP, immunoprecipitate. (f,g) ChIP analysis of in vivo cross-linked HeLa, CS-B 
(CS1AN) or HA-ERCC6-complemented CS-B cells, which were subjected to HMGN1 (f) or ERCC6 (g) 
ChIP 1 h after mock or UV-C treatment (20 J/m2). Immunoblot analysis of the coimmunoprecipitated 
proteins was performed with the indicated antibodies. 
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Figure 4. UVSSA-dependent recruitment of USP7 to active TC-NER complexes stabilizes ERCC6 and 
restores UV-inhibited RNA synthesis.
(a) GFP-ERCC6-complemented CS-B (CS1AN) cells transfected with the indicated siRNA were locally 
exposed to UV-C laser-induced damage. Relative fluorescence was followed in time at LUD (n>15 cells, 
mean ± s.e.m.). RFI, relative fluorescence intensity. (b) Immunoblot analysis of SDS lysates of TA-24 
(UVSS-A) and GFP-UVSSA-complemented TA-24 cells were analyzed with the indicated antibodies. 
Cells were recovered at the indicated times after UV-C (12 J/m2) exposure. MG132 (50 μM) was added 
at the time of UV-C exposure. ERCC6 levels (arrow) were quantified relative to the ERCC6-PiggyBac 
Fusion protein36 (asterisk) (Supplementary Fig. 4c). (c) U2OS cells cotransfected with Myc-USP7 and 
UVSSA-Flag were subjected to Myc immunoprecipitation. Cells were UV-C irradiated (20 J/m2) 1 h 
before cell lysis. WCE, whole-cell extract, IP, immunoprecipitate. (d) U2OS cells stably expressing the 
indicated shRNA were subjected to ERCC6-specific ChIP followed by immunoblotting for the indicated 
proteins. (e) RRS activity of TA-24 (UVSS-A) and GFP-UVSSA-complemented TA-24 cells transfected with 
the indicated siRNA before and 16 h after UV-C irradiation (12 J/m2) (n>200 cells, mean ± s.e.m.). RFI, 
relative fluorescence intensity. (f) U2OS cells were transfected with control or USP7 siRNA, harvested 
at the indicated time points after UV-C exposure (12 J/m2) and stained for ERCC6, USP7 and Tubulin. 
ERCC6 levels (arrow) are quantified relative to those of the ERCC6-PiggyBac Fusion protein36 (asterisk) 
(Supplementary Fig. 6b).
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the DNA damage response27-30, and its pleiotropic activity is even broader, targeting tumor 

suppressors, immune responders, viral proteins and epigenetic modulators32. An important 

role for UVSSA might be to deliver the deubiquitinating USP7 enzyme to TC-NER, thereby 

providing substrate specificity to this pleiotropic deubiquitinase. The implication of UVSSA 

in ubiquitination of the elongating form of RNA Pol II after UV-damage21 seems to imply that 

UVSSA has functions in TC-NER beyond being a specific shuttle protein for USP7. 

The causative genes for the two TC-NER defective disorders Cockayne syndrome and 

UVSS (ERCC6, ERCC8 and UVSSA) are all cofactors of lesion-stalled RNA Pol II. However, the 

phenotypes of these two TC-NER deficiencies are strikingly different; Cockayne syndrome 

is characterized by severe neurological and developmental abnormalities in conjunction 

with UV sensitivity, whereas individuals with UVSS mainly exhibit sun sensitivity, without 

any clear additional complications1. It has been proposed that this phenotypic difference is 

caused by the distinct abilities of affected individuals to process certain oxidative lesions: 

Cockayne syndrome cells are sensitive for oxidative base damage, whereas UVSS cells are 

not1,19,33-35. This suggests that UVSSA and the subsequent deubiquitination of ERCC6 by 

USP7 are crucial for the execution of the complete NER process, but these seem to not be 

essential in processing oxidative damage in transcribed strands. Of course, the possibility 

is not excluded that additional functions of the Cockayne syndrome proteins also contribute 

to the severe Cockayne syndrome phenotype. The discovery of two new TC-NER factors, 

UVSSA and USP7, which are both implicated in regulating TC-NER activity, represents an 

important advance toward further elucidation of the transcription-coupled repair process.

Methods

Cell lines and culture

For SILAC labeling, HeLa cells were cultured for 2 weeks in DMEM without lysine, arginine 

or leucine (AthenaES) supplemented with antibiotics, 10% dialyzed FCS (Invitrogen) and 

105 μg/ml leucine (Sigma) and either 73 μg/ml light [12C6]-lysine and 42 μg/ml [12C6, 
14N4]-

arginine (Sigma) or with heavy [13C6] lysine and [13C6, 
15N4]-arginine (Cambridge Isotope 

Laboratories) at 37°C and 5% CO2.

U2OS, VH10 and the SV40-immortalized MRC5, TA-24 (UVSS-A), XP2OS (XP-A), XP4PA 

(XP-C), XP4PA (expressing GFP-XPC), CS3BE (CS-A), CS1AN (CS-B) and CS1AN (expressing 

GFP-ERCC6) cells were cultured in a 1:1 ratio of DMEM and Ham’s F10 (Invitrogen) containing 

10% FCS and antibiotics at 37°C and 5% CO2. Medium was supplemented with hygromycin 

(25 μg/ml) for MRC5 (expressing UVSSA-GFP), TA-24 (expressing GFP-UVSSA) and TA-24 

(expressing UVSSA-Flag) cells. 

Cells were treated with 25 μg/ml α-amanitin (16 h), 10 μg/ml actinomycin D (1 h), or 50 μM 

MG132 (as indicated). DNA damage was inflicted by 24 h exposure to IlludinS15 or by UV-C 

irradiation (254 nm; TUV Lamp, Phillips).

Plasmid constructs

The UVSSA cDNA was PCR amplified from a cDNA clone (BC110331) using the primers listed 

in Supplementary Table 1. The PCR product was cloned into pCR-Blunt-II-TOPO (Invitrogen) 
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and transferred into pENTR1A-GFP-N2 (Addgene, plasmid 19364) and pENTR1A-GFP-C1 

(Addgene, plasmid 17396) using EcoRI-SacII sites or into pENTR4 (Addgene, plasmid 17424) 

using EcoRI-NotI sites37. Recombination into the pLenti CMV Hygro destination vector 

(Addgene, plasmid 17454)37 was performed with the Gateway LR Clonase II Enzyme Mix 

(Invitrogen). 

The GFP-RNA Pol II and Myc-USP7 constructs have been previously described38,39. 

DNA transfections were performed using Lipofectamine 2000 (Invitrogen) according to 

the manufacturer’s instructions. Third-generation lentiviruses were made in HEK293T cells.

RNA interference

Sequences for siRNA oligonucleotides (Thermo Fisher Scientific) are shown in Supplementary 

Table 2. siRNA transfections were performed using RNAiMax (Invitrogen) or Hiperfect 

(Qiagen), according to the manufacturer’s instructions. shRNAs from the MISSION shRNA 

library (Sigma) were used to make third-generation lentiviruses. Target sequences are 

provided in Supplementary Table 2.

Quantitative RT-PCR

Total RNA was isolated from siRNA-transfected or shRNA-transduced U2OS cells using 

the RNeasy mini kit (Qiagen). cDNA was synthesized using random hexamer primers and 

SuperScript II Reverse Transcriptase (Invitrogen). 

UVSSA and GAPDH expression levels were analyzed using qRT-PCR with the TaqMan 

Gene Expression Assay using a Bio-Rad CFX96 device. UVSSA expression levels were 

normalized to GAPDH expression.

Antibodies

For immunoprecipitations, we used mouse monoclonal antibodies to mono-ubiquitinated 

and poly-ubiquitinated conjugates (FK2, BML-PW8810, Biomol) and Myc (9E10, sc-40, Santa 

Cruz Biotechnology) and Flag-M2 antibody conjugated to agarose beads (Sigma), HA-

antibody conjugated to agarose beads (Sigma) and GFP antibody conjugated to agarose 

beads (ChromoTek). For ChIP, we used mouse monoclonal antibody to RNA Pol II (H5, Babco) 

and rabbit polyclonal antibodies to HMGN1 (Ab5212, Abcam) and ERCC6 (H-300, sc-25370, 

Santa Cruz Biotechnology).

For protein blots, we used monoclonal antibodies to GFP (Roche and Santa Cruz 

Biotechnology), CPD (TDM-2, MBL International), HA (3F10, Roche), RNA Pol II (8wG16, 

Ab5095, Abcam), XPA (Abcam) and P62 (3C9, kindly provided by J.M. Egly (Institut de 

Génétique et de Biologie Moléculaire et Cellulaire)). The polyclonal antibodies used were 

to Flag (F7425, Sigma), ubiquitin (Z0458, Dako), RNA Pol II (Ab5095, Abcam), Myc (9E10, 

sc-40, Santa Cruz Biotechnology), USP7 (A300-033A, Bethyl), ERCC6 (E-18, sc-10459, 

Santa Cruz Biotechnology), p89/XPB (S-19, sc-293, Santa Cruz Biotechnology), HMGN1 

(Ab5212, Abcam), KIAA1530 (UVSSA) (NBP1-32598, Novus, and P-12, sc-138374, Santa Cruz 

Biotechnology) and XPC. Odyssey-compatible secondary antibodies were from Li-Cor, and 

horseradish peroxidase (HRP)-conjugated secondary antibodies were from Dako (to mouse 

and goat), Southern Biotech (to rabbit) and Sigma (to IgM).
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Isolation of ubiquitinated protein complexes

SILAC-labeled HeLa cells were UV irradiated (16 J/m2) or mock treated. Label swapping was 

performed to validate the biological findings, aid contaminant removal and exclude possible 

SILAC-derived differences. One hour after UV cells were washed twice in ice-cold PBS and 

harvested by scraping in RIPA buffer (PBS containing 1% NP-40, 0.5% sodium deoxycholate 

and 0.1% SDS) supplemented with 15 μM MG132 (Biomol), 10 mM N-Ethylmaleimide (Sigma), 

20 μM PR-619 (LifeSensors) and Complete protease inhibitor cocktail (Roche). Lysates were 

centrifuged at 16,000g at 4°C for 15 min. Cleared UV treated and mock treated lysates were 

combined in a 1:1 ratio based on protein concentrations and added to the anti-ubiquitin 

resin (100 μl slurry per 5.3 mg of lysate) for 4 h at 4°C. The anti-ubiquitin resin was prepared 

by incubating 100 μl of 50% ProtG slurry (Pierce) with 87.5 μg of FK2 antibody (Biomol) for 

40 min at room temperature, and four washes were performed with RIPA buffer. Protein 

complexes were eluted (after four washes with RIPA of lysate-bound resin) in two bead 

volumes of 4% SDS by shaking for 10 min at 1,000 rpm in an Eppendorf Thermomixer. The 

eluted sample was concentrated over 30-kDa spin columns (Millipore), supplemented with 

2x Laemmli buffer and loaded onto 4-15% SDS-PAGE gradient gels (Jule).

Mass spectrometry

SDS-PAGE gel lanes were cut into 2-mm slices and subjected to in-gel reduction with 

dithiothreitol, alkylation with iodoacetamide (98%; D4, Cambridge Isotope Laboratories) 

and digested with trypsin (sequencing grade; Promega), as described previously40. 

Nanoflow liquid chromatography tandem mass spectrometry (LC-MS/MS) was performed 

on an 1100 series capillary liquid chromatography system (Agilent Technologies) coupled 

to an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific) operating in positive mode. 

Peptide mixtures were trapped on a ReproSil C18 reversed phase column (Dr Maisch; 1.5 cm 

× 100 µm) at a rate of 8 µl/min. Peptides were separated on a ReproSil-C18 reversed-phase 

column (Dr Maisch; 15 cm × 50 µm) using a linear gradient of 0-80% acetonitrile (in 0.1% 

formic acid) during 170 min at a rate of 200 nl/min using a splitter. The elution was directly 

sprayed into the electrospray ionization (ESI) source of the mass spectrometer. Spectra 

were acquired in continuum mode; fragmentation of the peptides was performed in data-

dependent mode. 

Raw mass spectrometry data were analyzed with MaxQuant software (version 1.1.1.25)41. 

A false discovery rate of 0.01 for proteins and peptides and a minimum peptide length of 

6 amino acids were set. The Andromeda search engine42 was used to search the tandem 

mass spectrometry (MS/MS) spectra against the International Protein Index (IPI) human 

database (release 3.68). A maximum of two missed cleavages and mass tolerance of 0.6 Da 

was allowed. Further modifications were cysteine carbamidomethylation-2D (fixed), protein 

methionine oxidation and lysine ubiquitination (variable). MaxQuant automatically quantified 

SILAC peptides and proteins. From the 2,586 identified proteins in the forward and reverse 

experiments, we removed 116 known contaminants and reverse hits, 411 proteins that had 

less than 2 quantitation events, 441 proteins that were only found in the forward or reverse 

experiment, 71 hits with opposite ratios (>1.25-fold) in the label-swap experiment and 
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311 proteins with background levels (<1.25-fold) in one of the label-swap experiments. The 

remaining 1,236 proteins were plotted on the S-curve (Fig. 1a).

For the identification of UVSSA interactors, the software package Scaffold (version 

3_00_03, Proteome Software Inc.) was used to validate MS/MS based peptide and protein 

identifications. Peptide identifications were accepted at >95.0% probability with the Peptide 

Prophet algorithm43. Protein identifications assigned by the Protein Prophet algorithm38,44 

were accepted at >95.0% probability. 

Clonogenic survival assay

Cells from indicated cell lines were seeded in triplicate in 6-well plates (400 cells/well) and 

treated with UV-C or IlludinS15 (24 h exposure) 1 d after seeding. After 1 week, colonies were 

fixed and stained in 50% methanol, 7% acetic acid and 0.1% Coomassie blue. 

Recovery of RNA synthesis and unscheduled DNA synthesis after UV irradiation

Fluorescence-based RRS and UDS were performed as described16. In short, for RRS, the cell 

lines were UV irradiated with 12 J/m2 of UV-C. Transcription levels were determined 16 h 

after UV irradiation by 2 h of incubation with 5-ethynyl uridine (EU) incorporation. For UDS, 

VH10 cells were UV irradiated with 16 J/m2
 of UV-C 48 h after siRNA transfection. UDS was 

determined by 3 h of incubation with 5-ethynyl-2’-deoxyuridine (EdU) incorporation. RRS 

and UDS were quantified by determining fluorescent intensities of >200 cells with ImageJ 

software of images obtained with a Zeiss LSM700. The cells displayed in Figure 2c were 

stained with antibody to GFP (Abcam) after the RRS procedure to visualize GFP signal.

Coimmunoprecipitation

Cells expressing Flag-, Myc-, HA- and/or GFP-tagged proteins were treated 24 h after 

transfection with the indicated UV-C doses and/or with 50 μM MG132 and lysed in RIPA 

buffer supplemented with Complete protease inhibitor cocktail (Roche) after 1 h recovery. 

Lysates were incubated on ice for 10 min and were centrifuged at 16,000g for 15 min at 4°C. 

The supernatant was incubated for 4 h at 4°C with antibody-conjugated agarose beads. 

Beads were washed four times with RIPA buffer and eluted with one bead volume of 2x 

Laemmli SDS sample buffer at 95°C. 

In vivo cross-linking and ChIP

The procedure for ChIP has been described previously26. Briefly, cells were mock treated or 

exposed to UV-C light (20 J/m2) and left to recover for 1 h at 37°C and then cross-linked in 

vivo by 1% formaldehyde at 4°C. Cross-linked cells were lysed, and purified chromatin was 

sheared with the Bioruptor Sonicator (Diagenode) using cycles of 30 s on, 60 s off. ChIP was 

performed on chromatin fragments of 200-600 bp. Reversal of the cross-linking and elution 

of the precipitated proteins was performed by extended boiling in Laemmli SDS sample 

buffer, and eluted proteins were analyzed by protein blotting26. 

Live-cell confocal laser-scanning microscopy and immunofluorescence

Confocal laser-scanning microscopy images were obtained with a Leica SP5 confocal 

microscope using a 100x quartz objective. Kinetic studies of GFP-tagged UVSSA, ERCC6, 
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DDB2 and XPC accumulation were performed using UV-C (266 nm) laser irradiation, as 

described previously22. FRAP experiments were performed as described previously45. 

All FRAP data (average of >15 cells) were normalized to the average fluorescence before 

bleaching after removal of the background signal.

Immunofluorescence experiments were executed as described46, with or without pre-

extraction by a 20 s treatment with 0.5% Triton X-100 before fixation. GFP-tagged proteins 

were visualized by staining with an antibody to GFP. 
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Supplementary Figure 1: UVSSA characteristics and ubiquitination. 
(a) HeLa cell lysate was immunopurified by either random IgG, or FK2 loaded ProtG beads. WCE, whole-
cell extract, NB, non-bound fraction, Wash, sample taken from last wash fraction, IP, immunoprecipitate. 
Samples are loaded in equal amounts compared to the WCE, IP sample is loaded twice the amount. The 
immunoblot is stained with a polyclonal antibody to ubiquitin (DAKO) and shows a high and specific 
enrichment of ubiquitinated proteins. (b) Putative protein domains of the human UVSSA protein, VHS- 
(predicted by Phyre2), NLS- (predicted by Prosite) and DUF2043-domains (predicted by PFAM) are 
indicated. (c) Homology of UVSSA protein between different species. (d,e) U2OS cells were transfected 
as indicated with HA-ubiquitin and UVSSA-Flag. 36 h after transfection cells were lysed and subjected 
to HA-IP (d) and Flag-IP (e). Cells were UV-C irradiated (20 J/m2) 1 h before cell lysis, MG132 (50 μM) 
was added 1 h before UV-C exposure. Samples were analyzed on immunoblot using antibodies to Flag 
or HA. (arrow) indicates mono-ubiquitinated form of UVSSA, (asterisk) indicates unmodified form of 
UVSSA. WCE, whole-cell extract, IP, immunoprecipitate. 
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Supplementary Figure 2: UVSSA siRNA and expression controls. 
(a) RNA was isolated from U20S cells stably expressing shRNA, or from U20S cells 48 h after siRNA 
transfection. UVSSA mRNA levels were analyzed using pre-designed TaqMan Assays and plotted as 
relative expression compared to untreated U2OS cells. (b) RRS after UV-induced inhibition, with 2 h 
of pulse labeling with 5-ethynyl uridine (EU), 16 h after UV-C exposure (12 J/m2) in U2OS cells stably 
expressing shRNA targeting the indicated proteins (n > 150 cells, mean ± s.e.m.). (c) Expression of 
GFP-UVSSA and UVSSA-Flag in TA-24 (UVSS-A) cells. 
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Supplementary Figure 3: UVSSA accumulation, kinetics and interaction with RNA Pol IIo. 
(a,b) XPC-GFP-expressing XP-C (XP4PA) cells, GFP-ERCC6-expressing CS-B (CS1AN) cells and GFP-
UVSSA-expressing UVSS-A (TA-24) cells were locally UV irradiated with 60 J/m2 (a) or 100 J/m2 (b) UV-C. 
The local UV-irradiated area was visualized using CPD counterstaining. While XPC accumulates at LUD, 
no accumulation was visible for ERCC6 and UVSSA (a). However after pre-extraction (b) for 20 seconds 
with 0.5% Triton X-100 both GFP-ERCC6 and GFP-UVSSA accumulate at LUD. Scale bar, 7 μm. (c) FRAP 
graph in which the relative fluorescence recovery after bleaching is plotted against time of UVSSA-
expressing CS-B (CS1AN) cells, untreated or treated with 10 μg/ml actinomycin D (1 h). RFI, relative 
fluorescence intensity. (d) ChIP analysis of CS-B (CS1AN), UVSS-A (TA-24) and UVSSA-Flag-expressing 
UVSS-A cells 1 h after UV-C treatment (20 J/m2) or untreated were subjected to a RNA Pol IIo specific 
ChIP procedure and immunostained with an antibody to UVSSA. 
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Supplementary Figure 4: Effects of UVSSA on ERCC6 accumulation and protein levels and identified 
UVSSA-interactors. 
(a) XPC-GFP-expressing XP-C (XP4PA) cells transfected with the indicated siRNA were locally exposed 
to UV-C (266 nm) laser-induced damage. Relative fluorescence was followed in time at the site of local 
damage (n>15 cells, mean ± s.e.m.). RFI, relative fluorescence intensity. (b) Relative fluorescence of GFP-
ERCC6-expressing CS-B (CS1AN) cells transfected with the indicated siRNA were analyzed by FACS 48 
h after transfection. (c) Immunoblot analysis quantification of ERCC6 levels of Fig. 4b using Odyssey 
software. Cells were recovered for the indicated times after UV-C (12 J/m2) exposure. MG132 (50 μM) 
was added 30 min before UV-C exposure. ERCC6 levels are quantified relative to the ERCC6-PiggyBac 
Fusion protein36. (d) Table showing mass spectrometry analysis of a GFP-UVSSA pulldown experiment 
in MRC5 cells, sorted by highest Unweighted Spectrum Count after Scaffold analysis of proteins with 
a differential score compared to the negative control.
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Supplementary Figure 5: ChIP experiments. 
(a) Immunoblot analysis with the indicated antibodies of an ERCC6 ChIP procedure in XP-C (XP4PA) 
and CS-B (CS1AN) cells stably expressing GFP-UVSSA. Cells were UV-C irradiated (20 J/m2) 1 h before 
fixing. (b) Immunoblot analysis with the indicated antibodies of a HMGN1 ChIP procedure in UVSS-A 
(TA-24) and UVSSA-Flag-expressing UVSS-A cells. Cells were UV-C irradiated (20 J/m2) 1 h before 
fixing. (c) CS-B (CS1AN) and HA-ERCC6-expressing CS-B cells 1 h after UV-C treatment (20 J/m2) or 
mock treated were subject to a RNA Pol IIo specific ChIP procedure and stained for ERCC6, UVSSA 
and USP7 on immunoblot. 
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Supplementary Figure 6: Functional analysis and molecular model of TC-NER. 
(a) Immunoblot of siRNA and shRNA knockdown of USP7 in U2OS cells 36 h after transfection. Tubulin 
staining was used as loading control. (b) Immunoblot analysis quantification of ERCC6 levels of Fig. 4f 
using Odyssey software. Cells were recovered for the indicated times after UV-C (12 J/m2) exposure. 
ERCC6 levels are quantified relative to the ERCC6-PiggyBac Fusion protein36. (c) U2OS cells expressing 
Control or USP7 shRNA were harvested after the indicated time points after 12 J/m2 UV-C and stained 
for ERCC6, USP7 and Tubulin. (d) Immunoblot analysis quantification of ERCC6 levels of Supplementary 
Fig. 6c using Odyssey software. ERCC6 levels are quantified relative to the ERCC6-PiggyBac Fusion 
protein36. (e) In situ transcription in UVSSA-deficient TA-24 (UVSS-A) and NER-proficient MRC5 and U2OS 
cells with and without expression of GFP-ERCC6 before and 16 h after exposure with 12 J/m2 UV-C for 
TA-24 and 6 J/m2 UV-C for U20S and MRC5 cells, as measured by EU pulse labeling. Scale bar, 7 μm. 
(f) Model of UVSSA function in TC-NER. In normal cells ERCC6 is deubiquitinated by USP7, which is 
recruited by UVSSA. In UVSS-A patient cells, mutated in UVSSA, USP7 is not targeted to the TC-NER 
complex resulting in increased ERCC6 ubiquitination and degradation. 
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Supplementary Table 1

Site Primer sequence

Forward EcoRI GAATTCTATGGATCAGAAACTTTCGAAG

Reverse 
GFP-UVSSA

SacII CCGCGGTACTAGTTCAGTGCGTAGTTAAA

Reverse UVSSA-GFP SacII CCGCGGTAGTTCAGTGCGTAGTTAAACTG

Reverse UVSSA-FLAG NotI
GCGGCCGCCTATTTGTCGTCATCGTCCTTG
TAATCGTTCAGTGCGTAGTTAAACTGGTT

Supplementary Table 2

Targeting gene Targeting sequence

siRNA

XPA 5’-CUGAUGAUAAACACAAGCUUAUU-3’

XPC 5’-CUGGAGUUUGAGACAUAUCUU-3’

ERCC6 SMART pool 5’-GCAGUAACUUCUAAUCGAA-3’

5’-GAAGCAAGGUUGUAAUAAA-3’

5’-GCAUGUGUCUUACGAGAUA-3’

5’-CAAACAGAGUUGUCAUCUA-3’

UVSSA SMART pool 5’-GAUAAUCAGUUGACCAAAA-3’

5’-GGCCAGGAGUUUAUAUGUA-3’

5’-GCUCGUGGAUCCAGCGCUU-3’

5’-GGUUCAGCACGGACGGAAU-3’

USP7 SMART pool 5’-AAGCGUCCCUUUAGCAUUA-3’

5’-GCAUAGUGAUAAACCUGUA-3’

5’-UAAGGACCCUGCAAAUUAU-3’

5’-GUAAAGAAGUAGACUAUCG-3’

CTRL siGENOME Non-targeting siRNA #5

shRNA

UVSSA (A) 5’-GCTTTGTCTATTACTGTGTTT-3’

UVSSA (B) 5’-GCAGTAACCATGCTTTGTCTA-3’

USP7 5’-CCAGCTAAGTATCAAAGGAAA-3’

5’-CGTGGTGTCAAGGTGTACTAA-3’

CTRL (A) Empty Vector control (SHC001)

CTRL (B) Non-Target shRNA control (SHC002)
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Abstract 

Transcription-coupled nucleotide excision repair (TC-NER) specifically removes transcription-

blocking lesions from our genome. Defects in this pathway are associated with two human 

disorders: Cockayne syndrome (CS) and UV-sensitive syndrome (UVSS). Despite a similar 

cellular defect in the UV DNA damage response, patients with these syndromes exhibit 

strikingly distinct symptoms; CS patients display severe developmental, neurological, and 

premature aging features, whereas the phenotype of UVSS patients is mostly restricted 

to UV hypersensitivity. The exact molecular mechanism behind these clinical differences 

is still unknown; however they might be explained by additional functions of CS proteins 

beyond TC-NER. A short overview of the current hypotheses addressing possible molecular 

mechanisms and the proteins involved are presented in this review. In addition we will 

focus on two new players involved in TC-NER which were recently identified: UV-stimulated 

scaffold protein A (UVSSA) and ubiquitin-specific protease 7 (USP7). UVSSA has been found 

to be the causative gene for UVSS and together with USP7 is implicated in regulating TC-NER 

activity. We will discuss the function of UVSSA and USP7 and how the discovery of these 

proteins contributes to a better understanding of the molecular mechanisms underlying 

the clinical differences between UVSS and the more severe CS. 
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UVSSA and USP7, a new couple in transcription-coupled DNA repair

Introduction

Alterations in the DNA structure that hinder the progression of RNA polymerases during 

transcription are highly toxic for the cell and if not properly resolved can lead to cellular 

apoptosis or senescence1,2. Helix-distorting lesions located in the transcribed strand 

of active genes initiate the transcription-coupled nucleotide excision repair (TC-NER) 

pathway to resolve the transcription-blocking DNA damage3. Lesion stalled elongating 

RNA polymerase II (RNA Pol II) triggers the recruitment of several TC-NER-specific factors 

to form a functional TC-NER complex, including the Cockayne syndrome A and B (CSA, 

CSB) proteins4 (Figure 1a). 

Cockayne syndrome versus UV-sensitive syndrome 

In humans, defective TC-NER is associated with two autosomal recessive DNA repair-

deficiency disorders: Cockayne syndrome (CS) and UV-sensitive syndrome (UVSS)5,6. Although 

patient-derived cells are equally deficient in UV-induced TC-NER in vitro, the patients 

exhibit strikingly distinct clinical symptoms: CS individuals display severe developmental, 

neurological, and premature aging features, whereas UVSS patients express much milder 

features, mostly restricted to UV hypersensitivity. CS is caused by mutations in two genes 

indispensable for TC-NER, CSA and CSB. UVSS comprises three complementation groups, 

which are defined by specific mutations in CSA, CSB, and in the recently identified gene 

encoding for UV-stimulated scaffold protein A (UVSSA) (Table 1). Intriguingly, neither the site 

nor the nature of the mutations in CSA or CSB seems to correlate with the clinical differences 

observed among patients with CS and UVSS5,7. Thus, an important question remains: how 

do molecular defects within the same TC-NER pathway and even different mutations within 

the same genes lead to such diverse pathologies?

Several models are proposed that try to explain the underlying molecular reason for 

the wide variety in TC-NER-deficient phenotype8,9. Most of these hypotheses are based 

on additional functions of the CS proteins outside of their role in TC-NER while assuming 

UVSSA is not implicated in these processes, hence explaining the milder phenotype in 

UVSS10 (Figure 2).

Table 1: Overview of UVSS mutations in CSA, CSB and UVSSA

Patient/Cell line Gene affected Mutation References

KPS2 UVSSA p.Lys123* 41, 42, 71, 72, 73

KPS3 UVSSA p.Lys123* 41, 42, 71, 72, 73

UVS24TA UVSSA p.Ile31Phefs*9 41, 42, 74

XP24KO UVSSA p.Lys123* 41, 42, 75, 76

XP70TO UVSSA p.Cys32Arg 41, 75, 77

UVSS1VI CSA p.Trp361Cys 46

UVS1KO CSB p.Arg77* 38, 71, 72, 74, 78

CS3AM CSB p.Arg77* 37
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Figure 1: Model for resolving transcription-blocking lesions.
(i) During transcription UVSSA, USP7, and CSB interact transiently with elongating RNA Pol II. (ii) Upon 
encountering a lesion (indicated by star), stalled RNA Pol II stabilizes its binding with these proteins and 
triggers the recruitment of several other DNA repair factors, including CSA. Since RNA Pol II shields the 
DNA lesion in its active pocket, the stalled transcription complex must be remodeled to enable access 
of repair proteins to the lesion. In the case of helix-distorting lesions (iiia), TC-NER is initiated for which 
extensive modulation of stalled RNA Pol II is needed, causing a prolonged transcriptional arrest. During 
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One of these models, the transcription defect model, is mainly based on data obtained 

for the CSB protein. CSB is a member of the SNF2/SWI2 family of DNA-dependent ATPases11 

and is suggested to have chromatin remodeling abilities, possibly through recruitment of the 

p300 histone acetyltransferase12-14. CSB transiently interacts with elongating RNA Pol II and 

stimulates transcription15-20. This suggests that when CSB is absent or mutated, transcription 

would be affected even in the absence of DNA damage. There is a growing list of human 

diseases which are associated with defects in transcription, and many of these diseases are 

characterized by congenital defects21, as also observed in CS patients. This suggests that 

the severe developmental and premature aging features of CS could partially be caused 

by a defect in transcription, while the sun sensitivity in these patients is most likely caused 

by the DNA repair deficiency of the TC-NER pathway.

Another hypothesis involves a role of the CS proteins in repairing endogenous DNA 

damage from reactive oxygen species (ROS), which is usually repaired by the base excision 

repair (BER) machinery22. Both human and mouse cell lines deficient in the CS proteins 

indeed display enhanced sensitivity to agents that produce oxidative DNA damage23-28. 

Furthermore, Menoni, et al.29 recently showed recruitment of CSB to local oxidative DNA 

lesions in living cells without an accumulation of downstream NER factors, indicating 

the involvement of CSB in the response to oxidative DNA lesions independent of the 

downstream NER reaction. Importantly, CSB binding to oxidative damage was reduced 

upon transcription inhibition, which suggests a role of CSB in transcription-associated 

repair of oxidative lesions. In CS patients, the accumulation of unrepaired oxidative DNA 

damage and the subsequent prolonged transcription arrest at these lesions could result 

in apoptosis and consequentially tissue degeneration. Since active metabolism during 

development and a high level of oxidative metabolism in neural tissues may generate a 

considerable amount of oxidative damage, the consequences of the transcription arrest 

are mainly disclosed by developmental and neurological symptoms which are a hallmark of 

CS30. This model is further supported by transcriptomic analysis of CSB-deficient mice which 

revealed systematic suppression of growth and oxidative metabolism, an altered glycolysis 

and an upregulated anti-oxidant defense, collectively referred to as survival response31. 

this slow process, CSB assembles a functional TC-NER complex and assists in the remodeling of RNA 
Pol II. In response to DNA damage CSB is ubiquitinated and eventually degraded. In order to allow 
sufficient time for CSB to perform its function in TC-NER, its presence is protected by the concerted 
action of UVSSA and USP7 by counteracting the ubiquitination-dependent degradation. When the 
required remodeling of stalled RNA Pol II is completed, the TC-NER complex is destabilized and CSB is 
degraded by the proteasome. XPA, RPA, and the TFIIH complex are subsequently recruited. Following 
further helix unwinding and lesion verification, XPG and XPF are required for the double incision of the 
damaged DNA strand. The repair reaction is completed with DNA polymerase gap filling of the repair 
patch and sealing of the nicks. Oxidative lesions (iiib) have a minor effect on the DNA helix structure, 
which therefore requires relatively little remodeling of RNA Pol II for efficient repair. Consequently, 
RNA Pol II is only slowed down or transiently arrested in response to these lesions resulting in a faster 
response as compared to iiia. CSB remodeling helps to efficiently remove oxidative lesions likely via 
the BER pathway or to pass stalled complexes over the lesion (lesion bypass). However, due to the 
faster response, protection of CSB from ubiquitination-dependent degradation by UVSSA/USP7 is not 
necessary. After repair is completed (iv), transcription is resumed (v). 
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Figure 2: involvement of CSA, CSB and UVSSA in transcription, BER and TC-NER. 
Involvement of CSA, CSB, and UVSSA in transcription, BER, and TC-NER. While the CS proteins have 
functions outside of TC-NER, a role for UVSSA in these other processes has presently not been shown. 

Moreover, Pascucci, et al.32 recently observed a disturbed redox balance in patient-derived 

CS cells. They showed increased intracellular ROS levels and oxidative DNA damage. In 

addition, alterations in cellular metabolism including the glycolysis pathway and oxidative 

metabolism were observed. Addition of antioxidants to the cells reduced ROS levels and at 

least partially reverted the alterations in cellular metabolism, suggesting that oxidative stress 

plays a causative role in CS pathology. Although there is compelling evidence supporting 

this hypothesis, no direct proof is currently present and it needs further exploration. 

Within a third model, a role for the CS proteins in repair of oxidative DNA damage 

specifically in mitochondrial DNA (mtDNA) has been reported33-35. Mitochondria possess 

an independent repair machinery for oxidative lesions, which is thought to play a crucial 

role in protecting the integrity of mtDNA from the relatively high levels of ROS generated in 

this organelle. Certain clinical symptoms associated with mitochondrial dysfunction are also 

observed in CS patients, including the severe neurological and premature aging features36. 

This would suggest that the cause of these symptoms in CS results in part from the loss of 

mitochondrial function as a consequence of unrepaired oxidative mtDNA damage due to 

mutations in the CS proteins. 

The abovementioned hypotheses to explain the severe phenotypical consequences 

of CS do not uphold, however, for the intriguing case of two unrelated patients with null 

mutations in CSB associated with mild UVSS symptoms37,38. In contrast, two other patients 

with a deletion of the promoter sequence of CSB (resulting in no detectable CSB protein) 

have been found, which showed the most severe CS symptoms39. Thus, the absence of 

CSB alone cannot explain the striking variability in phenotype between CS and UVSS. 

A factor possibly involved in this variability might be the expression of an evolutionary 
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conserved CSB-PGBD3 fusion protein, containing exons 1-5 of CSB joined in frame with 

the PiggyBac transposase. Reports have indicated that this fusion protein might play a role 

in the CS phenotype40.

The UVSSA factor

Recently, three laboratories identified UVSSA (encoding UV-stimulated scaffold protein 

A) as the causative gene for the UVSS-A complementation group. Microcell-mediated 

chromosome transfer41, whole-exome sequencing42 and quantitative proteomics43 were 

used to identify KIAA1530 as a new TC-NER factor, which was subsequently renamed UVSSA. 

Sequencing of this gene in five UVSS-A patient cell lines revealed three different inactivating 

mutations in the UVSSA gene (Table 1).

Within UVSSA two conserved, though poorly characterized domains are identified with 

homology to the Vps27-Hrs-STAM (VHS) domain and the DUF2043 domain. UVSS-A cells 

expressing UVSSA mutants without either of these domains fail to complement UVSS-A 

deficiency42, indicating that both domains are important for TC-NER activity. The UVSSA 

protein was shown to interact with the TC-NER factors RNA Pol II, CSA, CSB, and TFIIH41-43. 

A specialized chromatin immunoprecipitation (ChIP) procedure showed that UVSSA resides 

in active, chromatin-bound TC-NER complexes upon UV damage. Furthermore, GFP-tagged 

UVSSA accumulated at local UV damage in living cells with similar recruitment kinetics as the 

TC-NER factor CSB43. Together these results showed that UVSSA is a novel TC-NER factor.

UVSSA recruitment

There are two, though not mutual exclusive, models explaining how UVSSA is recruited to 

UV lesions: (1.) as an RNA Pol II interaction partner43 and (2.) as a CSA interaction partner41,44. 

We observed a UV-independent interaction between RNA Pol II and UVSSA in ChIP 

experiments43. This interaction was also observed in CSB-deficient patient cells, indicative 

of a CSB-independent binding of UVSSA to TC-NER complexes. In line with this, a CSA- 

and CSB-independent accumulation of GFP-UVSSA was observed at sites of local UV 

damage using live cell imaging. In contrast, Zhang, et al.41 observed UV dependency for 

the UVSSA-RNA Pol II interaction and showed a CSA-dependent interaction with UVSSA in 

the chromatin fraction using non-cross-linking IPs; the latter was also observed by Fei and 

Chen44. An explanation for this apparent discrepancy in UVSSA recruitment could be that 

the CS proteins may be required for stable integration into a functional TC-NER complex 

rather than for the recruitment of UVSSA. Transient or low-affinity interactions could appear 

CSA/CSB independent if interactions are fixed by cross-linking as in ChIP experiments43 

and CSA/CSB dependent as observed in non-cross-linking IPs41,44.

The observed CSA-dependent stable association of UVSSA into TC-NER complexes 

provides the basis for a possible molecular explanation of the UVSS/CS phenotypic difference. 

The CSA protein is a subunit of an E3 ubiquitin ligase complex45 that is recruited to the 

site of damage by CSB4. Although essential for TC-NER, the precise role of CSA remains 

largely unknown. Nardo, et al.46 described a patient with a specific missense CSA mutation, 

which causes the mild UV sensitive phenotype in the absence of the severe premature 

aging features common in CS. Cells of this UVSS patient were hypersensitive to UV light, 
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but not to oxidative damaging agents. This finding thus implies a separable role for CSA in 

response to UV and oxidative DNA damage. Interestingly, Fei and Chen44 showed that this 

same CSA mutant disrupts the interaction of CSA with UVSSA. This might suggest that an 

impaired interaction of UVSSA with mutated CSA at sites of DNA damage results in UVSS in 

this patient, while an unaffected role of CSA in other processes – such as in oxidative DNA 

damage repair – prevents the additional CS symptoms. 

UVSSA function: a role in CSB stability

In addition to its interaction with CSA and RNA Pol II, UVSSA forms a UV-independent 

protein complex with the deubiquitinating enzyme (DUB) ubiquitin-specific protease 7 

(USP7). USP7 (also known as HAUSP) has multiple roles in the DNA damage response, as 

illustrated by the wide variety of substrates including Mdm2, p53, claspin, Chfr, and histone 

H2B47-51. Additionally, its diverse activity also includes targeting tumor suppressors, immune 

responders, viral proteins, and epigenetic modulators52. Through its interaction with UVSSA, 

USP7 is recruited to active TC-NER complexes upon UV damage43. Depletion of USP7 leads 

to a similar TC-NER deficiency as seen with UVSSA depletion, such as a decrease in UV 

survival and RNA synthesis recovery after UV41,43. From previous studies it is known that CSB is 

ubiquitinated and degraded by the proteasome in response to UV53,54. In the absence of either 

UVSSA or USP7 the degradation of CSB by the 26S proteasome is faster upon UV damage. It 

is therefore suggested that UVSSA stabilizes CSB after UV by targeting the pleiotropic DUB 

USP7 to TC-NER complexes, which subsequently removes UV-induced ubiquitin-chains. The 

purpose of this could be to provide an increased time frame for CSB to orchestrate TC-NER 

complex formation or to efficiently complete repair before CSB is degraded.

The stabilizing function of UVSSA/USP7 on CSB might be restricted to UV-induced 

TC-NER, since the reduced CSB levels in UVSS-A cells do not result in developmental and 

neurological symptoms in UVSS patients. Interestingly, overexpression of CSB in UVSS-A cells 

did not correct the TC-NER defect43. This implies that the reduced level of CSB in UVSS-A 

cells alone is not sufficient to explain the UVSS phenotype. Therefore the ubiquitination state 

of CSB itself might have an additional function for proper TC-NER, for example to mediate 

a ubiquitin-mediated functional change in CSB, or UVSSA/USP7 might have additional 

substrates that can cause the UVSS phenotype.

UVSSA function: a role in the processing of stalled RNA Pol II 

Several transcription-associated factors recognize the C-terminal domain (CTD) of RNA Pol 

II by means of a conserved CTD-interacting domain (CID). The CID fold closely resembles 

that of VHS domains55,56, suggesting that the observed interaction between UVSSA and 

RNA Pol II is mediated via the VHS domain of UVSSA. This interaction might be important 

for an additional function of UVSSA, as Nakazawa, et al.42 showed that UVSSA is needed 

for processing stalled RNA Pol II at sites of UV damage. During TC-NER, elongating RNA 

Pol II can be recycled for a new round of transcription by means of dephosphorylating the 

elongating form of RNA Pol II into the hypophosphorylated initiating form57. Without the 

UVSSA protein this dephosphorylation step is substantially inhibited42, as previously found 

in CS patient cells57, leading to impaired resumption of transcription initiation. 
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Next to its possible involvement in RNA Pol II binding, the VHS domain has also been 

implicated in ubiquitin binding58, raising the possibility that UVSSA binds ubiquitinated 

TC-NER proteins. Upon UV irradiation RNA Pol II is ubiquitinated and under specific 

conditions degraded59-61. Nakazawa, et al.42 identified a UVSSA-dependent ubiquitination 

of RNA Pol II, which however is not subject to proteasomal degradation. Interestingly, 

this new ubiquitinated form of stalled elongating RNA Pol II is UV-specific, as it was not 

observed for oxidative DNA damage induced by hydrogen peroxide. Interaction of UVSSA 

with ubiquitinated RNA Pol II was indeed observed by Nakazawa, et al.42. Additionally, we 

identified UVSSA in a stable isotope labeling with amino acids in cell culture (SILAC)-based 

proteomic screen for differentially ubiquitinated proteins following UV irradiation43. While 

the ubiquitination status of UVSSA was not changed after UV, a similar SILAC ratio for UVSSA 

and RNA Pol II was observed. This would suggest that UVSSA was co-purified by virtue of the 

enhanced ubiquitination of RNA Pol II in response to UV. However whether this interaction 

is ubiquitination dependent remains unclear.

The VHS domain of UVSSA is suggested to be also involved in the interaction between 

UVSSA and CSB, since a UVSS-A patient missense mutation (Cys32Arg) within the VHS 

domain disrupts the interaction with CSB in response to UV. Interestingly, UVSS-A cells 

expressing UVSSA with this mutation were able to restore CSB stability to wild-type levels 

upon UV, while RNA Pol II ubiquitination and dephosphorylation remained absent42. This 

might indicate that while the VHS domain of UVSSA is dispensable for CSB stabilization, it 

is important for RNA Pol II processing. Apparently, the action of UVSSA on both CSB and 

RNA Pol II contributes to the UVSS phenotype. Although the precise involvement of UVSSA 

in processing these RNA Pol II modifications remains to be elucidated, it is hypothesized that 

the modifications themselves contribute to the coordination of the removal of stalled RNA 

Pol II and formation of the TC-NER complex, and the subsequent resumption of transcription.

New insights in transcription-coupled DNA repair from a UVSSA perspective

Mutations in UVSSA were recently identified to cause UVSS, a previously unresolved TC-NER 

deficiency disorder with rather mild clinical manifestations as compared to CS. UVSSA and its 

interaction partner USP7 were identified as new factors involved in TC-NER repair efficiency 

and cell survival after UV damage. Additionally, UVSSA is also important for the fate and 

ubiquitination state of both RNA Pol II and CSB. The identification of these new transcription-

coupled DNA repair factors presents us with the opportunity to gain more insight into the 

molecular mechanisms underlying the clinical differences between UVSS and CS. 

The transcription defect model discussed previously is based on a role for the CS 

proteins in transcription, while assuming UVSSA is not involved in this process. The UV-

independent transient interaction between UVSSA and RNA Pol II may suggest a role for 

UVSSA in transcription. However, no other data are currently available to conclude whether 

UVSSA is as equally important as CSB for transcription on undamaged DNA. Therefore, 

further studies are needed to determine the possible involvement of UVSSA in transcription.

One of the models including UVSSA involves the aberrant processing of elongating RNA 

Pol II when stalled at a lesion (Figure 3). For efficient repair to take place, the RNA Pol II 

complex must be remodeled since it will likely shield the DNA lesion and consequently 

119



5
No repair

Normal No CSA/CSBNo UVSSA

UVSSA

5’ 3’

CSA
CSB

5’ 3’

RNA Pol II degradation

Repair

5’ 3’

CSA
CSB

RNA Pol II degradation

3’5’

3’5’

UVSSA

3’5’

UVSSA

No RNA Pol II degradation

Repair
&

Accessible for alternative repair

No repair
&

Accessible for alternative repair
S

No repair
&

Persistent transcription arrest
No phenotype Mild phenotype (UV  S) Severe phenotype (CS)

5’ 3’

Lesion stalled RNA Pol II

No repair

Figure 3

Figure 3: Differential aberrant processing of stalled elongating RNA Pol II is responsible for the 
differences in UVSS/CS phenotype. 
In wild-type cells, lesion stalled RNA Pol II initiates TC-NER to remove the transcription-blocking 
damage. In the infrequent cases that repair cannot take place, RNA Pol II is ubiquitinated and degraded 
by the proteasome to make the lesion accessible for alternative DNA repair. In UVSS-A cells, TC-NER 
does not take place. Since the prolonged stalled RNA Pol II can still be ubiquitinated in a CSA/CSB 
dependent way, RNA Pol II is degraded and the lesion is made accessible to alternative DNA repair. 
In CS cells, TC-NER is blocked as well. In addition, the ubiquitination and degradation of RNA Pol II 
does not take place. The resultant persistent transcription arrest is more harmful for the cell, since it 
leads to apoptosis or senescence and might contribute to the more severe phenotype in CS patients.

prevent accessibility of repair proteins62-66. Additionally, when a lesion cannot be repaired or 

bypassed, stalled RNA Pol II is thought to be ubiquitinated and degraded in order to prevent 

persistent transcriptional arrest66. In the absence of UVSSA, stalled RNA Pol II can still be 

ubiquitinated in a CSA/CSB dependent way, which results in proteasomal degradation. In 

contrast, stalled RNA Pol II cannot be degraded by the proteasome in CS cells3. This would 

suggest that the lack of DNA repair combined with persistent arrest of RNA Pol II at DNA 

lesions in CS cells, which results in apoptosis or senescence, might be causative for the 

severe CS phenotype. In UVSS‑A cells prolonged arrest is prevented and the lesion is made 

accessible for alternative DNA repair by degradation of RNA Pol II, hence resulting in the 

milder UVSS phenotype (Figure 3). 

The CS proteins play important roles in both TC-NER and oxidative DNA damage repair, 

while the precise function of UVSSA in these processes remains unclear. The previously 

discussed oxidative damage model assumes that UVSSA does not play a role in oxidative 
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DNA damage repair10, hence explaining the milder phenotype of UVSS. We would like to 

postulate a model including UVSSA and its role in both repair pathways (Figure 1). We 

hypothesize that based on the nature of the DNA damage distinct modulations of lesion 

stalled RNA Pol II are required and that this involves a remodeling function of CSB. While 

oxidative lesions only slow down or transiently arrest RNA Pol II, more helix-distorting lesions 

(such as those induced by UV) would lead to a prolonged transcriptional arrest. In the case of 

transient transcription arrest, CSB remodeling assists in the efficient removal of a lesion or in 

bypassing the lesion67-69. In contrast, for a prolonged blocked transcription more time would 

be required for CSB to assemble a functional TC-NER complex and to assist in remodeling 

of the stalled RNA Pol II. The presence of CSB should, in the latter case, be protected by the 

concerted action of UVSSA/USP7 to allow sufficient time for CSB to perform its remodeling 

function. Whether the ubiquitination of CSB takes place at all after transient transcription 

arrest at oxidative DNA lesions, or if CSB is ubiquitinated but not degraded before the repair 

of these lesions is completed remains to be elucidated. In this proposed model, mutations 

in UVSSA would lead to dysfunctional TC-NER only, since the lack of CSB protection would 

not affect repair or restart of transcription blocked by oxidative lesions. 

The discovery of UVSSA enables us to test the proposed models in greater detail and 

whether or not they are mutually exclusive. To further substantiate the hypothesis that the 

phenotypical difference between UVSS and CS is derived from different sensitivities for 

endogenous levels of oxidative DNA damage, dedicated lesion-specific DNA repair assays 

are required70. Furthermore, dissecting the differences in molecular composition between 

repair complexes stalled at UV-induced lesions or oxidative lesions will help us to better 

understand the molecular mechanism of transcription-coupled repair for different types of 

DNA damage. Characterization of repair complexes present on the different lesions using 

immunoprecipitation (IP) combined with mass spectrometry (MS) would be a powerful tool to 

study this. Another interesting area for further investigation is the differential ubiquitination 

of several DNA repair factors, which is likely an important driver of protein hand over and 

passing of repair intermediates through successive steps during TC-NER. Especially the 

actual and/or precise involvement of USP7 in changing the ubiquitination state of CSB 

and RNA Pol II upon UV is of great interest, as is the establishment of identified or new E3 

ubiquitin ligases responsible for the ubiquitin modifications. Finally, with the identification 

of UVSSA, a UVSS-A mouse model can now be generated for a more extensive study of the 

UVSS phenotype and molecular defect. Also an overall comparison of the UVSS-A mouse 

with the already existing CS mouse models in an isogenic background will be a valuable 

source of information. Phenotypic consequences and possible differential responses to 

various genotoxic agents in the whole organism will contribute to our understanding of the 

clinical differences of CS versus UVSS on a molecular level.
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Summary

The integrity of our DNA is constantly threatened by genotoxic agents from both internal 

and external origin. DNA damage is a serious threat for cells as it disturbs replication and 

transcription. Persistent DNA damage can eventually lead to malignant transformation 

and accelerated aging. The DNA damage response (DDR), which consists of different 

dedicated DNA repair systems and signaling pathways, is evolved to overcome the severe 

consequences of DNA damage. One of these DNA processes is the versatile nucleotide 

excision repair (NER) mechanism, which removes a wide range of helix-distorting lesions 

including those induced by ultraviolet(UV)-light. NER is initiated by two damage recognition 

pathways: global genome NER (GG-NER) and transcription-coupled NER (TC-NER). While 

GG-NER can recognize and repair DNA damage located anywhere in the genome, TC-NER 

can only repair lesions in the transcribed strand of active genes. Together, over 30 different 

proteins are employed within NER to remove lesions from DNA. To ensure appropriate 

function and timing of these proteins at the right location, proper regulation of the NER 

pathway is crucial. This regulation relies for a big part on post-translational modification 

(PTM) of repair proteins themselves and of other proteins involved in the DDR pathway. This 

thesis focuses on protein modification by ubiquitin conjugation during the UV-induced DDR. 

Ubiquitination is known to control protein stability by targeting ubiquitinated proteins to 

the proteasome for degradation. Additionally, it was shown that modification of proteins 

with ubiquitin can also influence their activity, cellular localization and protein-protein 

interactions. In response to UV-irradiation several DDR proteins have been found to be 

ubiquitinated in order to orchestrate the complex UV-induced DDR. However, it is expected 

that more proteins involved within the UV-induced DDR are regulated by ubiquitination. 

To identify new ubiquitin modifications and proteins not previously known to be involved 

within the UV-DDR on a proteome-wide scale mass spectrometry (MS) was used. Since 

presumably not all proteins are ubiquitinated and as from those that are ubiquitinated only 

a small fraction is usually modified at a given time, methods to enrich for ubiquitinated 

proteins are necessary to study them by MS.

A general introduction to the DDR, ubiquitination and MS-based methods is provided 

in Chapter 1. In the following chapter, Chapter 2, an immunoaffinity purification method is 

described which we have developed to isolate endogenously ubiquitinated proteins, using 

the FK2 antibody that recognizes both mono-ubiquitinated and poly-ubiquitinated proteins. 

As this method is performed under non-denaturing conditions, it is especially suited for the 

proteomic analysis of ubiquitinated protein complexes.

Quantitative proteomic strategies – such as stable isotope labelling by amino acids in cell 

culture (SILAC)-based MS approaches – are designed to detect and quantify the effects of 

a specific stimulus on relative protein abundance in a proteome-wide fashion. In Chapter 3, 

SILAC-based MS was combined with the ubiquitinated protein isolation method described 

in Chapter 2, to identify UV-induced changes of ubiquitin modifications on proteins and 

protein complexes. Among the most enriched proteins in response to UV-induced DNA 

damage, NER factors known to be regulated by ubiquitin – including DDB2, XPC, CSB 

and POLR2A (the largest subunit of RNA Pol II) – were identified. This high enrichment of 
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established UV-induced ubiquitinated NER factors validates our approach for isolating 

UV-induced ubiquitinated proteins. In total we identified 65 up-regulated and 30 down-

regulated proteins that were changed (>1.5 fold in two experiments) in response to UV, 

using a SILAC label-swap replication strategy. These UV-responsive proteins clustered into 

five major protein groups, representing biological processes that are in part expected to 

be affected in response to genotoxic stress, such as (1) NER, (2) chromatin remodelling and 

(3) transcription. In this analysis, NER is the most obviously expected biological pathway, 

as this is the sole mammalian repair process able to remove UV-induced DNA lesions and 

known to be controlled by ubiquitination. Also chromatin remodelling is commonly found 

associated to DDR and thought to aid loading of DNA repair and signalling factors. In 

addition, transcription is severely affected by UV-lesions, which triggers a dedicated repair 

pathway, transcription-coupled NER (TC-NER). Moreover, the largest subunit of RNA Pol II 

(POLR2A) was previously found to be poly-ubiquitinated in response to UV damage. The 

two other identified biological processes that appear to be regulated by ubiquitination in 

response to UV-light, (4) RNA splicing and (5) translation, were less expected and seem to 

represent novel branches of the DDR. Our results seem to indicate a global regulation of 

various interconnected biological processes by ubiquitination in order to ensure the right 

cellular response to UV-induced stress.

Chapter 4 describes the identification and molecular function of UV-stimulated 

scaffold protein A (UVSSA) and its interaction partner USP7 within TC-NER. The previously 

uncharacterized protein UVSSA was identified as one of the most enriched proteins in the 

MS screen described in Chapter 3, yet it was not found to be more ubiquitinated upon UV-

damage. However, additional biochemical analysis demonstrated that UVSSA interacts with 

elongating RNA Pol II, localizes specifically to UV-induced lesions and resides in chromatin-

associated TC-NER complexes. Therefore, we assume that this protein co-purified as part of 

the UV-induced ubiquitinated RNA Pol II protein complex, which explains its identification 

using our MS approach. Furthermore, we showed that UVSSA is implicated in stabilizing the 

TC-NER master organizing protein CSB by delivering the deubiquitinating enzyme USP7 

to TC-NER complexes. Importantly, UVSSA turned out to be the causative gene for the 

UV-sensitive syndrome group A (UVSS-A), a previously unresolved NER-deficiency disorder.

Chapter 5 discusses how the research on the role of UVSSA and USP7 in TC-NER 

contributes to a better understanding of the molecular mechanisms underlying the 

clinical differences between two human disorders associated with defective TC-NER: 

Cockayne syndrome (CS) and UV-sensitive syndrome (UVSS). While CS patients display 

severe developmental, neurological, and premature aging features, the phenotype of UVSS 

patients is mostly restricted to UV-hypersensitivity. The exact molecular mechanism behind 

these clinical differences is still unknown, however they might be explained by additional 

functions of the CS proteins beyond TC-NER. This chapter presents a short overview of the 

current hypotheses addressing possible molecular mechanisms and the proteins involved. 

In addition, the function of UVSSA and USP7 is discussed and how this knowledge can 

complement the existing models to explain the phenotypical difference between UVSS 

and CS.
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Samenvatting

Het menselijk lichaam is opgebouwd uit biljoenen cellen. Elke cel heeft zijn eigen kenmerken 

en werkt samen met de andere cellen in ons lichaam om het correct te laten functioneren. 

Zo bestaat ons lichaam uit verschillende typen cellen welke onderdeel uitmaken van grotere 

systemen, zoals weefsels en organen. De belangrijkste onderdelen in een cel zijn het DNA 

en de eiwitten. DNA is de blauwdruk van de cel, in het DNA staat alle informatie gecodeerd 

die nodig is voor het correct laten functioneren van cellen. DNA bestaat uit twee lange 

strengen nucleotiden die in de vorm van een dubbele helix met elkaar vervlochten zijn. Er 

zijn vier verschillende nucleotiden welke worden aangeduid met de letters A, C, G en T. De 

volgorde van deze letters vormt een codering; vergelijkbaar met hoe de letters in ons alfabet 

woorden en zinnen kunnen vormen. Deze genetische code kan vervolgens in onze cellen 

vertaald worden voor de productie van eiwitten. Dit gebeurd in twee stappen. Eerst wordt 

er een tijdelijke kopie van het stukje DNA gemaakt dat codeert voor een bepaald eiwit; dit 

proces noemen we transcriptie. Zo een kopie van een stukje DNA wordt boodschapper RNA 

genoemd (messenger RNA, mRNA). Het mRNA wordt vervolgens vertaald in een specifiek 

eiwit, waarbij elke drie letters samen coderen voor één bouwblok van een eiwit; dit proces 

noemen we translatie. Eiwitten zijn het gereedschap van de cel, hiermee wordt alles in de 

cel opgebouwd en aangestuurd. 

Aangezien DNA de blauwdruk vormt voor de bouwstenen die essentieel zijn voor het 

correct functioneren van onze cellen is het bijzonder belangrijk dat er in de genetische code 

van het DNA geen fouten ontstaan. De integriteit van ons DNA wordt echter voortdurend 

bedreigd door genotoxische invloeden van buitenaf en ook door stoffen die door ons eigen 

lichaam worden gemaakt. Beschadigd DNA is gevaarlijk voor onze cellen, aangezien deze 

beschadigingen kunnen leiden tot een verstoring van de genetische code. Deze mutaties 

zouden uiteindelijk kunnen leiden tot het ontstaan van kanker. Onze cellen zijn echter 

uitgerust met een DNA-schade respons (DDR), welke bestaat uit een grote verscheidenheid 

aan specifieke DNA-herstelmechanismen en signaleringssystemen. Nucleotide excisie 

reparatie (NER) is een veelzijdig DNA-herstelmechanisme dat een breed scala aan helix-

verstorende DNA-schade repareert, inclusief schade veroorzaakt door ultraviolette (UV) 

straling aanwezig in zonlicht.  NER wordt geïnitieerd door twee verschillende schade-

herkenningsmechanismen: globaal genoom NER (GG-NER) en transcriptie gekoppeld NER 

(TC-NER). GG-NER herkent en repareert DNA-schade overal in het genoom, terwijl TC-NER 

specifiek schade herkent in DNA wat actief getranscribeerd (gekopieerd) wordt. In totaal 

werken meer dan 30 eiwitten samen binnen NER om helix-verstorende schade in het DNA 

te verwijderen. Regulatie van het NER mechanisme is van essentieel belang om ervoor te 

zorgen dat de betrokken eiwitten hun functie uitvoeren op de juiste locatie en tijdstip. 

Deze regulatie wordt grotendeels bewerkstelligd door posttranslationele modificatie 

(PTM) (oftewel: een aanpassing maken aan een eiwit nadat het vertaald is van mRNA) van 

de reparatie eiwitten zelf of van andere eiwitten betrokken in de DDR. Dit proefschrift 

richt zich op de betrokkenheid van modificatie van eiwitten met ubiquitine tijdens de UV-

geïnduceerde DDR. Ubiquitine is een klein eiwit dat covalent gebonden kan worden aan 

andere eiwitten. Het koppelen van een eiwit met ubiquitine wordt ubiquitinatie genoemd, 
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en kan invloed hebben op de activiteit, lokalisatie en stabiliteit van het gemodificeerde 

eiwit. Het is bekend van verschillende eiwitten dat deze worden geubiquitineerd als reactie 

op bestraling van cellen met UV licht en dat deze eiwitmodificaties functioneren om de 

complexe UV-geïnduceerde DDR in goede banen te leiden. Onze verwachting is echter 

dat naast deze bekende eiwitten, ook nog andere (onbekende) eiwitten gereguleerd 

worden door ubiquitinatie na UV-schade. Voor de identificatie van deze eiwitten is 

massaspectrometrie (MS) gebruikt. MS is een veel gebruikte techniek om eiwitten te 

kunnen identificeren. Hiervoor worden eiwitten in stukjes geknipt om vervolgens de massa 

van deze stukjes te meten. In Hoofdstuk 1 worden de onderwerpen DNA-schade herstel, 

ubiquitinatie en MS-gebaseerde methoden geïntroduceerd.

Men neemt aan dat in een cel niet alle eiwitten geubiquitineerd worden en van de 

eiwitten die wel geubiquitineerd worden zal maar een kleine fractie gemodificeerd zijn 

op een bepaald tijdsstip. Er zijn dus, relatief gezien ten opzichte van alle andere eiwitten, 

maar weinig eiwitten die geubiquitineerd zijn. Om de kans te vergroten dat je deze eiwitten 

identificeert met behulp van MS is het dus erg nuttig om deze gemodificeerde eiwitten 

van tevoren te isoleren. In Hoofdstuk 2 wordt een verrijkingsmethode besproken voor de 

isolatie van endogeen geubiquitineerde eiwitten. Deze methode is specifiek ontwikkeld 

voor de analyse van geubiquitineerde eiwitcomplexen met behulp van MS.

Kwantitatieve MS methoden – zoals op ‘stable isotope labelling by amino acids in cell 

culture’ (SILAC) gebaseerde MS – zijn ontworpen om de effecten van een specifieke stimulus 

op de relatieve hoeveelheid van eiwitten te detecteren en te kwantificeren in het gehele 

proteoom. In Hoofdstuk 3 staat beschreven hoe op SILAC gebaseerde MS is gecombineerd 

met de verrijkingsmethode voor geubiquitineerde eiwitten beschreven in Hoofdstuk 2. 

Deze aanpak hebben wij gebruikt om UV-geïnduceerde veranderingen in geubiquitineerde 

eiwitcomplexen te identificeren. Bovenin de lijst van verrijkte eiwitten na behandeling met 

UV straling staan een aantal eiwitten waarvan al bekend is dat ze geubiquitineerd worden 

als reactie op UV-geïnduceerde DNA-schade: o.a. DDB2, XPC, RNA Pol II en CSB. De 

identificatie van deze eiwitten laat zien dat onze methode inderdaad goed gebruikt kan 

worden voor het isoleren van eiwitten met UV-geïnduceerde ubiquitine modificaties. 

Na bestraling van cellen met UV licht hebben we in totaal 95 eiwitten geïdentificeerd 

waarvan de hoeveelheid eiwit minstens 1.5-voud meer of minder was geworden. Deze 

eiwitten konden gegroepeerd worden in vijf clusters en zo gekoppeld worden aan vijf 

biologische processen: (1) NER, (2) chromatine herstructurering, (3) transcriptie, (4) translatie 

en (5) RNA splicing. De identificatie van NER was het meest voor de hand liggende proces, 

aangezien dit het enige reparatie-mechanisme is in zoogdieren welke UV-geïnduceerde 

DNA schade kan verwijderen en waarvan bekend is dat het door middel van ubiquitinatie 

gereguleerd wordt. Ook chromatine herstructurering wordt vaak geassocieerd met de DDR, 

omdat dit proces de toegang tot beschadigd DNA kan vergemakkelijken voor DNA reparatie 

eiwitten en signaleringsfactoren. Daarnaast is bekend dat transcriptie ernstig belemmerd 

wordt door UV-schade, wat leidt tot de activering van TC-NER. De identificatie van de 

overige twee biologische processen, translatie en RNA splicing, was minder verwacht en 

zou nieuwe takken binnen de UV-DDR kunnen vertegenwoordigen. De gevonden resultaten 
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lijken te wijzen op een globale ubiquitine-gemedieerde regulatie van verschillende onderling 

verbonden biologische processen welke er voor moeten zorgen dat de cel de juiste acties 

onderneemt in reactie op UV-geïnduceerde stress.

Hoofdstuk 4 beschrijft de identificatie en moleculaire functie van ‘UV-stimulated 

scaffold protein A’ (UVSSA) en het interacterende eiwit USP7 in TC-NER. Het voorheen 

ongekarakteriseerde eiwit UVSSA is geïdentificeerd in de MS lijst van UV-geïnduceerde 

eiwitten gegenereerd in Hoofdstuk 3. Hoewel UVSSA is gevonden als één van de meest 

verrijkte eiwitten in deze lijst werd het eiwit zelf niet meer geubiquitineerd in reactie op 

UV straling. Verdere biochemische analyse heeft echter aangetoond dat UVSSA interactie 

aangaat met RNA Pol II, zich specifiek begeeft naar UV-geïnduceerde DNA-schade en zich 

bevindt in chromatine-gebonden TC-NER complexen. We nemen daarom aan dat UVSSA 

is geïsoleerd als onderdeel van het UV-geïnduceerde geubiquitineerd RNA Pol II complex. 

Verder laten we zien dat UVSSA betrokken is bij de stabilisatie van CSB door middel van het 

rekruteren van het de-ubiquitinerend enzym USP7 naar TC-NER complexen. Een belangrijke 

ontdekking was dat mutaties in het UVSSA gen verantwoordelijk zijn voor ‘UV-gevoeligheids 

syndroom groep A’ (UVSS-A), een voorheen onopgeloste NER-deficiënte ziekte. 

In Hoofdstuk 5 wordt bediscussieerd hoe het onderzoek naar de rol van UVSSA en USP7 

binnen TC-NER een bijdrage kan leveren aan een beter begrip van de mechanismen welke 

ten grondslag liggen aan de klinische verschillen tussen twee TC-NER-deficiënte ziekten: het 

Cockayne syndroom (CS) en het UV-gevoeligheids syndroom (UVSS). Hoewel deze ziekten 

een moleculair defect hebben in hetzelfde proces (TC-NER), is het fenotype van deze 

patiënten zeer verschillend. Terwijl CS gekenmerkt wordt door ernstige groeiachterstand, 

neurologische problemen en een versnelde veroudering is het UVSS fenotype voornamelijk 

beperkt tot UV-overgevoeligheid van de huid. Het precieze moleculaire mechanisme dat ten 

grondslag ligt aan deze klinische verschillen is nog steeds onbekend, echter de verschillen 

zouden verklaard kunnen worden door additionele functies van de CS eiwitten buiten 

TC-NER. Hoofdstuk 5 geeft een kort overzicht van de huidige hypotheses van mogelijke 

mechanismen en de bijbehorende betrokken eiwitten. Daarnaast wordt de functie van 

UVSSA en USP7 besproken en wordt bediscussieerd hoe deze kennis de bestaande 

moleculaire modellen, welke de fenotypische verschillen tussen UVSS en CS proberen te 

verklaren, kan complementeren.
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