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UBIQUITIN AND UBIQUITIN-RELATIVE
SUMO IN DNA DAMAGE RESPONSE
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Kristijan Ramadan, University of Oxford, United Kingdom
Ivan Dikic, Goethe University, Germany

DNA damage response (DDR) is a term that includes a variety of highly sophisticated mech-
anisms that cells have evolved in safeguarding the genome from the deleterious consequences
of DNA damage. It is estimated that every single cell receives tens of thousands of DNA lesions
per day. Failure of DDR to properly respond to DNA damage leads to stem cell dysfunction,
accelerated ageing, various degenerative diseases or cancer. The sole function of DDR is to
recognize diverse DNA lesions, signal their presence, activate cell cycle arrest and finally recruit
specific DNA repair proteins to fix the DNA damage and thus prevent genomic instability. DDR
is composed of hundreds of spatiotemporally regulated and interconnected proteins, which are
able to promptly respond to various DNA lesions. So it is not surprising that mutations in genes
encoding various DDR proteins cause embryonic lethality, malignancies, neurodegenerative
diseases and premature ageing.

The importance of DDR for cell survival and genome stability is unquestionable, but how the
sophisticated network of hundreds of different DDR proteins is spatiotemporally coordinated
is far from being understood. In the last ten years ubiquitin (ubiquitination) and the ubiqui-
tin-relative SUMO (sumoylation) have emerged as essential posttranslational modifications that
regulate DDR. Beside a plethora of ubiqutin and sumo El-activating enzymes, E2-conjugating
enzymes, E3-ligases and ubiquitin/sumo proteases involved in ubiquitination and sumoylation,
the complexity of ubiqutin and sumo systems is additionally increased by the fact that both ubiq-
uitin and sumo can form a variety of different chains on substrates which govern the substrate
fate, such as its interaction with other proteins, changing its enzymatic activity or promoting
substrate degradation.

The importance of ubiquitin/SUMO systems in the orchestration of DDR is best illustrated
in patients with mutations in E3-ubiquitin ligases BRCA1 or RNF168. BRCA1 is essential for
proper function of DDR and its mutations lead to triple-negative breast and ovarian cancers.
RNF168 is an E3 ubiquitin ligase, which creates the ubiquitin docking platform for recruitment
of different DNA damage signalling and repair proteins at sites of DNA lesion, and its mutations
cause RIDDLE syndrome characterized by radiosensitivity, immunodeficiency and learning
disability. In addition, recently discovered the ubiquitin receptor protein SPRTN is part of the
DNA replication machinery and its mutations cause early-onset hepatocellular carcinoma and
premature ageing in humans.

Despite more than 700 different enzymes directly involved in ubiquitination and sumoylation
processes only few of them are known to play a role in DDR. Therefore, we feel that the role of
ubiquitin and the ubiquitin-related SUMO in DDR is far from being understood, and that this
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is the emerging field that will hugely expand in the next decade due to the rapid development
of a new generation of technologies, which will allow us a more robust and precise analyses of
human genome, transcriptome and proteome.

In this Research Topic we provide a comprehensive overview of our current understanding of
ubiquitin and SUMO pathways in all aspects of DDR, from DNA replication to different DNA
repair pathways, and demonstrate how alterations in these pathways cause genomic instability
that is linked to degenerative diseases, cancer and pathological ageing.

Citation: Ramadan, K., Dikic, ., eds. (2018). Ubiquitin and Ubiquitin-Relative SUMO in DNA
damage response. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-441-9
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Editorial on the Research Topic
Ubiquitin and Ubiquitin-Relative SUMO in DNA Damage Response

Ubiquitin (UB) is a small inactive peptide which dramatically changes the fate of ubiquitinated
proteins when enzymatically activated and covalently attached to proteins in the process known as
ubiquitination (Ciechanover et al., 1984). UB was initially discovered as a signal for UB-dependent
protein degradation by the proteasome system in the late 1970s and early 1980s (Ciechanover et al.,
1980, 1984; Hershko et al., 1980). However, it is now clear that the cellular role of ubiqutination is
much more complex than initially thought (Grabbe et al., 2011). Ubiquitination is the most complex
posttranslational modification (PTM) that regulates virtually all cellular processes (Komander,
2009; Heride et al., 2014; Swatek and Komander, 2016). Avram Hershko, Aaron Ciechanover and
Irwin A. Rose were awarded with the Nobel Prize in Chemistry for 2004 for the discovery of the UB-
mediated protein degradation (proteolysis) (Kresge et al., 2006). This award tremendously boosted
scientific curiosity towards UB and ubiqutination as can be demonstrated by there currently being
more than 70,000 Pubmed research articles on ubiqutination, compared to less than 12,000 before
2004. There are several ubiquitin like modifiers (Welchman et al., 2005), but SUMO is the best
investigated one in DNA damage response (Schwertman et al., 2016). Therefore, this issue is
focusing on UB and its main relative SUMO.

The DNA damage response (DDR) has been defined as a multifaceted network of cellular
pathways that are activated after DNA damage (Jeggo et al., 2016). Various DNA lesions activate
the DDR, which first senses DNA damage and then transduce this signal to downstream effectors
that consequently govern a robust cellular response visualized as cell cycle arrest, DNA repair
and/or apoptosis (Jackson and Bartek, 2009). The discovery of the cellular toolbox for repairing
damaged DNA was commemorated in 2015 when the Nobel Prize in Chemistry was awarded to
Tomas Lindahl, Paul Modrich and Aziz Sancar (Lindahl et al., 2016). The DDR is composed of
hundreds of different proteins, the function of which needs to be spatiotemporally orchestrated,
and this occurs via various PTMs. In the last decade the PTMs, ubiquitination and SUMOylation,
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have emerged as the essential and most critical PTMs in the
regulation of the DDR (Jackson and Durocher, 2013; Schwertman
et al., 2016). Defects in the components of UB system in DDR
are associated with many human diseases, including cancer and
accelerated ageing. Thus, we decided to systematically review
advances in this relatively young field, and to cover its role in
DNA replication, DNA repair and mitosis. Our intention is to
invite the most prominent scientists in the field, together with a
selection of young and promising scientists, and give them the
opportunity to summarize our current knowledge of UB and
SUMO in the regulation of the DDR. The main goal is to share
current visions and directions that will shape the priorities in this
field for the next 10 years. The majority of invited scientists gladly
contributed to this special issue, either by writing review articles
or reviewing submitted manuscripts. Thus, we would like to
thank them all for their enormous and professional contribution
to the issue.

Helle Ulrich (Institute of Molecular Biology - Mainz) and her
group highlighted that ubiquitination and SUMOylation control
all aspects of DNA replication, from its initiation, elongation
and termination, and not only translesion DNA synthesis as
was initially proposed (Garcia-Rodriguez et al.). The group of
Simone Sabbioneda (National Research Centre - Pavia) discussed
how UB and SUMO control DNA damage tolerance, the last
line of defense that allows completion of DNA replication in
the presence of an unrepaired template. They focused on post-
replication repair, the mechanism cells use to bypass highly
distorted templates caused by damaged bases (Cipolla et al.).
Jacqueline Jacobs (Netherlands Cancer Institute) and her group
demonstrated that UB and SUMO play an essential role in
both telomere maintenance and protection, but are also key
contributors for the cellular response to dysfunctional telomeres
(Yalgin et al.). Besides the physiological role of the UB and
SUMO pathways in DNA replication and telomere function,
this issue also covers the majority of DNA repair pathways.
Thus, Coleman and Huang (New York University School of
Medicine) nicely summarized how SUMOylation plays a major
role in fine-tuning of the Fanconi-Anemia Pathway, the main
pathway for repairing DNA interstrand crosslinks. The group
of Hanspeter Naegeli (University of Zurich) highlighted the
essential importance of ubiquitination, SUMOylation but also
Neddylation in the regulation of nucleotide excision repair, the
main mechanism that protects us from UV-light (Riithemann
et al.). Smeenk and Mailand (University of Copenhagen)
gave us comprehensive overview of UB and SUMO in the
repair of DNA double strand break (DSB) repair, the most
cytotoxic DNA lesion. Their work clearly demonstrates how
ubiquitination and SUMOylation are highly sophisticated and
complex PTMs in the DDR. Harding and Greenberg (University
of Pennsylvania) presented an additional perspective on DSB
repair, with a special focus on nuclear architecture, chromatin
dynamics and chromatin organization in DSB repair and how
UB and SUMO control and connect these processes. Himmels
and Sartori (University of Zurich) went even deeper in the
understanding of DSB repair and described how UB and
SUMO regulate DNA-end resection, the initial step in DSB
repair. Interestingly, they concluded that the UB pathway in

DNA-end resection is mostly linked to protein degradation
processes, where SUMO acts as an intermolecular “glue”
in modulating protein-protein or protein-DNA interactions
required for homologous recombination rather than specifically
affecting the activity of individual proteins. Dantuma and Pfeiffer
(Karolinska Institute, Stockholm) discussed how the E3-UB and
E3-SUMO ligases are recruited to sites of DNA damage and the
importance of the spatiotemporal relationship among different
DNA repair proteins and PTMs. Pellegrino and Altmeyer
(University of Zurich) nicely explained how the crosstalk
between ubiqutination, SUMOylation and PARylation, another
PTM that also forms a chain signal (PAR), regulate genome
stability. Pinto-Fernandez and Kessler (University of Oxford)
demonstrated the importance of inactivation of the ubiquitin
signal in the DDR in their summary of how deubiquitinating
enzymes counteract DDR-related ubiquitination. Beside the
essential role of UB, SUMO and PAR in the spatiotemporal
recruitment of different DNA replication and repair proteins
at sites of DNA damage, the group of Thorsten Hoppe
(University of Cologne) discussed how protein disassembly is
equally as important as protein recruitment for genome stability
(Franz et al.). The disassembly of proteins from chromatin is
mostly orchestrated by the ubiquitin-dependent AAA+ATPase
p97/Cdc48, also known as VCP in humans, that serves as
the unfoldase and segregase to remove ubiquitinated proteins
(Vaz et al,, 2013; Bodnar and Rapoport, 2017). Ferrari and
Gentili (University of Zurich) described the involvement of
the DDR in the G2/M-checkpoint and mitosis and how these
two processes are regulated by PTMs. In addition to molecular
mechanisms of UB and SUMO in DDR and genome stability,
this issue also contains one technical article, which helps us
to better understand how to quantitatively investigate UB and
SUMO pathways in DDR. Heidelberger et al. (Institute of
Molecular Biology - Mainz and Goethe University, Frankfurt)
described mass spectrometry-based approaches for quantitative
analyses of site-specific protein ubiqutination in the context of
the DDR.

CONCLUDING REMARKS

By reading these outstanding articles one can easily conclude
that all authors strongly emphasize the promising therapeutic
potential that targeting two PTMs- ubiquitination and
SUMOylation- as well as other components of the DDR,
has for cancer therapy (Hoeller and Dikic, 2009; Shen et al.,
2013; Bassermann et al., 2014). As editors, we share the opinion
of the authors. The best examples are the recently approved
PARP inhibitor Olaparib for the treatment of BRCA-deficient
cancers and the proteasome inhibitor Bortezomib for treating
B-cell lymphomas. Indeed, many pharmaceutical companies
have been intensively working on the inhibitors that target
the components of the DDR and UB system. Many of these
inhibitors are currently in pre-clinical or clinical trials (Deshaies,
2014). We would be extremely happy if this special issue helps
researchers to better understand the involvement of the UB
and SUMO systems in the DDR. We also believe that the
knowledge gathered here will help scientists and pharmaceutical
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companies to better understand how to utilize the enormous
potential of the UB and SUMO system in DDR for cancer
therapy. Last but not least, we would like to dedicate this
special issue on UB and SUMO in the DDR to Prof Stefan
Jentsch, who passed away recently. As a postdoc in Alexander
Varshavsky laboratory, Stefan was the first to discover the
link between the UB-system and DDR (Jentsch et al., 1987).
During his independent scientific career Stefan’s discoveries have
shaped the field of UB, SUMO, and DDR (Hoppe and Branzei,
2017).
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Ubiquitination and SUMOylation
in Telomere Maintenance and
Dysfunction

Zeliha Yalgin, Carolin Selenz and Jacqueline J. L. Jacobs*

Department of Molecular Oncology, Netherlands Cancer Institute, Amsterdam, Netherlands

Telomeres are essential nucleoprotein structures at linear chromosomes that maintain
genome integrity by protecting chromosome ends from being recognized and
processed as damaged DNA. In addition, they limit the cell’s proliferative capacity,
as progressive loss of telomeric DNA during successive rounds of cell division
eventually causes a state of telomere dysfunction that prevents further cell division.
When telomeres become critically short, the cell elicits a DNA damage response
resulting in senescence, apoptosis or genomic instability, thereby impacting on aging
and tumorigenesis. Over the past years substantial progress has been made in
understanding the role of post-translational modifications in telomere-related processes,
including telomere maintenance, replication and dysfunction. This review will focus on
recent findings that establish an essential role for ubiquitination and SUMOQylation at
telomeres.

Keywords: ubiquitin, SUMO, telomere maintenance, telomere dysfunction, DNA damage, DNA repair, shelterin,
telomerase

INTRODUCTION

Genome stability is essential for cells to function properly and ensure the survival of an organism.
At the ends of chromosomes this stability is maintained by telomeres. In vertebrates telomeres
consist of long double-stranded stretches of TTAGGG repeats, ending in a ~50-500 base pair
overhang of the G-rich 3/-strand (Palm and de Lange, 2008). The protein complex shelterin,
consisting of TRF1, TRF2, TIN2, POT1, TPP1 and RAP1, binds to telomeric repeats and mediates
the formation of a telomeric loop (T-loop) in which the single-stranded 3’-overhang is concealed
in a D-loop (Griffith et al., 1999; Doksani et al., 2013). This is necessary to prevent DNA damage
response (DDR) and repair mechanisms from recognizing the single-stranded DNA (ssDNA)
overhang. Due to incomplete replication of chromosome ends, each round of DNA replication
progressively shortens linear chromosomes, risking loss of essential genes or important regulatory
regions. To prevent this, telomeres act as a buffer region to maintain genome integrity (Harley
et al,, 1990). Replication of telomeres is initiated by the polymerase alpha-primase (PP) complex,
which consists of subunits that have polymerase and primase activity (Pellegrini, 2012). During
lagging-strand synthesis the ultimate RNA primer is removed, but cannot be replaced with DNA,
resulting in an overhang. Additionally, leading-strand synthesis creates a transient blunt end that
is processed by nucleases to generate a short 3’-overhang. Therefore, incomplete replication of
the lagging strand and resection of the leading strand result in 3’-overhang generation, which
contributes to telomere shortening and is known as the “end-replication problem” (Chow et al.,
2012; Chen and Lingner, 2013; Martinez and Blasco, 2015). Besides the end-replication problem,
replication at telomeres is extra challenging because of topological barriers, such as the T-loop and
the presence of G-quadruplexes. Proper telomere replication requires G-quadruplex resolution and
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suppression of G-quadruplex formation by the helicases BLM,
DNA2, WRN and RTELL1, and also T-loop disassembly by WRN
and RTEL1 (Uringa et al., 2012; Vannier et al., 2012, 2013; Crabbe
et al., 2004; Edwards et al., 2014; Martinez and Blasco, 2015).

In many stem cells and in the majority of cancer cells
telomere shortening is, respectively, partially or completely,
compensated by telomerase. Telomerase consists of a telomerase
reverse transcriptase (TERT) catalytic subunit and an RNA
template (TERC) that add de novo TTAGGG repeats to
chromosome ends. Telomerase is recruited to telomeres via
TIN2-TPP1, whereby TPP1 promotes telomerase activity and
telomere extension. First, the 3'-strand is extended by TERT
using TERC as the complementary template to synthesize
telomeric repeats. Subsequently, in humans, the CST complex
binds to this newly generated 3'-strand and recruits the
PP-complex to sequentially fill-in the 5'-strand (Greider and
Blackburn, 1985; Reveal et al., 1997; Huang et al, 2012;
Nandakumar and Cech, 2013). Alternatively, cancer cells
that do not express telomerase can counteract telomere
shortening by activating the alternative lengthening of telomeres
(ALT) pathway. This pathway makes use of homologous
recombination (HR)-dependent exchange/synthesis of telomeric
DNA. Telomeric DNA can, for example, be copied from a
nearby template (the same telomere or the sister telomere), but
also from a more distant template such as a telomere from
another chromosome (Pickett and Reddel, 2015). In addition,
specialized types of promyelocytic leukemia (PML) bodies, so-
called ALT-associated PML bodies (APBs), are essential for
telomere maintenance in ALT-positive cells (Yeager et al., 1999).
Telomeres cluster in APBs, which in addition to telomere-
binding factors and telomeric DNA also contain proteins
involved in HR to perform ALT (Pickett and Reddel, 2015). HR
is a DNA repair pathway that outside of telomeres is used to
correctly repair a DNA break by using the sister chromatid as
template.

However, when cells proliferate in the absence of telomerase
or ALT, telomeres become critically short and shelterin is not able
to bind to chromosome ends in sufficient amounts (Nandakumar
and Cech, 2013). This leads to initiation of DDR signaling and
DNA repair activities that can impair cell proliferation and
harm genome stability (d’Adda di Fagagna et al., 2003; Jacobs
and de Lange, 2005; Davoli and de Lange, 2011; Jacobs, 2013).
Also, when replication at telomeres stalls because of topological
barriers that cannot be resolved by helicases, a DDR is activated
to restart replication through HR (Badie et al., 2010; Tacconi and
Tarsounas, 2015; Zimmer et al., 2016). The DDR and DNA repair
mechanisms at dysfunctional telomeres are tightly regulated by
post-translational modifications (PTMs). In addition, telomere
maintenance and protection, which function to prevent DDR
initiation at telomeres, are also affected by PTMs, including
ubiquitination and SUMOylation (Peuscher and Jacobs, 2012).

In the process of ubiquitination, the 76 amino acid protein
ubiquitin is covalently conjugated via its C-terminus to the
e-amino group of lysine residues or to the N-terminus of a target
protein. Ubiquitination is implicated in many cellular pathways
in almost all eukaryotic organisms and can target proteins for
proteasomal degradation or affect their activity, localization and

interaction with other molecules. The attachment of ubiquitin
occurs via an enzymatic cascade consisting of E1 ubiquitin-
activating, E2 ubiquitin-conjugating and E3 ubiquitin-ligating
enzymes (Ciechanover et al., 1982; Hershko et al., 1983;
Komander and Rape, 2012). Moreover, ubiquitin itself can also
be ubiquitinated at its N-terminal M1 residue and at one of
its seven internal lysine residues K6, K11, K27, K29, K33,
K48 and K63. Therefore, ubiquitin-chains with many different
linkages can be formed, significantly increasing their signaling
potential and specificity. For example, K48-linked chains usually
target proteins for proteasomal degradation (Komander and
Rape, 2012). Ubiquitination is reversible through the action of
deubiquitinating enzymes (DUBs), of which approximately 100
are known in humans. DUBs are able to cleave off an individual
ubiquitin or break the bonds within the ubiquitin-chain, allowing
for removal and editing at these sites (Komander et al., 2009).

Another PTM that is very similar to ubiquitination is
SUMOylation. In this process, a small ubiquitin-related modifier
(SUMO) protein is conjugated to target proteins. This also
occurs via an enzymatic cascade, mediated by EI, E2 and
E3 SUMO enzymes, which conjugate SUMO to the substrate
protein in the same manner as ubiquitin (Johnson, 2004).
Additionally, deSUMOylating enzymes can reverse this process
(Mukhopadhyay and Dasso, 2007). In contrast to the ubiquitin
system, for which over 600 E3 ligases are known to exist in
humans, only a few SUMO ligases have been identified so far.
In addition, multiple SUMO isoforms exist, with SUMOL1 (101
amino acids), SUMO?2 (95 amino acids) and SUMO3 (103 amino
acids) being the ones that have been studied best (Cubenas-
Potts and Matunis, 2013). In contrast to ubiquitin-chains,
SUMO-chains do not directly target proteins for proteasomal
degradation, but can prime the target for ubiquitin ligase-
mediated degradation. Moreover, SUMOylation can influence
protein activity, localization and interactions between proteins
containing SUMO-interacting motifs (SIMs) (Geiss-Friedlander
and Melchior, 2007; Kerscher, 2007). In the past years evidence
increased for crucial roles of ubiquitination and SUMOylation
in the cellular response to telomere dysfunction that potentially
leads to genomic instability. Therefore, the aim of this
review is to provide an overview of new findings obtained
about ubiquitination and SUMOylation involved in telomere
maintenance, replication and dysfunction.

TELOMERE MAINTENANCE: SHELTERIN
IN CONTROL

Aberrant telomere function can have severe cellular
consequences by leading to genomic instability, cellular
senescence and early apoptosis. Therefore, tightly regulated
telomere maintenance is required to ensure protection of
chromosome ends. The most significant complex involved in
telomere maintenance and protection is shelterin (Figure 1).
Shelterin governs telomere maintenance and protection in
essentially three main ways: (1) by preventing activation
of the DDR and DNA repair mechanisms at telomeres, (2)
by facilitating telomere replication and (3) by regulating
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FIGURE 1 | Shelterin components and their functions in telomere protection. (A) TRF1 facilitates telomere replication, restricts telomerase access and
promotes the formation of APBs associated with ALT. (B) TIN2 recruits TPP1 to telomeres, stabilizes TPP1-POT1 binding to the ssDNA and prevents proteasomal
degradation of TRF1. (C) TRF2 is involved in T-loop formation and stabilization, prevents T-loop excision, promotes maintenance of the 3'-overhang, recruits RAP1 to
telomeres and prevents the recruitment of RNF168 and 53BP1. Furthermore, TRF2 interferes with ATM signaling by (1) preventing binding of the MRN complex and
thereby activation of ATM, (2) binding ATM and interfering with its activation directly and (3) interacting with CHK2 and interfering with its phosphorylation. (D) RAP1
inhibits HR at telomeres and prevents telomere shortening in the absence of telomerase. In addition, RAP1 appears able to provide a back-up mechanism for
inhibition of NHEJ when TRF2 function is impaired. (E) POT1 inhibits RPA binding and access of telomerase to the telomere single-stranded 3’-overhang. (F) TPP1
recruits POT1 to telomeres and stimulates the recruitment and activity of telomerase.

Telomere shortening
in absence of telomerase

telomerase-mediated telomere elongation. The shelterin
components TRF1 and TRF2 directly interact with telomeric
DNA and are structurally very similar. Although, both proteins
have a TRF homology (TRFH) domain and a SANT/Myb DNA-
binding domain, TRF1 and TRF2 do not physically interact
and have separate functions (Stewart et al, 2012; Doksani
and de Lange, 2014). TRF1 has been shown to be required
for proper telomere replication, for example by recruiting the
necessary helicases, such as BLM, and for restricting telomerase
access to the telomeres (Sfeir et al., 2009). In contrast, TRF2 is
involved in T-loop formation and stabilization, prevents T-loop
excision and promotes maintenance of the 3'-overhang by
recruiting the Apollo nuclease. It is also essential for inhibition

of the ATM kinase to repress DNA damage signaling and
inhibit classical non-homologous end-joining (c-NHE]), an
error-prone repair pathway that promotes ligation of broken
DNA ends (Karlseder et al., 2004; Wang et al., 2004; Denchi
and de Lange, 2007; Wu et al., 2010; Doksani et al., 2013;
Okamoto et al, 2013). TRF2 interacts with the shelterin
component RAPI and recruits it to the telomeres. Unlike for
TREF2, the contribution of RAPI to protection of mammalian
telomeres against NHE] is less evident and only noticeable in
experimental conditions where RAP1 is artificially recruited
to TRF2-depleted telomeres or TRF2 function is partially
compromised (Sarthy et al., 2009; Kabir et al., 2014; Benarroch-
Popivker et al., 2016). A more obvious role for RAP1 appears
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to be in protecting telomeres against HR. RAP1 deletion in
a Ku70~/~ background resulted in increased telomere-sister
chromatid exchanges, indicating that RAP1 represses HR (Sfeir
et al., 2010). Furthermore, telomeres devoid of RAP1 and
the N-terminal basic domain of TRF2 are rapidly resected
by HR factors, resulting in telomere loss and telomere-free
fusions (Rai et al, 2016). Finally, mice lacking both RAP1
and telomerase show increased telomere shortening and
progressively decreased survival compared to single telomerase
knockout mice (Martinez et al., 2016). Thus RAP1 seems to aid
both in protecting telomeres from DNA repair activities and in
maintaining telomeres in absence of telomerase. Much of the
mechanistic basis for these roles of RAP1 still remains to be
discovered.

TRF1 and TRF2 are bridged by TIN2, which acts as a linker
protein. This ensures the integrity of the whole shelterin complex
by connecting not only the double-strand DNA-binding TRF1
and TRF2, but also by linking TRF1 and TRF2 to the ssDNA-
binding TPP1-POT1 heterodimer. In addition, TIN2 also recruits
TPP1 to the telomere and stabilizes TPP1-POT1 binding to the
ssDNA (O’Connor et al., 2006; Palm and de Lange, 2008). POT1
is the only shelterin component that directly interacts with the
single-stranded 3'-overhang through its two OB-fold domains
(Zhong et al., 2012). It is recruited to the telomeres by interacting
with TPP1 (Loayza and De Lange, 2003; Liu et al., 2004). Binding
of the POT1-TPP1 complex to telomeres contributes to telomere
maintenance by preventing other factors, such as replication
protein A (RPA), from binding to the 3’-overhang and promoting
DNA damage signaling. In addition, both POT1 and TPP1
are involved in the regulation of telomerase activity, showing
opposing effects on telomerase (Stewart et al., 2012). Whereas
POT1 negatively regulates telomerase binding by making the
3’-overhang inaccessible, TPP1 has been observed to promote
recruitment of telomerase and stimulate its activity (Stewart
et al., 2012). Although it is not yet exactly known how these
opposing functions of POT1 and TPP1 are coordinated, recent
work suggests that POT1 inhibits telomerase recruitment by
suppressing phosphorylation of TPP1 at Ser255 by the M-phase
kinase NEK6 (Hirai et al., 2016). According to the proposed
model, POT1 might dissociate from the telomeres during
replication, after the T-loop is dismantled, thereby relieving
the inhibitory effect of POT1 on TPP1. This could then allow
for phosphorylation of TPP1 and thereby promote recruitment
of telomerase to telomeres to maintain the telomeric sequence
(Hirai et al., 2016).

Regulation of TRF1 by Ubiquitin

In recent years, shelterin components have been shown to be
regulated by PTMs. TRF1 levels are regulated by ubiquitin-
mediated degradation that is facilitated by three E3 ligases: RLIM
(RING H2 zinc finger or RNF12) and the F-box proteins FBX4
and B-TRCP1 (Lee et al., 2006; Her and Chung, 2009; Wang
C. et al, 2013) (Figure 2). RLIM binds to a region between
the dimerization and Myb domain of TRF1 and targets TRF1
for proteasomal degradation (Her and Chung, 2009). Similarly,
FBX4 binds to the N-terminal region of the TRFH dimerization
domain of free TRF1 (unbound to telomeric DNA) and also

targets TRF1 for proteasomal degradation (Lee et al., 2006).
When either RLIM or FBX4 is depleted TRF1 levels are stabilized,
resulting in impaired cell growth and a decrease in telomere
length, as TRF1 binding to telomeres is inhibitory toward
telomerase. Accordingly, upon RLIM or FBX4 overexpression,
levels of TRF1 decline, indicating a negative regulatory role for
RLIM and FBX4 on TRF1 (Her and Chung, 2009). Moreover, a
recent study has identified a novel TRF1-interacting protein that
prevents FBX4 binding to TRF1. The splicing factor U2AF65 acts
as a positive regulator of TRF1 by preventing FBX4-mediated
ubiquitination and subsequent degradation of TRF1 (Kim and
Chung, 2014). It has been proposed that U2AF65 only interacts
with telomere unbound TRF1, as U2AF65 interacts with the Myb
domain of TRF1 that is used by TRF1 to bind telomeric DNA. The
Myb domain of TRF1 would therefore be inaccessible to U2AF65
when TRF1 is bound to DNA. Although U2AF65 interacts with
a different domain of TRFI than FBX4, which interacts with the
TRFH domain of TRF1, TRF1 cannot interact with both proteins
simultaneously (Kim and Chung, 2014). In addition, the shelterin
component TIN2 also interferes with FBX4-mediated TRF1
turnover. TIN2 interacts with the TRFH dimerization domain
of TRF1 (Ye and de Lange, 2004), preventing FBX4 association
and thereby TRF1 ubiquitination and subsequent degradation
(Zeng et al., 2010). TIN2 itself is also affected by ubiquitination.
Its turnover is regulated by the E3 ligase SIAH2, which interacts
with TIN2 to facilitate its proteasomal degradation (Bhanot
and Smith, 2012). Finally, the F-box protein B-TRCPI has also
been shown to interact with TRF1 and promote its degradation.
Similar to RLIM and FBX4, B-TRCP1 overexpression results
in a reduced half-life of TRFI, while 3-TRCP1 depletion leads
to stabilization of TRF1 (Wang C. et al., 2013). Interestingly,
B-TRCP1 overexpression also resulted in an increase in the
percentage of APBs, which is surprising as TRF1 is known to be
required for APB formation. Although an explanation could be
that perhaps B-TRCP1 degrades not all but only a specific pool
of TRFI, further studies are necessary to determine how TRF1
degradation by B-TRCPI1 can be correlated with a function for
B-TRCP1 in APB formation.

In contrast to the E3 ligases RLIM, FBX4 and B-TRCP1
promoting TRF1 turnover, the GCN5 and USP22 components
of the chromatin modifying complex SAGA have been shown to
oppose TRF1 ubiquitination (Atanassov et al., 2009). Depletion
of either the histone acetyltransferase GCN5 or the DUB USP22
results in a decrease in TRF1 levels, which can be prevented by
inhibition of the proteasome. GCN5 was found to be required for
USP22 to properly associate with the SAGA complex and to be
able to deubiquitinate TRF1 and prevent its turnover (Atanassov
et al., 2009). In conclusion, the above-discussed studies indicate
that TRFI levels in cells are tightly regulated by numerous
different proteins and on multiple levels.

Ubiquitination- and
SUMOylation-Mediated Regulation of
TPP1, TRF2 and RAP1

Another shelterin subunit that is subjected to ubiquitin-mediated
proteolysis is TPP1, which is evidenced by stabilization of TPP1
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FIGURE 2 | The multilevel regulation of TRF1 degradation. (A) TIN2 protects TRF1 from proteasomal degradation by preventing binding of Tankyrase 1
(TNKS1) and the ES ligase FBX4 to TRF1. However, TIN2 itself is also targeted for proteasomal degradation by ubiquitination through the E3 ligase SIAH2, which
releases the inhibition on TNKS1 and FBX4. (B) Subsequently, TNKS1 can PARylate TRF1 resulting in its dissociation from the telomeric DNA. This allows for
FBX4-mediated TRF1 ubiquitination and proteasomal degradation. However, U2AFG5 also binds telomere-unbound TRF1, which inhibits FBX4 binding and
subsequent TRF1 degradation. (C,D) The ES ligases RLIM (C) and B-TRCP1 (D) also ubiquitinate telomere-unbound TRF1 and promote its proteolysis.

protein levels upon inhibition of the proteasome. Although the
E3 ubiquitin ligases targeting TPP1 are still unknown, the DUB
USP7 has been shown to interact with human TPP1 and to
remove ubiquitin chains from its surface. While USP7 depletion
did not affect proteasome-regulated TPP1 levels, USP7 might
interact in a redundant manner with other DUBs to stabilize
TPP1 (Zemp and Lingner, 2014). In mice, TPP1 ubiquitination
by the E3 ligase RNF8 is also required for its stabilization
at telomeres (Rai et al., 2011). However, in humans such a
regulatory role of ubiquitination on TPP1, beyond regulation of
its turnover, has not been observed. Changes in ubiquitination of
TPP1 in humans have not resulted in aberrant TPP1 function nor

have shown effects on TPP1 interaction with other proteins, such
as TIN2, POT1 and telomerase (Zemp and Lingner, 2014). While
this could be related to the use of overexpressed tagged TPP1 in
human cells, it might also potentially indicate species differences
in the extent of regulatory roles of ubiquitination on TPPI.
Nevertheless, additional roles of human TPP1 ubiquitination
may still await discovery.

Furthermore, the shelterin subunit TRF2 has also been shown
to be ubiquitinated. TRF2 turnover is regulated by the E3 ligase
SIAH1 as part of a positive feedback loop involving TRF2, ATM
and p53 (Fujita et al., 2010). When telomere shortening causes
loss of TRF2-mediated telomere protection, the ATM kinase is
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activated, which induces p53 activity and results in replicative
senescence. Subsequently, p53 induces transcription of SIAHI,
which targets TRF2 for proteasomal degradation. This results in
increased p53 activation, further decreasing TRF2 levels through
SIAH1-mediated ubiquitination of TRF2 (Fujita et al., 2010). In
addition, a crosstalk between ubiquitination and SUMOylation
has recently been observed to contribute to regulation of TRF2
(Her et al., 2015). The E3 SUMO ligase PIAS1 was identified as a
novel TRF2-interacting protein and shown to SUMOylate TRF2.
SUMOylated TRF2 is subsequently recognized by the SUMO-
targeted ubiquitin ligase (STUbL) RNF4 through its SIM. This
results in ubiquitination of TRF2 and subsequent proteasomal
degradation (Her et al, 2015). This probably affects only a
fraction of the total pool of TRF2 in the cell, as TRF2 is essential
for chromosome end protection and extensive turnover of TRF2
would result in telomere uncapping.

Finally, in Saccharomyces cerevisiae (budding yeast) Rapl has
been shown to be SUMOylated and subsequently targeted for
proteasomal degradation by the STUbL Ulsl (Lescasse et al.,
2013). Loss of Ulsl was shown to result in accumulation of
poly-SUMOylated Rapl and telomere fusions. These fusions
could be prevented by introduction of rapl alleles lacking
SUMOylation sites. This indicates that accumulation of poly-
SUMOylated Rapl promotes telomere fusion and suggests that
poly-SUMOylated Rap1 is non-functional in telomere protection.
The proposed model suggests that Uls1 promotes ubiquitination
and subsequent degradation of poly-SUMOylated Rapl, thereby
allowing for recruitment of non-SUMOylated Rapl that is able to
protect chromosome ends from fusing through NHE] (Lescasse
et al.,, 2013). To what extent these results can be translated to
mammalian systems remains unclear, as in budding yeast Rap1
interacts directly with telomeres and protects against NHE], while
in mammals no direct interaction between RAP1 and telomeres
is detectable but RAP1 is recruited by TRF2 and seems to mainly
protect against HR.

Altogether, it has become clear that telomere maintenance
does not only depend on the binding-capability of shelterin
itself to the telomeric DNA, but also on its regulation by
PTMs. Both features are important in facilitating protection
of genome stability by telomeres. Although ubiquitination has
been shown to contribute to telomere maintenance in multiple
ways, emerging data show that SUMOylation also plays an
important role in this process. Further studies are likely to
provide additional insight in how these modifications affect and
regulate telomere function. Additionally, it would be beneficial
to verify the extent to which findings from yeast studies are
conserved in mammalian systems.

TELOMERE ELONGATION

The majority of cancer cells (& 90%), as well as many stem
cells, express telomerase to elongate telomeres (Lazzerini-Denchi
and Sfeir, 2016). Recently, it has been shown that in human
embryonic stem cells (hESCs) telomere length is stabilized by a
tight balance between telomere elongation through telomerase
and telomere trimming by XRCC3 and NBS1 (Rivera et al,

2017). In tumors, telomere length is less stable, as telomere
length between cancer cells is variable and telomerase extends
most of the telomeres during every replication cycle (Martinez
and Blasco, 2015). Although the majority of cancer cells
maintains telomere length by activation of telomerase, a smaller
number uses the ALT mechanism. During ALT, a HR-dependent
mechanism copies telomeric DNA from a nearby template,
resulting in telomere lengthening but also telomeres loss, which
account for the heterogeneous telomere length typically observed
in ALT cells (Pickett and Reddel, 2015).

Telomerase and ALT have been shown to be regulated
by various PTMs, including ubiquitination and SUMOylation.
Below we will discuss the roles of these two PTMs in regulation
of telomerase activity and stability, and in ALT.

Telomerase in the Spotlight

Especially the TERT subunit of telomerase has been shown
to be modified by multiple ubiquitin E3 ligases, most of
them regulating its proteasomal degradation (Figure 3). The
first E3 ubiquitin ligase that was identified to interact with
and ubiquitinate human (h) TERT is MKRNI1 (Makorin-1
or RNF61) (Kim et al, 2005). Overexpression of this E3
ligase was shown to decrease telomerase activity and telomere
length through ubiquitination and subsequent degradation
of hTERT. In addition, MKRN1 has also been specifically
implicated in modulation of telomerase activity during cell
differentiation (Salvatico et al., 2010). The cancer cell line HL-
60 normally expresses the MKRNI gene at very low levels
and MKRNI protein levels cannot be detected. However, upon
retinoic acid induced differentiation of HL-60 cells MKRN1
expression significantly increased, coinciding with a strong down
regulation of telomerase activity. As hTERT has a long half-life,
MKRN1-mediated degradation of hTERT could provide efficient
degradation of hTERT when telomerase activity is no longer
needed (Salvatico et al., 2010).

A second E3 ubiquitin ligase that directly acts on hTERT
is MDM2 (also known as HDM2). MDM2 and hTERT can
physically interact through multiple domains on both proteins,
whereby hTERT is polyubiquitinated and degraded by the
proteasome. In line with this, depletion of MDM2 resulted
in increased hTERT protein levels and increased telomerase
activity (Oh et al., 2010). In addition, the E2 ubiquitin-
conjugating enzyme UBE2D3 (or UBCHS5C) has also been shown
to regulate hTERT ubiquitination. Similar to MDM2 depletion,
UBE2D3 depletion results in hTERT accumulation and increased
telomerase activity (Wang W. et al., 2013; Gao et al., 2016; Yang
et al., 2016). As it is known that UBE2D3 and MDM2 function
together in the ubiquitination of p53 (Saville et al., 2004) and both
were shown to regulate hTERT ubiquitination, it is tempting to
speculate that this E2-E3 couple might also act together in the
ubiquitination of hTERT.

A third E3 ligase that interacts with hTERT is the co-chaperone
protein CHIP (C-terminus of Hsc70-interacting protein). In
contrast to the ligases mentioned above, CHIP binds to the
premature form of hTERT in the cytoplasm to inhibit its
transport into the nucleus and subsequent integration into the
telomerase complex. This inhibitory function of CHIP on the
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FIGURE 3 | Regulation of hTERT levels in the nucleus and cytoplasm. (A) PLK1 facilitates hTERT localization to the nucleus. (B) In the nucleus PLK1 interferes
with hTERT ubiquitination by MDM2 and UBE2D3 and subsequent degradation of hTERT by the proteasome. (C) In addition, PLK1 prevents hTERT proteasomal
degradation by interfering with ubiquitination of hnTERT by MKRN1. (D) hTERT binding to telomeres is prevented by TRF1, which is stabilized at telomeres by PINX1.
However, PINX1 is a target of phosphorylation by PLK1, resulting in recruitment of E3 ligases that recognize phosphorylated PINX1. This promotes ubiquitination and
proteasomal degradation of PINX1. (E) In the cytoplasm, the E3 ligase CHIP inhibits PLK1-facilitated transport of hTERT to the nucleus by interacting with hnTERT.
Subsequently, CHIP can ubiquitinate hTERT and target it for proteasomal degradation.
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nuclear import of hTERT has been shown to occur independently
from the ubiquitin ligase activity of CHIP, which requires its
U-box domain. However, for ubiquitination and subsequent
degradation of hTERT, the U-box and E3 ligase activity of CHIP
are necessary (Lee et al., 2010). Furthermore, the interaction
between CHIP and hTERT was found to peak in G2/M phase and
decrease during S-phase, suggesting that degradation of hTERT
by CHIP is cell cycle regulated and exerted when telomerase does
not act on telomeres.

In addition to MKRN1, MDM2 and CHIP, Polo-like kinase 1
(PLK1) was recently identified to directly interact with hTERT,
but with positive effects on hTERT levels (Huang et al., 2015).
PLK1 overexpression was shown to prevent ubiquitination and
proteasomal degradation of hTERT and to result in increased
total protein levels of hTERT, including increased levels of
nuclear hTERT and chromatin-bound hTERT. Therefore, it
was suggested that PLK1 facilitates localization of hTERT to
the nucleus and might interfere with the function or binding
of E3 ligases, such as MKRN1 and MDM2, to hTERT. This
then prevents hTERT’s proteasomal degradation and stabilizes
telomerase activity (Huang et al., 2015). Interestingly, elevated
PLK1 expression has been observed in several tumors. This might
contribute to increased hTERT levels and excessive telomerase
activity in cancer cells, thereby increasing the proliferative
capacity of these cells (Holtrich et al., 1994).

Additionally, PLK1 has also been implicated in mediating
the turnover of PINX1 (Wang et al, 2010). PINX1 is known
as an hTERT inhibitor that directly interacts with TRFI
(Zhou and Lu, 2001). PINX1 binding to TRF1 has been
shown to promote TRF1 association with telomeric DNA,
thereby contributing to telomerase inhibition by decreasing
accessibility of telomeric DNA to telomerase (Yoo et al., 2009).
PLK1 can phosphorylate PINX1 and induce its ubiquitin-
mediated proteasomal degradation. It has been proposed that
phosphorylation of PINX1 by PLK1 stimulates the activity of
E3 ubiquitin ligases, which subsequently ubiquitinate PINX1
and target it for degradation (Wang et al., 2010). When PINX1
is degraded, other factors can gain access to TRF1 and might
affect the binding of TRFI to telomeres, thereby increasing
telomerase recruitment. One of these factors is the poly (ADP-
ribose) polymerase Tankyrase 1 (TNKS1). TNKS1 has been
shown to interact with TRF1 and to PARylate it, resulting in
TRF1 dissociation from telomeres and subsequent degradation of
TRF1 by the E3 ligase FBX4 (Smith et al., 1998; Ye and de Lange,
2004; Lee et al., 2006) (Figure 2). Consequently, telomerase gains
access to telomeres, leading to telomere elongation. Interestingly,
PLK1 can also phosphorylate TNKS1 directly, which stabilizes
TNKSI protein levels and thereby increases TRF1 degradation
and telomerase activity (Ha et al., 2012). The shelterin protein
TIN2 adds a final layer of complexity to this, as TIN2 can interact
with TNKS1 and TRF1, thereby preventing TRF1 inactivation
by TNKSI1, resulting in TRF1 accumulation at telomeres and
inhibition of telomerase loading (Ye and de Lange, 2004).

While ubiquitination evidently plays an important role
in the regulation of telomerase activity in mammals, the
contribution of SUMOylation to regulation of mammalian
telomerase is not yet evident, despite the discovery of

SUMOylation-dependent mechanisms of telomerase control in
yeast. In Schizosaccharomyces pombe (fission yeast) SUMOylation
of Tpzl, the homolog of TPP1, has been connected to
negative regulation of telomere elongation (Hang et al., 2011;
Garg et al., 2014; Miyagawa et al., 2014). SUMOylation of
Tpzl decreases telomerase binding to telomeres. This occurs
through recruitment of the Stnl-Tenl subunits of the CST
complex, known to be involved in telomere length regulation
and chromosome end capping by preventing telomerase
accumulation at telomeres (Price et al., 2010). In contrast, Tpzl
has also been shown to interact with Ccql-Estl and thereby
promote the recruitment and activity of telomerase, indicating a
double role for Tpz1 in maintaining telomere length homeostasis
(Miyoshi et al., 2008; Miyagawa et al., 2014). In budding yeast,
the Stnl protein has also been observed as a negative regulator
of telomerase activity and telomere elongation. Stnl interacts
with the POT1 homolog Cdc13 and this interaction is increased
when Cdc13 is SUMOylated, strengthening the inhibitory effect
of Stnl on telomerase. This increased interaction between Stnl
and Cdcl13 has been associated with reduced telomerase levels,
supporting a negative regulatory effect of SUMOylation on
telomerase activity (Hang et al., 2011).

In conclusion, multiple different proteins and post-
translational ~ modifications,  including  ubiquitination,
phosphorylation and PARylation, directly or indirectly affect
the activity of telomerase. Whether there is also a role for
SUMOylation in the control of telomerase regulation in
mammalian cells still needs to be uncovered.

Alternative Lengthening of Telomeres:

Surviving without Telomerase

Ubiquitination and SUMOylation are also important for
promoting telomere elongation by ALT in cells without
telomerase activity. The shelterin protein TRF1 has been shown
to be an important factor for ALT by promoting APB formation
and localization of telomeres to PML bodies. To be able to
facilitate this, TRF1 needs to be SUMOylated by MMS21,
the E3 SUMO ligase component of the SMC5/6 complex
(Potts and Yu, 2007). If MMS21-mediated SUMOylation is
prevented, TRF1 recruitment to PML bodies is inhibited and
APB formation is impaired. In addition to TRF1, also TRF2,
TIN2 and RAP1 are SUMOylated by MMS21. When MMS21 is
depleted, SUMOylation of all these shelterin subunits is inhibited
(Potts and Yu, 2007). SUMOylation of multiple components of
a complex could affect its stability; therefore, MMS21-mediated
SUMOylation of shelterin components was suggested to induce
disassembly of the shelterin complex within APBs. This could
result in telomere deprotection, thereby potentially facilitating
telomere recombination in ALT cells. As mentioned before, TRF1
can also be ubiquitinated by the E3 ligase p-TRCP1, promoting
degradation of TRF1. However, -TRCPI1 has also been found
to be essential for APB formation, as inhibition of B-TRCP1
decreased the percentage of APBs (Wang C. et al., 2013). This
seems contradictory for a negative regulator of TRF1, but it has
been suggested that 3-TRCP1 only degrades telomere-unbound
TRF1. If SUMOylation of the shelterin subunits indeed results in
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disassembly of the shelterin complex, p-TRCP1 might assist in
the degradation of telomere-unbound TRF1.

Another factor involved in ALT is the scaffold protein SLX4,
which recognizes DNA lesions and facilitates DNA repair by
interacting with multiple endonucleases. Its structure includes
both ubiquitin-binding zinc fingers (UBZs), involved in DNA
interstrand crosslink repair, as well as SIMs that are important
for localization of SLX4 to ALT telomeres (Ouyang et al,
2015). In addition, SLX4 contributes to telomere maintenance
and protection by directly interacting with TRF2 via a motif
resembling the TRF2-binding motif (TBM) present in other
proteins known to interact with TRF2 (Wilson et al., 2013).
The SUMO binding capacity of SLX4 was shown to enhance
its interaction with several DNA damage sensors and telomere-
binding proteins, including RPA, the MRE11-RAD50-NBS1
(MRN) complex and TRF2 (Ouyang et al, 2015). Therefore,
increased SUMOylation of proteins at ALT telomeres may assist
in the recruitment of SLX4 and other factors involved in ALT.

In budding vyeast, telomere-bound proteins become
increasingly SUMOylated when cells without telomerase
activity obtain critically short telomeres that induce crisis.
These SUMOylated proteins are recognized by the STUbL
SIx5-SIx8, which mediates the relocalization of critically
short telomeres to nuclear pore complexes (NPCs), where
recombination events similar to the mammalian ALT pathway
occur (Churikov et al., 2016). As SIx5-SIx8 can interact with
SUMOylated telomere-bound proteins, as well as with the
Nup84 complex of NPCs, it is believed to tether telomeres to
the NPCs, thereby enabling recombination (Nagai et al., 2008;
Churikov et al., 2016). Interestingly RNF4, the human homolog
of SIx5-SIx8, has been shown to localize to PML bodies in human
cells (Lallemand-Breitenbach et al., 2008; Tatham et al., 2008;
Weisshaar et al., 2008). Although it is unknown whether RNF4
activity is necessary for ALT, it would be interesting to investigate
if RNF4 has a similar function in humans as SIx5-SIx8 has in
budding yeast. As discussed above, the MMS21 component of
the SMC5/6 complex is necessary for SUMOylation at telomeres,
which is needed for the recruitment of telomeres to PML bodies.
RNF4 could potentially be involved in this by recognizing
the MMS21-SUMOylated TRF1 at telomeres and promoting
telomere recruitment to APBs.

Altogether, the above-discussed data show that ubiquitination
and SUMOylation are crucial in the regulation of telomere
elongation by telomerase and ALT. Multiple E3 ligases were
shown to control the ubiquitination of hTERT to tightly
regulate its levels and activity. In addition, various proteins
and PTMs regulate the inhibitory function of TRFI on
telomerase. The complexity of telomerase regulation at telomeres
suggests that this regulation is strictly controlled to prevent
unscheduled access of telomerase to telomeres. However, further
studies are necessary to understand how these mechanisms
are coordinated and whether they are interrelated. In addition,
ubiquitination and SUMOylation of shelterin components also
seems to be crucial in promoting ALT, indicating that post-
translational modification of shelterin components contributes
to multiple processes involved in telomere maintenance and
elongation.

TELOMERE DEPROTECTION

Successive rounds of cell division in the absence of telomerase or
ALT ultimately lead to critically short telomeres and deprotected
chromosome ends. These deprotected ends are recognized as
damaged DNA by the DDR machinery. This results in activation
of the p53 and Rb pathways and entry into senescence to limit
telomere fusions and prevent subsequent genomic instability.
However, when these pathways are impaired, senescence is
bypassed and cells continue to divide and further lose telomere
repeats until they reach crisis, a state of massive genome
instability and cell death (d’Adda di Fagagna et al., 2003;
Jacobs and de Lange, 2005; Palm and de Lange, 2008). At
this stage, DNA repair pathways are activated and telomeres
fuse in Gl-phase either through Artemis and DNA ligase IV
mediated ¢-NHE], or through alternative NHE] (alt-NHE]),
a pathway mediated by PARP1 and DNA Ligase III. During
subsequent cell divisions breakage-fusion-bridge cycles occur,
inducing genomic instability and cell death. Nevertheless, a small
portion of cells might escape crisis by reactivating telomerase
or inducing ALT to maintain their telomeres, which results in
expansion of cells with aberrant genomes, thereby promoting
tumorigenesis (Arnoult and Karlseder, 2015; Lazzerini-Denchi
and Sfeir, 2016).

Signaling through the RNF8-RNF168

Pathway at Uncapped Telomeres

The DDR activated by deprotected telomeres in many ways
resembles the DDR at general DNA double-strand breaks (DSBs).
The DDR at telomeres starts with the recognition of uncapped
telomeres by the MRN complex and activation of the ATM
kinase, resulting in phosphorylation of histone H2AX at serine
139, generating YH2AX. This serves as a binding platform for
MDC1, which initiates a positive feedback loop by promoting
further accumulation of MRN and ATM (Peuscher and Jacobs,
2012). This results in spreading of yYH2AX along the chromatin
and amplification of DDR signaling and repair factor recruitment
(Cimprich and Cortez, 2008; Brown and Jackson, 2015). At
DSBs MDCI is known to recruit RNF8, which interacts with
phosphorylated MDCI1 via its FHA domain (Kolas et al., 2007;
Mailand et al., 2007). Depletion of either MDC1 or RNF8 causes
a similar defect in the accumulation of 53BP1 at dysfunctional
telomeres and reduces telomere fusions upon TRF2 inhibition
(Dimitrova and de Lange, 2006; Peuscher and Jacobs, 2011).
Furthermore, RNF8 requires its FHA domain to accumulate
and promote NHE] at uncapped telomeres, suggesting that
RNEF8 also recognizes phosphorylated MDCI in this setting.
Together this indicates that MDC1 and RNF8 function in the
same pathway at telomeres and in a way that is identical
to the DDR at genome-wide DSBs (Peuscher and Jacobs,
2011).

Upon RNEF8 recruitment to uncapped telomeres, the
RNF8/RNF168 signaling cascade is activated, promoting
ubiquitination of histone H2A and subsequent recruitment of
53BP1. In addition, the recruitment of 53BP1 is dependent on
the recognition of H4K20me2 by the Tudor domains of 53BP1
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(Dimitrova et al., 2008). 53BP1 recruitment to telomeres results
in accrual of RIF1 and MAD2L2 to promote NHE]. This has
been shown to block 5’ end-resection and HR through inhibition
of BRCA1 recruitment to uncapped telomeres (Dimitrova et al.,
2008; Chapman et al., 2013; Zimmermann et al., 2013; Boersma
et al., 2015). The same mechanism has also been described at
DNA DSBs and in immunoglobulin class-switch recombination
(CSR) (Manis et al., 2004; Bothmer et al., 2010; Di Virgilio et al,,
2013; Escribano-Diaz et al., 2013; Feng et al.,, 2013; Boersma
etal., 2015; Xu et al., 2015). In addition, 53BP1 also recruits PTIP,
which was also reported to contribute to fusion of dysfunctional
telomeres. Furthermore, in BRCA1 deficient cells PTIP was
shown to inhibit DSB resection and thereby promote genomic
instability (Callen et al., 2013).

Depletion of RNF8 in cells with inactivated TRF2 leads
to decreased H2A ubiquitination and 53BP1 recruitment at
telomeres and a reduction in telomere fusions (Peuscher and
Jacobs, 2011). In addition, inhibition of RNF168 recruitment
to telomeres by the iDDR domain of TRF2 (part of the hinge
domain) also results in a decrease in 53BP1 accumulation at
dysfunctional telomeres (Okamoto et al, 2013). It has been
shown that the iDDR domain of TRF2 prevents RNF168
recruitment to telomeres by accrual of the E3 ubiquitin ligase
UBR5 and the MRN complex, resulting in inhibition of the
signaling cascade downstream of ATM and protecting against
telomere fusions through inhibition of NHE]. UBR5 has been
shown to function together with the E3 ligase TRIP12 at
DSBs to control the levels and recruitment of RNF168 by
targeting it for proteasomal degradation (Gudjonsson et al.,
2012). The interaction of TRF2 with UBR5 could therefore
inhibit RNF168 recruitment to telomeres. Interestingly, the
MRN complex was shown to recruit the DUB BRCC3, which
is part of the BRCA1-A complex and has been suggested to
counteract the action of RNF8-UBC13 at DSBs (Shao et al., 2009).
In this way, BRCC3 could inhibit recruitment of RNF168 to
telomeres. Although BRCA1 is usually implicated in facilitating
end-resection and HR, the BRCA1-A complex has also been
suggested to restrict end-resection at DNA breaks (Coleman
and Greenberg, 2011). In addition, BRCA1 has been shown
to contribute to chromosome end protection (Al-Wahiby and
Slijepcevic, 2005). Altogether, these studies indicate that also at
dysfunctional telomeres the RNF8/RNF168 pathway promotes
H2A ubiquitination and recruitment of 53BP1 to activate
NHE]J.

Recently, RNF8 has been shown to ubiquitinate histone
H1 at DSBs, together with the E2 ubiquitin-conjugating
enzyme UBC13 (Thorslund et al, 2015). Ubiquitinated
histone H1 serves as a binding platform for RNF168, which
subsequently ubiquitinates histone H2A on K13/K15 and allows
for recruitment of several repair factors, such as 53BP1 and
BRCA1 (Mattiroli et al.,, 2012; Fradet-Turcotte et al., 2013;
Thorslund et al., 2015). Furthermore, the DUB USP51 was
shown to reverse the ubiquitination of histone H2A at K13/K15.
Depletion of USP51 induces an increase in H2A KI13/K15
ubiquitination and a delay in DDR foci resolution (Wang
et al., 2016). However, many other DUBs have also been shown
to be able to deubiquitinate histone H2A, including USP3,

USP16, USP26 and USP44 (Citterio, 2015). Whether RNF8
ubiquitinates histone H1 at telomeres and whether RNF168
modifies histone H2A at K13/K15 at telomeres remains to be
elucidated.

Finally, the STUbL RNF4 has also been shown to promote
NHE] at uncapped telomeres (Groocock et al., 2014). It usually
recognizes SUMO-modified targets and is only activated
upon dimerization in the presence of SUMO-chains (Rojas-
Fernandez et al, 2014). RNF4 was suggested to promote
53BP1 recruitment to uncapped telomeres and telomere
fusions, depending on a nucleosome-targeting motif in its
RING domain and its SIMs (Groocock et al, 2014). This
suggests that RNF4 recognizes chromatin-bound SUMO
conjugates via its SIM domains (interaction with SUMO
proteins) and its RING domain (binding to chromatin) and
can subsequently ubiquitinate nearby chromatin or target
proteins.

Repression of the DDR and DNA Repair

at Telomeres

In contrast to repair at genome-wide DSBs, which contributes
to genome stability by fixing the break, repair at uncapped
telomeres can be deleterious. When DNA repair factors gain
access to chromosome ends and create end-to-end fusions in an
attempt to ‘heal the break] this can result in genomic instability.
Therefore, telomeres need to be protected from unwanted actions
of DNA repair factors. This protection is mainly achieved by
the TRF2 and POT1 subunits of the shelterin complex (Doksani
and de Lange, 2014). TRF2 has been shown to protect telomeres
in at least five ways. First, TRF2 binding to telomeric DNA
stimulates strand invasion and thereby T-loop formation, which
hides telomere ends and prevents binding of the MRN complex
and subsequent activation of ATM (Griffith et al., 1999; Stansel
et al,, 2001; Doksani et al,, 2013). Secondly, TRF2 interferes
directly with activation of the ATM kinase. TRF2 was found to be
able to bind to ATM and prevent its phosphorylation at S1981,
resulting in inhibition of the signaling cascade downstream of
ATM (Karlseder et al., 2004). Thirdly, TRF2 has been shown
to interact with the ATM target CHK2 at a position close to
its Thr68 phosphorylation site, preventing activation of CHK2
(Buscemi et al., 2009). Fourthly, as discussed above, the iDDR
domain of TRF2 prevents RNF168 and 53BP1 recruitment to
telomeres, inhibiting the ATM signaling cascade downstream
of ATM itself (Okamoto et al., 2013). Finally, TRF2 interacts
with the a-helix 5 domain of Ku70, preventing Ku70-Ku80
heterotetramerization and activation of NHE] (Ribes-Zamora
etal., 2013). In addition to the protective function of TRF2, POT1
protects telomeres by repressing ATR activity. POT1 binds to
the ssDNA of the 3'-overhang and is believed to prevent the
recruitment of RPA, which is crucial for ATR activation (Gong
and de Lange, 2010).

Although the shelterin complex protects telomeres
throughout most of the cell cycle, telomeres are briefly
deprotected during and after replication, before shelterin
mediated protection has been re-established on newly replicated
telomeres (Verdun and Karlseder, 2006). In addition, telomeres
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appear to be in an underprotected state during mitosis when
the mitotic kinase Aurora B promotes telomere deprotection
(Hayashi et al., 2012). This makes mitotic telomeres vulnerable
to form sister-telomere associations (Orthwein et al., 2014).
Therefore, during mitosis DNA repair is actively suppressed
to prevent genomic instability. This suppression is achieved
by CDKI1-mediated phosphorylation of RNF8 and CDKI1- and
PLK1-mediated phosphorylation of 53BP1 (Orthwein et al,
2014). RNF8 phosphorylation interferes with the binding
of RNF8 to MDCI, thereby inhibiting its recruitment to
DSBs and preventing subsequent DDR signaling. In addition,
phosphorylation of 53BP1 interferes with its ability to recognize
H4K20me2 and K15-ubiquitinated histone H2A, which are
both critical for 53BP1 recruitment to DSBs. This results
in suppression of DNA repair activity during mitosis. When
RNF168 and 53BP1 were artificially recruited to DSBs and
telomeres, DNA repair was restored, resulting in sister telomere
fusions (Orthwein et al., 2014). Thus phosphorylation of
RNF168 and 53BP1 in mitosis plays an important role
in maintaining genome stability and represents a shelterin-
independent way of preventing DNA repair activities from acting
on telomeres.

In general, it is increasingly becoming clear that ubiquitination
and SUMOylation are highly involved in the regulation of
the DDR triggered by DSBs in the genome. Evidence that
this is also the case in response to dysfunctional telomeres
has started to emerge, although there is still relatively little
known about telomere-specific mechanisms. So far, the initial
observations have indicated similar signaling processes in the
cell’s response to DSBs and dysfunctional telomeres. However,
also differences between these processes have been reported.
For example at telomeres, in contrast to DSBs, the Ku70-Ku80
complex is not only recruited upon damage or uncapping,
but is constitutively present to prevent deletion of telomeric
repeats (Wang et al., 2009). However, it also promotes NHE]
at uncapped telomeres and is therefore restricted in its
activity by TRF2. TRF2, as mentioned above, inhibits Ku70-
Ku80 heterotetramerization, which interferes with Ku70-Ku80
activation and NHE] induction, but does not deplete Ku from
healthy telomeres (Ribes-Zamora et al, 2013). Furthermore,
telomere deprotection has been shown to occur in different
degrees, depending on the amount of TRF2 still bound to
the telomeres (Cesare et al., 2013). Cells containing partially
deprotected telomeres, with low amounts of TRF2 bound, will
bypass the G2/M checkpoint, cycle to Gl-phase and enter
senescence, but will still be protected from telomeric NHE].
However, when telomeres are completely uncapped, the DDR is
fully activated and telomeres are fused through NHE] (Cesare
et al., 2013). Completely uncapped telomeres also avoid G2/M
arrest, but the mechanism behind this is not yet known.
These examples further emphasize that new findings regarding
responses at DSBs, including ubiquitination and SUMOylation
events, should also be studied at dysfunctional telomeres and
vice versa, to understand whether the underlying mechanisms
are identical or different between DSBs and dysfunctional
telomeres.

PERSPECTIVES

A tight regulation of telomere maintenance, replication and
protection is required to ensure safeguarding of genome integrity
by telomeres. If factors in these processes are impaired or
exhibit aberrant functions, genome stability is at risk, potentially
promoting tumorigenesis. Therefore, it is crucial to further
investigate the processes and factors that ensure proper telomere
function. Over the last decade, the importance and functions of
ubiquitination and SUMOylation at telomeres have started to
become clear. These PTMs are not only essential for telomere
maintenance and protection, but are also key contributors to
the cell’s response to dysfunctional telomeres. Although many
studies have already explored ubiquitination and SUMOylation
in different telomeric contexts and thereby identified various
targets, the underlying mechanisms, as well as the precise
contribution of PTMs are often still undetermined. Moreover,
PTMs have also been shown to affect each other. So far, crosstalk
between ubiquitination and SUMOylation has been shown to
not only contribute to the general DDR, but also to DDR
at telomeres, such as RNF4-mediated ubiquitination that was
shown to require the presence of SUMO-chains (Groocock et al.,
2014; Rojas-Fernandez et al., 2014). Therefore, it would be
interesting to investigate whether additional crosstalk occurs at
telomeres and if one aspect of telomere biology, for example DNA
repair or maintenance, is more affected by the combination of
ubiquitin and SUMO modifications than others. Further studies
concerning telomere-specific ubiquitination and SUMOylation
will be required to increase our understanding of the complex
mechanisms that ensure proper telomere function or contribute
to DNA repair at dysfunctional telomeres. It would be beneficial
to distinguish which modifications are unique to telomeric DNA,
as these might offer a tool to specifically target DNA repair
at telomeres without interfering in an unwanted manner with
genome-wide repair at DNA breaks.
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DNA double-strand breaks (DSBs) are one of the most detrimental lesions, as their
incorrect or incomplete repair can lead to genomic instability, a hallmark of cancer.
Cells have evolved two major competing DSB repair mechanisms: Homologous
recombination (HR) and non-homologous end joining (NHEJ). HR is initiated by DNA-end
resection, an evolutionarily conserved process that generates stretches of single-
stranded DNA tails that are no longer substrates for religation by the NHEJ machinery.
Ubiquitylation and sumoylation, the covalent attachment of ubiquitin and SUMO moieties
to target proteins, play multifaceted roles in DNA damage signaling and have been
shown to regulate HR and NHEJ, thus ensuring appropriate DSB repair. Here, we
give a comprehensive overview about the current knowledge of how ubiquitylation and
sumoylation control DSB repair by modulating the DNA-end resection machinery.

Keywords: DNA double-strand break repair, DNA-end resection, homologous recombination, ubiquitylation,
sumoylation, CtIP/Sae2

INTRODUCTION

The capacity of our cells to detect and repair damaged DNA is key to prevent genomic instability
and consequently the development of cancer (Jackson and Bartek, 2009; Ciccia and Elledge, 2010).
DNA double-strand breaks (DSBs) are particularly hazardous lesions as their inappropriate repair
can result in chromosomal translocations, an important driving force of tumorigenesis (Hanahan
and Weinberg, 2011; Forment et al., 2012; Bunting and Nussenzweig, 2013; Rodgers and McVey,
2016). To circumvent this threat, the balance between the two major DSB repair pathways -
homologous recombination (HR) and classical non-homologous end-joining (C-NHE]) - is
governed by various factors (Chapman et al., 2012; Ceccaldi et al., 2016). C-NHE] operates with fast
kinetics throughout the entire cell cycle and directly ligates broken DNA ends without requiring
extended sequence complementarities to guide repair (Chiruvella et al., 2013; Radhakrishnan et al.,
2014; Graham et al., 2016). In contrast, HR is slower and restricted to the S and G2 phases of
the cell cycle because it requires an intact sister chromatid as a template for homology-directed
repair (Karanam et al., 2012; Jasin and Rothstein, 2013; Orthwein et al., 2015). HR 1is initiated by
DNA-end resection, an evolutionarily conserved mechanism that generates long stretches of 3’
single-stranded DNA (ssDNA) overhangs by nucleolytic degradation of the 5’ terminated strand
of the DSB (Symington, 2014; Cejka, 2015; Daley et al., 2015). Consequently, DNA-end resection
is a prerequisite for the formation of the Rad51-ssDNA presynaptic filament to promote HR. At
the same time, it precludes the assembly of the C-NHE] machinery, most prominently the Ku70-
Ku80 (Ku) heterodimer, to bridge and ligate the broken DNA ends (Symington and Gautier, 2011).
Thus, being a critical determinant of DSB repair pathway choice, DNA-end resection is tightly
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controlled through multiple mechanisms, including post-
translational modifications (PTMs). For instance, core
components of the DSB resection machinery as well as
resection antagonists undergo phosphorylation by cyclin-
dependent kinases to gradually shift DSB repair from NHE]
to HR in the postreplicative stages of the cell cycle (Ferretti
et al., 2013; Tomimatsu et al., 2014; Tka¢ et al, 2016). In
addition to phosphorylation, recent evidence highlighted that
ubiquitylation and sumoylation control almost every aspect
of cellular responses to DNA damage, including the repair of
DSBs (Jackson and Durocher, 2013; Schwertman et al., 2016).
This was exemplified by high-throughput proteomics studies
revealing that DSB repair is facilitated by waves of global DNA
damage-induced ubiquitylation and sumoylation (Cremona
et al., 2012; Psakhye and Jentsch, 2012; Elia et al., 2015).

Ubiquitin and small ubiquitin-related modifier (SUMO), the
most prominent members of a conserved protein family of
ubiquitin-like proteins, can be attached to lysine residues of target
proteins via an isopeptide bond (Bergink and Jentsch, 2009).
There is only one SUMO in yeast (encoded by the essential
smt3 gene), whereas vertebrates express three independent
SUMO isoforms (SUMO-1,-2,-3), of which SUMO-2/3 share
97% sequence identity (Hay, 2013). Different from other PTMs,
ubiquitin-like modifications are carried out in a three-step
cascade mechanism requiring the consecutive action of activating
enzymes (Els), conjugating enzymes (E2s), and ligases (E3s),
which confer substrate specificity. In humans, ubiquitylation is
mediated by two Els, ~35 active E2s, and more than 600 E3s,
while sumoylation is conducted by a single heterodimeric E1,
one E2 (UBCY), and approximately 10 E3s (Komander and Rape,
2012; Flotho and Melchior, 2013; Berndsen and Wolberger, 2014;
Brown and Jackson, 2015; Stewart et al., 2016). Both processes
are reversible with the removal of ubiquitin and SUMO from
substrate proteins performed by deubiquitinases (DUBs) and
SUMO/sentrin-specific proteases (SENPs), respectively (Ronau
et al., 2016). Ubiquitin can be attached to target proteins either
as monoubiquitin or as different types of polyubiquitin chains,
depending on which of the seven lysine residues of ubiquitin
is used for chain assembly (Swatek and Komander, 2016; Yau
and Rape, 2016). The diverse ubiquitin chain types having
different structural properties can change a variety of attributes
in the target proteins. For example, while K48-linked ubiquitin
chains promote proteasomal degradation, K63-linked chains are
generally considered to regulate protein-protein interactions. In
contrast, poly-SUMO chains primarily form through a single
consensus sumoylation motif in mammalian SUMO-2/3, which
is missing in SUMO-1 (Hay, 2013).

In this review, we want to highlight the importance of
ubiquitin and SUMO in DSB repair with a special focus on the
regulation of DNA-end resection.

DNA-END RESECTION IN A NUTSHELL

DNA-end resection in eukaryotes is a bidirectional two-step
process initiated by the MRX (Mrell-Rad50-Xrs2) nuclease
complex in conjunction with Sae2 in yeast, and by the MRN

(MRE11-RAD50-NBS1) complex in conjunction with CtIP in
human cells (Figure 1A). Subsequently, extended resection is
performed by two redundant mechanisms involving either the
5’ to 3’ exonuclease Exol or the endonuclease Dna2 in concert
with the RecQ helicase Sgs1 in yeast, and either EXO1 or DNA2
in concert with BLM (or WRN) in human cells (Figure 1A)
(Sturzenegger et al., 2014; Cejka, 2015; Symington, 2016). As a
result of this process, stretches of ssDNA are rapidly coated by
RPA, the heterotrimeric ssDNA-binding protein, which serves as
a platform to activate cell cycle checkpoints. For the ssDNA to be
used as a substrate for homology-directed repair, RPA needs to
be replaced by Rad51 with the help of recombination mediators
(e.g., BRCA2).

UBIQUITYLATION AND SUMOYLATION
OF THE DNA-END RESECTION

MACHINERY
MRN/MRX Nuclease Complex
Mass spectrometric analysis revealed several potential

ubiquitylation sites in all three subunits of the MRN complex
(Kim et al.,, 2011; Symington and Gautier, 2011; Wagner et al,,
2011; Mertins et al., 2013; Elia et al., 2015). However, with the
exception of NBS1, none of them have yet been experimentally
validated. Skp2, an F-box protein and component of the SCF
(Skp1-Cullinl-F-box) E3 ligase complex, was found to interact
with NBS1 and conjugate K63-linked ubiquitin chains onto
NBS1-K735 in response to DSBs (Figure 1B) (Wu et al., 2012).
Although DNA-end resection was not investigated in this study,
cells deficient for Skp2 exhibited defects in ATM activation
and HR (Wu et al., 2012). Lu et al. (2012) reported that RNF8
ubiquitinates NBS1 at two lysine residues and this was further
shown to promote NBS1 recruitment to laser-induced DSB sites.
Interestingly, cells ectopically expressing the ubiquitylation-
deficient mutant of NBS1 exhibited reduced RPA foci formation
after IR treatment and decreased HR frequency (Figure 1B) (Lu
etal., 2012).

It has been discovered through proteomics studies that DNA
damage-induced multisite sumoylation of a subset of HR proteins
in yeast, including MRX, accelerates DSB repair and that this
global ‘SUMO response’ depends on both MRX and DNA-
end resection (Figure 1B) (Cremona et al., 2012; Psakhye and
Jentsch, 2012). Consistently, Psakhye and Jentsch (2012) reported
that S. cerevisiae Mrell is sumoylated and exhibits strong two-
hybrid interactions with Ubc9 (E2) and Siz2 (E3). However, very
recent findings suggested that sumoylation of Mrell is unlikely
to be required for MRX-dependent DNA-end resection but
that SUMO-interacting motifs (SIMs) in Mrell non-covalently
recruit poly-SUMO chains to facilitate MRX complex assembly
(Chen et al., 2016).

CtiP/Sae2

Several E3 ubiquitin ligases have been described to interact with
and modify CtIP, thereby possibly affecting DNA-end resection
and DSB repair pathway choice. An early study reported that the
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FIGURE 1 | DNA-end resection factors are modified by ubiquitin and SUMO. (A) Simplified scheme of the bidirectional DNA-end resection model. Upon DSB
induction the MRX/N complex rapidly localizes to the damaged site. During S and G2 phases of the cell cycle, DNA-end resection is needed for the repair of DSBs
via homologous recombination (HR). According to the newest biochemical evidence in yeast, MRX and Sae?2 collaborate in the initiation of DNA-end resection
through endonucleolytic cleavage of the 5'-terminated strand upstream from the DSB end. Starting from the nick, the exonuclease activity of Mre11 is then
supposed to degrade DNA in a 3’ to 5’ direction back toward the DSB end. The resulting single-stranded DNA (ssDNA) overhang is immediately coated by RPA to
protect the ssDNA from degradation. The 5'-recessed end now represents a preferred substrate for the 5’ to 3" exonuclease Exo1 to carry out more processive
resection. Alternatively, extended resection is catalyzed by the combined endonuclease and helicase activities of Dna2-Sgs1 in yeast or DNA2-BLM (or WRN) in
human cells. Importantly, processed DSB ends are no longer a substrate for Ku binding, a prerequisite for DSB repair by classical non-homologous end joining
(C-NHEJ). Ultimately, RPA is removed from ssDNA and replaced by the Rad51 recombinase to initiate strand invasion of the sister chromatid and further
downstream steps in HR. (B) Schematic illustration of selected resection factors undergoing ubiquitylation and/or sumoylation. Please refer to the main text for
details. Black dots, ubiquitin modifications involved in modulating protein function;
SUMO modification; K, ubiquitin- or SUMO-modified lysine residues in substrate proteins.

red dots, ubiquitin modifications involved in protein degradation; black squares,

heterodimeric RING-type E3 ligase BRCA1/BARD1 ubiquitylates
CtIP to promote its stable retention at sites of DNA damage
(Yu et al.,, 2006). However, more recent data indicated that
BRCAL1 specifically ubiquitylates histone H2A, thereby rendering
the chromatin permissive for long-range resection after initial
resection by CtIP-MRN has occurred (Kalb et al., 2014; Densham
et al., 2016). Moreover, Schmidt et al. (2015) demonstrated that
RNF138 in complex with the UBE2D family of E2 conjugating
enzymes interacts with CtIP to foster its ubiquitylation and
accumulation at DSBs (Figure 1B). The authors further observed
that depletion of pivotal RING-type E3 ligases involved in
the DDR including BRCA1l, RNF8 and RNF168 does not
compromise DNA damage accrual of CtIP (Schmidt et al., 2015).
Therefore, the physiological role of BRCAl-dependent CtIP
ubiquitylation in DNA repair still remains to be determined
(Barber and Boulton, 2006). Mass spectrometry analysis of
CtIP from irradiated cells revealed 13 potential ubiquitylation
sites (Schmidt et al., 2015). Furthermore, the same authors
found that CtIP polyubiquitylation and redistribution to DSBs
was impaired in cells expressing a CtIP mutant in which

five N-terminal lysine residues were simultaneously substituted
with arginines (5KR) (Schmidt et al., 2015). Finally, as ectopic
expression of CtIP-5KR did not restore DNA-end resection in
CtIP-depleted cells, it was proposed that ubiquitylation of CtIP
by RNF138-UBE2D is a key event in promoting HR (Schmidt
et al., 2015). Further support for a pro-resection function of
RNF138 emerged from another study showing that RNF138
ubiquitylates Ku80 to facilitate the removal of Ku from DSBs,
thereby allowing access of the DNA-end resection machinery and
subsequent HR (Ismail et al., 2015). Taken together, one could
envision that RNF138-mediated CtIP recruitment to, and Ku
displacement from DSBs act in parallel to promote DNA-end
resection. Yet it may be possible that RNF138 targets additional
proteins involved in DSB repair pathway choice (Bekker-Jensen
and Mailand, 2015). Interestingly, two independent studies
have reported that the deubiquitinase (DUB) activity of USP4
functions in DNA-end resection (Liu et al., 2015; Wijnhoven
et al., 2015). They both demonstrated that USP4 interacts with
CtIP and MRN and regulates the recruitment of CtIP to DSBs.
However, they further observed that USP4 auto-deubiquitylation
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rather than USP4-mediated deubiquitylation of CtIP is essential
for HR.

The anaphase-promoting complex/cyclosome-Cdh1
(APC/CCdhly E3 ubiquitin ligase was shown to control cell
cycle-dependent repair of DSBs by specifically targeting CtIP
for proteasomal degradation after mitotic exit as well as after
DNA damage in G2 phase (Figure 1B) (Lafranchi et al., 2014).
Conceivably, such a mechanism would counteract resection
of DSBs and allow efficient C-NHEJ in G1 cells, where the
intact sister chromatid is not available for HR. Consistently, it
was demonstrated that expression of a CtIP mutant defective
in Cdhl interaction abolished CtIP ubiquitylation, leading to
its accumulation and prolonged retention at DSBs, oversized
DNA-end resection and impaired DSB repair (Lafranchi et al.,
2014). Furthermore, a similar cell cycle-dependent mechanism
resulting in ubiquitin-mediated proteolysis of CtIP was shown
to involve the peptidyl-prolyl cis/trans isomerase PIN1 (Steger
et al,, 2013). Following DSB induction in G2, PIN1 was found
to specifically interact with CtIP through two phosphorylated
S/T-P motifs, leading to its ubiquitylation and subsequent
proteasomal degradation (Steger et al., 2013). Consequently, the
PIN1-CtIP axis was equally proposed to antagonize DNA-end
resection, particularly in situations where NHE] is the preferred
pathway. Moreover, it has been suggested that PIN1-mediated
CtIP isomerization triggers a conformational change which
facilitates the binding of a E3 ubiquitin ligase (Sartori and Steger,
2013). Our most recent findings point toward a role for the
Cullin3 (CUL3) E3 ubiquitin ligase in cooperating with PIN1
in the regulation of CtIP protein stability (Figure 1B) (Ferretti
et al., 2016). In brief, we discovered that the CUL3 substrate
adaptor Kelch-like protein 15 (KLHL15) interacts with CtIP to
promote its degradation via the ubiquitin-proteasome pathway.
Accordingly, we observed that DNA-end resection is strongly
decreased in cells overexpressing KLHL15 but enhanced in cells
lacking KLHL15, thus impacting the balance between HR and
NHE].

Using reconstituted SUMO conjugating systems, both CtIP
and Sae2 were found to be sumoylated (Sarangi et al., 2015).
Moreover, Ubc9-Siz1/2-mediated Sae2 sumoylation at a single
conserved lysine residue (K97) was induced by DNA damage
and found to increase the levels of soluble Sae2 (Figure 1B).
Further genetic analysis revealed that Sae2-K97R mutant cells are
impaired in the processing and repair of DSBs, indicating that
Sae2 sumoylation is critical for DNA-end resection.

In summary, ubiquitin and SUMO control CtIP/Sae2
resection function at various levels, including its redistribution
at DSBs, protein-protein interactions and protein stability.

EXO1 5 to 3’ Exonuclease

It has been known for quite some time that human EXO1 is
targeted for degradation by the ubiquitin-proteasome pathway in
response to treatment with agents that block DNA replication (El-
Shemerly et al., 2005, 2008). Interestingly, work from the same
group could recently demonstrate that EXO1 is constitutively
sumoylated by PIAS1/4-UBC9 in vitro and in vivo and that this
is a prerequisite for ubiquitin-mediated EXO1 degradation at
stalled replication forks avoiding excessive resection of free DNA

ends (Figure 1B) (Bologna et al., 2015). Moreover, they found
that the SENP6 de-sumoylating enzyme interacts with EXO1 to
antagonize this process. However, since mutating three major
SUMO acceptor sites in EXO1 did not effectively rescue EXO1
degradation it remains to be determined how, mechanistically,
EXO1 sumoylation controls its enzymatic activity (Bologna et al.,
2015). Consistent with these findings, Elia et al. (2015) reported
that EXO1 is ubiquitylated and degraded by the proteasome
in response to replication stress induced by UV radiation and
4NQO. They further identified EXOI as a new substrate of
the SCF-Cyclin F E3 ubiquitin ligase, which possibly mediates
EXO1 degradation to prevent unwanted resection of stalled forks
(Elia et al., 2015). Finally, adding another layer of complexity
to the regulation of EXO1 by ubiquitin and SUMO, Nishi et al.
(2014) recently discovered that the proteasome-associated DUB
UCHLS5 contributes to DNA-end resection, at least in part, by
regulating the recruitment of EXO1 (but not CtIP) to sites of
DNA damage.

DNA2/Dna2 Structure-Specific

Endonuclease
More than 20 potential ubiquitylation sites on human DNA2
have so far been identified in different mass spectrometry
approaches, but their role in DNA damage/repair has not yet been
experimentally addressed (Kim et al., 2011; Wagner et al., 2011;
Mertins et al., 2013).

BLM/Sgs1 3’ to 5’ DNA Helicase

Besides promoting long-range resection of DSBs in conjunction
with DNA2, BLM has important functions in other DNA
metabolic pathways including DNA replication, telomere
maintenance and transcription (Croteau et al., 2014). BLM

TABLE 1 | DNA-end resection proteins targeted by ubiquitin or SUMO E3
ligases.

DNA-end E3 Ligase Modification Reference
resection
factor
Mre11/Rad50/  global sumoylation SUMO Cremona et al., 2012;
Xrs2 response Psakhye and Jentsch,
2012
NBS1 RNF8 Ubiquitin Luetal., 2012
SCFSkP2 Ubiquitin Wu et al., 2012
CtIP BRCA1/BARD1 Ubiquitin Yu et al., 2006
CULZKEHL1S Ubiquitin Ferretti et al., 2016
APG/CCd1 Ubiquitin Lafranchi et al., 2014
RNF138 Ubiquitin Schmidt et al., 2015
Sae2 Siz1/2 SUMO Sarangi et al., 2015
BLM RNF8 and RNF168  Ubiquitin Tikoo et al., 2013
MIB-1 Ubiquitin Blackford et al., 2015;
Wang et al., 2013
EXO1 PIAS1/4 SUMO Bologna et al., 2015
SCFCyoinF Ubiquitin Elia et al., 2015
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sumoylation and ubiquitylation has previously been proposed
to control its spatiotemporal localization and to promote or
suppress HR particularly in the context of stalled replication
forks (Eladad et al., 2005; Ouyang et al., 2013; Tikoo et al,
2013). Akin to these observations, Sgsl and BLM nuclear foci
formation in response to hydroxyurea (HU) treatment was
found to be negatively regulated by the SUMO-targeted ubiquitin
ligase complexes SIx5-SIx8 and RNF4 in yeast and mammalian
cells, respectively (Bohm et al.,, 2015). Moreover, Tikoo et al.
(2013) reported that cells lacking either RNF8 or RNF168 E3
ligases failed to efficiently promote K63-linked ubiquitylation
of BLM following HU exposure, which is otherwise required
for BLM-RAPS0 interaction and, thus, BLM recruitment to
damaged chromatin (Figure 1B). A controversial issue relates
to the question as to whether or not TOPBP1-BLM interaction,
which is important for genome maintenance, protects BLM
from MIB1-mediated ubiquitylation and subsequent proteasomal
degradation when cells encounter DNA damage during S phase
(Figure 1B) (Wang et al,, 2013, 2015; Blackford et al., 2015).

Notably, following DNA-end resection, the RPA-ssDNA
platform becomes extensively modified by ubiquitin and SUMO
to promote checkpoint activation and HR in both yeast and
human cells, as it has been recently reviewed elsewhere (Maréchal
and Zou, 2015; Schwertman et al., 2016). Finally, emerging
data from the Durocher lab demonstrates that ubiquitylation of
PALB2, a major binding partner of BRCA2, by the E3 ligase
CUL3KEAPL blocks its interaction with BRCA1 and, consequently,
the recruitment of BRCA2 to DSBs, thereby suppressing HR in
G1 cells (Orthwein et al., 2015).

CONCLUSION AND FUTURE
PERSPECTIVES

The key discovery that E3 ubiquitin ligases RNF8 and RNF168
play an integral part in the crosstalk between chromatin state
and DNA damage signaling has opened the door for scientists
to investigate how ubiquitin and SUMO orchestrate DSB repair
pathways. In the last few years, it became clear that RNF8-
RNF168-mediated ubiquitylation of histones mainly serves to
generate recruitment platforms for the coordinated assembly of
various ubiquitin-binding domain (UBD)-containing proteins
(e.g., 53BP1) to DSB sites (Schwertman et al., 2016). In contrast,
ubiquitin-mediated recruitment seems to play a minor role in the
regulation of DNA-end resection, which is further supported by
the fact that resection factors are devoid of any canonical UBDs.
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Controlling cell proliferation is one of the hallmarks of cancer. A number of critical
checkpoints ascertain progression through the different stages of the cell cycle, which
can be aborted when perturbed, for instance by errors in DNA replication and repair.
These molecular checkpoints are regulated by a number of proteins that need to be
present at the right time and quantity. The ubiquitin system has emerged as a central
player controlling the fate and function of such molecules such as cyclins, oncogenes
and components of the DNA repair machinery. In particular, proteases that cleave
ubiquitin chains, referred to as deubiquitylating enzymes (DUBSs), have attracted recent
attention due to their accessibility to modulation by small molecules. In this review, we
describe recent evidence of the critical role of DUBs in aspects of cell cycle checkpoint
control, associated DNA repair mechanisms and regulation of transcription, representing
pathways altered in cancer. Therefore, DUBs involved in these processes emerge as
potentially critical targets for the treatment of not only hematological, but potentially also
solid tumors.

Keywords: ubiquitin, deubiquitylating enzyme, transcription, epigenetics, DNA damage response, small molecule
inhibitors, multiple myeloma, cell cycle checkpoints

INTRODUCTION

Posttranslational modifications dictate the fate and function of most proteins. Chemical
modifications by phosphate groups and ubiquitin, a small 76 amino acid protein, are amongst the
most common ones. Targeting enzymes that modulate protein phosphorylation, such as protein
kinases, has been proven to be a suitable inroad to novel anti-cancer therapeutics. In the case of
the ubiquitin system, drug development efforts have been lagging behind due to the complexity
of the ubiquitin conjugating and deconjugating mechanisms, and because many aspects of the
fundamental biology of this pathway, in particular the topology of poly ubiquitin chains and
post-translational modifications present on ubiquitin itself, are not yet fully understood (Cohen
and Tcherpakov, 2010; Swatek and Komander, 2016). Despite this, the clinical approval of the
proteasome inhibitors Bortezomib, Carfilzomib, and Ixazomib has boosted new drug discovery
programs targeting different components of the ubiquitin system (Adams, 2002; Cohen and
Tcherpakov, 2010; Ernst et al., 2013; Herndon et al., 2013; Shirley, 2016).
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The ubiquitin system is involved in the regulation of almost
every cellular activity through proteolytic and non-proteolytic
events, including protein degradation by the 26S proteasome
or through the lysosomal pathway and autophagy, protein-
protein interactions, protein activity and protein localization
(Herndon et al., 2013; Swatek and Komander, 2016). The covalent
attachment of ubiquitin to a target protein is catalyzed by the
sequential action of three enzymes: El activating enzyme, E2
conjugating enzyme and E3 ligase. In the final ubiquitylation
step, Ub is usually transferred to an e-NH; of a lysine residue
in the target protein. The addition of one or more ubiquitin
monomers to another substrate-attached ubiquitin is possible
and leads to formation of polymeric chains. There are different
types of Ub polymers depending on the linkage and on the
topology of the chain. The process is reversible and the removal of
ubiquitin is catalyzed by a subclass of isopeptidases referred to as
deubiquitylating enzymes or DUBs (Hershko and Ciechanover,
1998; Komander and Rape, 2012; Mevissen et al., 2013; Swatek
and Komander, 2016).

DEUBIQUITYLATING ENZYMES

There are ~90 DUBs encoded in the human genome, which
are sub classified into seven different families: ubiquitin-specific
proteases (USPs), ubiquitin carboxy-terminal hydrolases
(UCHs), ovarian tumor domain con-taining proteases (OTUs),
Machado-Joseph disease protein domain proteases (MJD),
JAMM/MPN domain-associated metallopeptidases (JAMMs),
the monocyte chemo-tactic protein-induced protein (MCPIP)
and the motif interacting with Ub-containing novel DUB
family (MINDY). Apart from the JAMMs family which has zinc
metalloprotease activity, DUBs are cysteine proteases (Komander
et al., 2009; Fraile et al., 2012; Kolattukudy and Niu, 2012; Abdul
Rehman et al., 2016).

DUB hydrolase activity (predominantly IsoT/USP5) is
required to generate free ubiquitin from its precursors because
Ub is transcribed as a fusion of multiple Ub molecules or as
a fusion with other proteins (Hadari et al., 1992). Keeping
a steady-state level of free Ub is essential for cell viability
(Wang C.H. et al., 2014). Therefore, a second process involving
DUBs is the recycling of ubiquitin by preventing its degradation,
which is mediated by proteasome associated DUBs USP14,
UCH-L5/UCH37, and POHI, or receptor mediated endocytosis
and lysosomal degradation associated DUBs USP8 and AMSH
(Reyes-Turcu et al., 2009; Lee et al.,, 2011). More specifically,
DUBs antagonize the action of ubiquitin E3 ligases that target
protein substrates for degradation or by regulating E3 ligases
activity and/or stability. Generally, the addition of Ub monomers
or polymers to a protein can also generate non-proteolytic
signals. Thus, DUBs can modulate the outcome of those
signals by two main mechanisms: by removing ubiquitin
polymers or monomers from proteins involved in these signaling
events, but also by editing the linkage and topology of the
ubiquitin chains present in the substrate (Komander et al,
2009; Bennett, 2010; Fraile et al., 2012; Komander and Rape,
2012).

Deubiquitylating enzymes activity can be tightly regulated
by different means, including transcriptional changes in their
gene expressions, microRNAs, post-translational modifications
including phosphorylation and auto-ubiquitylation, protein
interactions and by changing their subcellular localization
(Komander et al., 2009; Fraile et al., 2012; Yang et al., 2012;
Wijnhoven et al., 2015). Despite that the number of encoded
DUBs is moderate, it is anticipated that most of them act on
a discrete set of protein substrates due to restrictions in Ub
chain linkage recognition as observed for OTUs (Mevissen et al.,
2013) or metalloprotease DUBs (Komander et al., 2009), or the
requirement of interactions with specific adaptors or scaffold
proteins, as noted for JAMMs and a subset of USPs (Ventii and
Wilkinson, 2008; Komander et al., 2009; Rahighi et al., 2009;
Reyes-Turcu et al., 2009; Bremm et al., 2010; Mevissen et al.,
2013).

As we will highlight in this review, DUBs emerge as regulators
of many cellular signaling pathways critical for cell survival,
proliferation, genome stability, and transcriptional control, all of
which are important processes that when altered can contribute
to the development of neoplasia and tumorigenesis. In particular,
ubiquitylation events linked to chromatin-dependent processes
appear to involve a large subset of E3 ligases and DUBs that are
recognized to be prominent targets in cancer. The possibility of
using small molecule inhibitors against DUBs as inroads for anti-
cancer strategies are now receiving a prominent focus in pharma
and academia (Nicholson et al., 2007; Sgorbissa et al., 2010; Shi
and Grossman, 2010; Edelmann et al.,, 2011; Fraile et al., 2012;
Lim and Baek, 2013; McClurg and Robson, 2015; Lim et al., 2016).

DUBs AFFECTING CHROMATIN
FUNCTION

Histone and other chromatin-associated protein modifications,
together with DNA methylation, provide the cell with long-term
epigenetic gene transcription regulations without affecting its
DNA sequence. Deregulation of these processes is a common
event in cancer development and progression (Esteller, 2007;
Gronbaek et al., 2007; Segal and Widom, 2009; Simo-Riudalbas
and Esteller, 2015). Most histones are post-translationally
modified by the addition of different molecules including
acetylation, methylation, phosphorylation, SUMOylation, and
ubiquitylation. All these histone PTMs (post-translational
modifications) play an important role in gene transcription
regulation and chromatin remodeling, but also in the DNA
damage response (DDR; Weake and Workman, 2008; Zhou
et al, 2009; Zhang T. et al, 2015). Consequences of histone
ubiquitylation have been extensively reviewed (Weake and
Workman, 2008; Belle and Nijnik, 2014). Up to 10% of cellular
histone H2A is mono-ubiquitylated on lysine 119 (H2AK119Ub),
and this modification is crucial for the regulation of transcription,
cell cycle progression, and DDRs (Clague et al., 2015). Poly-
ubiquitylation of the same histone H2A (and its variant H2AX)
on K13/15 is important for the DDR. In the case of Histone
H2B, H2BK120Ub has been identified as a marker of gene
activation. Other histones are also ubiquitylated, such as histone
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H3, which has an important role in nucleosome assembly.
These histone modifications seem to be non-redundant, and
whereas ubiquitylation of histone H2B is related to transcription
activation and silencing, ubiquitylated H2A accumulates at
repressed promoters. Not surprisingly, a number of DUBs
have been identified as histone modifiers (listed in Table 1).
Some of these DUBs present specificity for H2A, others are
specific for H2B, but many of them present dual specificity
toward these two histones (see Table 1). The high number
of DUBs targeting histones suggests redundant or context-
specific roles for these enzymes (Nakagawa et al., 2008; Feng
et al, 2010; Cao and Yan, 2012; Lee et al, 2013; Mosbech
et al,, 2013; Zhang et al., 2013). The regulation of histones by
DUBs has already been linked to cancer. Two good examples
are USP22 and BAPI. USP22 deubiquitylates both, H2A and
H2B (Zhang et al., 2008a,b; Atanassov et al.,, 2009; Wang and
Dent, 2014). In a recent clinicopathological study in colon
carcinoma samples, ubiquitylation of H2B (uH2B) was found
to be decreased in colon cancers as compared to normal colon
epithelium. Interestingly, high expression levels of USP22 in
these tumor samples statistically correlated with reduced levels
of uH2B (Wang Z. et al, 2015). USP22 has been linked to
poor prognosis in cancer, making it a very attractive target in
cancer research. Overexpression of this DUB has been found
in colorectal cancer (Liu Y.L. et al., 2011), gastric cancer (Yang
et al., 2011; He et al.,, 2015), liver cancer (Tang et al., 2015a,b),
breast cancer (Zhang Y. et al, 2011), glioma (Liang J. et al,
2014), pancreatic cancer (He et al., 2015), non-small-cell lung
cancer (Hu et al, 2012), salivary adenoid cystic carcinoma
(Dai et al,, 2014), human pharyngeal squamous cell carcinoma
(Dou et al., 2014), and oral squamous cell carcinoma (Piao
et al., 2012). BAPI is a nuclear DUB that targets histone 2A
mono-ubiquitylation on lysine 119 (H2AK119ubl; as part of the
Polycomb repressor unit; Scheuermann et al., 2010) and regulates
histone H3 lysine methylation and chromatin functions (Dey

et al., 2012). The forkhead transcription factor FOXK2 acts a
scaffold protein between BAP1 and DNA, promoting targeted
epigenetic regulation by BAP1 (Ji et al., 2014; Okino et al,, 2015).
BAPI has been identified as a tumor suppressor and as a potential
prognostic marker for a number of cancer types. Both, germline
and somatic mutations and nuclear expression loss of BAP1
have been linked to increased susceptibility and poor prognosis
in malignant melanocytic proliferations (Wiesner et al.,, 2011;
Piris et al.,, 2015), mesothelioma (Bott et al., 2011), basal cell
carcinoma (Mochel et al., 2015), meningioma (Abdel-Rahman
et al,, 2011), lung cancer (Abdel-Rahman et al., 2011), bladder
cancer (Nickerson et al., 2014), thymic carcinoma (Wang Y. et al.,
2014), and clear cell renal cell carcinoma (Murali et al., 2013).
Although the majority of the published studies suggest that the
effects of BAP1 in cancer involve a disruption of the epigenetic
homeostasis in these tumors (Wang Y. et al, 2014), for some
researchers, it is not so clear that the antitumor effect of BAP1
is only dependent on H2A deubiquitylation (Pena-Llopis et al.,
2012).

DUBs ROLE IN THE CROSSTALK
BETWEEN THE DIFFERENT HISTONE
PTMs

The crosstalk between different histone PTMs has been described
(Zhang T. et al., 2015). JAMM/MPN, a member of the domain-
associated metallopeptidases, plays an important role in gene
expression regulation by coordinating acetylation of histones
with deubiquitylation of histone H2A and regulating by this
way the association of histone H1 with nucleosomes (Zhu et al.,
2007). USP22 has been found to be associated with the Spt-Ada-
Gen5-acetyltransferase (SAGA) histone acetyltransferase (HAT)
complex. In this context, USP22 deubiquitylates histone H2B
and other components of the shelterin complex (Atanassov

TABLE 1 | Selection of deubiquitylating enzymes (DUBs) involved in modulating histone H2A/B ubiquitylation.

DUB Histone (substrate) Process Selected reference

USP3 H2A, yH2AX and H2B  Cell cycle and DNA double-strand break response Nicassio et al., 2007

USP7 H2A and H2B Gene expression van der Knaap et al., 2005; Luo et al., 2015

USP10 H2A (H2A.2) Transcriptional activation Draker et al., 2011

USP12 H2A and H2B Xenopus development Joo et al.,, 2011

USP16 H2A Cell cycle and gene expression Joo et al., 2007; Gu et al., 2016

UskP21 H2A Transcriptional activation Nakagawa et al., 2008

Usp22 H2A and H2B Embryonic development and telomere integrity Zhang et al., 2008a,b; Atanassov et al., 2009;
Wang and Dent, 2014

USsP29 H2A and H2B DNA double-strand break response Mosbech et al., 2013

USP36 H2B Unknown Taillebourg et al., 2012

USP44 H2A and H2B DNA double-strand break response (H2A) and stem cell differentiation (H2B) ~ Fuchs et al., 2012; Mosbech et al., 2013

USP46 H2A and H2B Xenopus development Joo et al., 2011

USP49 H2B Co-transcriptional pre-mRNA processing Zhang et al., 2013

BAP1 H2A Gene expression Scheuermann et al., 2010

oTuB1 Histones (unspecified) DNA double-strand break response Sato et al., 2012

BRCC36  H2A and yH2AX DNA double-strand break response Shao et al., 2009

MYSMH1 H2A Gene expression Zhu et al., 2007; Jiang et al., 2015; Li et al., 2016
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et al, 2009). USP17 regulates histone acetylation through
deubiquitylation of K63-polyubiquitylated SDS3, inhibiting the
histone deacetylase activity (HDAC) of SDS3 and subsequently
the proliferation and anchorage-independent growth of tumor
cells (Ramakrishna et al., 2011, 2012). A recent study describes
that USP7 interacts with and deubiquitylates Tip60, an
acetyltransferase targeting histones, resulting in its stabilization
(Dar et al, 2013). As mentioned above, BAP1 forms together
with ASXLI the PR-DUB complex that removes ubiquitin from
H2AK119Ub. In a recent study, LaFave et al. (2015) found that
BAP1 deletion in mice increased the levels of tri-methylated
histone H3 (H3K27me3) and reduced mono-methylation of
the histone H4 (H4K20mel). A member of the OTU family
of DUBs called TRABID (also ZRANBI) was found to be an
innate immunological regulator of inflammatory T cell responses.
TRABID regulates histone methylation (H3K9me2, H3K9me3,
and H3K4me3) at the promoter of IL-12 by deubiquitylating and
stabilizing the histone demethylase JMJD2D (Jin et al., 2016). In
the same study, ectopic expression of TRABID reduced K29, and
to a lesser extent K11 ubiquitylation of JMJD2D. This data is
consistent with previous published studies describing specificity
of this DUB toward K29-linked ubiquitin chains in in vitro assays
(Virdee et al., 2010; Licchesi et al., 2012). The protein TIP5 is part
of the nucleolar remodeling complex (NoRC) that modulates the
silencing of a fraction of rDNA by recruiting histone and DNA
methyltransferases. TIP5 is deubiquitylated and stabilized by
USP21, resulting in an increase of H3K4me3 and rDNA promoter
methylation (Khan et al., 2015). It had been previously described
that H2A ubiquitylation controls the di- and tri-methylation of
H3K4. In the same study, the authors describe the indirect effects
of USP21 on H3K4m?2, and H3K4m3 modifications through its
H2A histone deubiquitylating activity (Nakagawa et al., 2008). An
interesting study has recently linked the roles of the DUB USP7
on epigenetic regulation, cell cycle, and DNA repair (Wang Q.
etal., 2016). Upon DNA damage, USP7 interacts, deubiquitylates
and stabilizes the histone demethylase PHFS8, inducing the
specific expression of a subset of genes, including the cell cycle
regulator cyclin A2. In the same article, USP7, PHFS8, and
cyclin A2 were found to be overexpressed in breast carcinomas,
correlating with the histological grade of disease. USP24 was also
found to target histones by controlling the levels of the histone-
lysine N-methyltransferase Suv39h1, resulting in a modulation
of the H3K9me levels. Single-nucleotide polymorphisms (SNPs)
of USP24 were found in lung cancer. The variants 930C/T
and 7656T/C were increased in tumor samples and were found
to induce USP24 expression by stabilizing RNA. (Wang Y.C.
etal.,2015). LSD1 (lysine-specific demethylase 1) removes methyl
groups from H3K4 and also from H3K9. LSD1 has been found to
be upregulated in many tumors and its protein levels regulated
by the ubiquitin proteasome system. Using a library of siRNA
against all human DUBs, USP28 was found as the DUB involved
in the stabilization of LSD1. USP28 interacts and deubiquitylates
LSD1, and the expression levels of the two proteins correlate
well in tumor cell lines and tumor samples (Wu et al., 2013).
In conclusion, all these examples are starting to point toward an
emerging and important role of the DUBs in the regulation of
gene expression by epigenetic events in cancer.

DUBs and DNA METHYLATION

Only one DUB, USP7, has been described to have a role in
the DNA methylation process. USP7 regulates the inheritance
of DNA methylation patterns through control of the abundance
of Dnmtl, the DNA methyltransferase responsible for this
epigenetic mark (Bronner, 2011; Qin et al., 2011). USP7 is part
of a protein complex with Dnmt1, the histone acetyl transferase
Tip60 and the ubiquitin ligase Uhrfl. USP7 and Urfl tightly
regulate the abundance of Dnmtl in order to control DNA
methylation inheritance and replication of methylation patterns.
Supporting the role of ubiquitylation in the maintenance of
DNA methylation, Nishiyama et al. (2013) have discovered that
the ubiquitylation of histone H3 is necessary to keep the DNA
methylation mark by Dnmtl.

DUBs and DNA DAMAGE

In order to achieve the mutational status that leads to malignancy,
tumor cells often deregulate the DDR and the genome
maintenance systems (Hanahan and Weinberg, 2011). Under
normal physiological conditions, cells have sensor proteins that
check for damage in their genome, and once these proteins
detect the lesion, repair enzymes are recruited to the damage site
to promote repair. Small lesions are repaired by base excision
repair (BER), nucleotide excision repair (NER), mismatch repair
(MMR) and the Fanconi anemia (FA) pathways. More harmful
damages such as double-stranded breaks (DSBs) can be repaired
by non-homologous end joining (NHE]) or through homologous
recombination (HR). All the DDR pathways are tightly regulated
by PTMs, which includes ubiquitylation/deubiquitylation events.
Therefore, DUBs are involved in multiple DDR checkpoints in
addition to their capability to modulate histone modifications
(Table 2 and Figure 1; Bennett and Harper, 2008; Jacq et al.,
2013; Liu et al., 2016; Nie and Boddy, 2016). FA complementation
group D2 protein (FANCD2) and proliferating cell nuclear
(PCNA), when mono-ubiquitylated, induce the DDR. USP1
targets FANCD2, FANCI, and PCNA for deubiquitylation.
FANCD2 and FANCI are implicated in the FA pathway and
PCNA in the translesion synthesis process (Nijman et al., 2005;
Oestergaard et al., 2007; Hendel et al., 2011; Villamil et al,
2013; Kim and Kim, 2016). USP1 mutations and deregulated
expression levels have been reported in different tumors (Garcia-
Santisteban et al,, 2013). The Chk2-p53-PUMA pathway is
another regulator of the DDR generated by double-strand
breaks. USP28 was found to stabilize two components of this
pathway upon DNA damage, Chk2 and 53BP1 (Zhang et al,
2006). The proteasome-associated DUB Rpn11/POHI1 has been
described as an important regulator of ubiquitin conjugates
generated after DNA damage, thereby representing an important
component of the double-strand break response (Butler et al.,
2012). BRIT1 is an early DDR factor that is recruited upon DSBs
by phosphorylated H2AX histone (y-H2AX), and it contributes
to the final repair process by inducing chromatin relaxation.
BRIT1 is deubiquitylated and stabilized by USP8 with the help
of the scaffold protein BRUCE, tightly regulating the action
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TABLE 2 | Deubiquitylating enzymes associated with DNA damage responses (DDR).

DUB Non-histone substrate DDR pathway Selected reference
USPA1 FANCD2, FANCI and PCNA Fanconi anemia, post-replication repair (PRR) and Nijman et al., 2005; Oestergaard et al., 2007; Hendel et al.,
translesion DNA synthesis (TLS) 2011; Villamil et al., 2013; Kim and Kim, 2016
USP2a Mdm2 p53 Stevenson et al., 2007
USP4 Auto-deubiquitylation and ARF-BP1 DSB-response (HR), p53 Zhang X. et al., 2011; Wijnhoven et al., 2015
USP5 p53 p53 Dayal et al., 2009
UsP7 Mdm2, p53, Claspin, Chk1, p53, ATR-Chk1 and y-H2AX (DSBs and SSBs) Brooks et al., 2007; Faustrup et al., 2009; Brooks and Gu,
Ring1b, Bmi1 and RNF168 2011; Alonso-de Vega et al., 2014; Qian et al., 2015; Zhu
etal., 2015
USP8 BRIT1 BRIT1-SWI-SNF DSB-response Geetal.,, 2015
USPIX Claspin ATR-Chk1 McGarry et al., 2016
USP10 p53 and MSH2 ATM-p53 and mismatch repair (MMR) Yuan et al., 2010; Zhang et al., 2016
USP11 p53 DDR to etoposide Ke et al., 2014
USP20 Claspin ATR-Chk1 Yuan et al., 2014; Zhu et al., 2014
UspP24 p53 and DDB2 p53-PUMA Zhang L. et al., 2012, 2015
uspP28 Chk2 and 53BP1 Chk2-p53-PUMA Zhang et al., 2006
USP29 p53 and Claspin p53 and ATR-Chk1 Liu et al., 2011a; Martin et al., 2015
UCH-L5 NFRKB DSB-response (HR) Nishi et al., 2014
OoTuUBA p53 p53 Sun et al., 2012
OTUDS p53 and PDCD5 p53 Luo et al., 2013; Park et al., 2015
Rpn11 Ubiquitin conjugates generated by DNA double-strand break response Butler et al., 2012

DNA damage

of BRIT1 at damaged sites (Ge et al, 2015). USP4 has been
found to be important for DSB repair by promoting homologous
recombination. USP4 is auto-deubiquitylated on lysine, but
potentially also on cysteine residues, and its deubiquitylation is an
important step to permit interaction with the DNA-end resection
factor CtIP and MRE11-RAD50-NBS1 (MRN) complex, thereby
recruiting CtIP to the damaged sites (Wijnhoven et al., 2015).
USP10 was recently identified as a partner of MSH2 by mass
spectrometry-based interactome studies. MSH2 is an important
factor for the mismatch repair pathway and for the resistance to
DNA-damaging agents. USP10 stabilizes MSH2, and knockdown
of USPI0 in lung cancer cells reduces the sensitivity of these
cells to DNA damaging agents. A well-known mechanism of
DDR involves histone H2AX, which is phosphorylated and
accumulated at damaged sites. Then, the ubiquitin ligases
RNF168 and RNF8 ubiquitylate y-H2AX, thereby inducing the
accumulation of repair factors. USP7 has been identified as a
regulator of y-H2AX and H2A ubiquitylation by modulating the
stability of the E3 ubiquitin ligases RNF168, RINGB1, and BMI1
(Zhu et al., 2015). USP7 is a regulator of different pathways of the
DDR, and it is also a modulator of the ATR-Chk1 pathway since
it controls the levels of two main components of this response,
Chk1 (an essential checkpoint kinase in the DDR) and Claspin
(an important component of the ATR-Chk1 axis) (Faustrup et al.,
2009; Alonso-de Vega et al., 2014). Other DUBs have also been
identified to stabilize Claspin and, therefore, to modulate the
ATR-Chkl pathway, such as is the case for USP9X (McGarry
et al.,, 2016), USP29 (Martin et al., 2015), and USP20 (Yuan
etal., 2014; Zhu et al,, 2014). In an interesting study, Nishi et al.,
identified UCH-L5 as the only DUB from a library of 90 DUBs
that were able to promote changes in the DDR during three
different assays: recruitment at the damaged sites, DDR signaling

modulation and DSB repair. The authors found that UCH-L5
interacted with and stabilized NFRKB. NFRKB is a component of
the INO80 complex that promotes HR and DNA-end resection
(Nishi et al., 2014).

REGULATION OF p53, c-MYC AND
OTHER ONCOGENES BY DUBs

The tumor suppressor p53 is a transcription factor able to control
important cellular pathways including DDR, cell cycle, apoptosis,
angiogenesis, and senescence. It is called “the guardian of the
genome” because of its ability to prevent genome mutation and
tumor onset and progression (Nag et al., 2013). p53 levels and
subcellular localization are mainly regulated by ubiquitylation
(Brooks and Gu, 2011). A number of DUBs can modulate p53
signals: USP7 deubiquitylates both p53 and MDM2, one of the
ubiquitin ligases that ubiquitylates p53, thereby stabilizing both
proteins (Brooks et al., 2007; Brooks and Gu, 2011). Upon
DNA damage, USP10 deubiquitylates and activates p53. The
same study shows that USP10 suppresses tumor cell growth
in cells expressing wild-type p53 (Yuan et al, 2010). USP2a
associates with and deubiquitylates MDM2, but not p53, and
promotes MDM2-dependent p53 degradation (Stevenson et al.,
2007). Overexpression of this DUB was found in different tumors
such as glioma (Boustani et al., 2016), bladder cancer (Jeong
et al., 2015), prostate cancer (Nelson et al., 2012), and oral
squamous carcinoma (da Silva et al., 2009). USP4 interacts with
and deubiquitylates another E3 ubiquitin ligase for p53, ARF-
BP1/Mule/HUWE, leading to the stabilization of ARF-BP1 and
subsequent reduction of p53 levels. The same authors found that
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FIGURE 1 | Deubiquitylating enzymes (DUBs) emerge as major pharmacological targets. Uncontrolled cell proliferation is one of the hallmarks of cancer.
Recent literature evidence establishes the critical role of DUBs in aspects of cell cycle checkpoint control, associated DNA repair mechanisms and regulation of
transcription, representing pathways altered in cancer. Therefore, DUBs involved in these processes emerge as potentially critical targets for the treatment of not only
hematological, but potentially also solid tumors. Small molecule inhibitors available for a subset of DUBs are indicated in red.
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USP4 is overexpressed in several types of human cancer, and
they suggest that USP4 could be a potential oncogene (Zhang
X. et al, 2011; Xing et al, 2016). In response to oxidative
stress, USP29 binds to and stabilizes p53. Accumulated p53
quickly induces apoptosis under these conditions (Liu et al.,
2011a). OTUBI is a DUB with preference for substrates with
poly ubiquitin K48 linked chains (Mevissen et al., 2013; Altun
et al., 2015) that was reported to suppress MDM2-mediated p53
ubiquitylation (Sun et al., 2012). Interestingly, the mechanism
by which OTUBI controls p53 ubiquitylation is independent of
its DUB activity. OTUBI1 blocks p53 ubiquitylation by MDM?2
by interacting with and inhibiting UbcH5, and E2 conjugating
enzyme for MDM2. Overexpression of OTUBI in cells drastically
stabilizes and activates p53, leading to apoptosis and to a marked
inhibition of cell proliferation in a p53-dependent manner (Sun
etal., 2012). OTUBI is also involved in the inhibition of another
E2 enzyme, UBC13 (Sato et al, 2012). Since UBC13 is the
only E2 involved in the conjugation of K63 Ub chains, this
makes OTUBI an interesting regulator of both, K63 and K48
polyubiquitin chains signals. OTUBI is also an activator of a
very important oncogene in cancer, RAS. Remarkably, OTUB1
deubiquitylates mono- and di-ubiquitylated RAS, independently
of its activation status, resulting in the translocation of the RAS
protein to the plasma membrane where it is normally activated
(Baietti et al., 2016). OTUBLI expression levels are related with

poor prognosis and metastasis in colorectal cancer (Zhou et al.,
2014), ovarian cancer (Wang Y. et al, 2016), non-small-cell
lung carcinomas (Baietti et al.,, 2016), and it has been linked
to resistance to chemotherapy in breast cancer bearing patients
(Karunarathna et al., 2016) and prostate cancer cell invasion
(Iglesias-Gato et al., 2015). Knock-down of USP5, the only
DUB with specificity for unanchored poly ubiquitin, stabilizes
p53 as well. The authors propose a model in which p53 is
selectively stabilized because the unanchored poly ubiquitin that
accumulates after USP5 knockdown is able to compete with
ubiquitylated p53 for proteasomal proteolysis (Dayal et al., 2009).
Another DUB, OTUD?5, interacts and deubiquitylates p53 in
response to DNA damage stress (Luo et al., 2013). PDCD?5 is an
additional factor accumulated upon DNA damage and regulates
the p53 pathway. In a two yeast two-hybrid study to identify
partners of PDCD5 in the presence of genotoxic stress, OTUD5
was found to interact with and stabilize PDCD, thereby unveiling
a dual role for this enzyme in the regulation of the p53 signals
(Park et al.,, 2015). In another two-hybrid study, USP24 was
found to interact with and stabilize DDB2 (UV damage binding
protein; Zhang L. et al., 2012). Posteriori, the same authors
identified an upregulation of USP24 in a number of tumor cell
lines. They found also that USP24 deubiquitylates p53, activating
the PUMA pathway, a regulator of DNA-damage-induced
apoptosis (Zhang L. et al, 2015). Similarly, it was found that
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USP11 deubiquitylates p53 in response to genotoxicity induced
by etoposide (Ke et al, 2014). Other DUBs are linked to
the turn-over of important tumor suppressors and oncogenes.
For instance, oncogenic transformation by the stabilization of
the dual specificity (Tyr/Thr) phosphatase Cdc25A appears
to be controlled by Dub3/USP17 (Pereg et al., 2010). USP17
knockdown does lead to a cell cycle arrest in G1/S and G2/M,
and high levels of USP17 have been observed in lung, colon,
esophagus, and cervix tumor biopsies, underpinning its role in
cell cycle control (McFarlane et al., 2010). USP7 is abundantly
expressed in many cell types and, as mentioned above, it
was shown to deubiquitylate MDM2, thereby modulating p53
stability, but it also has other cellular substrates including
FOXO04, Claspin and FOXO3 (Nicholson and Suresh Kumar,
2011). Knockdown of USP7 leads to cell cycle arrest in Gl
or G2 (Khoronenkova et al., 2012), which is underpinning its
role in controlling several aspects of cell division. The JAMM-
domain containing DUB BRCC36 stimulates activity of BRCAL,
leading to G2/M checkpoint arrest/control (Mallery et al., 2002).
In addition to its role in the p53 pathway, USP28 was also shown
to stabilize the oncogene c-MYC after DNA damage. The same
authors and others found high expression levels of this DUB
in colon, lung, glioma, bladder, and breast carcinomas (Popov
et al,, 2007a,b; Diefenbacher et al., 2014, 2015; Guo et al., 2014;
Wang Z. et al,, 2016). USP36 and USP37 also control the stability
of c-Myc and thereby affect c-Myc oncogene driven cellular
proliferation (Zhang et al., 2006; Pan et al, 2015; Sun et al,
2015).

DUBs AFFECTING CELL CYCLE
REGULATORS

The accumulation and turnover of proteins that regulate the cell
cycle such as cyclins, CDKs, and checkpoint signaling molecules
is highly orchestrated and controlled to ensure the timely
progression through the cell cycle. Inappropriate expression
of one or more of these proteins is a common feature of
virtually all human tumors. A large number of studies have
underscored the importance of E3 ubiquitin ligases and the
role they play in regulating cell cycle components [reviewed
in Li and Jin (2012)]. However, DUBs that counterbalance E3
ligase activity may also be critical in cell cycle progression (Song
and Rape, 2008; Fraile et al, 2012). Indeed, DUB function
is frequently miss- regulated in cancer, and our knowledge
concerning DUB expression and activity during the different
phases of the cell cycle is expanding (for a specific review, see
Lim et al, 2016). The regulation of chromatin structure and
transcription is one of the key mechanisms by which DUBs exert
cell cycle control. DUBs involved in DNA damage checkpoints
are exerting effects on cell cycle progression, and these include
USP1, USP3, USP7, USP10, USP11, USP16, USP21, USP22,
USP28, BRCC36, MYSM1, and BAP1 (Jacq et al, 2013; see
also section above). Another key cell cycle checkpoint is the
one controlling the correct mitotic spindle assembly, and DUBs
such as USP44, CYLD, and USP15 were reported to modulate
this process. USP44 acts as a tumor suppressor by preventing

chromosome segregation errors (Holland and Cleveland, 2012)
via deubiquitylation of the anaphase promoting complex (APC)
coactivator Cdc20 (Stegmeier et al., 2007a), and USP44 deletion
leads to spontaneous tumor formation, preferentially in the
lungs (Zhang Y. et al., 2012). USP15 stabilizes newly synthesized
REST and rescues its expression at mitotic exit (Faronato et al.,
2013). CYLD targets Plkl and contributes to regulating mitotic
entry (Stegmeier et al., 2007b). USP3 modifies chromatin and is
required for S-phase progression (Nicassio et al., 2007). USP2a,
as mentioned above, has been linked to different types of cancer.
In bladder cancer cells, USP2a was found to deubiquitylate
and to stabilize the cell cycle regulator, Cyclin Al, controlling
proliferation of these cells (Kim et al., 2012). Taken together,
~15 (out of ~90) DUBs have been directly linked to molecular
processes of the cell cycle (Figure 1).

WILL DUB INHIBITION WORK IN
CANCER?

Generally, DUB function is linked to most cellular processes,
but in particular appears to cluster around three major pathways
that are commonly deregulated in tumorigenesis. These include
transcriptional and epigenetic control of gene expression,
DDR pathways and cell cycle checkpoint control (Figure 1).
These processes are functionally interconnected, for instance
DNA repair mechanisms that are part of cell cycle control
checkpoints in the transitions from G2 to S and M to cytokinesis.
The associated subset of DUBs are therefore attractive drug
candidates, although so far small molecule inhibitors for only
a few of them have been reported many of them are subject
to intense screening activities (for a comprehensive review,
see Kemp, 2016) including natural compounds (Tsukamoto,
2016). The most relevant DUBs related to these pathways with
existing chemical matter are UCH-L1, USP1, USP7, USP9,
USP14, and UCH-37. Inhibitors of the USP1/UAF complex
have been reported, such as ML323, developed based on a
N-Benzyl-2-phenylpyrimidin scaffold (Liang Q. et al, 2014),
and C527 (SJB3-019A; Mistry et al, 2013). Interestingly,
ML323 was found to sensitize the non-small lung cancer cell
line H596 to cisplatin (Liang Q. et al, 2014). Most efforts
so far have been focused on USP7 (HAUSP), because of its
effect on the MDM2-p53 axis. Reported inhibitors include
Hybrigenix HBX41108/HBX19818, all based on quinazoline core
structures (Colland et al., 2009; Reverdy et al., 2012), Progenra
P22077/P5091 developed from a phenyl-thio-2-thienyl building
block (Altun et al., 2011; Chauhan et al., 2012), but also natural
compounds such as spongiacidin (Yamaguchi et al, 2013).
Most promisingly, the USP7 inhibitor P5091 was shown to be
able to overcome Bortezomib resistance in Multiple Myeloma
cells (Chauhan et al.,, 2012). However, this chemical scaffold
has limited pharmacodynamics properties. A different small
molecule, WP1130 and its improved derivative EOAI3402143
based on second-generation tyrphostin derivatives [initially
identified as Janus-activated kinase (JAK)-signal transducer],
appear to inhibit USP9X and USP24 and consequently
increased Myeloma tumor cell apoptosis in vitro and in vivo
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(Peterson etal., 2015). USP9X affects chromosome alignment and
segregation via ubiquitylation of survivin (Vong et al., 2005), but
has potentially other roles including cell sensitization by affecting
the stability of MCL-1, BCR-ABL, and ITCH (Schwickart et al.,
2010; Kushwaha et al, 2015). Spautin-1, a quinazolinamine
derivative, was characterized as a USP10 inhibitor that to some
extent also targets USP13 (Liu et al.,, 2011b). The resemblance
of the quinazoline chemical core element to USP7 inhibitors
may offer an opportunity to use this scaffold to further develop
inhibitors specific for other USPs.

CLINICAL PERSPECTIVE FOR DUB
INHIBITORS

The USP14 inhibitor IUI and dual inhibitors of USP14/UCHL5
(proteasomal DUBs) such as b-AP15 (D’Arcy et al, 2011),
a bis[(4-nitrophenyl)methylene]-piperidinone derivative or its
more recently developed analog VLX1570 (Wang X. et al., 2015),
show potentially promising effects that could be potentially
translated into the clinic. IU1 appears to accelerate degradation of
protein aggregates (Lee et al., 2010), and b-AP15 also overcomes
Bortezomib resistance in Multiple Myeloma cells (Tian et al,
2014). As a consequence, VLX1570 has now been cleared to enter
Phase I/II for the treatment against Multiple Myeloma patients
for whom every other drug combination failed (Taylor, 2016).
This represents the first DUB inhibitor reaching the clinical
phase, and it is expected that within the next one to two years,
a number of other DUB inhibitor candidates will follow also
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The implementation of decisions affecting cell viability and proliferation is based on
prompt detection of the issue to be addressed, formulation and transmission of a correct
set of instructions and fidelity in the execution of orders. While the first and the last
are purely mechanical processes relying on the faithful functioning of single proteins
or macromolecular complexes (sensors and effectors), information is the real cue, with
signal amplitude, duration, and frequency ultimately determining the type of response.
The cellular response to DNA damage is no exception to the rule. In this review article we
focus on DNA damage responses in G2 and Mitosis. First, we set the stage describing
mitosis and the machineries in charge of assembling the apparatus responsible for
chromosome alignment and segregation as well as the inputs that control its function
(checkpoints). Next, we examine the type of issues that a cell approaching mitosis might
face, presenting the impact of post-translational modifications (PTMs) on the correct
and timely functioning of pathways correcting errors or damage before chromosome
segregation. We conclude this essay with a perspective on the current status of mitotic
signaling pathway inhibitors and their potential use in cancer therapy.

Keywords: cancer therapy, checkpoint, DNA damage, mitosis, phosphorylation, ubiquitylation

INTRODUCTION

Signaling pathways have been initially depicted as linear cascades, with elements organized in a
hierarchical manner and unidirectional arrows connecting a stimulus to the final response through
a defined number of intermediates (Rodbell, 1980). The advent of systems biology, following
completion of animal and plant genome sequencing, has changed this view. The amount of
information available today allows to more realistically depict signaling pathways as networks,
where the arrangement of components (nodes) is such that some are more connected than others
in a so-called scale-free topology, and where sets of components are organized in modular fashion,
with a clear hierarchy among modules (Barabasi and Oltvai, 2004). Such architecture has been
shown to ensure fault tolerance (robustness) in response to challenges (Barabdsi and Oltvai, 2004;
Zhu et al., 2007). Corollary to system-level approaches has been the development of mathematical
models where the fluctuation of variables as it actually occurs in defined biological systems can be
computed, hence realistically representing the dynamic flow of information in signaling networks
(Samaga and Klamt, 2013; Gerard et al., 2015).

The descriptive power of systems biology and its ability to predict scenarios do not, however,
dwarf the contribution of reductionism when it comes to identification of network components
and to dissection of their molecular mechanism of action, including elucidation of the inputs
that affect their sub-cellular localization, the interaction with partner proteins and biochemical
properties such as stability and enzymatic activity. It is only thanks to the wealth of information
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provided by reductionist approaches that rational design of small
molecule inhibitors able to interfere with the correct functioning
of networks could be successfully guided (Asghar et al., 2015).
Since the constitutive elements of network modules hierarchically
relate to each other, modification of structural or enzymatic
traits of one or more elements in a network will necessary
affect network properties and result in outputs that are directly
observable. Protein post-translational modification (PTM), in
form of covalent addition of chemical groups or entire peptidyl
moieties to one or more amino acids of a protein target, is
the means to rapidly and, in most cases, reversibly affect such
traits. The hierarchical, synergistic or antagonistic combination
of PTMs defines a code that translates into distinct outputs,
hence contributing to shape the emergent properties of complex
systems like living organisms (Lorenz et al., 2011).

In this review, we focus on mitosis and examine how DNA
damage occurring during transition through mitosis is addressed
to avoid genome instability. Special emphasis will be set on the
impact of PTMs on mechanisms of genome surveillance. We
conclude with an up-to-date perspective on drugs designed for
therapeutic purposes and that entered clinical trials.

MITOSIS AND CHECKPOINTS

Transition through the cell cycle sets the conditions for cell
division. This results in the generation of two daughter cells
genetically identical to the mother, according to a principle
originally formulated by Rudolf Virchow who first made such
observation in 1858 and stated that every cell derives from a
pre-exiting cell, “omnis cellula e cellula” (Mazzarello, 1999). The
major events characterizing transition through the cell cycle are
cell growth, by which means cells increase their size and the
number of organelles, and duplication of genetic material in S-
phase. If not perturbed, upon completion of DNA replication
cells enter mitosis, a term that originally described nuclear
division (Mazzarello, 1999). Perturbations of this program
may be caused by external agents such as ionizing radiation
or certain chemotherapeutic drugs as well as by endogenous
metabolic processes, leading to the formation of double-
strand breaks (DSBs). Inappropriate repair of DSBs may cause
gross chromosomal aberrations, the activation of oncogenes
or the inactivation of tumor suppressor genes resulting in
carcinogenesis. Direct demonstration of the importance of
surveillance pathways in the maintenance of genome stability
(Hanahan and Weinberg, 2011) is provided by genetic conditions
characterized by dysfunction of the machinery that signals DNA
damage and/or addresses its repair, which are associated with a
predisposition to the development of cancer (Curtin, 2012).

Mitosis

Mitosis is probably the most spectacular event a cell undergoes
to during its lifetime and it is essentially the process by which
the duplicated genetic information is equally distributed to the
daughter cells. Morphological changes that are easily observable
with a microscope allow distinguishing sub-phases of mitosis
consisting of prophase, metaphase, anaphase and telophase.
These are followed by cytokinesis, ultimately causing physical

separation of the daughter cells. The use of suitable model
organisms and the support provided by modern technology
has led us to a deep understanding of mechanistic aspects
and regulatory pathways controlling the onset, execution and
completion of mitosis. Briefly, in S-phase newly synthesized
DNA emerging behind replication complexes that processively
move on template DNA is maintained catenated throughout its
length by ring-shaped cohesins and sister chromatids are held
together at the centromeric region where kinetochores have been
assembled (Kenney and Heald, 2006; Walczak et al., 2010). As
cells move to prophase, chromatin condensation takes place,
leading to the formation of visible rod-shaped structures, with
a reduction of the length of DNA to an extent compatible with
the distance that chromatids cover when moving to the opposite
poles of the mitotic spindle (Walczak et al., 2010). Chromatin
condensation results from the action of a multi-subunit protein
complex called condensin, whose recruitment and activity
are positively controlled by phosphorylation through CDKI,
Aurora-B and PLKs and opposed by phosphorylation through
CK2 (Hirano, 2012). Topoisomerase II, which undergoes
phosphorylation and sumoylation in mitosis (Dephoure et al.,
2008; Hendriks et al., 2014), ensures decatenation of sister
chromatids prior to condensation (Hirano, 2015). Segregation
of compacted chromosomes is initially prevented by cohesins
(Peters et al., 2008) that are controlled by a combination of PTMs
at lysine residues involving acetylation and sumoylation (Rudra
and Skibbens, 2013) and are first removed at chromosome arms
during prophase through PLK1-mediated phosphorylation (Hauf
etal., 2005). At this time centromeric regions are protected by the
protein shugoshin that, through recruitment of the phosphatase
PP2A, counteracts PLK1 activity (Kitajima et al., 2006; Liu et al.,
2013b). Construction of the mitotic spindle is the necessary step
for physical separation of chromatids, with different strategies
employed in distinct organisms to promote microtubule-to-
kinetochore contacts (Boettcher and Barral, 2013). Microtubules
forming the cell’s cytoskeleton are disassembled in late prophase
and highly dynamic microtubules radiate at this point from
mature centrosomes or self-organize around chromosomes
(Heald et al., 1996, 1997; Karsenti and Vernos, 2001), driving
migration of centrosomes to opposite poles of the cell (inter-polar
microtubules), anchoring centrosomes to the plasma membrane
and positioning the spindle (astral microtubules) and initiating
the capture of chromosomes (kinetochore microtubules). All
these events are controlled by mitotic kinases (Nigg, 2001;
Walczak et al., 2010).

In prophase, more than 100 proteins assemble around each
centromeric region forming the kinetochore, while in the
cytoplasm pairs of centrioles that have duplicated during S phase
remain linked together at the proximal ends by a proteinaceous
link containing C-Napl and rootletin, which is removed at
mitotic entry through NEK2-mediated phosphorylation (Bahe
et al, 2005; Hardy et al, 2014). Microtubule-chromosome
interactions are characterized by the dynamic process of capture
and release of erroneous attachments, as for instance merotelic
attachments, which defines the condition of a single kinetochore
being attached to microtubules nucleated from opposite
spindle poles. Such interactions are principally regulated by
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Aurora-B-mediated phosphorylation of kinetochore components
(Cheeseman, 2014), occur in prometaphase and metaphase, and
largely affect the duration of these sub-phases (Pereira and
Maiato, 2012). The subsequent chromosome congression to the
spindle equator (metaphase plate) is coordinated by the action
of motor proteins such as dynein and CENP-E, the latter being
controlled by an Aurora-A/PP1l-dependent phosphorylation
switch (Kim et al.,, 2010), and is followed by a process called
bi-orientation, where kinetochores of sister chromatids attach
to microtubule bundles that have nucleated from opposite
centrosomes (Tanaka et al., 2005). Upon congression of all sister
pairs to the metaphase plate, licensing of a multimeric E3-
ligase, the anaphase promoting complex/cyclosome (APC/C),
ensues and leads to ubiquitylation and degradation of proteins
such as Cyclin B, switching off CDK1 activity, and securin,
freeing the enzyme separase that is now able to cleave and
remove centromeric cohesins (Sivakumar and Gorbsky, 2015).
This point marks the metaphase-to-anaphase transition where
mechanical processes, consisting of inter-polar microtubule
elongation and kinetochore microtubule shortening, as well as
biochemical events mediated by the action of APC/C, determine
the movement of chromatids to spindle poles (Castro et al., 2005;
Goshima and Scholey, 2010). The process is completed by re-
establishment of the nuclear membrane around decondensing
chromosomes at telophase and is followed by physical separation
of daughter cells, or cytokinesis (Pines and Rieder, 2001), assisted
by the action of an acto-myosin contractile ring (ID’Avino,
2009).

G2/M Checkpoint

Entry and transition through mitosis is highly controlled by
molecular constrains (checkpoints) that have evolved to prevent
genomic instability and consist of the G2/M and the spindle
assembly checkpoints. The G2/M checkpoint prevents mitotic
entry to cells that have suffered DNA damage during G2 or
that have progressed into G2 with unrepaired DNA lesions
from previous cell cycle phases. Final target of the G2/M
DNA damage checkpoint is CDKI1, the master regulator of
mitosis. The cascade of phosphorylation events impinging on
CDK1 is briefly sketched below. Signals from unfinished DNA
replication (through ATR/CHKI), damaged DNA (through
ATM/CHK2) or DNA resected at sites of damage (through
ATR/CHK1), activate the kinases WEE1/MYT1 that, in turn,
phosphorylate T4 and Y;5 in the Gly-rich P-loop of CDKI1,
causing inhibition of enzymatic activity (Heald et al., 1993;
Figure 1). Phosphorylation at these sites does not impair ATP
binding, neither sterically nor by electrostatic repulsion (Gould
and Nurse, 1989), but rather hampers catalysis (Atherton-Fessler
et al., 1993). Additionally, WEE1 enforces the signal of “NO-
entry” into mitosis by inactivating CDC25 (Donzelli and Draetta,
2003), the phosphatase responsible for CDK1 dephosphorylation.
Specifically, CHK1-dependent phosphorylation of CDC25A at
Ser1,4/Thrsg; and of CDC25C at Ser;16 mediates interaction with
14-3-3 proteins that, in turn, displace the phosphatases from
the nucleus, a mechanism that appears to be the primary way
to inhibit the function of these two phosphatases during G;
and mitosis (Uto et al., 2004). On the other hand, inhibition of

CDC25B, the phosphatase mediating activation of CDK1/Cyclin
B at centrosomes during prophase, has been extensively studied
in relation to its mitotic role (Gabrielli et al., 1996) but is
less characterized in the context of the DNA damage response.
Factors upstream of CDC25 or Cyclin B/CDKI, such as the Polo-
like kinases PLK1 and PLK3 (Nyberg et al., 2002; Bahassi el et al.,
2006), Aurora-A (Ferrari et al., 2005; Krystyniak et al., 2006;
Bhatia et al., 2010) and protein phosphatase PP2A (Yan et al.,
2010) are also part of the G2/M checkpoint signaling network.
Maintenance of the G2/M checkpoint activation partly relies on
transcriptional regulation by p53 that induces transcription of
the cell-cycle inhibitor p21¢""1/WAFL "and on expressions of 14-
3-3s (a scaffold and signaling protein), PUMA (BCL2 binding
component 3), BAX (BCL2 partner and apoptotic activator)
and GADDA45 (growth arrest and DNA-damage-inducible gene)
(Nyberg et al., 2002; Riley et al., 2008). Upon completion of DNA
synthesis or repair of damage, signals from WEEI1 cease, resulting
in progressive dephosphorylation and reactivation of CDC25C.
The latter, in turn, initiates selective dephosphorylation of the
inhibiting sites in CDK1 (Izumi and Maller, 1993), creating an
auto-catalytic loop in which CDK1- (Hoffmann et al., 1993;
Strausfeld et al., 1994) and Polo-like kinase 1 (PLK1)-dependent
CDC25C phosphorylation (Strausfeld et al., 1994; Toyoshima-
Morimoto et al., 2002) increase phosphatase activity leading to
full dephosphorylation and activation of CDKI. As a result, the
checkpoint is silenced and cell cycle progression ensues.

Spindle Assembly Checkpoint

The spindle assembly checkpoint (SAC) ensures that
chromosomes  are  properly  bi-oriented,  preventing
missegregation that would otherwise result in aneuploidy
(Musacchio and Salmon, 2007). Target of the SAC is the APC/C,
an E3 ubiquitin ligase composed of approximately 15 subunits,
which binds its substrates by recognizing so-called degron
sequences (Pines, 2011). APC/C is activated in mitosis by its
co-activators CDC20 and CDHI1 in a Cyclin B/CDK1-dependent
manner (Wieser and Pines, 2015) and works in tandem with
two distinct E2 conjugating enzymes: UBCH5 or UBCHI10
that add the first ubiquitin moiety to APC/C substrates, and
UBE2S that extends the chain (Rodrigo-Brenni and Morgan,
2007; Garnett et al., 2009) mediating preferentially the formation
of Kjj-linked ubiquitin chains (Wu et al., 2010; Bremm and
Komander, 2012). K;;-chains show a distinct fold with respect
to Kyg- or Kgz-linked ubiquitin (Matsumoto et al.,, 2010). A
phosphorylation-dependent switch controls timely activation of
the E2 UBE2S by the APC/C complex, whereby phosphorylation
of Serg; in CDC20 prevents delivery of UBE2S to the APC/C,
and its dephosphorylation by PP2AB® allows UBE2S to bind
the APC/C, catalyzing ubiquitin chain elongation (Craney et al.,
2016).

Major players of the SAC are Madl, Mad2, Bubl,
BubR1/Mad3, Bub3, and Mpsl, proteins that essentially
monitor kinetochore—microtubule attachments and convert
this to signals that inhibit metaphase-to-anaphase transition
(Cheeseman, 2014). The main trigger of signals from SAC is
Mad2, a protein that can assume an “open” (inactive) or a “close”
(active) conformation. Mechanistically, the closed conformation
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FIGURE 1 | DNA damage response in G2. Upon generation of double strand breaks (DSBs), ATM is recruited to DNA ends in a MRN-dependent manner.
Phosphorylation of H2AX creates epitopes facilitating the recruitment of DNA damage signaling and repair factors in a manner that depends on PTMs such as
ubiquitylation and sumoylation (see text for details and Bologna and Ferrari, 2013). Successful activation of ATM-dependent signals causes controlled resection of
DNA ends that, in turn, trigger ATR-dependent pathways. The latter converge with the former on the master regulator of mitosis, CDK1, blocking its activity.
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into which Mad2 folds once bound to kinetochores that are
improperly attached to spindle microtubules is induced in further
neighboring Mad2 molecules that diffuse away from kinetochores
and associate with BubR1 and Bub3 forming the so-called mitotic
checkpoint complex (MCC). The latter binds and sequesters
the first co-activator of APC/C, Cdc20, in an MPS1-dependent
manner (Wieser and Pines, 2015), blocking degradation of
securin and effectively arresting cells in metaphase (Cheeseman,
2014; Sivakumar and Gorbsky, 2015). The kinases Aurora-B,
CDKI1 and PLK1 participate in regulating kinetochore function,
with Aurora-B-dependent phosphorylation of Ndc80 N-
terminus reducing the microtubule-binding affinity of the Ndc80
complex and eliminating incorrect kinetochore-microtubule
attachments (Cheeseman et al., 2006). PLK1 associates and
regulates several kinetochore proteins, including those localized
in the inner centromere like CENP-U, phosphorylation of
which facilitates PLK1 recruitment to the kinetochore (Kang
et al,, 2006), and PLK1-interacting checkpoint helicase (PICH)
that binds the kinase through its Polo-box domain (Baumann
et al.,, 2007). Once appropriate attachment is established (i.e.,
bi-orientation) such that sufficient tension is created and the

kinase is spatially separated from its substrates (Liu et al., 2009),
PP1 dephosphorylates Aurora-B targets (Cheeseman, 2014), with
additional support from PP2A (Foley et al., 2011). Satisfaction of
the checkpoint upon appropriate bi-orientation of chromosomes
triggers the metaphase to anaphase transition.

CHALLENGES TO THE GENOME AND
RESPONSES IN MITOSIS

In order to preserve the integrity of information contained
in the genome, DNA is continuously monitored by proteins
that recognize distinct types of damage. Such proteins or
protein complexes—so called sensors—inform signal transducers
that, in turn, prompt effectors to orchestrate repair of the
damage (Bologna and Ferrari, 2013; Jackson and Durocher, 2013;
Dantuma and van Attikum, 2016). In parallel, transducers trigger
checkpoint pathways impinging on key cell cycle controllers
(see above) that ultimately slow down or arrests transition
through the cell cycle (Kastan and Bartek, 2004). Inappropriate
detection or untimely repair of DNA damage before the onset
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of mitosis may lead to chromosome breaks, rearrangements or
fusions—comprehensively know as “structural abnormalities”—
that facilitate the development of cancer (Branzei and Foiani,
2010; Curtin, 2012) and have been focus of intense research in
the last decades (Aguilera and Garcia-Muse, 2013).

DNA repair involves chromatin remodeling that, in turn,
facilitates binding of repair factors to the region(s) where the
lesion occurred (Aydin et al., 2014). This sequence of events has
been observed during transition through the cell cycle, when
the DNA repair machinery called to action faces simple or
more challenging tasks, depending on whether damage is in
euchromatin or in heterochromatin (Lemaitre and Soutoglou,
2014). It appears, however, that DNA damage responses operative
till completion of G2 and mediated through checkpoint kinases
converging on WEE1 and CDK1 (Boddy et al., 1998; Smith et al.,
2010; Figure 1), must be blocked at the time of chromosome
condensation and segregation. In cells carrying a wild type
complement of checkpoint genes, entry into prometaphase
with ensuing chromosome condensation and nuclear envelope
breakdown defines a point of non-return and puts an end to the
checkpoint that was operative in G2.

Termination of activities on DNA in mitosis is exemplified
by the repression of transcriptional activity (Martinez-Balbas
et al., 1995) that occurs through a passive process, consisting
in limited access of transcription machinery to compacted
chromatin, and an active mechanism, entailing CDK1-dependent
phosphorylation of its components (Gottesfeld and Forbes,
1997). Similar mechanisms control DNA repair proteins, to
avoid that active DSB repair during mitosis may result in
telomere fusions, aneuploidy (Cesare, 2014; Orthwein et al,
2014) and whole chromosome missegregation through collateral
stabilization of kinetochore-microtubules interactions (Bakhoum
et al,, 2014). Indeed, it was observed that in the absence of
genotoxic stress, DNA repair proteins are phosphorylated in
mitosis in a CDK- or PLK1-dependent manner to exclude them
from chromatin (Figure 2). This is the case for BRCA2 (Lee
et al., 2004), RAP80 (Cho et al., 2013), 53BP1 (Orthwein et al.,
2014; Benada et al., 2015), RNF8 (Orthwein et al., 2014) and
XRCC4 (Terasawa et al,, 2014), to mention just few examples.
RNF8, a well-characterized E3 ubiquitin ligase recruited to sites
of damage through interaction of its N-terminal FHA domain
with phosphorylated MDC1 and HERC2 (Bologna and Ferrari,
2013), the latter acting as coordinator of ubiquitin-dependent
assembly of DNA repair factors (Bekker-Jensen et al., 2010), is
phosphorylated by mitotic kinases to suppress its interaction
with MDC1 (Orthwein et al., 2014). In the case of 53BP1,
phosphorylation of two residues within the ubiquitylation-
dependent recruitment (UDR) motif of 53BP1 in mitosis blocks
binding to K;s5-ubiquitylated histone H2A, thus impairing its
recruitment to foci (Benada et al., 2015). On the other hand,
PP4C/R3B-mediated dephosphorylation of these sites in Gl
re-establishes 53BP1 binding to chromatin (Lee et al., 2014).
In the case of BRCA2, PLKI-dependent phosphorylation at
S193,205,206 and Tzg3 207 causes dissociation from the histone
acetyltransferase protein p300/CBP-associated factor (P/CAF)
(Lin et al., 2003), and CDK-dependent S3,9; phosphorylation at
the onset of mitosis inhibits BRCA2-mediated stabilization of

RAD5I nucleofilaments that are normally generated at sites of
recombination (Esashi et al., 2005).

Shutting off repair in mitosis, however, does not imply
that DNA damage is ignored if it occurs in this phase of
the cell cycle. Evidence obtained in early studies conducted in
vertebrate somatic cells showed that chromosome fragmentation
caused by irradiation at the beginning of mitosis persisted till
anaphase (Zirkle and Bloom, 1953), possibly indicating that
repair pathways were not activated in this period of time. On
the other hand, recent studies on the outcome of laser irradiation
of mitotic chromosomes indicated that DNA damage response
is triggered within 30s from the treatment (Gomez-Godinez
et al., 2010). Studies in the budding yeast S. cerevisiae, where
activation of a dicentric chromosome was used to introduce a
double strand DNA break into a chromosome at mitosis, showed
that cells paused in mid-anaphase, triggering RAD9-dependent
events that were reminiscent of a DNA damage response (Yang
et al., 1997). Subsequent work conducted in yeast, where cells
were irradiated in mitosis, showed that stabilization of Pdsl,
an anaphase inhibitor and APC/Cdc20 target, led to delay of
anaphase and mitotic exit, facilitating repair of damage (Tinker-
Kulberg and Morgan, 1999). Delay of the metaphase-to-anaphase
transition was also reported for Drosophila embryos undergoing
irradiation or being treated with methly metane sulfonate (MMS)
and it was shown to depend on the stabilization of Cyclin A (Su
and Jaklevic, 2001). Mitotic DNA damage in X. laevis and DT40
cells was shown to prevent spindle assembly in an ATM/ATR-
dependent manner (Smith et al., 2009), and proposed to be
an additional means to monitor chromosome breaks that have
escaped the G2/M checkpoint.

It has been reported that eukaryotic cells are able to delay the
execution of mitosis or, in some instances, reverse progression
through mitosis, in response to DNA damage (Rieder and
Cole, 1998) or microtubule poisons (Rieder and Cole, 2000)
administered in antephase, a time when microscopic changes
in the cell are not yet detectable and that physically spans
from the conclusion of G2 to the initiation of chromosome
condensation (Chin and Yeong, 2010). The same response was
observed upon damage caused in early prophase (Rieder and
Cole, 1998). In antephase, cells activate a checkpoint that is not
mediated by PI-3K-like kinases such as ATM but rather depends
on two proteins, the CHFR E3-ubiquitin ligase (Matsusaka and
Pines, 2004; Shinde et al., 2013) that principally catalyzes poly-
ubiquitylation of its substrates via Kyg and Kegz (Kang et al.,
2002; Bothos et al., 2003; Oh et al., 2009) and is involved
in the first wave of ubiquitylation at DNA damage sites (Liu
et al., 2013a), and the Pro-directed p38 MAPK (Mikhailov
et al., 2004; Figure 2). Cells containing a wild-type antephase
checkpoint undergo chromosome decondensation and revert to a
G2-like state (Rieder and Cole, 1998; Matsusaka and Pines, 2004),
whereas cells lacking a functional CHFR progress into mitosis
(Scolnick and Halazonetis, 2000). Extensive damage occurring
upon completion of antephase does not normally cause reversion
to an early stage of the cell cycle but rather triggers mitotic arrest
through activation of SAC (Mikhailov et al., 2002, 2004; Choi
and Lee, 2008), the only mechanism left in the arsenal of cells at
this point of the cell cycle. SAC, however, does not orchestrate
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FIGURE 2 | DNA damage response in mitosis. Irradiation of cells in antephase or in early prophase triggers a response that is independent of PI-3K-like kinases
such as ATM but rather depends on the E3-ubiquitin ligase CHFR and the stress-response kinase p38MAPK. On the other hand, irradiation of cells in late prophase or
in metaphase leads to a curtailed DNA damage response. Ultrafine anaphase bridges, caused by improper resolution of replication or recombination intermediates,
are addressed by the coordinated action of the helicases PICH and BLM supported by RIF1 (see text for details).
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repair of damaged DNA but monitors that distribution of
chromosomes to daughter cells occurs equally, hence avoiding
aneuploidy. As mentioned above, SAC is active at kinetochores
where the state of microtubule attachment is monitored, and
signaling pathways preventing anaphase remain active as long
as mono-oriented or incorrectly attached kinetochores are
detected (Mikhailov et al., 2002; Cheeseman and Desai, 2008).
Observations made in yeast (Pangilinan and Spencer, 1996) and
in mammalian cells (Mikhailov et al., 2002) indicate that altering
the topology of chromatin, particularly at regions that affect
kinetochore structure, prevents satisfaction of SAC and delays
transition through mitosis. These studies showed that ATM-
dependent pathways (Mikhailov et al, 2002) or DDR genes
(Pangilinan and Spencer, 1996) are not involved in the response
to chromosome damage and that the metaphase block can be
rapidly overridden by dominant-negative Mad2 (Mikhailov et al.,
2002). However, a study addressing the effect of decatenation
inhibitors (topoisomerase-II inhibitors) on nocodazole-arrested
cells described a number of ATM-dependent events in response
to these drugs, including H2AX phosphorylation, CDKI1
inactivation, histone H3 dephosphorylation and chromosome

decondensation, paralleled by stabilization of Cyclins A and
B1, with cells apparently unable to exit mitosis (Chow et al,
2003). Studies conducted in our laboratory on cells that
were synchronized in mitosis without disturbing microtubule
dynamics, hence without “pre-sensitizing” cells by activation
of stress responses that are known to increase levels of
yH2AX (Giunta et al, 2010), and that we treated with
ionizing radiation at metaphase, showed CHK2 activation,
rapid inhibition of CDK1 and Aurora-A activities accompanied
by reactivation of PP1, increased APC/CDHI E3-ubiquitin
ligase activity and chromosome decondensation (Bhatia et al,
2010). Our data clearly showed that metaphase-irradiated cells
completed mitosis at the expenses of genome stability, displaying
increased chromosome segregation defects and the formation of
micronuclei (Bhatia et al., 2010).

A comprehensive study that assessed entity and amplitude
of the DDR in mitosis by scoring formation of IR-induced
foci (IRIF) and comparing mitotic to interphase cells concluded
that only a subset of IRIF could form in mitosis, namely
those comprising y-H2AX, NBS1 and MDC1, but not RNFS,
RNF168, BRCA1 or 53BP1 (Giunta et al, 2010) as also
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confirmed by others (Nelson et al, 2009). Exclusion of
RNF8 and 53BP1 from chromatin was shown to be the
consequence of phosphorylation by mitotic kinases (see above)
(Orthwein et al., 2014) and association of 53BP1 to IRIF
was observed only upon nuclear envelope reformation around
decompacting chromosomes in telophase (Giunta et al., 2010;
Figure 2).

Specifically regarding ATM, its activation has been examined
in mammalian cells both during undisturbed transition through
mitosis or upon stress. In the absence of DNA damage, the
kinase Aurora-B phosphorylates ATM on Sj43 in mitosis,
and abrogation of this event was shown to impair signaling
through the spindle assembly checkpoint (Yang et al., 2011).
Administration of taxol, a drug suppressing microtubule
dynamics and causing mitotic stress, was reported to trigger
ATM activity, though none of the known ATM targets in DDR
such as SMC-1, NBS-1 or CHK-2 was phosphorylated under
these conditions (Shen et al., 2006). DNA damage response-
related roles for ATM in mitosis were inferred from early
observations made in lymphoblastoid cells derived from A-T
patients, which displayed a defective SAC upon treatment with
radiation (Takagi et al., 1998; Shigeta et al., 1999). Another report
described the activation of ATM in response to chromosomal
breaks generated during mitotic catastrophe (Imreh et al,
2011). ATM activation was also examined upon irradiation of
cells synchronized in mitosis with drugs that interfere with
microtubule polymerization. Under these conditions, ionizing
radiation triggered ATM activity, though CHK2 failed to fire and
cells remained in mitosis with elevated phosphorylation at MPM-
2 epitopes, indicative of high CDK1 activity. Mechanistically, the
absence of a productive DDR signal following ATM activation
was proposed to result from PLK1-dependent phosphorylation of
CHK?2, with 53BP1 acting as platform to bring PLK1 and CHK2
in close proximity (van Vugt et al., 2010; Figure 2).

As a whole, these studies confirm that ATM can fire when
the minimal requirement for its activation is satisfied, namely
the presence of exposed double-stranded ends (You et al., 2007),
independently on the cell cycle position, though a productive
DDR downstream of ATM seems not to be triggered in early
mitosis.

In addition to DNA damage occurring during transition
through mitosis, cells reaching mitosis are confronted with
other problems: these are the structures resulting from
incomplete DNA replication, improper resolution of replication
intermediates or unresolved intermediates of homology-directed
repair carried over from S-phase (Liu et al., 2014). Such structures
become a threat at the time of chromosome segregation
since they can cause sister chromatid entanglement and non-
disjunction (Gelot et al., 2015). Incomplete DNA replication
occurs at regions encompassing so-called “replication barriers.”
Predominant among those are common-fragile sites (CFSs)
(Durkin and Glover, 2007), cytologically defined as segments in
metaphase chromosomes displaying brakes at runs of flexible AT-
rich repeats (Aguilera and Garcia-Muse, 2013). CFSs constitute
up to 80% of the breakpoints that lead to the gross chromosomal
rearrangements (GCRs) observed in precancerous cells (Bartkova
et al., 2006). Part of under-replicated CFSs observed in cells

at anaphase remain connected through thin threads of DNA
called ultrafine bridges (UFBs) (Liu et al., 2014). To avoid DNA
breaks resulting from segregation of incompletely replicated
chromosomes, these structures are addressed before cell division.
It has been observed that BLM, along with topoisomerase IIla,
RMI1, RMI2 (BTRR complex) and PICH (PLKI-Interacting
Checkpoint Helicase), coat anaphase UFBs (Baumann et al.,
2007; Chan and Hickson, 2009; Chan et al, 2009; Naim
and Rosselli, 2009; Figure2). An earlier report on BLM
phosphorylation by MPSI, facilitating accurate chromosome
segregation (Leng et al., 2006), anticipated the important role
played by this DNA helicase in mitosis. BLM recruitment to
UBFs is facilitated by FANCD2, a key component of the Fanconi
Anemia pathway, which was shown to form sister foci in mitosis
(Naim and Rosselli, 2009; Harrigan et al., 2011; Lukas et al,
2011; Figure2) and be necessary to prevent the generation
of micronuclei (Naim and Rosselli, 2009). The SNF2 ATPase
family member PICH plays an essential role at kinetochores
and the inner centromere, as demonstrated by studies in which
PICH depletion caused loss of Mad2 from kinetochores and
abrogated the spindle checkpoint, events that were followed
by chromosome missegregation (Baumann et al., 2007). Also
PICH was proposed to help recruiting the BTRR complex at
UFBs, cooperating to the resolution of DNA bridges by the end
of anaphase (Liu et al., 2014; Figure 2). A recent addition to
the pool of proteins present at UFBs is RIFI, ortholog of a
yeast telomeric protein. RIF1 is recruited to UFBs in a PICH-
dependent manner but independently of 53BP1, ATM or BLM,
and phosphorylation by CDK1 restricts its ability to bind DNA
at anaphase (Hengeveld et al., 2015). In addition to the BTRR
complex, the Holliday Junction resolvases SLX1-SLX4-MUS81-
EME1 (SLX-MUS complex) and GEN1 (Wyatt et al., 2013;
Chan and West, 2014) contribute to process structures caused by
under-replication at CFSs (Naim et al., 2013; Ying et al,, 2013).
The SLX-MUS complex cooperates with TopBP1, a scaffold
protein composed of nine BRCT domains and recruited at sites
of DNA damage in a 9-1-1-dependent manner (Delacroix et al.,
2007; Lee et al., 2007; Wardlaw et al., 2014). TopBP1 is necessary
for ATR activation (Kumagai et al., 2006), colocalizes with RPA
and FANCD?2 (Pedersen et al., 2015) forming foci on condensing
chromatin through its BRCT5 domain, and recruits TOP2A to
help resolving DNA entanglements between sister chromatids
(Broderick et al., 2015). CDK1-dependent phosphorylation of
EMEL in the MUS81-EMEL1 structure-specific endonuclease,
promoting interaction with SLX1-SLX4, controls the resolution
of DNA recombination intermediates in mitosis (Matos et al.,
2011; Matos and West, 2014). Proteome-wide studies have
identified a number of ubiquitylation sites in GEN1, MUS81,
EMEL, TopBP1 (Kim et al., 2011; Wagner et al., 2011; Mertins
et al,, 2013), though the biological function of such PTM and its
eventual connection with mitotic functions of these proteins has
not been addressed to date. Finally, human GENT acts as back up
to the above-mentioned machinery at anaphase, moving in place
and gaining access to DNA after nuclear envelope breakdown
(NEB) (Wechsler et al., 2011; Chan and West, 2014; Sarbajna
etal., 2014). For the yeast homolog of GEN1, Yenl, it was shown
that activity and access to the nucleus depend on a reversible
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CDK1/Cdc14 phosphorylation switch (Eissler et al., 2014; Matos
and West, 2014).

In addition to the role of the above mentioned scaffold
proteins in tethering nucleases to UFBs to the end of resolving
DNA bridges in anaphase, unscheduled DNA synthesis at
UFBs marked by TopBP1 (Pedersen et al, 2015) or SLX4
(Minocherhomyji et al., 2015) has been reported and interpreted
as an attempt to fill-in unreplicated regions, hence restoring
genome integrity before cell division.

In case lesions generated by replication stress remain
unrepaired, they are passed to daughter cells in a manner that
shelters them from further damage through sequestration in
53BP1 nuclear bodies, thus allowing repair in the next cell cycle
(Lukas et al.,, 2011). In the presence of extensive damage that
remains unaddressed, cells experience sudden mitotic death also
known as mitotic catastrophe (Morrison and Rieder, 2004; Vitale
etal., 2011).

We have mentioned above that the DNA damage checkpoint
is in place to facilitate DNA repair by blocking transition from
G2 to M (Figure 1). A non-trivial consequence of prolonged
arrest before mitosis is centrosome amplification, an event
that is observed with high incidence in cancer cells carrying
mutations of DNA repair genes. This event, which is alleviated
upon bypass of the checkpoint in a manner that is only
partially dependent on ATM, was postulated to be a mechanism
ensuring death of cells that manage to evade the G2/M
checkpoint or the SAC (Dodson et al.,, 2004). The metaphase-
to-anaphase transition is a critical cell cycle stage during
which chromosome missegregation may occur. Loss or gain
of entire chromosomes—known as “numerical abnormalities”—
resulting from chromosome missegregation during mitosis, is a
characteristic of tumors known from more than a century and
described as “aneuploidy” (Pellman, 2007). Mechanisms leading
to aneuploidy have been amply reviewed elsewhere (Holland and
Cleveland, 2009) and comprise (i) defective attachment of sister
chromatids to spindle microtubules (merotelic attachment),
often linked to centrosome amplification, (ii) malfunction of the
spindle assembly checkpoint and (iii) defects in chromosome
cohesion.

Key to a fully-fledged response to DNA damage is the
network of signals that orchestrate assembly of DNA repair
proteins at sites of damage and informs the cell cycle machinery.
Ultimate target of G2/M checkpoint pathways is CDKI, the
master regulator of mitosis (see “Mitosis and Checkpoints”)
that is maintained in an “OFF” status by direct negative inputs
(WEE1L) and inactivation of its positive regulators (CDC25),
in conjunction with modulation of other enzymatic activities
such as those of the kinases PLKI1 (Smits et al., 2000),
Aurora-A (Krystyniak et al, 2006) and protein phosphatase
PP2A (Yan et al, 2010; Figurel). The budding yeast S.
cerevisiae represents a notable exception in this respect.
Whereas in high eukaryotes CDKs have acquired specific
functions throughout evolution, with CDK1 being the master
controller of mitosis and undergoing immediate inhibition
in an ATM/ATR-CHK1/CHK2-dependent manner upon DNA
damage, S. cerevisiae possesses only one Cyclin-dependent
kinase, Cdc28, controlling pathways and transitions in all phases

of the cell cycle and whose activity depends on interaction with
different Cyclins (Enserink and Kolodner, 2010). As opposed to
CDKI, budding yeast Cdc28 is not inhibited by DNA damage
response pathways, since the status of Tyrj9 phosphorylation
in the P-loop of Cdc28 is not a determinant for entry into
mitosis (Amon et al., 1992). The key control of budding yeast
mitosis is operative at the metaphase-to-anaphase transition,
where degradation of the Esp1 (separase) inhibitor Pds1 (securin)
allows cleavage of the Sccl subunit in the cohesin complex and
separation of the sisters (Ciosk et al., 1998; Sanchez et al., 1999).
Hence, in yeast, mitotic arrest in response to DNA damage occurs
in metaphase and depends on the abundance of Pdsl (Sanchez
et al., 1999). This mechanism liberates Cdc28 of the control
that CDK1 undergoes to in higher eukaryotes. Contrary to rapid
inhibition upon DNA damage, Cdc28 is absolutely required
in DDR and participates to the control of genome stability
(Enserink et al., 2009). Cdc28 triggers homologous directed
repair of DSBs through phosphorylation of Sae2 (Huertas et al.,
2008), prompting initial resection of DNA ends (Ira et al., 2004),
and other components of error-free repair pathways such as Dna2
(Ubersax et al., 2003) and Srs2 (Chiolo et al., 2005; Saponaro
et al,, 2010). Interestingly, Cdc28 targets such as Sae2 are also
phosphorylated by classic DDR kinases, whereby mutation of
phosphorylation sites for either set of kinases hampers repair
and recombination functions of the protein (Baroni et al,
2004).

Hence, the rapid inactivation of vertebrate CDK1 in response
to damage is difficult to reconcile with claims on its involvement
in DNA damage responses at G2/M. Although it has been
suggested that the gap between checkpoint triggering and CDK1
shutoff in vertebrate cells may be sufficient for CDK1 to
orchestrate initial phases of repair, a much wiser interpretation
of the experimental evidence is that repair of DNA damage
in checkpoint-arrested cells depends on CDK2 (Wohlbold and
Fisher, 2009) and other Proline-directed kinases involved in
stress responses (Bulavin et al., 2001). As a matter of fact,
high CDKI1 activity, along with the activity of other mitotic
kinases (Benada et al., 2015), is sufficient to suppress responses
to DNA damage occurring during transition through mitosis
in mammalian cells (Zhang et al., 2011). A further layer of
regulation is imposed by phosphatases such as WIP1, a CDK1
target that undergoes ubiquitin-mediated degradation in mitosis,
which sets the threshold for DDR signaling in mitosis by
controlling the phosphorylation state of DDR proteins (Macurek
etal., 2013).

MITOTIC PTMs AND CANCER THERAPY

Mitosis is the cell cycle phase that is most vulnerable to injury,
regardless on whether damage is caused by radiation, heat-shock
or chemicals (Westra and Dewey, 1971; Stobbe et al., 2002; Chan
et al., 2012). Based on this indication, targeting mitotic cells has
been largely exploited in the clinic as means to contain tumor
growth (Doménech and Malumbres, 2013; Marzo and Naval,
2013). Molecular studies have highlighted the role of PTMs, and
the enzymes that mediate them, in mechanisms controlling the
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mitotic responses to stress (Pearce and Humphrey, 2001). This
comes as no surprise, considering that essentially all mechanistic
aspects of normal transition through mitosis are controlled
by PTMs of mitotic machinery components, with reversible
PTMs allowing a certain degree of flexibility in the decisions
implemented and irreversible PTMs conferring directionality to
the process (Nigg, 2001; Ma and Poon, 2011; Teixeira and Reed,
2013). Hence, mitotic protein kinases and E3-ubiquitin ligases
with established role in cancer have become the focus of interest
for chemists and pharmacologists designing and testing novel
therapeutics that target cells in mitosis (Dominguez-Brauer et al.,
2015). Such interest was also motivated by considerations on
the side effects of classic anti-mitotic drugs like taxanes and
vinca alkaloids that are currently deployed to the treatment
of a variety of solid tumors such as breast, ovarian and lung
cancer. Anti-mitotic drugs, due to their mode of action that alters
microtubules’ dynamic instability, result in neurotoxicity and
neutropenia (Marzo and Naval, 2013). Furthermore, their lack
of efficiency when used as single agents has evidenced another
important limitation of these anti-mitotics (Doménech and
Malumbres, 2013; Marzo and Naval, 2013). Shifting the focus to
the discovery of drugs that target mitotic kinases or E3-ubiquitin
ligases, however, did not solve the major caveat for cell cycle—
and mitotic—inhibitors, namely the fact that the efficacy of a drug
depends on the tumor proliferative rate: fast proliferation makes
leukemia and myeloma relatively favorable conditions to treat,
whereas a mitotic index (i.e., the percentage of mitotic cells in
the whole populations) as little as 1% and doubling time of more
than 1 year, as observed in some solid tumors, are negative factors
to be taken into account when planning a treatment and its
length.

Here below we provide a report on the current status of drug
discovery and clinical trials for compounds targeting mitotic
kinases and phosphatases as well as ubiquitin-proteasome system
components (Table 1 and Figure 3).

Inhibition of Mitotic Kinases

CDKT1 Inhibitors

CDK1 is the master regulator of mitosis (Nigg, 2001).
Flavopiridol is the first CDK1 inhibitor that underwent >60
clinical trials to date (www.clinicaltrials.gov). The poor efficacy
of the compound, however, prevented its approval as anti-
tumor drug (Shapiro, 2006; Stone et al., 2012; Galons et al.,
2013). Other CDKI1 inhibitors displaying high potency on
cancer cell lines are currently in Phase I or II (with none
of them being yet available for patients, see Tablel and
references therein). So far, only the CDKI inhibitor Dinaciclib
was tested in a phase III study that was concluded in 2015
and aimed at treating refractory chronic lymphocytic leukemia
patients (NCT01580228). In general, however, inhibition of
CDK1 in healthy cells and the poor selectivity of CDKI
inhibitors, possibly due to the high degree of sequence
conservation in the catalytic domain of CDK members,
often result in major side effects when deployed in the
clinic. For such reason, CDK1 inhibitors are currently used
in combination therapies with other mitotic inhibitors (see
below).

Aurora Kinases Inhibitors

Aurora kinase family members, Aurora-A, -B and -C exert
different roles in the cell. Early studies showed that Aurora-A
controls centrosomes maturation and separation, bipolar spindle
formation and chromosomes segregation, while Aurora-B, as
member of the Chromosome Passenger Complex, participates
in the control of chromosome condensation and orientation on
the mitotic spindle, ensuring correct kinetochore-microtubule
attachments (Nigg, 2001). Both Aurora-A and -B were shown
to stabilize midzone microtubules and regulate cytokinesis
(Carmena et al., 2009). Aurora-C has a role in gametogenesis, it
is expressed in testis, thyroid, and placenta and its contribution
to cancer development was shown in mouse models (Khan
et al.,, 2011). Several inhibitors against Aurora-A and Aurora-
B have been developed during the last decade (Doménech and
Malumbres, 2013; Bavetsias and Linardopoulos, 2015; D’Assoro
et al., 2015; Falchook et al., 2015). As for CDKs, most Aurora
kinases inhibitors target all family members and a major
effort has been done to develop drugs that are more selective
for individual Aurora kinases (Table 1 and Figure 3). Among
them, two reversible ATP competitive inhibitors, MLN8054
(Manfredi et al., 2007) and its derivative MLN8237 (Manfredi
et al,, 2011) have shown to be potent and selective Aurora-
A inhibitors (Sells et al., 2015). Both were deployed in
several studies and since MLN8237 has shown to be safer,
it is currently under evaluation in Phase III clinical trials
(NCT01482962).

Polo-Like Kinases Inhibitors

Polo-like family members constitute another class of
Serine/Threonine (Ser/Thr) kinases with key roles in mitosis
(Nigg, 2001). Five PLKs are expressed in human cells, PLK1-5,
with PLK1 and PLK4 being the major representatives of this
family (Zitouni et al., 2014). Distinguishing feature of PLKs
is the polo-box domain that flanks the catalytic domain and
allows docking to substrates primed by CDKs to carry on their
phosphorylation (Zitouni et al., 2014).

Mechanistically, PLK1 is activated by Aurora-A (Ferrari et al.,
2005; Macurek et al., 2008) at the onset of mitosis and functions
to promote centrosome maturation and separation, assembly
and elongation of the mitotic spindle as well as cytokinesis
(Barr et al., 2004; Degenhardt and Lampkin, 2010). PLK1 is
overexpressed in various malignancies (Holtrich et al., 1994;
Eckerdt et al., 2005; Mito et al.,, 2005; Takai et al., 2005;
Strebhardt and Ullrich, 2006; Renner et al., 2009; Weif$ and
Efferth, 2012). PLK1 inhibition in cancer patients has been
pursued with some success using two ATP-competitive kinase
inhibitors: BI-2536 and BI-6727 (see Table1). The potency,
pharmacokinetic and pharmacodynamic properties of BI-6727
as well as its antitumor activity in a number of cancer models
(Rudolph et al.,, 2009) has promoted the drug to a phase III trial
for acute myeloid leukemia patients where BI-6727 was tested in
combination with the DNA-synthesis blocking agent cytarabine
(NCT01721876).

PLK4 has a fundamental role in centriole duplication
(Bettencourt-Dias et al., 2005; Habedanck et al., 2005). PLK4
overexpression leads to the formation of extra centrosomes
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TABLE 1 | List of drugs, their mitotic targets and current clinical trial phase.

Drug Target Status References

MITOTIC KINASE INHIBITORS

Roscovitine (Cyclacel) CDK2, CDK7, CDK9 Phase I-II De Azevedo et al., 1997
AT7519 (Astex) pan-CDKs Phase I-Il Wyatt et al., 2008
Dinaciclib (Merck) pan-CDKs Phase I-II-1ll Parry et al., 2010
Flavopiridol (Sanofi-Aventis) pan-CDKs Phase I-Il De Azevedo et al., 1996
P276-00 (Piramal) pan-CDKs Phase I-II Joshi et al., 2007

RGB 286638 (Agennix) pan-CDKs and others Phase I-II Cirstea et al., 2013
Terameprocol (Erimos) CDK1 and Survivin Phase I-Il Heller et al., 2001; Chang et al., 2004
TGO2 (Tragara) pan-CDKs, JAK2, FLT3 Phase | Goh et al., 2012

MK-1775 (Merk) Weet Phase I-Il Hirai et al., 2009

BI-2536 (Boehringer Ingelheim) Plk1 Phase I-Il Lenart et al., 2007
Volasertib/BI-6727 (Boehringer Ingelheim) Plk1 Phase I-II-IIl Rudolph et al., 2009
CFI-400945 (Campbell Family Institute, CAN) Plk4 Phase | Mason et al., 2014
AMG-900 (Amgen) Aurora-kinases Phase | Payton et al., 2010
AT-9283 (Astex) Aurora-kinases Phase I-II Howard et al., 2009
CYC-116 (Cyclacel) Aurora-kinases Phase | Wang et al., 2010
PHA-680632 (Pfizer/Nerviano MS) Aurora-kinases Phase II-ll Soncini et al., 2006
GSK1070916 (GlaxoSmithKline) Aurora-kinases Phase | Hardwicke et al., 2009
PF-03814735 (Pfizer) Aurora-kinases Phase | Jani et al., 2010
Danusertib/PHA-739358 (Pfizer/Nerviano MS) Aurora-kinases Phase Il Carpinelli et al., 2007
R763/AS703569 (Rigel) Aurora-kinases Pre-Clinical MclLaughlin et al., 2010
SNS-314 (Sunesis) Aurora-kinases Phase | Oslob et al., 2008
MK-0457 (VX-680) (Vertex/Merck) Tozasertib Aurora-kinases Phase I-II Harrington et al., 2004
ENMD-2076 (EntreMed) Aurora-A Phase I-II Tentler et al., 2010
Alisertib/MLN8237 (Millennium) Aurora-A Phase I-Il Gorgln et al., 2010
Barasertib/AZD1152 (AstraZeneca) Aurora B Phase I-II-IIl Mortlock et al., 2007; Wilkinson et al., 2007
20H-BNPP1 Bub1 Pre-Clinical Kang et al., 2008; Nyati et al., 2015
BAY-320/BAY-524 (Bayer) Bub1 Pre-Clinical Baron et al., 2016
Cycloalkenepyrazoles Bub1 Pre-Clinical Brazeau and Rosse, 2014
BAY 1161909/BAY 1217389 (Bayer) Mps1 Phase | Wengner et al., 2016
CFI-402257 (Campbell Family Institute, CAN) Mps1 Pre-Clinical Dominguez-Brauer et al., 2015
S81694 (Nerviano MS) Mps1 Pre-Clinical Colombo et al., 2015
CRT0105446 LIMK1 and LIMK2 Pre-Clinical Mardilovich et al., 2015
CRT0105950 LIMK1 and LIMK2 Pre-Clinical Mardilovich et al., 2015
MITOTIC PHOSPHATASE INHIBITORS

IRC 083864/Debio 0931 (Ipsen -DebioPharma) CDC25 Phase Il (*) Lavecchia et al., 2010
LB100 (Lixte biotechnology) PP2A Pre-clinical/Phase | Lu et al., 2009
UBIQUITIN-PROTEASOME SYSTEM INHIBITORS

Bortezomib (Millennium) Proteasome Phase I-II Hideshima et al., 2001
Carfilzomib (Onyx Pharmaceuticals) Proteasome Phase I-Il Kortuem and Stewart, 2013
MLN9708 (Millennium) Proteasome Phase I-Il Chauhan et al., 2011
CEP-18770 (Cephalon) Proteasome Phase I-II Seavey et al., 2012
TAK-243 (MLN7243, Millennium - Takeda) E1 (UBAT) Pre-clinical/Phase | Milhollen et al., 2015
Nutlins (Roche) E3 (MDM2) Pre-clinical Vassilev, 2007

TAME E3 (APC/C - Cdc20) Pre-clinical Zeng et al., 2010

Apcin (Harvard U - Boston Biochem) E3 (APC/C - Cdc20) Pre-clinical Sackton et al., 2014
MLN4924 (Millennium) NEDDS activating enzyme (NAE) Phase I-Il Soucy et al., 2009

*Since launch in Phase Il, no additional information has been rendered available at ClinicalTrials.gov.

resulting in aberrant mitotic spindles and aneuploid daughter
cells (Basto et al., 2008; Ganem et al., 2009; Holland et al., 2010).
Evidence on PLK4 overexpression in tumors (Macmillan et al.,

2001; van de Vijver et al., 2002; Miller et al.,, 2005; Hu et al.,
2006; Salvatore et al., 2007; Chng et al., 2008) raised the interest
to develop small molecule inhibitors of this kinase. CFI-400945
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FIGURE 3 | Mitosis and its control by kinases, phosphatases and E3-ubiquitin ligases. Schematic representation of key controllers of the onset, transition and
exit from mitosis with indication of the major drugs inhibiting their function. Kinases: blue; Phosphatases: green; E3-ubiquitin ligases: purple; Drugs: red.

Cytokinesis

was shown to be a potent and selective PLK4 inhibitor exerting
a dose-dependent effect on centriole biogenesis (Mason et al.,
2014). At high concentration, CFI-400945 inhibits centriole
duplication, while at low concentration it causes the generation
of supernumerary centrosomes. Interestingly, in both cases, cells
arrest or die (Mason et al., 2014). In the same study, the anti-
cancer potential of CFI-400945 was also shown in mice and the
drug is currently under evaluation in advanced cancer patients
(NCT01954316).

Supernumerary centrosomes occur at high frequency in
cancer cells but not in non-transformed cells and were
originally proposed by Theodor Boveri to be linked to cancer
development (Brinkley and Goepfert, 1998; Brinkley, 2001).
Supernumerary centrosomes tend to cluster at mitosis forming
pseudo-bipolar spindles to avoid multipolar mitoses that would
result in the generation of unviable progeny (Ganem et al.,
2009). Formation of pseudo-bipolar spindles where merotelic
chromosome attachments is frequent, is among the major
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causes of aneuploidy (Ganem et al., 2009). The anti-fungal drug
griseofulvin was shown to freeze the process of centrosome
clustering (Raab et al, 2012) and since then a number of
small molecule inhibitors of this process have been synthesized
and examined (Kawamura et al, 2013; Ogden et al, 2014;
Bhakta-Guha et al., 2015). Centrosome declustering drugs are,
however, still in pre-clinical studies (Krimer et al, 2011;
Pannu et al., 2014) given two main considerations: The first
is that eliminating the subpopulation of cancer cells carrying
centrosome amplifications in the heterogeneous collection of
cells making up a tumor is yet to be proven beneficial
in anticancer therapy. The second is that identification of
individuals suitable to treatment with centrosome declustering
drugs still awaits routine screening methods to define the
genetic makeup of patients with centrosome amplification
who would benefit of such treatment (Godinho and Pellman,
2014).

Mitotic Phosphatase Inhibitors

Members of the CDC25 family of protein phosphatases act
as positive regulators of CDKs that are their unique targets
(see above). The only report on CDC25 targeting drugs is for
phase II clinical trials initiated in 2010 with IRC 083864 under
the name Debio-0931 (Lavecchia et al,, 2010), a drug that has
previously shown activity against pancreatic and cervical cancer
xenografts (Brezak et al., 2009). To date, LB-100 is the only
know drug targeting the Ser/Thr phosphatase PP2A to have
entered phase I trials in combination with cytotoxic drugs or
irradiation for the indication “solid tumors” (NCT01837667)
(Hong et al, 2015). Inhibition of enzymes with multiple
functions such as PP2A, by many considered unfeasible due
to the associated high toxicity of such treatments, was shown
to be well-tolerated if the drug is administered intermittently
(http://www.lixte.com/Product_Development.php). LB-100 has
been granted licensing in Asia for treatment of Hepatocellular
Carcinoma in December 2015 (http://adisinsight.springer.com/
drugs/800037966).

Ubiquitin-Proteasome Inhibitors

The established role of ubiquitin-dependent pathways in the
degradation of mitotic apparatus components has made them
an ideal site of intervention in cancer therapy and possible
applications of proteasome inhibitors to the treatment of cancer,
their mode of action and mechanisms of resistance have been
amply reviewed (Crawford et al., 2011; Zhang et al, 2013).
Approval of Bortezomid over a decade ago for the indications
multiple myeloma and multiple cell lymphoma paved the way
to the discovery of candidates with reduced side effects and
improved efficacy that are currently in clinical trial (Zhang
et al, 2013). Specifically to mitosis, a new perspective was
provided in a report describing the use of spindle poisons
in conjunction with inhibition of the ATPase activity of
components of the proteasome to increase apoptosis in cancer
cells (Yamada and Gorbsky, 2006), offering further possibilities of
intervention.

The majority of drugs that we discussed above halt cells before
mitosis or in early mitosis. Prolonged treatment with drugs
interfering with microtubules dynamics has been described to
lead to mitotic exit—operationally defined mitotic slippage—
(Brito and Rieder, 2006), a condition that leads to the acquisition
of further aneuploidy and aggressiveness (Kuukasjarvi et al,
1997; McClelland et al., 2009). Hence, significant effort has been
devoted in recent years to block mitotic exit. Inhibiting the
interaction of CDC20 with APC/C by TAME (tosyl-L-arginine
methyl ester) has shown to effectively halt cells in mitosis and
channel them to death (Zeng et al.,, 2010; Zeng and King, 2012).
The more recently developed APC/C inhibitor Apcin, showing
the ability to bind CDC20 and to prevent ubiquitylation of D-
box containing APC/C targets, has provided an additional means
to block mitotic exit (Sackton et al., 2014). The combined use
of Apcin and TAME was reported to synergistically halt mitotic
exit, hence opening new therapeutic perspectives (Sackton et al.,
2014).

In a similar fashion Nutlins were described to impair physical
interaction between p53 and the E3 ubiquitin ligase MDM2,
promoting p53 stabilization and enhancing its tumor suppressor
activity (Vassilev et al., 2004; Vassilev, 2007). Enthusiasm for
these drugs, however, was mitigated by two major drawbacks:
first the observation that MDM2 interacts preferentially with
wild-type p53 (Lukashchuk and Vousden, 2007) and, second,
the report that Nutlins exert a cytostatic effects in p53-deficient
cells, indicating that they do not solely inhibit the p53/MDM?2
interaction (VanderBorght et al., 2006).

In conclusion, it is foreseeable that the development of novel
and specific drugs targeting components of pathways that control
mitosis and/or interfere with signals that fine-tune their function,
in conjunction with stratification of patients based on their
genetic background, will allow to better determine combination
therapies for each individual patient, taking us a step closer to
personalized medicine.
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DNA double-strand breaks (DSBs) are highly cytotoxic DNA lesions, whose faulty repair
may alter the content and organization of cellular genomes. To counteract this threat,
numerous signaling and repair proteins are recruited hierarchically to the chromatin
areas surrounding DSBs to facilitate accurate lesion repair and restoration of genome
integrity. In vertebrate cells, ubiquitin-dependent modifications of histones adjacent to
DSBs by RNF8, RNF168, and other ubiquitin ligases have a key role in promoting the
assembly of repair protein complexes, serving as direct recruitment platforms for a range
of genome caretaker proteins and their associated factors. These DNA damage-induced
chromatin ubiquitylation marks provide an essential component of a histone code for DSB
repair that is controlled by multifaceted regulatory circuits, underscoring its importance
for genome stability maintenance. In this review, we provide a comprehensive account
of how DSB-induced histone ubiquitylation is sensed, decoded and modulated by an
elaborate array of repair factors and regulators. We discuss how these mechanisms
impact DSB repair pathway choice and functionality for optimal protection of genome
integrity, as well as cell and organismal fitness.

Keywords: DNA damage response, ubiquitin, DNA double-strand breaks, chromatin, DNA repair, histones

INTRODUCTION

Conserving the integrity of DNA and the information stored within its sequence is critical for the
viability and fitness of any living cell and organism. DNA is continuously subjected to genotoxic
insults inflicted by endogenous as well as exogenous sources (Barnes and Lindahl, 2004; Jackson
and Bartek, 2009). Among the resulting spectrum of DNA lesions, one of the most cytotoxic
types is the DNA double-strand break (DSB; Wyman and Kanaar, 2006). If left unrepaired or
repaired incorrectly, such breaks can give rise to mutations or chromosomal rearrangements,
which may lead to cell death or cancer development. In parallel with these stochastic DSBs,
programmed DSBs play a central role in various biological processes in both uni- and multicellular
organisms. These intentional DSBs are generated to facilitate the exchange of genetic information
between homologous chromosomes during meiosis in diploid and polyploid organisms, as well
as in processes such as mating type switching in haploid yeast (De Massy, 2013). In addition,
programmed DSBs are instrumental for the genetic exchanges required for T-cell receptor
rearrangement and V(D)J- and class-switch recombination (CSR) during lymphocyte maturation
(Altetal., 2013). The potentially malignant consequences of improperly processed DSBs on human
physiology are illustrated by the fact that many leukemias result from chromosomal translocations
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caused by faulty rejoining of programmed breaks at the
immunoglobulin locus in B cells (Alt et al., 2013).

Two major pathways are employed by eukaryotic cells for the
repair of DSBs. Non-homologous end-joining (NHE]) is active
throughout interphase and promotes rapid religation of broken
DNA ends that do not require extensive end-processing, but is an
error-prone process (Lieber, 2010). Homologous recombination
(HR) mainly functions during S and G2 phases, when a newly
replicated sister chromatid is available as a template for error-
free repair (Heyer et al, 2010). This pathway is used for the
repair of more complex DSBs and occurs with slower kinetics
than NHE]. HR is initiated by resection of the broken DNA ends
by the Mrel1-Nbs1-Rad50 (MRN) complex, CtIP, and EXO1 and
BLM-DNA2 exonucleases. The choice of pathway for repair of
individual DSBs is influenced by several parameters, including
cell cycle status, the complexity of the break and whether it
resides in euchromatic or heterochromatic regions of the genome
(Shibata et al., 2011; Chapman et al., 2012b; Ceccaldi et al., 2016).

To counteract the threat posed by potentially deleterious DNA
lesions, cells have evolved a complex network of interwoven,
protective pathways that are collectively referred to as the
DNA damage response (DDR; Jackson and Bartek, 2009;
Ciccia and Elledge, 2010). DSBs are particularly potent triggers
of the DDR, stimulating DNA repair pathways, transient
arrest of the cell cycle, and transcriptional reprogramming.
A striking feature of the cellular response to DSBs is the
massive accumulation of DDR factors directly at the sites
of DNA damage. The resulting structures, often referred to
as Ionizing Radiation Induced Foci (IRIF), can be readily
visualized by immunofluorescence microscopy (Bekker-Jensen
and Mailand, 2010; Lukas et al., 2011). To a large extent, this
rapid accumulation of proteins at DSBs relies on DNA damage-
induced posttranslational modifications (PTMs) of histones and
other chromatin-associated proteins that are in turn recognized
by specific effector proteins (Lukas et al., 2011; Polo and Jackson,
2011). The functional consequences of this DSB recruitment
programme range from chromatin relaxation to protection of
the broken ends and assembly of repair protein complexes
(Bekker-Jensen and Mailand, 2010; Lukas et al., 2011). Inherited
mutations in genes encoding DSB signaling factors are associated
with cancer and other genetic instability syndromes, illustrating
their pivotal importance for DDR functionality and genome
maintenance. For example, biallelic mutations in the RNFI168
gene, which encodes a ubiquitin ligase that catalyzes histone
H2A ubiquitylation near DSBs to attract downstream repair
factors, is the underlying cause of the ataxia-telangiectasia-like
RIDDLE syndrome (Stewart et al., 2009). Patients with this rare
disease present with symptoms typical of genomic instability
syndromes, including radiosensitivity, immunodeficiency, and
neurodegeneration (Stewart et al., 2007; Devgan et al., 2011).

A large body of work has given rise to a model in which DSB
formation is accompanied by the propagation of a DNA damage-
induced histone code that is written, read and ultimately erased
by an elaborate network of effector proteins and regulators.
Central to this process is the ubiquitylation of histones in the
vicinity of DSBs by the two E3 ubiquitin ligases RNF8 and
RNF168, coupling DSB detection to efficient repair of the lesions.

In this review, we summarize and discuss how RNF8- and
RNF168-mediated chromatin ubiquitylation orchestrates DSB
signaling and repair mechanisms in mammalian cells, and how
the DSB-associated histone ubiquitylation marks generated by
these E3s are subsequently interpreted and turned over during
the course of DNA repair to protect genome stability.

WRITERS OF DSB-ASSOCIATED HISTONE
UBIQUITYLATION

The formation of DSBs sets in motion a cascade of signaling
events that collectively facilitates faithful repair of the lesions.
DSBs trigger rapid activation of the ATM kinase in a process that
involves its acetylation by TIP60 (KAT5), induced by chromatin
alterations (Sun et al., 2007, 2009; Kaidi and Jackson, 2013). A key
target of activated ATM is the histone H2A variant H2AX, which
contains a unique ATM phosphorylation site in its C-terminal
tail (Rogakou et al., 1998). The product of this phosphorylation
event, known as y-H2AX, provides a binding site for the MDC1
protein via its tandem BRCT domain, a phosphopeptide-binding
module found in a range of DDR proteins (Stucki et al., 2005;
Mermershtain and Glover, 2013). MDCI is a scaffold protein
that recruits a number of factors to DNA damage sites. Among
these is the E3 ubiquitin ligase RNF8, which initiates a dynamic
ubiquitin-dependent DSB signaling response that culminates in
the generation of specific ubiquitin marks on H2A-type histones
near the breaks, laid down by another E3 ligase, RNF168 (Huen
etal., 2007; Kolas et al., 2007; Mailand et al., 2007; Doil et al., 2009;
Pinato et al., 2009; Stewart et al., 2009; Thorslund et al., 2015).
These ubiquitin modifications at damaged chromatin serve as
recruitment platforms for a range of important DSB repair
factors. The DSB signaling response thus undergoes a switch
from being extensively driven by phosphorylation, targeting
H2AX and associated factors, to relying also on a wave of
ubiquitylation events mediated by RNF8, RNF168 and other
ubiquitin ligases.

RNEF8 is recruited to sites of DNA damage via its FHA
domain, which recognizes ATM phosphorylation sites in MDC1
(Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007;
Figure 1). While it has long been clear that RNF8 collaborates
with the E2 ubiquitin-conjugating enzyme Ubcl3 to deposit
K63-linked ubiquitin chains at DSB sites (Huen et al., 2007;
Kolas et al,, 2007; Mailand et al., 2007), the identity of its
chromatin-bound substrate(s) has been more puzzling. Initially,
RNF8 and RNF168 were thought to share H2A-type histones
as substrates. Recently, however, it was shown that RNF8 is
inert toward ubiquitylation of nucleosomal H2A and mainly
promotes K63-linked polyubiquitylation of H1 linker histones
but not core histones at DSB sites (Mattiroli et al., 2012;
Thorslund et al., 2015). This ubiquitylation event serves as a
recruitment signal for RNF168, which in turn ubiquitylates H2A-
type histones at K13/K15 (Gatti et al., 2012; Mattiroli et al,,
2012; Fradet-Turcotte et al., 2013). RNF168 is recruited to
DSBs by recognizing ubiquitylated histone H1 via its UDM1
region, composed of two ubiquitin-binding motifs (MIU1 and
UMI) and a flanking target recognition motif (LRMI1; Panier
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FIGURE 1 | The RNF8/RNF168-mediated histone ubiquitylation pathway. DSB-associated histone ubiquitylation requires the sequential action of the RNF8 and
RNF168 ubiquitin ligases. RNF8 is targeted to DSB sites through interaction with phosphorylated MDC1, promoting Ubc13-dependent K63-linked polyubiquitylation
of H1-type linker histones. This serves as a recruitment signal for RNF168, which catalyzes and propagates ubiquitylation of H2A-type histones at K13/K15 to an
expanded chromatin area surrounding the break sites. These modifications provide loading platforms for a range of important components of DSB repair pathways,
including 53BP1, BRCAT1 (via RAP80), and the SMC5/6 complex (via RAD18-SLF1-SLF2), which have key roles in promoting DSB repair efficiency, fidelity, and
pathway choice.

et al,, 2012; Thorslund et al.,, 2015). At the break sites, RNF168  ubiquitylated H2A via its C-terminal UDM2 motif, composed
potently catalyzes ubiquitylation of H2A-type histones at the N- ~ of MIU2 and LRM2, enables it to efficiently propagate this
terminal K13/15 residues. The ability of RNF168 to also bind  modification to the surrounding chromatin areas once recruited
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(Gatti et al., 2012; Mattiroli et al., 2012; Panier et al., 2012). The
acidic patch on the nucleosomal surface, composed of residues
in H2A and H2B, plays an important role in promoting N-
terminal H2A ubiquitylation by RNF168. Changing essential
residues in this patch impairs the binding of RNF168 and
subsequent H2A-K13/K15 ubiquitylation (Leung et al., 2014;
Mattiroli et al., 2014). As it is becoming apparent that RNF8
and RNF168 target different histone substrates at DSB sites, an
important question concerns the nature of RNF168-generated
ubiquitylations on H2A-K13/K15. Early studies showed that
RNF168 deposits K63 linked ubiquitin chains on H2A-type
histones, in part because it was found to interact with Ubcl3,
which exclusively catalyzes K63-linked polyubiquitylation in
conjunction with its partner proteins Uevl or Mms2 (Hofmann
and Pickart, 1999; Doil et al., 2009; Stewart et al., 2009).
However, a recent in vitro study suggested that, at least when
overexpressed, RNF168 promotes K27-linked ubiquitylation of
H2A(X), and that these atypical ubiquitin chains have an
important role in promoting DSB signaling (Gatti et al., 2015).
The nature of the cognate E2 enzyme(s) that catalyze K27-
linked ubiquitylation in conjunction with RNF168 remains to be
established. Another study showed that RNF168 forms ubiquitin
chains together with UbcH5c, but not Ubcl3, suggesting that
RNF168 may not primarily assemble K63-linked polyubiquitin
chains at damaged chromatin (Mattiroli et al., 2012). Indeed,
RNF168 is capable of promoting recruitment of repair factors
to DSB sites even in cells lacking Ubcl3 (Thorslund et al,
2015). Moreover, it was shown that 53BP1, a direct reader of
RNF168-generated ubiquitylation, binds to monoubiquitylated
H2A-K15 (Fradet-Turcotte et al., 2013), suggesting that at least
in some cases, RNF168 can drive protein recruitment to DSB
sites without assembling polyubiquitin chains. Thus, it is possible
that RNF168 has several substrates at damaged chromatin
that are differentially ubiquitylated, or that RNF168 catalyzes
different types of ubiquitin modifications on H2A. It is also
conceivable that RNF168 may, at least in part, amplify K63-linked
ubiquitylation at DSB sites indirectly by promoting the robust
accumulation of other E3 ubiquitin ligases.

Although RNF8 and RNF168 are pivotal ubiquitin ligases in
DSB signaling, additional layers of histone ubiquitylation and
E3s are also involved, highlighting the complexity of chromatin
ubiquitylation at DNA damage sites. RNF8 interacts with an
auxiliary E3 ligase, HERC2, via its FHA domain that recognizes
a specific C-terminal ATM phosphorylation site in this protein
(Bekker-Jensen et al., 2010). The association with HERC2 appears
to facilitate preferential binding of RNF8 to Ubcl3 among its
cognate E2 ubiquitin-conjugating enzyme partners. Due to its
sheer size, however, the precise function(s) of the 530-kDa
HERC?2 protein and its intrinsic ubiquitin ligase activity in the
DSB response has not yet been conclusively established.

Canonical monoubiquitylation of H2A on K119 is a highly
abundant chromatin modification, generated by the E3 ligase
heterodimer BMI1 (RING1a) and RNF2 (RING1b), which forms
the stable core of the Polycomb Repressive Complex 1 (PRCI;
Wang et al,, 2004). Monoubiquitylation of H2AK119 plays
a fundamental role in transcriptional silencing of genes, but
BMI1 and RNEF2 also accumulate at DSB sites, suggesting

that gene silencing takes place at DSBs (Chou et al., 2010;
Facchino et al,, 2010; Ismail et al., 2010; Ginjala et al., 2011;
Pan et al,, 2011; Wu et al, 2011). Indeed, a reporter system
visualizing transcription at DSB sites showed that transcription
is silenced locally when DSBs are induced (Shanbhag et al,
2010). Interestingly, both inhibition of RNA polymerase I
and II activity at DSB sites is dependent on ATM activation
and RNF2/BMI-dependent ubiquitylation of H2AK119 (Kruhlak
et al, 2007; Shanbhag et al, 2010; Kakarougkas et al., 2014;
Larsen et al., 2014; Harding et al., 2015; Ui et al., 2015). Whether
ubiquitylation of H2AK119 and H2AKI13/K15 at DSB sites
initiate separate pathways that facilitate transcriptional silencing
and DSB signaling, respectively, or whether the PRC1 complex
also has a more direct role in the latter process remains an
important outstanding question.

Similar to H2AK119, H2B is monoubiquitylated at K120
in vertebrates (Thorne et al., 1987). However, whereas H2A
K119 ubiquitylation induces transcriptional repression,
ubiquitylation of H2B is associated with active transcription.
The monoubiquitylation of H2B is catalyzed by the E2 enzyme
RAD6 in conjunction with the E3 heterodimer RNF20-RNF40
(Kim et al, 2009). The mechanism of H2B ubiquitylation in
transcriptional elongation has been studied extensively in yeast
(Henry et al., 2003; Wood et al., 2003), and a similar mode of
action has been found in human cells. When RNA Polymerase
IT encounters a nucleosome, the PAF1C transcription complex
is recruited, which in turn binds RNF20-RNF40-RAD6 to
ubiquitylate H2B (Zhu et al., 2005; Kim et al., 2009). The histone
chaperone FACT, which also binds to RAD6 and ubiquitylated
H2B, in turn shuttles away the other H2A-H2B dimer to facilitate
nucleosome reorganization and chromatin relaxation (Pavri
et al., 2006; Hondele et al., 2013). H2B ubiquitylation is a
prerequisite for methylation of H3K4 and H3K79, which are
associated with active transcription, potentially explaining, at
least in part, the role of H2B ubiquitylation in this process (Briggs
et al.,, 2002; Ng et al,, 2002; Sun and Allis, 2002). Interestingly,
RNF20 and RNF40 are also recruited to DSB sites, suggesting
that local monoubiquitylation of H2BK120 takes place near
DSBs (Moyal et al., 2011; Nakamura et al., 2011). In this context,
H2B ubiquitylation might trigger conformational changes
leading to H3K4 methylation or the de novo formation of this
mark, generating a recruitment platform for the chromatin
remodeler SNF2h (Nakamura et al., 2011). This in turn promotes
chromatin relaxation and facilitates efficient recruitment of
factors involved in HR (Moyal et al,, 2011; Nakamura et al,
2011; Oliveira et al., 2014). The FACT complex was also found
to be required for SNF2h accumulation at DSB sites, suggesting
a mode of action similar to that at transcriptional sites (Oliveira
et al., 2014). The opposing effects of H2AK119 and H2BK120
monoubiquitylation on transcription could be explained by
the finding that H2BK120 ubiquitylation sterically disrupts
chromatin compaction, while H2AK119 ubiquitylation, which
lies at the other side of the nucleosomal surface, does not
have the same effect (Jason et al., 2001; Fierz et al, 2011).
Instead, H2AK119 ubiquitylation could act as a binding platform
for proteins that facilitate transcriptional repression or DSB
signaling, similar to H2AK13/K15 ubiquitylation.
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Finally, a role of the E3 ligase BBAP in conjunction with its
binding partner BAL1 (PARP9) in catalyzing monoubiquitylation
of H4K91 has been reported to be a PARP-dependent mechanism
acting in parallel with the RNF8/RNF168 pathway to enhance
the accrual of DSB repair factors including 53BP1 and BRCAL1
(Yan et al, 2009, 2013). However, although BBAP and BALI1
accumulate at DSB sites, it is not yet known whether H4K91
ubiquitylation has a direct role in promoting DSB repair
events.

DECODING DSB-INDUCED HISTONE
UBIQUITYLATION

The ubiquitylation products of RNF8 and RNF168 provide
affinity platforms at DNA damage sites for a range of factors
that can be classified as “readers” of DSB-associated histone
ubiquitylation marks (Figure 2). These reader proteins, several
of whose functions are now relatively well understood, recognize
DSB-induced chromatin ubiquitylation marks via intrinsic
ubiquitin-binding domains (UBD) of the UIM-, MIU,- and UBZ-
types (Dikic et al, 2009). Using the DSB signaling response
as a model system for studying the specificity of ubiquitin
recognition, it has been shown that target-specific binding
to ubiquitylated ligands often relies on a dual interaction
mode, in which the combination of low-affinity ubiquitin
recognition by a UBD and target-binding specificity imparted
by an adjacent module together enables specific, high-affinity
interaction with damaged chromatin areas. Thus, several readers
of RNF8/RNF168-dependent chromatin ubiquitylation in the
DSB response were shown to contain so-called LR motifs
that interact weakly with H2A or other factors, juxtaposed
to their UBDs (Panier et al, 2012). In spatio-temporal order
of recruitment, the range of chromatin ubiquitylation readers
containing LR motifs in combination with UBDs is headed by
RNF168, which binds K63-linked ubiquitin chains on histone H1
via its UDM1 domain (Thorslund et al., 2015). The subsequent
RNF168-generated ubiquitylation products at DSB sites are then
recognized by several factors, including RNF168 itself, RAP80,
53BP1, RAD18, and RNF169 (Panier et al., 2012; Fradet-Turcotte
etal., 2013; Figure 2). The ability of RNF168 to both catalyze and
recognize ubiquitin-modified H2A, the latter via its C-terminal
UDM2 motif, may allow robust and efficient propagation of
the DSB-induced H2A-ubiquitin signal along the chromatin
fiber.

Several readers of RNF168-catalyzed ubiquitylation function
as scaffolds for the assembly of DNA repair factor complexes at
DSB sites. RAP80 recruits the key HR factor BRCA1 and other
components of the multimeric BRCAI-A complex to damaged
chromatin (Kim et al., 2007; Sobhian et al., 2007; Wang et al.,
2007; Yan et al, 2007). RAP80 contains two tandem UIMs
with a characteristic spacing that allows for specific binding to
K63-linked ubiquitin chains in vitro (Kim et al., 2007; Sobhian
et al., 2007; Sato et al., 2009; Sims and Cohen, 2009). Whether
such linkage-specific chain recognition by RAP80 occurs in vivo
is not fully clear, but this feature of RAP80 underscores the
need to dissect the precise nature of the RNF168-catalyzed

ubiquitylations on H2A and perhaps additional chromatin-
bound proteins. Given that other readers of these modifications
only rely on single UBDs, it seems unlikely that binding to K63-
linked chains on H2A is a prerequisite for their recruitment
to DSB sites. Indeed, it was shown that both RNF168, RAP80,
and RAD18 can bind to RNF168-generated K27-linked ubiquitin
chains on H2AK13/15 (Gatti et al., 2015).

53BP1, a key factor in DSB repair, does not contain a classical
UBD, and its specific recruitment to RNF8- and RNF168-
generated ubiquitin products at DSBs therefore long remained
enigmatic. 53BP1 uses its tandem Tudor domain to bind mono-
and di-methylated H4K20 (Botuyan et al., 2006), generated by
SET8 (PR-SET7) and SUV4-20 h1/h2, respectively (Nishioka
et al, 2002; Schotta et al., 2004; Yang et al, 2008). Since
more than 80% of histone H4K20 is constitutively dimethylated
in human cells (Yang et al, 2008), a range of potential
mechanisms that would make H4K20me2 available for 53PB1
binding at damaged chromatin have been proposed. On the one
hand, it has been suggested that SET8 and MMSET, another
histone methyltransferase, are recruited to DSB sites where
they methylate H4K20 de novo (Oda et al., 2010; Pei et al,
2011; Dulev et al., 2014; Tuzon et al,, 2014). On the other
hand, SET8, SUV4-20 h1/h2, and MMSET were all found to
be dispensable for the DSB recruitment of 53BP1 in MEFs
(Hartlerode et al., 2012). Other studies found that H4K20me2
is exposed at DSB sites through deacetylation of H4K16 (Hsiao
and Mizzen, 2013) or by the displacement or degradation
of the H4K20me2-binding factors L3AMBTL1 and JMJD2A/B
(Acs et al., 2011; Mallette et al., 2012). While none of these
models are mutually exclusive, the precise scope of regulatory
mechanisms impinging on H4K20 methylation at DSB sites
and their relative importance for controlling 53BP1 recruitment
were unclear. However, more recent findings established that
53BP1 not only relies on interaction with methylated H4K20,
but also has an adjacent, cryptic ubiquitin recognition module
(termed the UDR motif) that is required for its recruitment
to sites of DNA damage (Fradet-Turcotte et al, 2013). The
UDR preferentially recognizes H2AK15 ubiquitylation, which
is specifically generated by RNF168 (Fradet-Turcotte et al,
2013). Several additional mechanisms contributing to 53BP1
accrual have been suggested, including direct SUMOylation and
ubiquitylation of 53BP1 by PIAS4 and RNF168, respectively
(Galanty et al., 2009; Bohgaki et al., 2013).

Other readers of histone ubiquitylation in the DSB response
include the E3 ubiquitin ligases RAD18 and RNF169, both
of which modulate the DSB response through mechanisms
that do not appear to involve their catalytic activities. RAD18
promotes HR-mediated DSB repair through interaction with the
RAD51 paralog RAD51C (Huang et al., 2009). More recently,
RADI18 has been shown to be instrumental for recruiting the
SMC5/6 cohesion complex to DNA damage sites downstream of
RNF8/RNF168-generated histone ubiquitylation. This function
requires two adaptor proteins, SLF1 and SLF2, which form
a complex and physically bridge RAD18 and the SMC5/6
complex (Raschle et al.,, 2015). This recruitment pathway may
promote faithful DSB repair and genome stability maintenance
by suppressing illegitimate recombination events. Importantly,
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Writers Function References

RNF8 Ubiquitylation of H1 (Thorslund et al., 2015)

RNF168 Ubiquitylation of H2A at (Mattiroli et al., 2012; Gatti et al.,
K13/K15 2012)

RNF2-BMI1 Ubiquitylation of H2A at K119  (Ismail et al., 2011; Ginjala et al.,

BRCA1-BARD1

RNF20-RNF40

Ubiquitylation of H2A at
K127/K129

Ubiquitylation of H2B at K120

2011; Pan et al., 2011)
(Kalb et al., 2014)

(Moyal et al., 2011; Nakamura et
al., 2011)

Readers Effector(s) Function References
RNF168 Propagation of H2A-K13/ (Doil et al., 2009; Stewart et al.,
K15 ubiquitylation 2009)
RAP80 BRCA1 Regulation of DSB end (Sobhian et al., 2007; Kim et al.,
resection and HR 2007; Wang et al., 2007; Hu et
al., 2011; Coleman et al., 2011)
53BP1 RIF1, REV7, Stimulation of NHEJ and (Bunting et al., 2010; Bouwman
PTIP, Artemis inhibition of DSB end gfo 413'3 12391\/9; ?,harim?n;&aé-,
. ; prvirgihlo et al., N
resection Escribano-Diaz et al., 2013;
Zimmermann et al., 2013;
Boersma et al., 2015; Xu et al.,
2015; Callen et al., 2013; Wang
et al., 2014)
RAD18 RAD51C, SLF1, Recruitment of HR factors (Huang et al., 2009; Réaschle et
SLF2 (RAD51 and the SMC5/6 al., 2015)
complex)
RNF169 Suppression of reader (Panier et al., 2012; Poulsen et
binding to ubiquitylated H2A @l 2012; Chen et al,, 2012)
Erasers Function References

USP3, USP16,
USP26, USP37,
USP44

OTUB1,
OTUB2,
BRCC36, POH1

Reversal of H2A
ubiquitylation

Antagonism of RNF8/
RNF168-mediated
chromatin ubiquitylation

FIGURE 2 | Major writers, readers, and erasers of DSB-associated histone ubiquitylation.

(Nicassio et al., 2007; Shanbhag
et al., 2010; Typas et al., 2015;
Mosbech et al., 2013)

(Nakada et al., 2010; Kato et al.,
2014; Shao et al., 2009; Butler
et al., 2012)
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the involvement of RADI18 in DSB repair is distinct from its
role in DNA damage bypass during DNA replication, where it
facilitates exchanges of replicative DNA polymerases with UBD-
containing damage-tolerant translesion DNA synthesis (TLS)
polymerases such as DNA polymerase 1 (poln) at the replication
fork by catalyzing PCNA monoubiquitylation in conjunction
with RAD6 (Mailand et al., 2013). RNF169, a paralog of RNF168,
accumulates at DSB sites by directly recognizing RNF168-
generated ubiquitylation products, yet it does not cooperate with
RNF168 in propagation of the H2A-ubiquitin mark (Chen et al.,
2012; Panier et al., 2012; Poulsen et al., 2012). Instead, RNF169
appears to act as a negative regulator of downstream protein
recruitment to DSBs by competing with other readers for binding
to RNF168-generated ubiquitylation products, possibly helping
to restrain the magnitude and propagation of the RNF8/RNF168-
dependent DSB response.

ERASERS AND REGULATORS OF
DSB-INDUCED HISTONE
UBIQUITYLATION

Similar to the remarkable complexity by which RNF8 and
RNF168 ubiquitylation products are laid down and interpreted,
the regulation, maintenance, and removal of these modifications
are governed by a range of different mechanisms. Several
PTMs, including phosphorylation, SUMOylation, acetylation,
and methylation are employed in the regulatory control of
factors that affect the kinetics of DSB-associated chromatin
ubiquitylation (Lukas et al., 2011; Polo and Jackson, 2011). For
example, inactivating phosphorylations on RNF8 and 53BP1
by mitotic kinases suppress DSB-induced signaling and repair
during mitosis. This has a critical role in protecting the genome
from the formation of toxic repair products such as sister
telomere fusions that can be otherwise generated during this
window of the cell cycle (Orthwein et al., 2014).

The unique ability of RNF168 to both generate and interact
with ubiquitylated H2A (Panier et al., 2012) allows for the
dynamic and efficient spreading of DSB-induced chromatin
marks along the chromatin fiber. At the same time, however,
this begs the existence of regulatory mechanisms for keeping
this potentially deleterious activity in check. One means
of limiting the magnitude of the RNF8/RNF168-mediated
chromatin ubiquitylation response involves the ubiquitin ligases
UBRS5 and TRIP12, which curb RNF168 expression by promoting
its proteasomal degradation. In the absence of these factors,
the DSB-specific histone ubiquitylation marks can undergo
excessive spreading to entire damaged chromosomes as well as
to adjacent ones (Gudjonsson et al., 2012). Interestingly, the
destabilization of RNF168 by knockdown of HERC2 (Bekker-
Jensen et al., 2010) is abrogated by co-depletion of TRIP12,
suggesting that TRIP12 may target RNF168 molecules that are
not in complex with HERC2 (Gudjonsson et al, 2012). In
contrast, the deubiquitylating enzyme (DUB) USP34 has been
speculated to stabilize RNF168 at DSB sites by counteracting
proteasomal degradation of RNF168 through removal of K48-
linked ubiquitin chains (Sy et al., 2013).

Several DUBs, including USP3, USP16, USP26, USP37, and
USP44, target H2A for deubiquitylation in the context of the
DDR, and when overexpressed, each of these DUBs efficiently
reverse ubiquitin-dependent protein assembly at DSB sites
(Figure 2). USP3, the first among these DUBs to be implicated
in the DSB response, deubiquitylates H2A on a genome-wide
scale (Nicassio et al., 2007; Doil et al.,, 2009; Lancini et al.,
2014). Its ablation leads to increased DNA breakage, but to
which extent this is due to hyperactivation of the DDR by
ubiquitylated H2A or enhanced replication stress remains to
be resolved (Nicassio et al., 2007; Lancini et al., 2014). USP16,
which is predominantly cytoplasmic during interphase, has
been implicated in deubiquitylation of H2A during mitosis,
but has also been shown to counteract transcriptional silencing
associated with DSB-induced histone ubiquitylation (Cai et al.,
1999; Joo et al, 2007; Shanbhag et al., 2010). In addition, it
was suggested that USP16 interacts with and is regulated by
HERC2 and acts downstream of RNF8 and RNF168 at DSB
sites (Zhang et al., 2014). USP44 was identified in a screen
for DUBs whose overexpression prevent 53BP1 recruitment to
DSB sites and has been shown to reverse ubiquitylation of both
H2A and H2B (Fuchs et al., 2012; Mosbech et al., 2013). The
OTU family DUB OTUBL is highly active against K48-linked
ubiquitin chains but negatively impacts the DSB response in
a non-canonical manner independent of its catalytic activity.
OTUBI associates with and inhibits a range of E2s, including
Ubc13 and UbcHS5, thereby preventing RNF168 recruitment to,
and H2A ubiquitylation at, DSBs (Nakada et al., 2010; Juang
et al, 2012; Sato et al, 2012; Wiener et al., 2012). OTUB2
and BRCC36, a component of the BRCA1-A complex, both
preferentially cleave K63-linked ubiquitin chains and have been
proposed to antagonize RNF8-Ubcl3-dependent ubiquitylation
at DSB sites (Shao et al,, 2009; Kato et al., 2014). Thus, an
elaborate array of DUBs are engaged in regulating and fine-
tuning the RNF8/RNF168-mediated chromatin ubiquitylation
response to DSBs, emphasizing its biological importance and
plasticity. The collective antagonistic actions of these DUBs may
both allow cells to set a basal threshold for triggering the full-
blown ubiquitin-dependent response to DSBs, and to regulate
and fine-tune its magnitude during the course of lesion repair.

HISTONE UBIQUITYLATION AND DSB
REPAIR PATHWAY CHOICE

By mediating the recruitment of a range of key DSB repair factors,
including BRCA1, 53BP1 and associated proteins, chromatin
ubiquitylation at DNA damage sites by RNF8 and RNF168
plays an important role in promoting DSB repair pathway
efficiency and utilization. The choice between NHE] and HR
for the repair of a DSB is primarily made at the level of DSB
end protection, which favors NHE], and end resection, which
commits the break to repair by HR (Chapman et al., 2012b).
53BP1, whose relocalization to DSB sites is strongly dependent
on RNF8/RNF168-mediated chromatin ubiquitylation, functions
at the crossroads of DSB pathway choice. Accordingly, 53BP1
actively promotes NHE] in several contexts while inhibiting
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BRCA1-mediated HR through mechanisms that are still being
elucidated. 53BP1 limits HR by posing a barrier for the DSB
end resection machinery to approach the break sites, a function
that is specifically antagonized by BRCA1 under HR-permissive
conditions during the S and G2 phases, causing the relocalization
of 53BP1 to the periphery of IRIF (Cao et al., 2009; Bouwman
etal., 2010; Bunting et al., 2010; Chapman et al., 2012a; Karanam
et al., 2012). Several effector proteins collaborate with 53BP1 in
these NHEJ-promoting processes. The proteins RIF1 and PTIP
bind 53BP1 via non-overlapping, phosphorylation-dependent
interactions involving a large cluster of ATM phosphorylation
sites in its N-terminal half (Munoz et al., 2007; Callen et al.,
2013; Chapman et al.,, 2013; Di Virgilio et al., 2013; Escribano-
Diaz et al., 2013; Feng et al., 2013). While RIF1 appears to
act as an HR inhibitor that antagonizes BRCA1, PTIP mediates
pro-NHE] functions of 53BPI involving its binding to the
nuclease Artemis, a known NHE] component (Wang et al., 2014).
PTIP is responsible for mutagenic DNA repair processes such
as the fusion of unprotected telomeres during mitosis (Callen
et al., 2013). On the other hand, the requirement of 53BP1 for
productive CSR in developing B cells, a process that impinges
on the repair of a programmed DSB by NHE], appears to be
channeled mainly through RIF1 (Callen et al., 2013; Chapman
et al., 2013; Di Virgilio et al., 2013; Escribano-Diaz et al., 2013).
Recently, REV7 (also known as MAD2L2) was found to act
downstream of 53BP1 and RIF1 in inhibiting end resection and
promoting CSR, independent of its role in TLS in conjunction
with REV3L (Boersma et al.,, 2015; Xu et al,, 2015). However,
because REV7 does not appear to form complexes with 53BP1
and RIF1, the precise mechanism by which it promotes these
processes remains to be established. The emerging linear RNF8-
RNF168-53BP1-RIF1-REV7 cascade also mediates the DDR at
uncapped telomeres, promoting illegitimate NHEJ-dependent
fusions of deprotected chromosome ends that lead to massive
genome instability (Peuscher and Jacobs, 2011; Okamoto et al.,
2013; Zimmermann et al., 2013; Boersma et al., 2015).

BRCAL binds to resected DNA independently of the RAP80-
containing BRCA1-A complex, promoting HR in complex with
either CtIP or BACHI1 (Huen et al., 2010). RAP80 prevents
hyper-recombination by limiting the access of BRCA1 to end-
resected DSBs (Coleman and Greenberg, 2011; Hu et al,, 2011).
When bound to its partner protein BARD1, BRCAL is active
as an E3 ubiquitin ligase (Wu et al, 1996), and cancer-
predisposing germline mutations in the BRCAI gene cluster in
its N-terminal RING domain that underlies this activity (Maxwell
and Domchek, 2012). However, ES cells expressing an E3 ligase-
deficient BRCA1 allele containing an I26A mutation in the RING
domain, which preserves the binding to BARDI, are viable,
unlike BRCAI null cells (Reid et al., 2008). Mice expressing
this BRCA1 mutant display no increase in tumor formation,
indicating that the ubiquitin ligase activity of BRCA1 may not
be absolutely essential for its tumor suppressor function (Shakya
etal.,2011). In addition, the nature of the physiologically relevant
BRCAL1 E3 ligase substrate(s) remains unclear. Recently, BRCA1
was found to ubiquitylate H2A in vitro at the C-terminal residues
K127 and K129 (Kalb et al., 2014), sites that are not known to be
targeted by other H2A ubiquitin ligases. In line with this finding,

it has been known for some time that expression of a chimeric
protein in which ubiquitin is fused in-frame to the C-terminus
of H2A rescues the defect in heterochromatin silencing observed
in cells lacking BRCA1 (Zhu et al, 2011). Whether BRCA1-
mediated H2A K127/K129 ubiquitylation has any functional role
in DSB repair is therefore an important question that awaits
clarification.

As RNF168 is required for the recruitment of both 53BP1
and the BRCA1-A complex to DSBs, it is feasible that this
protein also plays a role in the regulation of DSB repair pathway
choice. Interestingly, RNF168 depletion in BRCA1-deficient cells
rescued HR and RAD51 IRIF formation, similar to 53BP1 loss,
but was not able to restore HR in cells lacking CtIP, RAD50,
RAD5I, or BRCA2 (Mufioz et al., 2012). A truncated form of
RNF168 unable to form IRIF still promoted HR, suggesting that
the function of RNF168 in HR does not require its localization
to DSB sites (Muioz et al., 2014). Moreover, ectopic expression
of RNF168 or 53BP1 in BRCA1-deficient cells exacerbates their
hypersensitivity to PARP inhibitors by promoting 53BP1 accrual
and suppression of resection (Zong et al.,, 2015). Although some
of the DUBs that antagonize H2A ubiquitylation and/or RNF168
recruitment to DSB sites likely play a role in regulating the
balance between 53BP1 and BRCA1 and DSB repair pathway
choice, only a few have been directly implicated in this process.
POHLI (also known as PSMD14) is a proteasome-associated DUB
that accumulates at DSB sites, and whose knockdown gives
rise to enlarged 53BP1 foci, suggesting that the proteasome
is involved in the turnover of ubiquitin conjugates at sites of
DNA damage (Butler et al., 2012; Galanty et al., 2012). POH1
collaborates with BRCA1 to overcome the 53BP1-mediated
barrier to DNA end resection, leading to DSB repair by HR
(Kakarougkas et al., 2013). USP26 and USP37 also accumulate
at DSBs and deubiquitylate H2A. These DUBs have been
suggested to counteract RNF168-dependent BRCA1 repression
by RAP80, thereby promoting HR via BRCA1-dependent loading
of PALB2-BRCA2 and RAD51 onto the resected DNA (Typas
et al., 2015). While tremendous progress has thus been made
toward understanding the mechanisms underlying DSB repair
pathway choice that are critically dependent on the tug of war
between BRCA1 and 53BP1, many questions remain about how
they exert their functions in this process. In particular, despite
its clinical importance as a tumor suppressor that has been
recognized for decades, the reason why BRCALI is so important
for aborting tumorigenic events remains enigmatic. Further
efforts to decipher the mechanisms underlying the antagonistic
relationship between 53BP1 and BRCA1 in DSB signaling should
help to clarify the role of BRCAI in protecting against breast
and ovarian cancers, and may lead to improved cancer treatment
strategies.

In addition to histone ubiquitylation mediated by RNFS,
RNF168, and other E3 ubiquitin ligases, the choice between
NHE]J and HR for repair of individual DSBs is also controlled
and regulated by a range of other ubiquitin-dependent processes
(reviewed in detail in Schwertman et al., 2016). For example,
ubiquitin has a direct key role in suppressing HR during G1
phase. This is mediated by KEAP1, a Cullin 3-RING ubiquitin
ligase (CRL3) complex substrate adaptor (Cullinan et al., 2004;
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Kobayashi et al., 2004; Zhang et al., 2004), which ubiquitylates
PALB2 to inhibit the interaction between BRCA1 and PALB2-
BRCA2 (Orthwein etal., 2015). USP11, a DUB that has previously
been implicated in HR and interacts with BRCA2 (Schoenfeld
et al.,, 2004; Wiltshire et al., 2010), deubiquitylates PALB2 but
is degraded in G1 upon DSB formation, thereby effectively
suppressing HR specifically during this window of the cell cycle
(Orthwein et al., 2015). Likewise, the E3 ligase RNF138 was
recently shown to play an important role in promoting DSB
end resection, through its dual ability to ubiquitylate Ku80,
promoting displacement of the Ku70-Ku80 complex from DSB
ends, and the resection factor CtIP, enabling its recruitment
to DSB sites (Ismail et al., 2015; Schmidt et al., 2015). The
integration of multiple ubiquitin-dependent signaling processes
targeting chromatin and DNA repair factors thus provides a
critical regulatory framework for controlling DSB repair pathway
utilization and efficiency during the cell cycle.

FUTURE PERSPECTIVES

Histone ubiquitylation by the RNF8/RNF168 cascade forms
the nexus of a multipronged signaling pathway that entails
the recruitment of many important repair factors to DNA
damage sites, playing a central role in regulating the choice and
efficiency of DSB repair mechanisms. A decade of studies of
the RNF8/RNF168 pathway and its role in shaping the dynamic
chromatin ubiquitylation landscape in the vicinity of DSBs
has revealed many important insights into its complex spatio-
temporal organization and regulation, as well as its impact on
genome stability maintenance. However, many questions about
the workings of this signaling response remain. Although it
is becoming increasingly clear that RNF8 and RNF168 target
different histones at DSB-surrounding chromatin areas, it is
possible that they may have additional substrates relevant to
their DSB signaling and repair functions. In addition, while
RNF168 specifically ubiquitylates N-terminal lysines in H2A-
type histones, the residue(s) in linker histones targeted by
RNF8 are not yet known. For H2A, however, the nature of
the physiologically relevant ubiquitin modifications assembled
by RNF168 needs to be further addressed, with both H2A
monoubiquitylation and polyubiquitylation via K63- and K27-
linkages potentially playing important roles in the context of
DSB responses. Whether other DSB-responsive ubiquitin ligases,
including RAD18, HERC2, and RNF169, are actively engaged
in ubiquitylating histones or other chromatin-bound factors
at DSB sites also awaits clarification. Finally, it remains to
be conclusively established whether some readers of RNF168-
catalyzed ubiquitylation products at DSB sites, including RAP80
and RAD18, mainly recognize ubiquitylated H2A or perhaps
other RNF168-modified proteins on chromatin. It is also
possible that there are as-yet unknown readers of RNF8- and
RNF168-dependent ubiquitylation marks at damaged chromatin.
Structural studies will be of key value for a better understanding
of the relationships between ubiquitylated histones and their
writers, readers and erasers in DSB repair. The recent
breakthroughs in cryo-EM technology hold promise that it will

be feasible to obtain structures of ubiquitin-modified histones
and nucleosomes in complex with such proteins and complexes,
thus paving the way for atomic-level resolution of ubiquitin-
dependent DSB signaling responses.

The identification of HI-type linker histones as targets
of RNF8-dependent K63 polyubiquitylation adds a new and
dynamic dimension to the histone code for DSB repair. While
the ubiquitylated forms of HI1 histones can serve as an
anchor for initial RNF168 recruitment to the break sites, it
is conceivable that DSB-induced linker histone modifications
may also play a role in remodeling chromatin structure to
render it more permissive for efficient repair. To this end,
it has been shown that murine cells lacking three of the six
linker histone isoforms are more resistant to DNA damage,
and that the K63-ubiquitylated forms of H1 are more loosely
associated with chromatin than their unmodified counterparts
(Murga et al, 2007; Thorslund et al., 2015). Thus, dynamic
DNA damage-induced modifications of linker histones by
ubiquitin and perhaps other PTMs, numerous of which have
been mapped by proteomic studies (Harshman et al.,, 2013),
might promote restructuring of chromatin composition and
compaction to facilitate the accessibility of the DSB repair
machinery. How linker histones and their modifications impact
chromatin structure dynamics during the course of DNA repair
is an underexplored issue that merits further attention in the
coming years.

Downstream of RNF8/RNF168-dependent chromatin
ubiquitylation, the molecular transactions governing DSB repair
pathway choice as a function of the well-established tug of war
between 53BP1 and BRCALI and their associated proteins are
an intensely studied and clinically relevant topic, with many
important questions still to be addressed. In particular, the
mechanism(s) by which BRCA1 promotes DSB end resection,
HR and tumor suppression remain incompletely understood.
From the perspective of chromatin ubiquitylation, an especially
pertinent issue that has so far eluded clear-cut answers concerns
the role and substrate(s) of BRCA1-BARD1 E3 ligase activity in
DSB repair. BRCA1 has been shown to contribute to chromatin
ubiquitylation at DSB sites and modifies C-terminal lysine
residues in H2A (Morris and Solomon, 2004; Polanowska et al.,
2006; Kalb et al., 2014). Resolving if and how such BRCA1-
mediated ubiquitylation at damaged chromatin contributes to its
role in DSB repair may provide much-needed insights into the
molecular mechanisms underlying its pro-HR function.

As many key players involved in the ubiquitin-dependent
chromatin response to DSBs have now been identified and
characterized, a major goal for the coming years will be to further
delineate the mechanisms underlying these regulatory signaling
processes and their integration into biologically meaningful
cellular responses and circuitries that enable genome stability
protection after DSBs in a ubiquitin-driven manner.
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Modification of proteins with the 76 amino acid protein ubiquitin plays essential roles in
cellular signaling. Development of methods for specific enrichment of ubiquitin remnant
peptides and advances in high-resolution mass spectrometry have enabled proteome-
wide identification of endogenous ubiquitylation sites. Moreover, ubiquitin remnant
profiing has emerged as a powerful approach for investigating changes in protein
ubiquitylation in response to cellular perturbations, such as DNA damage, as well as
for identification of substrates of ubiquitin-modifying enzymes. Despite these advances,
interrogation of ubiquitin chain topologies on substrate proteins remains a challenging
task. Here, we describe mass spectrometry-based approaches for quantitative analyses
of site-specific protein ubiquitylation and highlight recent studies that employed these
methods for investigation of ubiquitylation in the context of the cellular DNA damage
response. Furthermore, we provide an overview of experimental strategies for probing
ubiquitin chain topologies on proteins and discuss how these methods can be applied
to analyze functions of ubiquitylation in the DNA damage response.

Keywords: mass spectrometry-based proteomics, ubiquitin, ubiquitin-modifying enzymes, ubiquitin remnant
profiling, DNA damage response

MASS SPECTROMETRY-BASED PROTEOMICS FOR
INVESTIGATING POSTTRANSLATIONAL MODIFICATIONS

Mass spectrometry (MS)-based proteomics has become a powerful tool for investigating
posttranslational modifications (PTM:s) of proteins in the context of cellular signaling (Larance and
Lamond, 2015). In shotgun or bottom up proteomics, cellular proteins are subjected to proteolysis
and the resulting peptides are separated according to hydrophobicity using high-pressure liquid
chromatography (LC) and identified by tandem mass spectrometry (LC-MS/MS; Aebersold and
Mann, 2003). The mass difference introduced by the presence of PTMs can be exploited for
identification and localization of modifications. A major obstacle for proteome-wide analysis of
posttranslational modification sites by LC-MS/MS is the sub-stoichiometric cellular occurrence of
modified protein species and the inability of current mass spectrometers to identify all peptides
resulting from digestion of the cellular proteome. Consequently, specific enrichment methods for
modified peptide species are essential for the proteome-wide identification of PTMs by LC-MS/MS.
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Identification of endogenous ubiquitylation sites by MS-
based proteomics has long been hampered by a lack of
specific enrichment methods for ubiquitylated peptides.
Earlier studies have most commonly relied on the ectopic
expression of polyhistidine tagged ubiquitin and enrichment of
ubiquitylated proteins by nickel-nitrilotriacetic acid (Ni-NTA)
chromatography under denaturing conditions. Alternatively,
purified tagged ubiquitin-binding domains have been used to
enrich ubiquitylated proteins from cells expressing endogenous
ubiquitin (Hjerpe et al., 2009). These approaches have been
successfully employed for the identification of putative
ubiquitylated proteins and a limited number of ubiquitylation
sites (Peng et al., 2003; Matsumoto et al, 2005; Tagwerker
et al., 2006; Meierhofer et al., 2008; Danielsen et al., 2011).
However, enrichment at the protein level does not sufficiently
reduce sample complexity and thus does not permit efficient
proteome-wide identification of endogenous ubiquitylation sites.

UBIQUITIN REMNANT PROFILING FOR
PROTEOME-WIDE IDENTIFICATION OF
UBIQUITYLATION SITES

Digestion of ubiquitylated proteins with trypsin leaves a di-
glycine remnant from the C-terminus of ubiquitin covalently
attached to the previously ubiquitylated lysine. The di-glycine
remnant leads to a peptide mass shift (~114 Da) and can
be exploited to pinpoint the localization of the ubiquitin
attachment site in the protein (Peng et al., 2003) (Figure 1).
Xu et al. (2010) used di-glycine-modified histones as an antigen
to produce the monoclonal antibody GX41 that specifically
recognizes di-glycine adducts on the e-amine of lysine. To
demonstrate the applicability of the antibody for enrichment of
di-glycine modified peptides, the authors purified ubiquitylated
proteins from HEK293T cells ectopically expressing Hiss-tagged
ubiquitin. After proteolysis, di-glycine-modified peptides were
enriched using di-glycine lysine specific antibodies and identified
by LC-MS/MS.

The generation of di-glycine lysine specific antibodies and
advances in high-resolution mass spectrometry have enabled
first proteome-wide studies of endogenous ubiquitylation sites in
human cells (Kim et al., 2011; Wagner et al., 2011) (Figure 1).
Wagner et al. (2012) extended ubiquitin remnant profiling to
murine tissues and demonstrated that different tissues display
specific ubiquitylation patterns. In addition, they identified a
number of core ubiquitylation sites that are present in all
examined tissues.

One drawback of ubiquitin remnant profiling is that tryptic
digestion of proteins modified with the ubiquitin-like modifiers
NEDDS8 and ISG15 also results in a di-glycine remnant attached
to the previously modified lysine. Consequently, ubiquitin
remnant profiling does not allow distinguishing NEDD8- and
ISG15-modification sites from ubiquitylation sites. However,
the expression of ISGI5 in cells that are not stimulated with
interferon (IFN)-a/f is very low (Skaug and Chen, 2010) and
NEDDS is considered to primarily modify Cullin-RING ligases
(CRLs; Lydeard et al., 2013). Kim et al. (2011) used different

experimental approaches to demonstrate that >94% of the di-
glycine lysine containing peptides are indeed ubiquitin remnant
peptides.

QUANTITATIVE ANALYSES OF PROTEIN
UBIQUITYLATION BY UBIQUITIN
REMNANT PROFILING

Ubiquitin remnant profiling can be combined with quantitative
proteomics approaches based on metabolic (e.g., stable isotope
labeling with amino acids in cell culture, SILAC) or chemical
labeling (e.g., tandem mass tags or isobaric tags for relative
and absolute quantitation) to quantify the relative abundance
of ubiquitylation sites in different experimental conditions. In
the last 5 years this strategy has been successfully implemented
to investigate site-specific alterations of the ubiquitin-modified
proteome after cellular stress or growth factor stimulation as well
as to identify substrates of ubiquitin-modifying enzymes.

Initial studies employed ubiquitin remnant profiling and
SILAC-based quantitative proteomics to analyze site-specific
changes in ubiquitylation in different human cell lines after
inhibition of the proteasome (Kim et al., 2011; Wagner et al,,
2011; Udeshi et al., 2012). These studies have shown that
proteasome inhibition globally perturbs cellular ubiquitylation
patterns and leads to increased ubiquitylation of >40% of the
quantified sites. Interestingly, proteasome inhibition also results
in decreased abundance of a fraction of ubiquitylation sites,
including sites on histones and DNA repair factors PCNA,
FANCI, and FANCD2 that confer non-degradative, regulatory
functions. These observations indicate that proteasome
inhibition leads to depletion of the cellular ubiquitin pool
and results in a shift from mono- to poly-ubiquitylation, and
can therefore be used to distinguish degradative from non-
degradative, regulatory ubiquitylation (Kim et al., 2011; Wagner
et al,, 2011; Udeshi et al., 2012; Higgins et al., 2015).

Ubiquitin remnant profiling and SILAC-based quantitative
proteomics has been used to perform first proteome-wide, site-
specific analyses of ubiquitylation after DNA damage. Povlsen
et al. (2012) induced DNA damage in U20S cells by ultraviolet
light (UV) irradiation and identified up-regulated and down-
regulated ubiquitylation sites on known components of DNA
damage repair and signaling as well as on proteins that had
not been previously implicated in this process, demonstrating
that ubiquitin-modifying enzymes play an integral role in the
regulation of the cellular response to DNA damage. This study
also demonstrated that UV light affects the ubiquitylation
status of the PCNA-associated factor PAF15 and that PAF15
ubiquitylation regulates the interaction between translesion
synthesis polymerases and PCNA during the DNA damage
bypass. Another study investigated site-specific changes in
ubiquitylation after DNA damage induced by irradiation of
U20S cells with UV light or ionizing radiation (IR) and could
demonstrate that centromere proteins are de-ubiquitylated in
response to UV light- and IR-induced DNA damage (Elia et al.,
2015a). Notably, in this study profiling of ubiquitylation sites
has been performed with and without pre-treatment of cells with
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FIGURE 1 | MS-based proteomics approaches for analyzing protein ubiquitylation. (A) Digestion of ubiquitylated proteins with trypsin leaves a di-glycine
remnant from the C-terminus of ubiquitin covalently attached to the previously modified lysine. (B) Exemplary fragment spectrum of a di-glycine modified peptide.
The di-glycine remnant leads to a shift of ~114 Da in the peptide mass and can be exploited to pinpoint the localization of the ubiquitin attachment. (C) For ubiquitin
remnant profiling, proteins extracted from cells are digested into peptides using trypsin, di-glycine modified peptides are enriched using di-glycine lysine specific
antibodies and identified by LC-MS/MS. *Pre- and post-enrichment fractionation can be introduced to decrease sample complexity and increase the depth of the
analysis. For ubiquitin chain topology profiling, proteins extracted from cells or tissues are incubated with an ubiquitin linkage-specific binder (e.g., antibody, affimer,

TUBE). Enriched proteins modified by a specific type of ubiquitin chain are digested in-gel into peptides and peptide samples are analyzed by LC-MS/MS.
*Post-enrichment fractionation can be introduced to decrease sample complexity and increase the depth of the analysis.

the proteasome inhibitor MG132 to facilitate the identification of
both degradative and non-degradative, regulatory ubiquitylation
sites, respectively. In another study, the same authors found that
the single-stranded DNA binding protein RPA is ubiquitylated
on multiple lysines after replication fork stalling by the ubiquitin
ligase RFWD?3 (Elia et al., 2015b). Ubiquitylation of RPA occurs
on chromatin and does not mediate its degradation, but is
important for the replication fork restart and homologous
recombination at stalled replication forks.

Ubiquitin remnant profiling also enables global analyses of
ubiquitin-linkage abundance and has been employed to reveal
that UV light irradiation increases the cellular abundance of K6-
linked ubiquitin chains (Povlsen et al., 2012; Elia et al., 2015a).
Modification of proteins with Ké-linked ubiquitylation by the
ubiquitin ligase BRCA1 has been previously suggested to play a
role in the cellular response to DNA damage (Wu-Baer et al,,
2003, 2010; Morris and Solomon, 2004; Nishikawa et al., 2004).

Ubiquitin remnant profiling is a powerful approach for
identification and quantification of ubiquitylation sites, however,
several limitations should be considered when designing
experiments: shotgun proteomics is biased towards more

abundant peptide species and it is likely that ubiquitylation
sites on low abundant, chromatin-associated proteins that often
play an essential role in the regulation of DNA damage repair
and signaling are missed. Also, the high amount of protein
that is needed in order to achieve a satisfactory depth of the
analysis hampers the application of this method for samples
with limited quantity (e.g., primary cells). We envision that
further improvements of MS instrumentation will facilitate the
identification and quantification of low abundant ubiquitylation
sites. Alternatively, targeted proteomics approaches can be
employed to reproducibly quantify selected ubiquitylation sites
across different experiments.

MAPPING SUBSTRATES OF
UBIQUITIN-MODIFYING ENZYMES

In addition to analyzing ubiquitin-dependent processes after
DNA damage, an increasing number of studies have successfully
employed ubiquitin remnant profiling and quantitative
proteomics to identify substrates of ubiquitin ligases and
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deubiquitylating (DUBs) enzymes. In most studies the activity
of the ubiquitin-modifying enzyme is inhibited using small
molecules or the expression of the enzyme is down-regulated
using knockdown or knockout approaches. Emanuele et al.
(2011) employed ubiquitin remnant profiling and SILAC-based
quantitative proteomics to quantify ubiquitylation sites in
cells in which CRLs activity had been chemically inhibited
by the NEDDS8-activating enzyme inhibitor MLN4924. CRLs
frequently target substrate proteins for degradation through
the proteasome and therefore additional pre-treatment of cells
with the proteasome inhibitor had been used to stabilize the
proteins that are normally targeted for degradation by CRLs.
The authors identified hundreds of ubiquitylation sites that
decreased in abundance after CRL inhibition and demonstrated
that NUSAPI, a protein involved in mitosis and DNA damage
response, is a novel substrate of the Skpl, Cullin, F-box (SCF)
Cyclin F (Emanuele et al,, 2011). Elia et al. (2015a) employed a
similar approach to demonstrate that 10% of UV light-induced
ubiquitylation is dependent on CRLs and to show that SCF-
Cyclin F ubiquitylates the double-stranded DNA exonuclease
EXOL1 after irradiation of cells with UV light.

Mutations in the substrate recognition domain of the CRL
CUL3 adaptor speckle-type POZ protein (SPOP) are frequently
found in primary prostate cancer (Barbieri et al., 2012). SPOP
functions in DNA double strand break repair and SPOP
mutations in prostate cancer are associated with genomic
instability (Boysen et al., 2015). However, the identity of its
substrates and whether or not cancer-associated mutations of
SPOP affect the substrate landscape remained unclear. Theurillat
et al. (2014) compared the abundance of ubiquitylation sites in
immortalized prostate epithelial cells stably overexpressing wild
type or mutant forms of SPOP. They were able to show that

SPOP mutants lead to decreased ubiquitylation and impaired
degradation of the chromatin remodeler DEK and thereby
contribute to the oncogenic phenotype of prostate cancer cells.

Ubiquitin remnant profiling has also been employed to
identify the substrates of the CRL adaptor cereblon (CRBN).
Kronke et al. (2014) employed a chemical proteomics approach
to show that lenalidomide, a thalidomide derivative used in
treatment of multiple myeloma, binds to CRBN. Following up
on this observation, they employed SILAC-based quantitative
proteomics and ubiquitin remnant profiling to analyze alterations
in ubiquitylation site abundance after treatment of MMIS
multiple-myeloma cell line with lenalidomide. The authors
demonstrated that lenalidomide regulates ubiquitylation and
abundance of the transcription factors IKZF1 and IKZF3, and
could further show that depletion of these proteins inhibited the
growth of lenalidomide-sensitive multiple myeloma cell lines,
while not having an effect on lenalidomide-insensitive cells
(Kronke et al., 2014).

Furthermore, ubiquitin remnant profiling and inducible
knockdown has been employed to identify DNA damage-
inducible transcript 4 (DDIT4) as a novel substrate of the
ubiquitin ligase HUWEL1 that has been implicated in cancer
development and DNA damage response (Thompson et al,
2014).

The above-mentioned studies demonstrate that ubiquitin
remnant profiling is a powerful approach for identifying
substrates of ubiquitin-modifying enzymes in the context of DNA
damage signaling and disease. Development of novel specific
small molecule inhibitors of ubiquitin-modifying enzymes as
well as generation of knockdown/knockout cell lines will help
to further decipher the complex relations between ubiquitin-
modifying enzymes and their substrates.
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INVESTIGATING UBIQUITIN CHAIN
TOPOLOGY

The role of K48-linked ubiquitylation in the degradation of
proteins through the proteasome and the function of K63-
linked ubiquitylation in cellular signaling are well established
(Hochstrasser, 1995; Haglund and Dikic, 2005). The cellular
functions of atypical ubiquitin chains formed through K6,
K11, K27, K29, and K33 are largely unknown and tools for
detection and enrichment of proteins modified with these
atypical ubiquitin chains are missing.

The development of linkage-specific antibodies for M1-, K48-,
and K63-linked ubiquitin chains facilitated the identification
of substrates and functions of these ubiquitin chains (Newton
et al,, 2008; Matsumoto et al, 2010, 2012). Recently, high
affinity binders (affimers) for K6, K33, and K48 ubiquitin chains
have been generated and are commercially available; however,
the application of these ubiquitin linkage-specific affimers for
enrichment of proteins modified by specific ubiquitin chains still
remains to be demonstrated. Efficient enrichment of proteins
modified with a particular ubiquitin chain would enable their
identification by LC-MS/MS and greatly help to deepen the
understanding of the cellular functions of atypical ubiquitin
chains (Figure 1).

In addition to antibodies and affimers, the identification of
ubiquitin-binding domains (UBDs) that recognize specific type
of ubiquitin chains allowed generation of engineered tandem
ubiquitin-binding entities (TUBEs) that can be used as affinity
matrix for enrichment of proteins modified with specific types
of ubiquitin chains (Hjerpe et al., 2009; Sims et al, 2012).
Recently, a K63-specific TUBE and SILAC-based quantitative
proteomics have been used to compare protein ubiquitylation
in wild type and UBCI13 knockout HCT116 cells. Using this
strategy, Thorslund et al. (2015) identified 371 proteins, several
of which had been previously reported to be modified by
K63-linked ubiquitylation. To complement these results, the
same authors employed a similar approach for identification of
proteins with increased K63-linked ubiquitylation after DNA
damage induced by IR, thus identifying histone H1 as substrate
of UBCI13/RNF8 at DNA double strand breaks (Thorslund et al.,
2015). Another study conducted in Saccharomyces cerevisiae
employed a K63-specific TUBE for enrichment of K63-linked
ubiquitylated proteins from wild type and ubiquitin K63R strain
after oxidative stress induced by H,O,, The authors identified
>100 proteins modified with K63-linked ubiquitin chains after
treatment of cells with H,O, and demonstrated that ribosomal
proteins are dynamically modified by K63-linked ubiquitylation
during the cellular response to H,O, (Silva et al., 2015). Besides
above mentioned TUBEs for K63-linked ubiquitin chains, TUBEs
specifically binding to M1- and K48-linked ubiquitin chains
have been generated (Trempe et al, 2005; Rahighi et al,
2009).

Another approach for analyzing ubiquitin chain topology on
substrate proteins has been developed in the Komander lab:
In Ubiquitin Chain Restriction Enzyme Analysis (UbiCRest),
the relative SDS-PAGE mobility of investigated proteins before
and after treatment with different linkage-specific DUBs is

monitored to identify the type of ubiquitin chains on the protein
(Hospenthal et al., 2015). Multiple DUBs from the human
ovarian tumor (OTU) DUB family that display various degrees
of specificities towards different ubiquitin linkage types have
been identified and can be used for UbiCRest: For instance,
OTUBL specifically cleaves K48-, OTUD1 K63-, Cezanne K11-,
and OTULIN M1l-linked ubiquitylation, whereas OTUD3
displays specificity towards K6- and K11-linked ubiquitylation
(Mevissen et al., 2013). A current limitation of this method is
that DUBs might display various specificities towards ubiquitin
chains linkages depending on the set-up of the assay and
the concentration of the enzyme used, and the fact that
specific DUBs for all types of ubiquitin chains have not been
unambiguously identified. To date, UbiCRest was only employed
to study the ubiquitin chain topology on single proteins;
however, it might be possible to combine this method with
MS to identify ubiquitin chain topologies on a proteome-wide
scale.

CONCLUSION

Development of methods for specific enrichment of ubiquitin
remnant peptides and advances in high-resolution MS have
enabled proteome-wide identification of ubiquitylation sites in
cell lines and tissues. Furthermore, ubiquitin remnant profiling
has been used for quantitative analysis of site-specific protein
ubiquitylation after cellular perturbations, thereby providing a
better understanding of the regulatory scope of ubiquitylation in
different cellular processes, including the DNA damage response.
Ubiquitin remnant profiling has also been successfully employed
to identify substrates of ubiquitin-modifying enzymes, some of
which have been implicated in the cellular response to DNA
damage.

However, our understanding of the roles of ubiquitylation
in the cellular DNA damage response is far from complete:
little is known about the function of many of the dynamically
modified ubiquitylation sites identified in ubiquitin remnant
profiling studies. In addition, numerous ubiquitin-modifying
enzymes have been implicated in the DNA damage response
and for most of these enzymes the cellular substrate spectrum
remains to be uncovered. Future studies employing ubiquitin
remnant profiling and novel small molecule inhibitors or
genetic knockdown/knockout approaches are likely to deepen
the knowledge about the substrates and functions of these DNA
damage-associated ubiquitin-modifying enzymes (Figure 2).
Another major challenge lies in the investigation of the
ubiquitin chain topology on proteins. In the last years,
specific binders for MI-, K48- and K63-linked ubiquitin
chains have been developed. Further development of tools
for detection and enrichment of proteins modified with
Ké6-, K11-, K27-, K29-, and K33-linked ubiquitin chains is
essential to understand the cellular functions of atypical
ubiquitylation. Probing the ubiquitin chain topology on proteins
with DNA damage-regulated ubiquitylation sites will also help to
understand the functions of ubiquitylation in the DNA damage
response (Figure 2).

Frontiers in Genetics | www.frontiersin.org

June 2016 | Volume 7 | Article 109 | 80


http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Heidelberger et al.

Investigating Ubiquitin Signaling

AUTHOR CONTRIBUTIONS

All authors listed, have made substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

The research in PB’s group is supported by the German
Research Foundation (Emmy Noether Program, BE 5342/1-1
and SFB 1177 on Selective Autophagy) and the Marie Curie
Career Integration Grant from the European Commission

REFERENCES

Aebersold, R., and Mann, M. (2003). Mass spectrometry-based proteomics. Nature
422, 198-207. doi: 10.1038/nature01511

Barbieri, C. E., Baca, S. C., Lawrence, M. S., Demichelis, F., Blattner, M., Theurillat,
J.-P., et al. (2012). Exome sequencing identifies recurrent SPOP, FOXA1
and MEDI2 mutations in prostate cancer. Nat. Genet. 44, 685-689. doi:
10.1038/ng.2279

Boysen, G., Barbieri, C. E., Prandi, D., Blattner, M., Chae, S.-S., Dahija, A,, et al.
(2015). SPOP mutation leads to genomic instability in prostate cancer. Elife 4,
€09207. doi: 10.7554/eLife.09207

Danielsen, J. M. R., Sylvestersen, K. B., Bekker-Jensen, S., Szklarczyk, D.,
Poulsen, J. W., Horn, H., et al. (2011). Mass spectrometric analysis of lysine
ubiquitylation reveals promiscuity at site level. Mol. Cell. Proteomics 10,
M110.003590. doi: 10.1074/mcp.M110.003590

Elia, A. E. H.,, Boardman, A. P., Wang, D. C,, Huttlin, E. L., Everley, R. A,,
Dephoure, N., et al. (2015a). Quantitative proteomic atlas of ubiquitination
and acetylation in the DNA damage response. Mol. Cell 59, 867-881. doi:
10.1016/j.molcel.2015.05.006

Elia, A. E. H, Wang, D. C, Willis, N. A, Boardman, A. P, Hajdu, I,
Adeyemi, R. O., et al. (2015b). RFWD3-dependent ubiquitination of RPA
regulates repair at stalled replication forks. Mol. Cell 60, 280-293. doi:
10.1016/j.molcel.2015.09.011

Emanuele, M. J,, Elia, A. E. H,, Xu, Q., Thoma, C. R, Izhar, L., Leng, Y., et al.
(2011). Global identification of modular cullin-RING ligase substrates. Cell 147,
459-474. doi: 10.1016/j.cell.2011.09.019

Haglund, K., and Dikic, I. (2005). Ubiquitylation and cell signaling. EMBO ]. 24,
3353-3359. doi: 10.1038/sj.emboj.7600808

Higgins, R., Gendron, ]. M., Rising, L., Mak, R., Webb, K., Kaiser, S. E., et al. (2015).
The unfolded protein response triggers site-specific regulatory ubiquitylation of
40S ribosomal proteins. Mol. Cell 59, 35-49. doi: 10.1016/j.molcel.2015.04.026

Hjerpe, R., Aillet, F., Lopitz-Otsoa, F., Lang, V., England, P., and Rodriguez,
M. S. (2009). Efficient protection and isolation of ubiquitylated proteins
using tandem ubiquitin-binding entities. EMBO Rep. 10, 1250-1258. doi:
10.1038/embor.2009.192

Hochstrasser, M. (1995). Ubiquitin, proteasomes, and the regulation of
intracellular protein degradation. Curr. Opin. Cell Biol. 7, 215-223. doi:
10.1016/0955-0674(95)80031-X

Hospenthal, M. K., Mevissen, T. E. T., and Komander, D. (2015). Deubiquitinase-
based analysis of ubiquitin chain architecture using ubiquitin chain restriction
(UbiCRest). Nat. Protoc. 10, 349-361. doi: 10.1038/nprot.2015.018

Kim, W., Bennett, E. J., Huttlin, E. L., Guo, A., Li, J., Possemato, A., et al. (2011).
Systematic and quantitative assessment of the ubiquitin-modified proteome.
Mol. Cell 44, 325-340. doi: 10.1016/j.molcel.2011.08.025

Kronke, J., Udeshi, N. D., Narla, A., Grauman, P., Hurst, S. N., McConkey, M.,
etal. (2014). Lenalidomide causes selective degradation of IKZF1 and IKZF3 in
multiple myeloma cells. Science 343, 301-305. doi: 10.1126/science.1244851

Larance, M., and Lamond, A. I. (2015). Multidimensional proteomics for cell
biology. Nat. Rev. Mol. Cell Biol. 16, 269-280. doi: 10.1038/nrm3970

Lydeard, J. R., Schulman, B. A, and Harper, J. W. (2013). Building and
remodelling Cullin-RING E3 ubiquitin ligases. EMBO Rep. 14, 1050-1061. doi:
10.1038/embor.2013.173

(grant agreement number: 630763) The research in SAW'’s
group is supported by the LOEWE program Ubiquitin
Networks (Ub-Net) of the State of Hesse (Germany) and the
Else Kroner-Fresenius-Stiftung. The Institute of Molecular
Biology (IMB) is funded by the Boehringer Ingelheim
Foundation.

ACKNOWLEDGMENT

We thank the members of the Beli and Wagner group for helpful
discussions.

Matsumoto, M., Hatakeyama, S., Oyamada, K., Oda, Y., Nishimura, T., and
Nakayama, K. I. (2005). Large-scale analysis of the human ubiquitin-related
proteome. Proteomics 5, 4145-4151. doi: 10.1002/pmic.200401280

Matsumoto, M. L., Dong, K. C,, Yu, C., Phu, L., Gao, X., Hannoush, R. N,, et al.
(2012). Engineering and structural characterization of a linear polyubiquitin-
specific antibody. J. Mol. Biol. 418, 134-144. doi: 10.1016/j.jmb.2011.12.053

Matsumoto, M. L., Wickliffe, K. E., Dong, K. C, Yu, C, Bosanac, L,
Bustos, D., et al. (2010). K11-linked polyubiquitination in cell cycle control
revealed by a K11 linkage-specific antibody. Mol. Cell 39, 477-484. doi:
10.1016/j.molcel.2010.07.001

Meierhofer, D., Wang, X., Huang, L., and Kaiser, P. (2008). Quantitative analysis
of global ubiquitination in HeLa cells by mass spectrometry. J. Proteome Res. 7,
4566-4576. doi: 10.1021/pr800468;

Mevissen, T. E. T., Hospenthal, M. K., Geurink, P. P., Elliott, P. R., Akutsu, M.,
Arnaudo, N, et al. (2013). OTU deubiquitinases reveal mechanisms of linkage
specificity and enable ubiquitin chain restriction analysis. Cell 154, 169-184.
doi: 10.1016/j.cell.2013.05.046

Morris, J. R., and Solomon, E. (2004). BRCA1: BARDI1 induces the formation
of conjugated ubiquitin structures, dependent on K6 of ubiquitin, in cells
during DNA replication and repair. Hum. Mol. Genet. 13, 807-817. doi:
10.1093/hmg/ddh095

Newton, K., Matsumoto, M. L., Wertz, I. E., Kirkpatrick, D. S,, Lill, J. R,, Tan, J.,
et al. (2008). Ubiquitin chain editing revealed by polyubiquitin linkage-specific
antibodies. Cell 134, 668-678. doi: 10.1016/j.cell.2008.07.039

Nishikawa, H., Ooka, S., Sato, K., Arima, K., Okamoto, J., Klevit, R. E., et al. (2004).
Mass spectrometric and mutational analyses reveal Lys-6-linked polyubiquitin
chains catalyzed by BRCA1-BARDI ubiquitin ligase. J. Biol. Chem. 279, 3916
3924. doi: 10.1074/jbc.M308540200

Peng, J., Schwartz, D., Elias, J. E., Thoreen, C. C., Cheng, D., Marsischky, G., et al.
(2003). A proteomics approach to understanding protein ubiquitination. Nat.
Biotechnol. 21, 921-926. doi: 10.1038/nbt849

Povlsen, L. K., Beli, P., Wagner, S. A, Poulsen, S. L., Sylvestersen, K. B., Poulsen,
J. W, et al. (2012). Systems-wide analysis of ubiquitylation dynamics reveals a
key role for PAF15 ubiquitylation in DNA-damage bypass. Nat. Cell Biol. 14,
1089-1098. doi: 10.1038/ncb2579

Rahighi, S., Ikeda, F., Kawasaki, M., Akutsu, M., Suzuki, N., Kato, R,, et al. (2009).
Specific recognition of linear ubiquitin chains by NEMO is important for
NEF-kappaB activation. Cell 136, 1098-1109. doi: 10.1016/j.cell.2009.03.007

Silva, G. M., Finley, D., and Vogel, C. (2015). K63 polyubiquitination is a new
modulator of the oxidative stress response. Nat. Struct. Mol. Biol. 22, 116-123.
doi: 10.1038/nsmb.2955

Sims, J. J., Scavone, F., Cooper, E. M., Kane, L. A., Youle, R. J., Boeke, J. D,
et al. (2012). Polyubiquitin-sensor proteins reveal localization and linkage-
type dependence of cellular ubiquitin signaling. Nat. Methods 9, 303-309. doi:
10.1038/nmeth.1888

Skaug, B., and Chen, Z. J. (2010). Emerging role of ISG15 in antiviral immunity.
Cell 143, 187-190. doi: 10.1016/j.cell.2010.09.033

Tagwerker, C., Flick, K., Cui, M., Guerrero, C., Dou, Y., Auer, B., et al. (2006).
A tandem affinity tag for two-step purification under fully denaturing
conditions: application in ubiquitin profiling and protein complex
identification combined with in vivocross-linking. Mol. Cell. Proteomics
5, 737-748. doi: 10.1074/mcp.M500368-MCP200

Frontiers in Genetics | www.frontiersin.org

June 2016 | Volume 7 | Article 109 | 81


http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Heidelberger et al.

Investigating Ubiquitin Signaling

Theurillat, J.-P. P., Udeshi, N. D., Errington, W. J., Svinkina, T, Baca, S. C., Pop, M.,
et al. (2014). Prostate cancer. Ubiquitylome analysis identifies dysregulation of
effector substrates in SPOP-mutant prostate cancer. Science 346, 85-89. doi:
10.1126/science.1250255

Thompson, J. W., Nagel, J., Hoving, S., Gerrits, B., Bauer, A, Thomas, J. R,,
et al. (2014). Quantitative Lys-e-Gly-Gly (diGly) proteomics coupled with
inducible RNAi reveals ubiquitin-mediated proteolysis of DNA damage-
inducible transcript 4 (DDIT4) by the E3 ligase HUWEL. J. Biol. Chem. 289,
28942-28955. doi: 10.1074/jbc.M114.573352

Thorslund, T., Ripplinger, A., Hoffmann, S, Wild, T. Uckelmann, M.,
Villumsen, B., et al. (2015). Histone H1 couples initiation and amplification
of ubiquitin signalling after DNA damage. Nature 527, 389-393. doi:
10.1038/nature15401

Trempe, J.-F., Brown, N. R, Lowe, E. D., Gordon, C., Campbell, I. D., Noble,
M. E. M,, et al. (2005). Mechanism of Lys48-linked polyubiquitin chain
recognition by the Mudl UBA domain. EMBO J. 24, 3178-3189. doi:
10.1038/sj.emboj.7600797

Udeshi, N. D., Mani, D. R., Eisenhaure, T., Mertins, P., Jaffe, J. D., Clauser,
K. R, et al. (2012). Methods for quantification of in vivo changes in protein
ubiquitination following proteasome and deubiquitinase inhibition. Mol. Cell.
Proteomics 11, 148-159. doi: 10.1074/mcp.M111.016857

Wagner, S. A., Beli, P., Weinert, B. T., Nielsen, M. L., Cox, J., Mann, M., et al.
(2011). A proteome-wide, quantitative survey of in vivo ubiquitylation sites
reveals widespread regulatory roles. Mol. Cell. Proteomics 10, M111013284. doi:
10.1074/mcp.M111.013284

Wagner, S. A., Beli, P, Weinert, B. T, Scholz, C., Kelstrup, C. D,
Young, C., et al. (2012). Proteomic analyses reveal divergent ubiquitylation
site patterns in murine tissues. Mol. Cell. Proteomics 11, 1578-1585. doi:
10.1074/mcp.M112.017905

Wu-Baer, F., Lagrazon, K., Yuan, W., and Baer, R. (2003). The BRCA1/BARD1
heterodimer assembles polyubiquitin chains through an unconventional
linkage involving lysine residue K6 of ubiquitin. J. Biol. Chem. 278, 34743—
34746. doi: 10.1074/jbc.C300249200

Wu-Baer, F., Ludwig, T., and Baer, R. (2010). The UBXN1 protein associates
with autoubiquitinated forms of the BRCA1 tumor suppressor and inhibits its
enzymatic function. Mol. Cell. Biol. 30, 2787-2798. doi: 10.1128/MCB.01056-09

Xu, G., Paige, J. S., and Jaffrey, S. R. (2010). Global analysis of lysine ubiquitination
by ubiquitin remnant immunoaffinity profiling. Nat. Biotechnol. 28, 868-873.
doi: 10.1038/nbt.1654

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Heidelberger, Wagner and Beli. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

June 2016 | Volume 7 | Article 109 | 82


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

',\' frontiers
in Genetics

REVIEW
published: 13 June 2016
doi: 10.3389/fgene.2016.00105

OPEN ACCESS

Edited by:
Kristijan Ramadan,
University of Oxford, UK

Reviewed by:

Danilo Maddalo,

Novartis Oncology, Switzerland
Barbara Van Loon,

Norwegian University for Science
and Technology, Norway

*Correspondence:
Simone Sabbioneda
simone.sabbioneda@igm.cnr.it

Specialty section:

This article was submitted to
Cancer Genetics,

a section of the journal
Frontiers in Genetics

Received: 01 March 2016
Accepted: 25 May 2016
Published: 13 June 2016

Citation:

Cipolla L, Maffia A, Bertoletti F and
Sabbioneda S (2016) The Regulation
of DNA Damage Tolerance by
Ubiquitin and Ubiquitin-Like Modifiers.
Front. Genet. 7:105.

doi: 10.3389/fgene.2016.00105

CrossMark

The Regulation of DNA Damage
Tolerance by Ubiquitin and
Ubiquitin-Like Modifiers

Lina Cipolla, Antonio Maffia, Federica Bertoletti and Simone Sabbioneda*

Istituto di Genetica Molecolare, Consiglio Nazionale delle Ricerche, Pavia, ltalia

DNA replication is an extremely complex process that needs to be executed in a highly
accurate manner in order to propagate the genome. This task requires the coordination
of a number of enzymatic activities and it is fragile and prone to arrest after DNA damage.
DNA damage tolerance provides a last line of defense that allows completion of DNA
replication in the presence of an unrepaired template. One of such mechanisms is
called post-replication repair (PRR) and it is used by the cells to bypass highly distorted
templates caused by damaged bases. PRR is extremely important for the cellular life and
performs the bypass of the damage both in an error-free and in an error-prone manner.
In light of these two possible outcomes, PRR needs to be tightly controlled in order
to prevent the accumulation of mutations leading ultimately to genome instability. Post-
translational modifications of PRR proteins provide the framework for this regulation
with ubiquitylation and SUMOylation playing a pivotal role in choosing which pathway
to activate, thus controlling the different outcomes of damage bypass. The proliferating
cell nuclear antigen (PCNA), the DNA clamp for replicative polymerases, plays a central
role in the regulation of damage tolerance and its modification by ubiquitin, and
SUMO controls both the error-free and error-prone branches of PRR. Furthermore, a
significant number of polymerases are involved in the bypass of DNA damage possess
domains that can bind post-translational modifications and they are themselves target
for ubiquitylation. In this review, we will focus on how ubiquitin and ubiquitin-like
modifications can regulate the DNA damage tolerance systems and how they control
the recruitment of different proteins to the replication fork.

Keywords: DNA damage tolerance, translesion synthesis, ubiquitylation, SUMOylation, ISGylation, PCNA

INTRODUCTION

DNA damage poses a constant threat to the genetic material. It can arise from products either of
the cellular metabolism or by exposure to exogenous sources (physical or chemical). Regardless
of its origin, DNA damage is addressed swiftly by the multitude of repair mechanisms that
protect the integrity of the genome (Hoeijmakers, 2001). The DNA damage response provides an
overall control network for the repair mechanisms and it allows the coordination of the complex
biochemical reactions that lead to the elimination of DNA damage (Ciccia and Elledge, 2011).
Unfortunately, in certain conditions, the cells are exposed to an amount of damage that the repair
systems cannot handle completely. This could be caused either by an extreme insult, able to saturate
one or multiple repair systems, or by damage that is repaired slowly. The result of both conditions
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is the permanence of lesions in the template DNA. Nevertheless,
the damaged template then must be replicated during S
phase. Replicative DNA polymerases are extremely efficient and
processive but are unable to cope with a distorted template caused
by DNA damage. To solve this impasse, cells possess damage
tolerance pathways that are tasked with the bypass of the damage,
which eventually will be repaired at a later stage (Sale et al., 2012).
Failure to bypass the damage is believed to be one of the main
causes of replication fork blocks, cell cycle arrest and eventually
cell death.

During S phase, the damaged template can be replicated by
either a special class of DNA polymerases, in a process called
DNA translesion synthesis (TLS), or by a damage avoidance
pathway that uses the sister chromatid as a template, in a
mechanism called template switch. TLS utilizes specialized low-
fidelity DNA polymerases (1, L, k, ¢, and Revl), mostly belonging
to the Y-family, to bypass the damaged template, while template
switch is proposed to use a recombination-like mechanism.
A crucial difference between the two pathways is that the former
is potentially error-prone, while the latter is thought to be error-
free (Branzei and Foiani, 2007; Sale et al., 2012). Given this
background, the choice of pathway is extremely important in
order to bypass the damage with the lowest possible chance
of introducing mutations. Post-translational modifications play
a central role in controlling damage tolerance and, in the last
few years, emerging evidence has shown that ubiquitylation
and SUMOylation sit at a crucial crossroad that influences its
outcomes (Huang and D’Andrea, 2006; Bergink and Jentsch,
2009; Bekker-Jensen and Mailand, 2011; Mailand et al., 2013;
Pinder et al., 2013).

Ubiquitylation is a process that involves the addition of
ubiquitin to a target protein. This process is conserved in
all eukaryotes and it controls a variety of cellular functions,
ranging from protein degradation to cell cycle progression.
Ubiquitylation is reversible and utilizes three classes of
enzymes to target ubiquitin to a desired protein (Hershko and
Ciechanover, 1998). In the initial step, an ubiquitin activating
enzyme (E1) forms a thioester bond with ubiquitin. Afterward,
ubiquitin conjugating enzymes (E2) transfer the ubiquitin from
the El to the target protein, either directly or with the help of
an E3 ubiquitin ligase that confers specificity to its E2 partner.
Ubiquitin is normally attached via its C-terminus to lysines
on the target proteins. Once ubiquitin has been linked to its
target, it can be further modified by the addition of additional
ubiquitin moieties on one of the lysines that can be found on
ubiquitin itself: K6, K11, K27, K29, K33, K48, and K63 (Ikeda
and Dikic, 2008; Kulathu and Komander, 2012). The linkage
to the different lysines confers diverse structural properties to
the polyubiquitin chains, creating a different binding platform
for a variety of processes. For example, K48-linked chains have
a compact structure (closed chain) and they direct proteins
to degradation by the proteasome (Varadan et al., 2002). On
the other hand, K63 chains are linear and flexible and they
seem to have a more prominent role in mediating protein-
protein interactions (Varadan et al., 2004). SUMOylation shares
a similar activating pathway with ubiquitin but uses SUMO
(Small Ubiquitin MOdifier) as a substrate (Muller et al., 2001;

Hay, 2005). In most organisms, a single SUMO is present
but human cells express 4 different variants (SUMO1-4, Hay,
2005). Remarkably, while in the human genome we can find
between 10 to 35 ubiquitin E2s and hundreds of putativeE3
ubiquitin ligases have been predicted, this number is greatly
reduced in the case of SUMO, up to the point where UBC9
encodes the only known SUMO E2 (Hay, 2005). The aim of this
review is to highlight the crucial role of both ubiquitylation and
SUMOylation in the regulation of the DNA damage tolerance
pathways.

UBIQUITYLATION OF PCNA

A number of E2 and E3 enzymes has been known for a long time
to be involved in the replication of damaged DNA, among these
the proteins encoded by Rad6, Rad18, Ubcl3, Mms2, and Rad5
in the yeast Saccharomyces cerevisiae (Jentsch et al., 1987; Bailly
etal., 1994, 1997; Xiao et al., 2000). All of these proteins have been
shown to ubiquitylate, in different ways, the PCNA, assigning to
PCNA a central role in the regulation of damage bypass during
replication (Hoege et al., 2002; Mailand et al., 2013).

Proliferating cell nuclear antigen is a homotrimeric protein
that acts as the processivity factor for DNA polymerases, in a
role similar to E. coli B-clamp (Kuriyan and O'Donnell, 1993;
Krishna et al., 1994a,b). Each subunit consists of two different
domains connected by an interdomain connecting loop (IDCL).
The IDCL makes contacts and tethers the DNA polymerases to
the DNA. The binding to the IDCL of PCNA is mediated by a
PCNA interacting peptide (PIP) motif present in the interacting
partner. PCNA plays also crucial roles as a loading platform
for a variety of proteins involved in different repair systems
(Freudenthal et al., 2010; Dieckman et al., 2012). In yeast, PCNA
was originally discovered to be ubiquitylated after the treatment
with methyl methanesulfonate (MMS) by the complex formed by
the ubiquitin ligase Rad18 and the ubiquitin conjugating enzyme
Rad6 (Hoege et al., 2002) (Figure 1). Ubiquitylation was shown
to be attached to lysine 164 that is located on the back side of
the trimer, on the opposite side where the replicating polymerases
make contact (front side, Freudenthal et al., 2010).

Once monoubiquitylated, PCNA (Ubi-PCNA) can be further
modified resulting in the formation of K63-linked polyubiquitin
chains (Hoege et al, 2002). The two modifications were
proposed to channel the bypass toward different branches of
damage tolerance, with monoubiquitylation leading to TLS and
polyubiquitylation of PCNA steering the system toward template
switch (Branzei, 2011; Giannattasio et al., 2014).

Orthologs of all the proteins involved in the process
originally described in S. cerevisiae have been identified in both
invertebrates and vertebrates and, overall, the system appears
to be conserved across different organisms, although subtle
differences are present. For example, in Xenopus laevis, PCNA
is monoubiquitylated during an unperturbed S phase and this
modification is required for the efficient progression of the
replication fork in egg extracts, while polyubiquitylation of the
trimer appears specifically only after DNA damage (Leach and
Michael, 2005).
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FIGURE 1 | Schematic model of ubiquitin and ubiquitin-like modifications in the DNA damage tolerance pathway. (A) Monoubiquitylation of PCNA leading
to TLS. (B) Polyubiquitylation of PCNA leading to template switch. (C) ISGylation of PCNA and recovery from TLS. (D) SUMOylation of PCNA during unperturbed S
phase and inhibition of Homologous Recombination. Dotted lines indicate interactions between regulators of the DDT and modified/unmodified PCNA.

In vertebrates, the main modification of PCNA is
monoubiquitylation. It is observed after treatments that
block the progression of the replication fork (Kannouche and
Lehmann, 2004; Kannouche et al., 2004; Watanabe et al., 2004).
In such conditions, it is possible to detect an accumulation of
single-stranded DNA (ssDNA), likely caused by the uncoupling
of the activities of the blocked replication fork and the DNA
helicase. At this point, RPA readily binds the free ssDNA creating
the substrate for the recruitment of Radl8 and Rad6 that
ubiquitylate PCNA on lysine 164 (Davies et al., 2008). Rad18 and
replication protein A (RPA) interact directly and the recruitment
of Rad6/Rad18 to RPA-coated ssDNA has been observed in vitro
(Huttner and Ulrich, 2008). Monoubiquitylated PCNA has
increased affinity for TLS polymerases, whose interactions
are mediated by their PIP-boxes (PCNA-interacting peptide)
and ubiquitin-binding motifs (Kannouche et al., 2004; Bienko
et al., 2005; Dikic et al., 2009). Upon fork stalling, replicative
polymerases slow down and dissociate from the replisome
followed by the recruitment of TLS polymerases (polymerase
switching; Figure 1A). In the last few years, there has been
a progressive discovery of new factors that help Radl8 in
promoting the efficient ubiquitylation of PCNA. One of these
factors is a TLS polymerase itself. It is interesting to point out
that originally the recruitment of TLS polymerases was proposed
to be an event that followed the monoubiquitylation of PCNA.
New experimental data seem to suggest that TLS polymerases
can influence themselves the state of PCNA, and an increase
in PCNA ubiquitylation has been observed, in some cell types,
after poln overexpression (Durando et al., 2013; Masuda et al,,

2015). In these conditions, poln is believed to enhance and
stabilize Rad18 in the proximity of PCNA. Rad18 and poln have
been purified as a stable complex and their interaction has been
proposed to be dependent on the phosphorylation of Radl8.
Rad18 is phosphorylated, at a basal level even in unperturbed
conditions but this modification is enhanced after DNA damage
by DDK (Dbf4/Drfl-dependent Cdc7 kinase) and JNK (c-Jun
N-terminal kinase; Day et al., 2010; Barkley et al.,, 2012). This
hyper-phosphorylation is believed to increase the affinity of
Rad18 for poln and promote their mutual recruitment to the
chromatin, leading to the ubiquitylation of PCNA. However,
this model of action is still controversial since it would make
the accumulation of Ubi-PCNA an event dependent on ATR
and Chkl, in contrast with previous established experimental
evidence that demonstrated that ubiquitylation of PCNA is
independent from both ATM and ATR kinases and their
respective DNA damage checkpoints (Chang et al., 2006; Davies
et al., 2008; Gohler et al., 2008; Niimi et al., 2008; Yang et al,,
2008). A cohort of new factors that have been found to interact
with Rad18 to promote efficient PCNA ubiquitylation include
NBS1 (Yanagihara et al,, 2011), Claspin and Chkl (Yang et al,,
2008), RPA (Davies et al., 2008), Spartan (see later in this review,
Centore et al., 2012; Davis et al., 2012; Juhasz et al., 2012;
Mosbech et al., 2012) and SIVA1 (Han et al., 2014).

In human cells, Rad18 is the principal E3 ligase that
monoubiquitylates PCNA, but avian DT40 cells lacking Rad18
(Rad18~/7) still show detectable levels of Ubi-PCNA, indicating
the existence of another E3 ligase (Arakawa et al., 2006; Simpson
et al., 2006). In fact, other minor pathways leading to the
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ubiquitylation of PCNA have been proposed also in S. cerevisiae
and in human cells under specific conditions. In human cells,
RNF8 and CRL4%¥2 were identified as ubiquitin E3 ligases
of PCNA, although their contribution is rather minor when
compared to Rad18 (Zhang et al., 2008; Terai et al., 2010).

Rad18 is itself ubiquitylated and its modification is believed to
control its availability and cellular localization. Rad18 has been
reported to form a homodimer where the ubiquitin moiety on
each Rad18 interacts with the UBZ (ubiquitin-binding zinc finger
domain) of the other subunit (Miyase et al., 2005; Notenboom
et al., 2007). Once Rad18 is de-ubiquitylated, it becomes active.
The Radl8 dimer, which is considered inactive, is believed
to localize mainly in the cytoplasm, while the active Rad18
monomer is distributed in the nucleoplasm. Recently, Revl has
been shown to bind ubiquitylated Rad18 causing the release
of non-modified Rad18 from the dimer, that is then free to
ubiquitylate PCNA on the chromatin (Wang et al., 2016). This
is another example of the extensive crosstalk between TLS
polymerases, Rad18 and PCNA, further strengthening the idea
that the regulation of DNA damage tolerance is far from a simple
linear pathway.

Once ubiquitylated, PCNA can be further modified via
Ké63-linked polyubiquitylation. In yeast, the complex formed
by Ubcl3-Mms2 (E2) and Rad5 (E3) is responsible for this
modification (Hoege et al., 2002; Parker and Ulrich, 2009). In
human cells, polyUbi-PCNA is hardly observed in comparison
to yeast (Chiu et al., 2006) although all the proteins involved
are believed to be conserved. Two Rad5 orthologs have been
identified: helicase-like transcription factor (HLTF) and SNF2
histone linker PHD RING helicase (SHPRH; Figure 1B). HLTF
is characterized by ATPase and HIRAN domains that promote
fork regression in vitro, a crucial step in the stabilization of
the replication fork in the presence of DNA damage (MacKay
et al., 2009; Blastyak et al., 2010; Achar et al., 2015). Both HLTF
and SHRPH can catalyze the addition of ubiquitin chains to
Ubi-PCNA in vitro and their silencing, mediated by siRNA,
results in a decrease in polyUbi-PCNA in living cells (Motegi
et al., 2006, 2008; Unk et al., 2008, 2010). Recent evidence
suggests that the loss of HLTF and SHPRH increases mutagenesis
induced by UV and MMS treatment, respectively (Lin et al.,
2011). HLTF has been shown to have also a role in the mono-
ubiquitylation of PCNA and in the recruitment of poln (Lin
etal,, 2011). Surprisingly, mouse embyonic fibroblast (MEF) cells
lacking both SHPRH and HLTF are still competent for PCNA
polyubiquitylation and the double mutant is not hypersensitive
to DNA-damaging agents (Krijger et al., 2011a). This seems to
suggest the existence of yet another E3 ligase involved in PCNA
ubiquitylation, at least in mouse. In light of all of this evidence,
it is clear that further investigation will be required in order to
understand the role of the Rad5 orthologs in higher eukaryotes.

GOING BACK: THE DE-UBIQUITYLATING
ENZYMES

Ubi-PCNA plays a central role in the bypass of damaged DNA
by facilitating the access of TLS polymerases to the replication

fork. However, unscheduled recruitment of low-fidelity TLS
polymerases would result in replication errors and mutagenesis
on undamaged DNA, thus the level of Ubi-PCNA must be strictly
controlled. Ubi-PCNA in human cells is negatively regulated
by the ubiquitin-specific protease 1 (USP1; Huang et al., 2006)
(Figure 1A). USP1 interacts with the activating protein partner
UAF1 (USP1-associated factor 1) and de-ubiquitylate Ubi-PCNA
in the absence of DNA damage (Cohn et al., 2007). USP1 is
subjected to an auto-cleavage reaction, which regulates its cellular
concentration (Cohn et al., 2007). Furthermore, high doses of
UV-C light result in the down-regulation of the USP1 transcript,
thus ensuring its down-regulation when the ubiquitylation of
PCNA needs to be promoted (Huang et al., 2006). Indeed, Ubi-
PCNA levels correlate nicely with the reduced expression levels
of USP1 after UV treatment (Niimi et al., 2008). Differently from
UV, USP1 is still present after hydroxyurea or MMS treatment,
two genotoxic agents that induce a strong ubiquitylation of
PCNA (Niimi et al., 2008). This observation suggests the possible
presence of other negative regulators.

USP1 has been shown to protect the cells from genomic
instability, as monitored by the formation of micronuclei, caused
by the erroneous recruitment of polk and the following decrease
in fork progression (Jones et al, 2012). USP1 was the first
and most prominent DUB involved in the negative regulation
of PCNA ubiquitylation; however, recent data seem to suggest
the involvement of more DUBs in the control of PCNA. Some
of these DUBs either act directly on PCNA or can regulate
other proteins that control its ubiquitylation. Among these,
USP7, also called HAUSP, is the DUB that controls the stability
of p53 by counteracting the activity of Mdm2, the E3 ligase
responsible for its degradation (Li et al., 2002; Cummins and
Vogelstein, 2004; Sheng et al., 2006). Recently USP7 has been
shown to regulate indirectly the ubiquitylation of PCNA via the
stabilization of either Rad18 or poln (Qian et al., 2015; Zlatanou
etal,, 2016). Other work has shown that USP7 can de-ubiquitylate
Ubi-PCNA in vitro and it suppresses UV- and oxidative-stress-
induced PCNA monoubiquitylation in vivo (Kashiwaba et al.,
2015). PCNA ubiquitylation after DNA damage is normally very
stable and can be detected days after the original genotoxic
treatment (Niimi et al., 2008). Another DUB involved in the de-
ubiquitylation of PCNA is USP10. USP10 can interact directly
with PCNA via its PIP box and its silencing results in increased
Ubi-PCNA 24 h after UV irradiation (Park et al.,, 2014). The
activity of USP10 is remarkably deferred compared with USP1
as no difference could be appreciated in the levels Ubi-PCNA
at 0 and 12 h after UV irradiation (Park et al., 2014), whereas
silencing of USP1 results in the accumulation of Ubi-PCNA
even in the absence of DNA damage (Huang et al., 2006). This
seems to suggest that USP10 may control the de-ubiquitylation
of Ubi-PCNA during the recovery from UV irradiation (see
ISGylation, later on). An USP1 ortholog has not been identified
in yeast. Recently, ubiquitin protease 10 (UBP10) was reported
to de-ubiquitylate Ubi-PCNA in S. cerevisiae (Gallego-Sanchez
et al,, 2012). Cells lacking UBP10 accumulate Ubi-PCNA in
response to DNA damage resulting in an increased interaction
between PCNA and Revl. UBP10 appears to de-ubiquitylate Ubi-
PCNA during S phase and its protein levels remain constant

Frontiers in Genetics | www.frontiersin.org

June 2016 | Volume 7 | Article 105 | 86


http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Cipolla et al.

DDT, Ubi, and ULM

after UV treatment suggesting that UBP10 in yeast and USP1
in human regulate the de-ubiquitylation of PCNA by different
mechanisms (Gallego-Sanchez et al.,, 2012).

NEW READERS OF UBIQUITYLATED
PCNA

Once PCNA is ubiquitylated, it provides a loading platform for
a variety of proteins involved in the replication of damaged
DNA. As already mentioned, Ubi-PCNA can recruit a plethora
of TLS polymerases allowing damage bypass and the restart of
a stalled replication fork (Sale et al., 2012). Recently at least two
new proteins have been described to be able to read the state of
ubiquitylated PCNA and to help in maintaining the stability of
the fork: Spartan, also called DVC1, and ZRANB3 (Centore et al.,
2012; Davis et al., 2012; Mosbech et al., 2012) (Figures 1A-C).

Spartan is a substrate of the anaphase promoting complex and
localizes to replication factories in a manner dependent on both
its PIP and UBZ domains (Davis et al., 2012; Mosbech et al.,
2012). In its absence, cells become hypersensitive to DNA damage
agents and they are deficient in the DNA damage tolerance
(DDT) response. Spartan can bind to p97 via its SHP domain
(Davis et al., 2012; Mosbech et al., 2012). p97 encodes for a
chaperone protein that can remodel ubiquitylated proteins in an
ATP-dependent manner (Meyer et al., 2012).

As mentioned, Spartan PIP box and UBZ domain are needed
for its accrual in replication factories and DNA damage foci.
While all the data in the literature consistently report that PCNA
is required for Spartan recruitment, the role of Ubi-PCNA as the
target of Spartan’s UBZ is still controversial. Spartan can bind
Ubi-PCNA in vitro (Centore et al., 2012) but there are discording
evidences that this may occur in vivo. Two groups reported that
Spartan could relocalize to replication factories when Rad18 is
depleted by siRNA, a condition that results in the absence of
Ubi-PCNA (Davis et al., 2012; Mosbech et al., 2012). Spartan
itself is ubiquitylated and this modification prevents further
binding to ubiquitin targets and decreases its accumulation in
focal structures (Centore et al., 2012).

Given all the conflicting evidence, the role of Spartan is still
under scrutiny, with at least two proposed models of actions. In
the first Spartan is thought to bind to Ubi-PCNA and to promote
both Rad18 and poln recruitment to the chromatin. Its binding
would shield Ubi-PCNA from being de-ubiquitylated by USP1
or by another DUB, and in its absence PCNA ubiquitylation
appears to be reduced (Centore et al., 2012) (Figure 1A). At the
opposite side of the spectrum, an alternative mechanism proposes
Spartan acting as a negative regulator of TLS. In this scenario,
Spartan is thought to recruit p97, which in turn will remove
poln from the replication fork in order to resume processive
replication (Figure 1C). This model is substantiated by increased
focal retention of poln and increased mutagenesis when Spartan
is silenced (Davis et al., 2012; Mosbech et al., 2012). Recently,
three patients showing early onset hepatocellular carcinomas
and progeroid syndrome have been found to carry a mutation
in SPRTN (Lessel et al., 2014). When Spartan was mutated or
depleted, the cells showed signs of genomic instability, defects in

replication fork progression and cell proliferation. Interestingly,
depletion of poln in a background mutated in SPRTN did
not rescue the replication phenotypes, indicating that poln is
potentially not the main target of Spartan activity (Lessel et al.,
2014). The discovery of this new progeroid syndrome further
stresses the importance of SPRTN, but additional investigation is
needed to clarify the mechanism of action of this protein essential
for the DDT.

Proliferating cell nuclear antigen polyubiquitylation is
proposed to channel the DDT to an error-free damage avoidance
branch named template switch (Hoege et al., 2002; Branzei and
Foiani, 2007; Branzei, 2011). The molecular mechanism of this
pathway is still not completely understood and, until recently, we
did not know the role of K63-linked chains attached to PCNA.
In the last couple of years the protein ZRANB3/AH2, has been
proposed to be able to recognize specifically polyubiquitylated
PCNA and to promote template switch by stimulating fork
regression (Ciccia et al., 2012; Weston et al., 2012; Yuan et al,,
2012). ZRANB3 encodes for an annealing helicase/translocase
and it can interact with polyUbi-PCNA via multiple domains.
A canonical PIP motif and an APIM (C-terminal AlkB2 PCNA-
interaction motif) domain mediate the direct interaction with
the PCNA trimer while an NPL4 zinc finger (NZF), a variant
of ubiquitin-binding domain, recognizes K63-linked ubiquitin
chains specifically (Ciccia et al., 2012). This domain is able
to bind to polyUbi-PCNA in vitro and it is needed for the
localization of ZRANB3 to damage sites. All these structural
motifs are required for restarting the fork after DNA damage
(Figure 1B).

Experimental observations suggest that ZRANB3 may play
three different roles at the stalled replication fork: (1) it can
stimulate fork regression in order to stabilize the fork and
minimize the amount of ssDNA that is generated (Ciccia et al.,
2012). (2) ZRANB3 can disrupt D-loop formation in vitro and
this in turn could result in the prevention of inappropriate
homologous recombination (HR) (Ciccia et al., 2012); (3) it can
act as a strand-specific endonuclease pointing to a role not only
in damage bypass but also in damage repair (Weston et al., 2012).

ZRANB3 may act in parallel or in conjunction with HLFT
that also has a helicase activity and can stimulate fork regression
in vitro (Blastyak et al., 2010; Achar et al., 2015). Further work
will be needed in the future to completely elucidate ZRANB3 role
in damage tolerance and repair.

PCNA SUMOylation AND ISGylation

Another prominent post-translational modification of PCNA is
its SUMOylation. It was originally identified in yeast and only
recently it was observed in human cells.

In yeast, PCNA is SUMOylated (S-PCNA) on Lys164 (major)
and Lys127 (minor) by the combined action of Ubc9 (E2) and
Siz2 (E3) or by Ubc9 alone, respectively (Hoege et al., 2002)
(Figure 1D). SUMOylation occurs during normal S phase and/or
in response to high doses of DNA damage (Juhasz et al., 2012).
SUMOylated PCNA interacts with Srs2 helicase, which has been
shown to prevent HR by disrupting Rad51 filaments (Papouli
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et al., 2005; Pfander et al., 2005). Srs2 has a non-canonical PIP-
box with limited affinity for PCNA and it binds stably only when
the clamp is SUMOylated. A SUMO interacting motif that is
located in tandem after the PIP in the protein carboxyl terminus
of Srs2 mediates this interaction (Kim S.O. et al., 2012).

Given the catalytic activity of Srs2 and the timing of this
modification, it is believed that SUMOylation of PCNA acts as
a negative regulator of unscheduled HR during S phase, where
this kind of pathway could be detrimental to the cell. In yeast,
one of the replication factor C (RFC)-like complexes, Elg1-RFC
also has a role in regulating S-PCNA. RFC is a complex consisting
of Rfc1-5 and it works as clamp loader/unloader. All eukaryotic
cells contain a series of three alternative RFCs, containing Elgl,
Ctf18, or Rad24 in place of Rfc1(Kim and MacNeill, 2003). Elg1-
RFC is required for the efficient unloading of SUMOylated PCNA
from the chromatin during S phase. In cells lacking Elgl, PCNA
accumulates on the chromatin and it is possible to detect an
increase in SUMOylated PCNA (Parnas et al., 2010; Kubota et al.,
2013b).

In X. laevis S-PCNA is present during unperturbed replication
in cell extracts, but it is not required for the replication of either
ssDNA or sperm chromatin (Leach and Michael, 2005).

In human cells, S-PCNA had eluded detection for a number of
years and it has been detected only recently after overexpression
of SUMOLI, although to a much less extent than the levels
detected in yeast (Moldovan et al., 2012). PCNA was found
to be SUMOylated on both Lys164 and Lys254 under specific
conditions (Gali et al., 2012). As in yeast, mammalian UBC9
acts as the E2 enzyme but surprisingly, at least in vitro, the
SUMOylation of PCNA does not require the Sizl orthologs
(PIAS1-4) in either lysine residues (Gali et al., 2012).

A PCNA-SUMO fusion protein not only prevents HR, but
also DNA double-strand break formation, as monitored by
a marked reduction of yH2AX foci (Gali et al., 2012). Two
putative functional homologs of Srs2 have been identified in
human cells: PCNA-associated recombination inhibitor (PARI;
Moldovan et al., 2012) and F-box DNA helicase (FBH1; Fugger
etal., 2009; Bacquin et al., 2013). Both PARI and FBH1 have been
reported to interact with PCNA and to have PCNA-dependent
anti-recombinogenic activity, but only PARI seems to specifically
interact with SUMOylated PCNA, at least in vitro (Moldovan
et al,, 2012). On the other hand, FBH1 needs to be degraded, via
CRL4%Y2 pathway in order to allow efficient recruitment of poln
to replication factories (Bacquin et al., 2013).

In human cells, ATADS5, the ortholog of yeast Elgl appears
to have a somehow different role from its yeast counterpart as
it interacts, at stalled replication forks, with the USP1/UAF1
complex and facilitates USP1-mediated PCNA de-ubiquitylation
(Lee et al., 2010; Kubota et al., 2013a).

Last year ISGyaltion, another ubiquitin-like modification, was
discovered to affect PCNA.

ISG15 (interferon-stimulated gene 15) was the first identified
ubiquitin-like protein and it is strongly stimulated by type I
interferon (Haas et al., 1987; Loeb and Haas, 1992). As ubiquitin
and SUMO this post-translational modification relies on a chain
of three classes of enzymes to be linked to its substrates: UBE1L is
the activating E1 enzyme, followed by UBCHS (E2) and finally by

EFP and HERC5 (E3s; Yuan and Krug, 2001; Kim et al., 2004;
Zhao et al., 2004; Dastur et al., 2006; Zou and Zhang, 2006).
PCNA was reported to be bi-ISGylated 24 h after UV irradiation
by EFP on both K164 and K168 (Park et al., 2014). Mutations
of either residues resulted in the complete disappearance of
ISGylated PCNA indicating that ISGylation at one site influences
the state of the other. The late response to UV irradiation
suggested that ISG15 had a role in the recovery from DNA
damage and post-replication repair (PRR). The E3 ligase EFP
interacts with Ubi-PCNA and this interaction is propaedeutic to
PCNA ISGylation (Park et al., 2014). This modification in turn
recruits USP10 that de-ubiquitylates PCNA in order to block
TLS and resume normal replication. Eventually, UBP43 removes
ISG15 from PCNA (Figure 1C). ISGylation-deficient mutants
of PCNA show increased recruitment of poln to the chromatin
many hours after UV irradiation (Park et al., 2014).

UBIQUITYLATION OF TLS
POLYMERASES

As mentioned before, PCNA is not the only player that is
modified in order to control PRR. All the members of the
Y-family of DNA polymerase (1, t, k, and Revl) involved in
DNA TLS have been identified to be modified by ubiquitin
or ubiquitin-like modifiers (Sale et al., 2012). Furthermore, all
four of them contain ubiquitin-binding domains (UBM or UBZ;
(Bienko et al., 2005; Guo et al., 2006, 2008; Plosky et al., 2006).

Probably, the best characterized of the group is poln, the
major TLS polymerase involved in the error-free bypass of
cyclobutane pyrimidine dimers (CPDs), the main adduct created
by UV irradiation. CPDs are repaired slowly by the nucleotide
excision repair (NER) and have a higher probability to persist
in the genome until DNA replication. The importance of the
bypass performed by poln is exemplified by the fact that
individuals carrying an inactivating mutation are affected by
Xeroderma pigmentosum Variant (XPV; Masutani et al.,, 1999).
Regardless of the importance of its function, poln shares a
common characteristic with other Y-family polymerases, a wide
catalytic site. This structural feature, while beneficial for damage
bypass, makes the polymerase intrinsically error-prone compared
to replicating polymerases when using undamaged DNA as a
template. For this reason, its recruitment to the replication fork
needs to be tightly regulated. Poln is recruited to replication
factories in a manner dependent on its PIP-box and UBZ, a
specialized ubiquitin-binding zinc finger (Kannouche et al., 2001,
2002; Bienko et al., 2005, 2010; Sabbioneda et al., 2009). The
presence of both domains stabilizes the interaction between
the polymerase and Ubi-PCNA after DNA damage (Kannouche
et al.,, 2004; Bienko et al.,, 2010). Mutants in either the PIP-
box or the UBZ are required for focal accumulation of the
polymerase but they retain a partial bypass activity, indicating
that they work in parallel to ensure efficient binding with
PCNA (Bienko et al., 2010). Ubiquitylation of PCNA provides a
positive regulation by increasing the affinity between poln and
the clamp when the replication fork is blocked (Kannouche et al.,
2004).
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Conversely, ubiquitylation of the polymerase works as
a negative regulator by preventing its recruitment on the
chromatin (Bienko et al., 2010). In vivo, a small amount of
poln is monoubiquitylated, in the absence of damage, in its
nuclear localization signal directly adjacent the PIP-box. The
modification occurs primarily on K682 but in its absence, also
K686, K694 and K709 have been found to be ubiquitylated
(Bienko et al., 2010; Jung et al., 2011). Ubiquitylation is strictly
dependent on the UBZ of poln. Recently, PirH2 was discovered
to be the E3 ligase responsible for this monoubiquitylation
(Jung et al., 2011). Ubiquitylation of poln is believed to cause
a conformational change in its C-terminus with the attached
ubiquitin binding intra-molecularly to poly’s UBZ. In this
closed confirmation, neither the UBZ, blocked by the binding
to the ubiquitin attached to poln, nor the PIP-box, that is
located between the UBZ and K682, are available to stabilize its
interaction with PCNA (Bienko et al., 2010). Ubi-poln is indeed
excluded from the chromatin and replication foci. After DNA
damage, ubiquitylated poln gradually disappears. The polymerase
can be then recruited to the chromatin and it becomes proficient
for TLS. The de-ubiquitylation of the polymerase is believed
to be carried out by the DUB USP7 (Qian et al, 2015). It is
important to note that only 10% of poln is ubiquitylated in the
absence of damage at any given time, indicating that some other
forms of regulation are keeping poln under negative control. In
some cellular background, poly gradually disappears in the hours
following UV irradiation. This process is believed to be mediated
by Mdm?2 that polyubiquitylate the polymerase and marks it for
proteasomal degradation (Jung et al., 2012). A similar system,
mediated by CRL4%4? has also been observed in Caenorhabditis
elegans. Interestingly in this system, the degradation of poln is
prevented by its SUMOylation by the SUMO E3 ligase GEI-
17 (Kim and Michael, 2008). It is still unclear whether poly is
SUMOylated in human cells.

Similarly, to poln also its paralog polt is ubiquitylated (Bienko
et al., 2005; Mclntyre et al., 2015). This polymerase is thought
to bypass lesions when poln is not present (Wang et al., 2007;
Vidal and Woodgate, 2009). In vitro, polt can bypass different
typologies of DNA adducts with different degrees of fidelity
(Washington et al., 2004a,b; Frank and Woodgate, 2007).

Polu is characterized by two UBMs that are needed for its
modification and correct localization in replication foci (Bienko
et al, 2005; Bomar et al, 2010). It is speculated that the
ubiquitylation of polt might be important for its interaction with
poln (Mclntyre et al., 2013).

The deoxycytidyl transferase Revl possesses two UBMs
(Bomar et al., 2010) and gets ubiquitylated in vivo (Guo et al,
2006; Kim H. et al., 2012). The UBM:s are needed for the efficient
interaction with Ubi-PCNA (Guo et al., 2006; Wood et al.,
2007). In yeast, deletion of UBM2 severely affects UV-induced
mutagenesis, a pathway that is strictly dependent on TLS (Wood
et al., 2007; Terai et al., 2010). Mutations in Revl’s UBMs make
the cells hypersensitive to UV in the DT40 system (Guo et al,,
2006). In chicken cells, Revl and its UBMs have been shown
to have a role in replication fork progression in the presence of
UV in a process that is independent from Ubi-PCNA (Edmunds
et al., 2008). Finally, Revl appears to be able to bind to the

Fanconi core complex via FAAP20 and this interaction is believed
to promote Revl recruitment to replication foci and ultimately
Revl-dependent mutagenesis (Mirchandani et al., 2008; Kim H.
etal., 2012).

The last TLS polymerase that has been reported to be
ubiquitylated is polk (Guo et al., 2008). Polk is characterized by
two UBZ domains in its c-terminus (Bienko et al., 2005) that have
been reported to be important for the interaction with PCNA and
the localization in foci after UV irradiation (Guo et al., 2008).
Polk has also been shown to be important for NER, and its repair
function depends on its UBZs (Ogi et al., 2010).

The role of polk ubiquitylation is currently not clear but it
is likely to promote protein—protein interaction similarly to the
other members of the Y-family of DNA polymerases.

DNA DAMAGE TOLERANCE AND
CANCER

Post-replication repair and the damage tolerance systems provide
an essential safety mechanism that allows the completion of DNA
replication and it is an important pathway to preserve genome
stability. At the same time, it can act as a double-edged sword
since a number of its components, such as TLS polymerases,
are intrinsically error prone and can be a source of mutations if
they are not correctly regulated. Mutations are one of the major
driving forces that lead to cell transformation and tumorigenesis,
therefore it is important to define the contribution of PRR in the
context of cancer. The dichotomy of protection versus increased
risk is emblematic in the case of poln. As already mentioned in
this review, a deficiency in poln is the cause of XPV (Broughton
etal., 2002). Like other XP groups that are mutated in NER, XPV
patients are sensitive to sun light and are extremely prone to both
melanoma and non-melanoma skin cancers (Fassihi et al., 2016).
Poln is the main polymerase that is able to bypass CPDs in an
error-free manner and it possible to envisage that when missing,
its role is carried out by other TLS polymerases with different
degrees of fidelity.

In these cases, the ultimate and less than desirable outcome
would be the introduction of mutations that are responsible for
the transformation of the skin cells. It is important to note that
poln-deficient patients are the most prone to skin cancers among
the X. pigmentosum groups (Fassihi et al., 2016). XPV patients
tend to have milder skin phenotypes and are normally diagnosed
much later in their life, when they have already accumulated a
number of UV-induced mutations. This higher mutation load
correlates with the possibility of developing more skin tumors
in their adult life (Fassihi et al., 2016). In this context, it is clear
that poln protects the cells from cancer. On the other hand, the
survival capability conferred by this polymerase can be hijacked
to make tumors more resilient. In vitro, cells lacking poln are
more sensitive to cisplatin, one of the most used first line drug
in chemotherapy (Albertella et al., 2005a). Increased expression
of poln associates with worse prognosis and survival in a cohort
of patients suffering from non-small cell lung cancer patients
previously treated with platinum (Ceppi et al., 2009). Poln seems
also to be involved in the cellular response after treatment with
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nucleoside analogs, which are commonly used in the clinic as
cancer drugs (Chen et al, 2006). Interestingly, mutations in
poln are hardly found in patients with sporadic skin carcinomas
(Glick et al., 2006; Flanagan et al., 2007; Lange et al., 2011) but
its overexpression has been reported (Albertella et al., 2005b).
Poln ortholog, polt, has been found to be elevated in breast
cancer cells and in these cell lines a reduced mutation frequency
was recorded when the polymerase was depleted in vitro (Yang
et al., 2004). Furthermore, mutation in polt have been linked to
an increased predisposition of developing lung cancer in both
human (Sakiyama et al., 2005) and mouse (Wang et al., 2004; Lee
and Matsushita, 2005).

Two of TLS polymerases extensively characterized for their
role in mutagenesis and cancer are polg and Revl. Polg is thought
to be the major player involved in error-prone replication of
damaged templates in vivo. In mice, conditional Rev3 knockout
results in increased genome instability and tumorigenesis in a
p53-null background (Wittschieben et al., 2006, 2010; Lange
et al., 2013). Similarly to poln, there is experimental evidence
indicating that the presence of both Revl and polg can confer
drug resistance both in vitro and in vivo (Xie et al, 2010).
Conversely, Rev3 inhibition makes lymphoma and lung cancer
cells more sensitive to platinum-derived drugs (Doles et al,
2010), once again underlying the dichotomy of TLS regarding
cancer and genome protection. All of these evidences point to the
idea that transient inhibition of TLS could be synthetically lethal
to tumor cells that rely on the TLS mutator activity for survival.
TLS polymerases are not the only proteins involved in damage
tolerance that have been linked to cancer development. The
expression of the E3 ligase HLTF has been found to be altered in
transformed cells and in numerous tumors. A reduced expression
of HLTE due to hyper-methylation of its promoter, has been
found in colon and colorectal cancer, esophageal squamous
cell and gastric carcinomas (Debauve et al., 2008). Interestingly
HLTF is overexpressed in transformed cells, indicating that a
differential modulation of its expression could be needed at
different stages of tumorigenesis (Debauve et al., 2008). Given
the role of HLTF in the control of the error-free branch of
damage tolerance, it is tempting to speculate that it could
be beneficial for tumor cells to inactivate HLTF in order to
channel the PRR pathway toward the more mutagenic TLS
bypass, thus allowing the malignant cells to accumulate more
mutations. As mentioned before a SPRTN deficiency has been
linked with a new progeroid syndrome with propensity to
develop early onset hepatocellular carcinomas, but it is still
not clear whether this phenotype is directly linked with its
proposed control of poln (Lessel et al., 2014). In conclusion,
a tight regulation of TLS and the DNA damage tolerance
pathway in general is required to preserve the delicate balance
between protecting the genome stability and inducing cellular
transformation.

THE UNANSWERED QUESTIONS

In the last decade, mounting evidence has pointed out the crucial
role of ubiquitin, and other ubiquitin-like modifications, in the

control of PCNA and TLS. Nevertheless, we still do not know
whether PCNA ubiquitylation is strictly required for TLS. A series
of experimental hints suggest that there is more to the story
and we still have only a partial picture of the regulation of
the damage tolerance pathway. For instance, MEF cells carrying
the PCNA K164R mutation can be further sensitized by the
deletion of other TLS genes, indicating that some steps of the
pathway could be independent from Ubi-PCNA (Hendel et al,,
2011). Furthermore, PCNA ubiquitylation is not required for
poln-mediated somatic hyper-mutation in mouse B cells (Krijger
etal, 2011b).

In human cells the phosphorylation of poln, that occurs
on the chromatin, is dependent on its UBZ, indicating
that the binding to ubiquitin is needed for this regulatory
modification (Gohler et al., 2011). However, this phosphorylation
does not require Ubi-PCNA and can occur in its absence
(Gohler et al, 2011). Dynamic studies on poln show
that Ubi-PCNA helps in stabilizing the polymerase in
replication foci but do not exclude the possibility that other
ubiquitylated proteins may play a role in its initial recruitment
(Sabbioneda et al., 2008). Consistent with this hypothesis
poln is still recruited to replication factories after chemical
depletion of Ubi-PCNA caused by prolonged treatment
with the proteasome inhibitors MGI132 or epoxomicin
(Sabbioneda et al, 2008). It must be noted that mouse
cells carrying a homozygous K164R mutation appear to be
deficient for poln recruitment (Krijger et al, 2011b), and
so far no explanation has been found for these conflicting
evidences.

CONCLUSION

We are now starting to grasp the complexities of the
regulation of PRR and TLS, the continuous dance between
protein partners and the intricacies that lie behind such an
important tolerance pathway. Meanwhile, behind the scenes,
the hunt for the next big ubiquitylated/SUMOylated target still
rages on.
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The cellular response to DNA double strand breaks (DSBs) is a multifaceted signaling
program that centers on post-translational modifications including phosphorylation,
ubiquitylation and SUMOylation. In this review we discuss how ubiquitin and SUMO
orchestrate the recognition of DSBs and explore how this influences chromatin
organization. We discuss functional outcomes of this response including transcriptional
silencing and how pre-existing chromatin states may control the DSB response and the
maintenance of genomic stability.

Keywords: double-strand break repair, Ubiquitin, SUMO, RAP80, Telomere

Every organism experiences challenges to the integrity of their DNA sequence from endogenous
(i.e., replication errors) and exogenous (i.e., radiation) sources. Such challenges can take the form
of base mismatches and base damages or single and DSBs in the DNA backbone. Discrete molecular
pathways driven by posttranslational modifications have evolved to correct each of these DNA
damage types and are crucial for cellular survival and for the maintenance of genomic integrity.
Perhaps the most deleterious of these lesions is the DSB as even a single unrepaired DSB can cause
cell death and inaccurate repair can lead to mutations that cause cancer and other genetic diseases
(Jackson and Bartek, 2009).

The DSB response encompasses multiple post-translational modifications, including
ubiquitylation (ub) and SUMOylation that primarily occur within the immediate vicinity of
the DSB on chromatin and chromatin-associated proteins. Locally, this promotes DSB repair
mechanisms and systemically activates cellular responses, including cell cycle checkpoints that
collectively suppress genomic instability. Recent technological advances and conceptual insights
have highlighted how the DSB response influences the dynamic structural organization of the
nucleus. In this review we will first outline how the ubiquitin and SUMOpylation systems contribute
to the sensing of DSBs and then examine how these pathways affect higher order chromatin
structure to maintain genetic stability.

UBIQUITIN AND SUMO IN THE DSB RESPONSE

At the apex of the molecular cascade that signals double strand breaks are three
phosphatidylinositol 3-kinase related kinases (PIKKs): DNA-dependent protein kinase catalytic
subunit (DNA-PKcs), Ataxia telangiectasia mutated (ATM), and ATM- and Rad3-related
(ATR). DNA-PKcs forms an active holoenzyme, DNA-PK, with the heterodimer Ku70/80 at
DNA ends and mainly contributes to DSB repair by non-homologous end-joining (NHEJ;
Radhakrishnan et al., 2014). ATR, in cooperation with its binding partner ATRIP, binds to RPA
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protein-bound single stranded DNA (ssDNA) and therefore
mainly senses DSBs incurred during replication where long tracks
of ssDNA may be generated (Cimprich and Cortez, 2008). The
most extensively characterized of this PIKK triad is ATM for
which thousands of phosphorylation targets have been identified,
some of which overlap with ATR and DNA-PKcs (Matsuoka et al.,
2007). All three kinases are able to phosphorylate the histone
variant H2A.X at serine-139 forming “yH2AX” in megabase
domains surrounding DSBs. The YH2AX-laced chromatin is the
platform on which the remainder of the DSB response assembles
(Bonner et al., 2008).

Ubiquitin is a 76 amino acid protein that covalently modifies
protein substrates through linkages between lysine residues.
Ubiquitin modification is catalyzed in a pathway whereby an
El activating enzyme passes the ubiquitin molecule to an E2
conjugating enzyme that in turn passes the ubiquitin to a
substrate molecule with the help of an E3 ubiquitin ligase
(Ciechanover et al., 1980; Hershko et al., 1980, 1983; Bergink
and Jentsch, 2009; Popovic et al., 2014). Ubiquitin itself contains
seven lysine residues that can serve as locations for chain
assembly, in addition to linkages through its N-terminus to form
linear chains (Rajalingam and Dikic, 2016). The first indications
of arole for ubiquitin in the response to DNA damage came when
Jentsch et al. (1987) identified a ubiquitin conjugating activity
of the DNA repair gene RAD6 in Saccharomyces cerevisiae.
Subsequently, specific ubiquitin linkages were found to be
functionally relevant when a K63R mutation in ubiquitin caused
sensitivity to UV and base damages of the DNA in yeast (Spence
et al., 1995) and that Y-family DNA polymerases are recruited
to UV damage through interaction with ubiquitinated PCNA
(Bienko et al., 2005). A link between K63-ub chains and the
DSB response in mammalian cells remained elusive until several
groups identified RAP80 as a binding partner of breast cancer 1,
early onset (BRCA1; Kim et al., 2007; Sobhian et al., 2007; Wang
et al,, 2007). RAP80 contains a tandem ubiquitin-interacting
motif (UIM) that binds with high affinity to K63 linkages in vitro
and associates with K63-linkages in vivo following DNA damage
(Sobhian et al., 2007). Interestingly, the BRCA1-RAP80 complex
is comprised of several other proteins, including MERIT40 (Feng
et al., 2009; Shao et al., 2009; Wang et al., 2009) and BRCC36, a
deubiquitinating enzyme with K63-ub specificity (Sobhian et al.,
2007; Cooper et al., 2010; Feng et al., 2010; Patterson-Fortin et al.,
2010). The structural basis for BRCC36 DUB activity has recently
been solved (Zeqiraj et al., 2015) and it was also recently shown
that MERIT40 deficiency is synthetic lethal in the context of
BRCA2 mutation (Jiang et al., 2015). Importantly, mutations in
the RAP80 UIM and in the BRCA1-RAP80 associated protein
Abraxas (Nikkila et al., 2009; Solyom et al., 2012) have been
described in familial breast cancer cases where the BRCAI and
BRCA2 genes are not affected. These disease associated mutations
highlight the importance of this specific ubiquitin interaction for
genome stability.

Using siRNA-screening approaches several groups identified
RING finger protein 8 (RNF8) as the first E3 to catalyse K63
linkages at DSBs in mammals (Huen et al., 2007; Kolas et al.,
2007; Mailand et al., 2007; Wang and Elledge, 2007). Together
these papers established that once yH2AX is generated, the

mediator of DNA damage checkpoint 1 (MDCI1) protein is
rapidly recruited and phosphorylated by ATM at an N-terminal
AQXF cluster. This phosphorylation event drives localization of
RNF8 to the DSB site. Recent evidence supports a model where
this rapid RNF8 recruitment drives histone H1 ubiquitylation
via the UBC13 E2 ligase and this serves to recruit a second E3,
RNF168, to ubiquitinate histone H2A at postions K13 and K15
(Mattiroli et al., 2012; Thorslund et al., 2015). Collectively these
ubiquitylations establish chromatin changes that facilitate the
recruitment of other DSB response factors including 53BP1 and
BRCAL. The current models posit that in addition to providing
direct docking sites for protein substrates these ubiquitin chains
also drive large scale chromatin changes. One such proposition is
that 53BP1 binds to pre-existing H4-K20 dimethylated residues
that are exposed locally by these DSB-specific modifications
(Huyen et al,, 2004; Botuyan et al., 2006; Acs et al., 2011; Meerang
et al., 2011; Mallette et al., 2012; Kocytowski et al., 2015). More
recent evidence demonstrates that 53BP1 is a specific reader of
combinatorial histone modifications. 53BP1 DSB foci formation
required H4K20 methylation by the Tudor domain as well as
H2AK15-Ub recognition by a short conserved region C-terminal
to the Tudor repeats called the UDR (Ubiquitin dependent
recruitment) motif (Fradet-Turcotte et al., 2013). Importantly the
degree of ubiquitylation surrounding DSBs is constrained in part
by limited RNF168 protein levels. Deficiency in Ubr5 and TRIP12
increased RNF168 protein levels, resulting in excessive spreading
of DSB ubiquitin and exhaustion of 53BP1 pools (Gudjonsson
et al, 2012). It is now well established that ubiquitylation is
a cornerstone of the DSB response and its precise control is
essential for genome stability and tumor suppression.

In addition to ubiquitin, the small ubiquitin-like modifier
(SUMO) proteins have been found to impact essentially every
facet of the DNA damage response by modulating protein-
protein interaction and enzymatic activity (Bergink and Jentsch,
2009). Discovered in 1996, SUMO is a small peptide that
is covalently attached to proteins by El, E2, and E3 SUMO
ligases in a pathway analogous to ubiquitin conjugation
(Matunis et al., 1996; Cubefas-Potts and Matunis, 2013). The
immunofluorescent and biochemical observation of SUMOL1 and
2/3 isoforms at DSBs led to the identification of the PIAS1 and
PIAS4 E3 SUMO ligases that drive SUMOylation of BRCA1 and
53BP1 (Galanty et al., 2009; Morris et al., 2009). Here, loss of
either PIAS1 or PIAS4 severely impairs K63-ub at damage sites,
reduces recruitment BRCA1 and 53BP1 and causes impaired DSB
repair. Thus, in addition to ubiquitin, SUMO modifications occur
at DSBs and modulate the DSB response.

Although conceptually it is easier to separate ubiquitin
and SUMOylation, it is important to recognize that they
can act in a combinatorial fashion. RNF4, a SUMO-targeted
E3 ubiquitin ligase (STUDL), localizes to SUMO-modified
MDC1 at DSB sites where its ubiquitin ligase activity is
required for effective RAP80-BRCAI1 recruitment as well as
DSB repair and effective responses to replication stress (Galanty
et al, 2012; Guzzo et al, 2012; Yin et al, 2012; Ragland
et al., 2013; Gibbs-Seymour et al., 2015; Sarangi and Zhao,
2015). RAP80 itself contains a SIM domain adjacent to its
UIM domains and each of these domains cooperates in
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the productive association of RAP80-BRCA1 to damage sites
(Guzzo et al, 2012; Hu et al, 2012). Importantly, BRCA1
itself is an E3 ubiquitin ligase that can catalyze K6 linkages
of ubiquitin in vitro and this activity is stimulated by
SUMOylation of BRCA1 (Wu-Baer et al., 2003; Morris and
Solomon, 2004; Polanowska et al., 2006; Morris et al., 2009).
Although the function of this particular BRCA1 activity is
not well understood this serves as a clear example of the
interconnection of ubiquitin and SUMOpylation in the DSB
response (Messick and Greenberg, 2009; Jackson and Durocher,
2013).

Recent proteomic studies have identified hundreds of damage-
induced targets of both ubiquitylation and SUMOylation
(Psakhye and Jentsch, 2012; Elia et al., 2015). The array of targets
and the potential for combinatorial effects of these moieties poses
a challenge to understanding how a particular modification on
a particular protein impacts the DSB response. This problem
may be particularly true for SUMOylation as one of these
reports suggests that it is the bulk SUMOylation of a group of
proteins rather than any one specific target that stimulates DSB
repair (Psakhye and Jentsch, 2012). Despite these challenges it
is immediately apparent that phosphorylation, ubiquitylation,
and SUMOylation make the chromatin permissive to recruit
the various effectors of the DSB response that collectively
activate repair mechanisms and cell cycle checkpoints. More
recently several groups have begun to explore how the DSB
response impacts higher order chromatin structure and nuclear
architecture that are strongly influenced by these and other
post-translational modifications.

DSB RESPONSE-DRIVEN NUCLEAR
REORGANIZATION

For the purposes of this review, we will separate chromatin
reorganization into two interconnected categories. The first
category includes large-scale chromatin redistributions in which
the damaged locus changes its physical location within the 3D
nuclear compartment (Figure 1). For example, moving from
the nuclear interior to the periphery. We will discuss how
these particular movements may influence the mechanism and
fidelity of double strand break repair. These movements have
been summarized in Table 1. The second category includes
more localized epigenetic changes that cause transition between
heterochromatic and euchromatic states. In this instance we will
focus our discussion on recent insights into how these changes
influence transcription near the DSBs.

Chromatin Movement and the DSB
Response: Gross Chromatin Movements

Textbook descriptions of chromatin are, by necessity, static
depictions of linear DNA bound by histones and other factors.
Even in undamaged DNA this static arrangement is inaccurate
and several mathematical models based on cellular data have
described active chromatin movement as a non-directional
random walk over relatively short distances (Dion and Gasser,
2013). These short-range movements are constrained by multiple

cellular and physical properties and lead to occupancy of
chromosomes within non-randomly defined nuclear volumes
called “chromatin territories” (Cremer and Cremer, 2010).
Less frequent longer-range movements have also been detected
in various contexts. For example, targeting of the VP16
transcriptional activator to the nuclear periphery resulted in
movement to the nuclear interior and inhibition of RNA
Polymerase I (Pol I) transcription causes relocalization of
chromatin to the nucleolar periphery (Tumbar and Belmont,
2001; Floutsakou et al., 2013).

In yeast, there is clear evidence that DSBs induce chromatin
mobility. When DSBs were induced in the rDNA of S. cerevisiae
these breaks relocalized to the exterior of the rDNA-containing
nucleolus (Torres-Rosell et al,, 2007). As even undamaged
rDNA repeats transiently moved outside of the nucleolus
the authors proposed that it was this underlying dynamic
motion rather than a specific DSB-driven process led to the
translocation. Importantly, this movement was dependent on
a specific SUMOylation event in RAD52 that is also required
for homology-directed repair (HR) of these rDNA loci. At
other genomic loci in yeast SUMOylation also targets DSBs at
defined genomic sites to the nuclear periphery (Nagai et al,
2008; Kalocsay et al, 2009). Breaks elsewhere in the yeast
genome also led to a greater mobility of chromatin that was
dependent on RAD51, RAD54, MEC1, RAD9 (similar to human
MDCI, 53BP1 and BRCAL1), and INO80O (Dion et al, 2012;
Neumann et al,, 2012). A recent report also found that the
INO80-driven movement of DSBs within subtelomeres depends
on actin polymerization (Spichal et al., 2016). These movements
at least in part contributes to homology searches during HR
(Miné-Hattab and Rothstein, 2012). A recent study found that
DSB-induced MEC1-driven phosphorylation of the kinetochore
component Cepl causes release of the centromere from the
spindle pole body and facilitates chromatin movement (Strecker
et al, 2016). Additionally, the authors found that tethering
of telomeres to the nuclear periphery constrains chromatin
movement and the physical breakage of the chromatin from this
linkage facilitates further chromatin mobility. Interestingly, in
this instance the authors found no evidence for an HR defect but
rather propose that the increased mobility facilitates cell cycle
checkpoint activation. Therefore, a preponderance of evidence
exists that DSBs in yeast are mobile and that SUMOylation
and the DSB response drive this mobility. Even if the precise
functional outcome of this movement is unclear, the consensus
is that the movement has a positive impact on the ability of the
yeast cell to survive DSBs and therefore sets precedent for study
in mammalian cells.

There are now numerous reports of chromatin mobility in
response to DSBs in mammalian cells, albeit the determinants for
this mobility are incompletely defined, as many breaks appear to
be stable in their nuclear position. One of the first examples of
subnuclear DSBs induced by soft X-rays suggested that breaks
are positionally stable during the initial phases of the damage
response although the temporal and spatial resolution with this
method is limited (Nelms et al., 1998). Using a-radiation to create
DSBs along a confined linear track of the nucleus, Aten et al.
(2004) found that breaks redistributed into clusters giving rise to
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FIGURE 1 | Chromatin reorganization during double strand break (DSB) responses. In several contexts, DSBs induce chromatin reorganization. Errors in
DSB repair can result in translocations that occur most frequently between chromosomes that are already in close spatial proximity through pre-existing organization
into chromosome territories. Moving clockwise, persistent breaks in yeast are relocalized to the nuclear periphery in a SUMO dependent process for repair by
homologous recombination (HR). Homology directed repair driven movement of DSBs induced at telomeres promotes clustering into ALT Promyelocytic Bodies
(APBs). In nucleoli persistent breaks silence transcription, which leads to relocalization of the rDNA to the nucleolar periphery. In some instances multiple breaks
appear to localize to “repair centers” while in other contexts breaks remain positionally stable.

MREI11 dependent “repair centers” that were most predominant
in Gl-phase (Stap et al, 2008). Similarly, DSBs created by
y-rays or etoposide induced movement of damaged chromatin
>2 fold over that of undamaged loci (Krawczyk et al., 2012).
Evidence for repair centers have also been reported in which
IR induced GFP-53BP1 foci between 1 and 2 pm apart can
rapidly gather into larger clusters (Neumaier et al., 2012). Loss of
ATM reduced movements at both y-rays and by charged nuclei
(Becker et al., 2014) and at nuclease induced breaks (Caron
et al,, 2015). Conversely, DSBs induced by UV-microbeam or
y-rays were found to have limited mobility but led to a localized
decondensation of chromatin (Kruhlak et al., 2006; Falk et al.,
2007). Induction of multiply damaged sites (containing DSBs,
single strand breaks and base damages) by charged nuclei was not
found to cause significant movements nor did DSBs induced by
a nuclease at an engineered multicopy transgene locus of likely
>100 repeats that is heterochromatic (Soutoglou et al., 2007;
Jakob et al., 2009). The reason for such discrepancy is not clear

but may be related to cell types, modes of damaged induction
employed, imaging methods used or the method to visualize
the DSBs themselves. One plausible explanation is that the loci
broken in the nuclease experiments were repetitive transgenes
that did not share homology with sequences on different
chromosomes. In this scenario, homology directed mobility and
clustering would not be possible. Interestingly, the constraint on
mobility was dependent on Ku80, a component of NHE] repair
of DSBs (Soutoglou et al.,, 2007). This suggests that the NHE]
machinery tethers or rapidly rejoins DSB ends to limit mobility;
this may also underlie movements when breaks are induced in
the nucleolus as discussed below. However, an additional report
using such transgenes described long distance MRE11 dependent
mobility that was associated with chromosome translocations
(Roukos et al.,, 2013), perhaps related to the original reports
from Aten et al. (2004). Interestingly, I-Ppol nuclease induced
breaks were found to cause pairing of homologous genetic loci
in an ATM and transcription dependent manner in G1 phase
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TABLE 1 | Large-scale movement following double strand breaks (DSBs).

DSB location/break Movement References

method

Yeast

rDNA To nucleolar Torres-Rosell et al., 2007
periphery

MAT Locus To nuclear Kalocsay et al., 2009
periphery

MAT Locus To nuclear Nagai et al., 2008
periphery

Single |-Scel site Increased local Dion et al., 2012; Neumann
mobility etal., 2012

MAT Locus Increased local Strecker et al., 2016
mobility

Mammalian

a-radiation Break clustering ~ Aten et al., 2004; Stap et al.,

2008

y-radiation Break clustering Neumaier et al., 2012

y-radiation, etoposide Local mobility Krawczyk et al., 2012

Charged nuclei, nuclease Local mobility Becker et al., 2014; Caron

etal.,, 2015

UV-microbeam, y-radiation Chromatin Kruhlak et al., 2006; Falk et al.,
decondensation 2007

Charged nuclei Minimal Jakob et al., 2009

Ultrasoft X-rays Minimal Nelms et al., 1998

Single multicopy locus Minimal Soutoglou et al., 2007

I-Scel Chr1, 7, 10 Loci pairing Roukos et al., 2013

I-Ppol Homolog pairing ~ Gandhi et al., 2012
I-Ppol rDNA To nucleolar Harding et al., 2015; van Sluis
periphery and McStay, 2015;

Warmerdam et al., 2016

Telomere fusion Dimitrova et al., 2008;

Lottersberger et al., 2015

Telomere deprotection

TRF-Fokl ALT Telomeres Telomere clustering Cho et al., 2014

of the cell cycle (Gandhi et al.,, 2012). Although canonical HR
dependency was not examined, a possible explanation is the
occurrence of homology directed clustering in G1 due to the
absence of a sister chromatid. It is also important to note that
the intercomparison of studies is difficult due to differences in
measurement methods and the lack of standard comparators for
movement in undamaged chromatin. The differences observed
between yeast and mammalian cells may, in part result from the
balance in repair pathways used. Yeast preferentially use HR,
the less error prone mechanism of DSB repair that uses a sister
chromatid as a template to resolve the break. NHE], the more
error prone pathway that relies on the direct rejoining of broken
ends, is more predominant in mammalian cells (Shrivastav et al.,
2008). These differences in repair pathway between species may
have important implications for the outcome of DSB responses in
mammalian cells, as described below.

In light of these issues, one clear context where DSB
movement occurs is at deprotected and damaged telomeres. To
prevent their recognition as DSBs telomeres are protected in a
complex called shelterin that blocks access to the ends by the DSB
machinery (Palm and de Lange, 2008). When shelterin is depleted

the DSB response is activated and telomeres are joined by NHE]
to cause striking telomere fusions (Doksani and de Lange, 2014).
Loss of 53BP1 reduced the mobility of these telomere ends and
resulted in almost complete loss of telomeric fusions (Dimitrova
et al., 2008). These movements are driven at least in part by
the LINC complex which connects dynamic microtubules to the
inside of the nucleus; similar movements were also described at
non-telomeric DSBs generated in BRCAL1 deficient cells using an
inhibitor of Poly (ADP-ribose) polymerase (PARPi) and this was
proposed to contribute to 53BP1-dependent interchromosomal
NHE] (Lottersberger et al., 2015).

A second striking example of DSB dependent chromatin
mobility also occurs at telomeres, but in a 53BP1 independent
manner. Approximately 10-15% of cancer cells employ
“alternative lengthening of telomeres (ALT)” to maintain
their telomere length. Rather than activating telomerase,
ALT cells utilize a homology driven mechanism to promote
lengthening of telomeres (O’Sullivan and Almouzni, 2014;
Dilley and Greenberg, 2015; Pickett and Reddel, 2015). Our
laboratory recently developed a method whereby DSBs are
generated specifically in telomeres to elicit a DSB response
(Tang et al., 2013). In ALT, but not telomerase positive cells,
such DSBs induced directed movement of telomere ends
into clusters called ALT-associated PML bodies (APBs), a
hallmark of ALT cells (Cho et al., 2014). Unlike other DSB
movements described to date the movement in this case was
biphasic. During the first phase damaged telomeres showed
a significant increase in mobility as compared to undamaged
telomeres; this mobility is similar to those movements described
above. In the second phase the “incoming” telomere makes a
long-range directed movement toward a relatively immobile
“recipient” telomere. Both phases of this movement were
dependent in part on the HR machinery (e.g., RAD51) and
also on Mnd1-Hop2, a complex generally involved in meiotic
interhomolog recombination. In agreement with these findings,
ALT telomere replication stress due to SMARCALI deficiency
also resulted in Rad51 telomere-telomere clustering and
dramatic telomere enlargement (Cox et al, 2016). These
results highlight the first example of directed DSB movement
in mammalian cells mediated by HR, and collectively,
reveal that dynamic chromatin movements contribute to
genomic stability and cellular immortality through telomere
maintenance.

In several contexts, it is clear that DSBs can induce
chromatin movement. How the DSB response itself impacts
these movements is slowly beginning to be elucidated. Unlike
SUMOylation, a direct role for ubiquitin in DSB movement has
not been described. The involvement of MEC1 and RAD9 in yeast
implies that this may be the case. Although RADS52 is a clear
SUMOylation target in yeast, it is also possible that movements
are controlled by other SUMOylation events or simply by
bulk SUMOylation of multiple factors (Psakhye and Jentsch,
2012). In Drosophila melanogaster, heterochromatic breaks are
mobilized from heterochromatin to the nuclear periphery in a
mechanism mediated by the STUbLs Dgrn and Rad60 (Chiolo
et al,, 2011; Ryu et al., 2015). This is reminiscent of the SUMO-
dependent relocalization of yeast DSBs to the periphery of the
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nucleus or nucleolus suggesting there is conservation of the
mechanism across species. As in yeast we expect that in addition
to recruiting DSB response factors for cell signaling and DSB
repair, ubiquitylation and SUMOylation events serve to modulate
chromatin movement. Indeed, at ALT telomeres the MMS21
subunit of the SMC5/6 complex SUMOylates multiple telomere
binding proteins (e.g., TRF1) and contributes to HR of ALT
telomeres and localization to APBs (Potts and Yu, 2007). It is
also possible that the control of DSB movement is a fundamental
aspect of the DSB response that controls the homology search
during HR (as in telomeres described above) and may also limit
illegitimate NHE] as described below.

Chromatin Movement and the DSB

Response: Localized Responses

The development of chromosome conformation capture (3C)
and related high-throughput “C” technologies (e.g., Hi-C) has
allowed the refinement of the chromosome territory models
described above. These methods allow the interrogation of
chromosome contacts that occur both within and between
chromosomes. The most obvious of these contacts occur
within topological associated domains (TADs) that are
intrachromosomal regions of hundreds of kilobases in mammals
that contain within them genes with similar expression dynamics
(Dekker and Misteli, 2015). These TADs appear to arrange
chromatin into regions whereby long-range interactions, such
as between enhancers and promoters, can occur. Although
markedly less frequent than TADs, interchromosomal contacts
occur most often between chromosomes that are within the
same chromosome territories as defined by FISH chromosome
painting (Lieberman-Aiden et al., 2009). These concepts paint a
picture of the nucleus whereby hierarchical levels of organization
arrange chromatin in a dynamic non-random fashion. More
recently indications that this organization can influence the DSB
response itself and the outcome of DSB repair have arisen with
implications for genetic stability and the generation of genetic
abnormalities associated with cancer.

Studies of local chromatin dynamics at breaks are in their
infancy. In yeast, 3C studies suggest that DSBs reduce the overall
frequency of local (<100kb) interactions (Oza et al., 2009).
This decrease appears to be correlated with the HR-dependent
movement of the breaks to the nuclear periphery, as in G1-
arrested cells where HR is inactive the interaction frequencies
were less dynamic. This led to the proposal that damaged DNA
is sequestered from the local chromatin environment to facilitate
accurate DSB repair. This model is consistent with recent
findings in mouse B-cells. By arresting cells in G1 to eliminate
confounding HR-driven repair mechanisms, DSBs within a given
chromosome most frequently led to translocation with genomic
loci present in cis to the breaks (Hakim et al., 2012; Zhang et al.,
2012).

A practical example of how differential localization can
influence genome stability occurs in prostate cancer cells. When
stimulated with dihydrotestosterone (DHT) TMPRSS2 gene
expression is strongly induced in a manner dependent on
topoisomerase II (TOP2) catalyzed DSBs that relieve torsional

stresses that block transcription (Gémez-Herreros et al., 2014).
These TOP2 dependent breaks have recently been mapped and
frequently occur at breakpoints that are present in clinical fusions
of TMPRSS2 with ETS transcription factors (e.g., ERG; Haffner
etal., 2010). Linking back to nuclear organization, the TMPRSS2
and ETS transcription factor loci are frequently associated within
the nuclear space (Lin et al., 2009; Mani et al., 2009). Consistent
with the proximity model, fusions of TMPRSS2 to ERG (both
localized on chromosome 21) occur in ~90% of fusion cases
whereas fusion to ETV1 (located on Chromosome 7) occurs at a
much lower frequency (Tomlins et al., 2007). Thus chromosomal
proximity can underlie translocations that are characteristic of
cancer-associated genomic instability. Interestingly, mutations in
TDP2, the enzyme that removes TOP2 that becomes trapped on
DNA ends, results in persistent breaks and a human syndrome
(Gémez-Herreros et al., 2014). Etoposide (a drug that traps TOP2
on broken DNA ends) causes DSBs that require TDP2 for break
repair and resumption of transcription at TOP2 dependent loci,
such as TMPRSS2. Indeed, TDP2 deficient mice also showed
defective recovery of transcription in the developing mouse
brain that was correlated with a reduction in the density of
interneurons of the cerebellum. Given the clear relationship
between transcription, a known modulator of local chromatin
structure, and the DSB response it will be of prime interest to
understand how these two interrelated cellular events impact on
the higher order chromatin structure in combination and how
this influences carcinogenesis and neurodevelopment.

It is becoming clear that the dynamic organization in 3D
space of the nucleus has a direct influence on genomic stability
and the DSB response. As technologies advance and methods
for localized induction of DSBs in mammalian cells mature it
will become possible to examine how these local chromatin
interactions influence, and are influenced by, the DSB response.

COMMUNICATION BETWEEN THE DSB
RESPONSE AND TRANSCRIPTION

Post-translational modifications on histones are a cornerstone of
the DSB response. This has stimulated considerable interest in
epigenetic marks on chromatin in the vicinity of the break site
and the functional outcomes that this can entail. Recent studies
from several labs have identified specific histone modifications
driven by the DSB response that modulate transcription near the
DSB site. We will outline some of these histone modifications in
different physiological contexts and briefly discuss the functional
outcomes of these events.

During meiosis SPO11, a TOP2-like enzyme, creates multiple
DSBs to drive pairing between homologous chromosomes that
initiates HR to induce crossovers and genetic variation (Lu and
Yu, 2015). In males the X- and Y-chromosomes lack partners and
remain largely unpaired during meiosis but remain replete with
DSBs that activate a DSB response in an isolated structure called
the XY-body (Turner, 2007). These DSBs are resected to initiate
recombination events and are substrates for ATR activation and
YH2AX formation throughout the sex chromosomes (Turner
et al.,, 2004). As in mitotic cells this yH2AX laced chromatin
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recruits MDC1 and RNFS8, although whether RNF8 localization
is strictly dependent on MDC1 in this context is unclear (Ichijima
etal., 2011). In the XY-body MDCI1 contributes to amplification
of YH2AX signals and also induces SUMOylation but the target(s)
remain undefined (Ichijima et al., 2011). As in somatic cells
RNF8 drives H2A-ub formation in the XY-body and 53BP1
recruitment, however, BRCA1 does not spread throughout the
XY-body but rather amplifies upstream signaling of ATR to
YH2AX (Turner et al., 2004; Sin et al., 2012).

A striking outcome of this meiotic DSB signaling is the
transcriptional silencing of genes on the X- and Y-chromosomes,
a processed called meiotic sex chromosome inactivation (MSCI).
MSCI occurs at least in part due to histone modifications
including H2A-ub, H3 and H4 deacetylation, and H3K9
dimethylation; these marks persist during silencing throughout
meiosis even after yH2AX has been resolved (Turner, 2007).
MSCI fails in MDC1, H2AX, and BRCA1 null mice which
correlates with male infertility, highlighting the role of
transcriptional silencing in this context (Fernandez-Capetillo
etal., 2003; Turner et al., 2004; Ichijima et al., 2011). Interestingly,
RNF8 mice appear to maintain MSCI, however, males display
reduced fertility possibly owing to other aspects of RNF8
dependent signaling in spermatogenesis (Li et al., 2010; Lu et al,,
2010). These data highlight the importance of the DSB response
in silencing transcription during meiosis to facilitate productive
spermatogenesis.

The first study to suggest crosstalk between DSBs and
transcription in somatic mammalian cells observed decreased
RNA Pol I transcription in nucleoli of irradiated cells (Kruhlak
et al., 2007). This silencing was dependent on ATM, MDCI,
and NBSI and prolonged in repair-deficient cells. Silencing in
this context was independent of H2AX but the reasons for this
uncoupling of the H2AX-MDCI axis are unclear.

Persistent DSBs also silence transcription from RNA
Polll-dependent promoters. Our group developed a system
to simultaneously visualize DSB responses and nascent
transcription in U20S cells. Multiple breaks are induced within
a LacO cassette 4 kb upstream of an inducible transcriptional
unit in which the 3’-UTR (untranslated region) harbors 24
repeats of a stem loop that is recognized by the phage coat
protein MS2 (Janicki et al., 2004; Shanbhag et al., 2010). This
enables real time visualization of the DSB site and nascent
transcription through the expression of mCherry-LacIFokl
and YPF-MS2 fusion proteins, respectively. Introduction of a
LacI molecule fused to the FOKI endonuclease creates a robust
DSB response upstream of the transcriptional start site that
effectively silences RNA Polll dependent transcription in an
ATM and ubiquitin dependent manner. Polll was maintained
at the locus, however, showed reduced levels of phosphorylation
at the Serine 2 position of its carboxy terminal domain repeats,
indicating impaired transitioning to elongating forms. This
effect was strongly dependent on ATM and associated with
H2A ubiquitylation. Transcription was rapidly restored upon
nuclease termination and DSB repair, but persisted in the
absence of the H2A-ub specific DUB USP16. Interestingly,
deficiency in either RNF8 or RNF168 did not impact DSB
silencing, albeit a modest reduction in silencing occurred

upon combined knockdown. This implied that although these
specific ubiquitylation events contribute to DSB silencing,
other ATM-dependent events likely cooperate in suppressing
transcription. This suggestion was recently supported by the
finding that ATM-dependent phosphorylation of BAF180,
a component of the chromatin remodeling PBAF complex,
was required for H2AK119-ub and transcriptional silencing
(Kakarougkas et al., 2014). Furthermore, depletion of BMI1 and
EZH2, components of polycomb repressive complexes (PRC)
1 and 2, respectively, also contributed to DSB silencing (Ui
et al, 2015). Importantly, ATM-dependent phosphorylation
of ENL enhanced its interaction with BMI1 (i.e., PRC1) and
led to transcriptional silencing. Together these data produce a
model whereby multiple ATM-dependent signaling events lead
to chromatin modifications that silence transcription in cis to
DSBs. Interestingly, recent reports showed that transcriptional
silencing of rDNA can occur in trans when DSBs are induced
by UV-microbeam or IR (Ciccia et al., 2014; Larsen et al., 2014).
Other studies have identified site-specific small RNAs generated
by DICER-DROSHA in mammalian cells and in Arabidopsis
thaliana that facilitates recognition of DSBs or repair by HR
(Francia et al., 2012; Wei et al,, 2012; Gao et al.,, 2014). It is
important to note that this production of small RNAs at DSBs
is distinct from silencing of RNA-Poll and PollI driven genes, as
the ncRNAs do not appear to be promoter driven. Future studies
exploring how specific DSBs influence transcriptional silencing
both in cis and in trans on a global scale will be required to
fully understand the extent of DSB silencing of promoter-driven
transcription and in the production of small RNAs derived from
the local chromatin.

During studies with our transcriptional reporter system
we found that ATM-dependent silencing suppressed
transcriptionally induced chromatin decondensation (Shanbhag
et al, 2010). Despite observing overall positional stability
of DSBs, Kruhlak et al. (2006) observed local expansion of
chromatin following both IR and UV-microbeam damage. This
correlated with decreased DNA density in electron microscopy
but was independent of ATM and H2AX. In another example
D. melanogaster IR induced local decondensation of HPla-
associated heterochromatin and this was proposed to facilitate
DSB repair (Chiolo et al.,, 2011). At first, the finding that the
DSB response can suppress transcription associated chromatin
decompaction and that DSBs themselves induce decompaction
appear at odds. However, it is highly likely that the pre-existing
state of chromatin at the time of DSB induction influences the
nature of the DSB response and the outcome of ATM signaling.
To reconcile these issues it will be important to develop systems
whereby DSBs can be induced within different chromatin states
in the same biological system to determine how this influences
chromatin dynamics.

CHROMATIN REORGANIZATION AS A
REQUIREMENT FOR DSB REPAIR

DSBs are primarily repaired by one of two pathways in
mammalian cells. In late S- and G2-phases after replication has
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taken place, there is competition between rapid NHE] and slower
but more accurate HR. Understanding this balance has long been
a goal of studies in the DSB repair field.

Tightly packed heterochromatin structures have been thought
to be barriers to DSB repair and radioresistance (Chapman
et al,, 1999; Schaue and McBride, 2015). One possible reason
for this is the limited accessibility of repair factors to
highly compact chromatin structures. Indeed, it has often
been observed that yH2AX preferentially forms in less dense
euchromatin (Cowell et al., 2007). As mentioned above,
correlative light and electron microscopy have demonstrated
chromatin decompaction and that nucleosomes are disrupted
in the vicinity of DSBs (Goldstein et al., 2013). Recently a
pathway dependent on ATM that mediates DSB repair in
heterochromatin regions has been described. It had long been
known that ATM null cells repair the majority of DSBs
(~85%) with normal kinetics but that the remaining ~15%
of breaks remain unrepaired for long times after damage
(Riballo et al., 2004). When analyzed by immunofluorescence
of YyH2AX in mouse cells these residual DSBs localize
adjacent to heterochromatic “chromocenters” and required
ATM-dependent phosphorylation of the KAP1 protein for
resolution (Goodarzi et al., 2008). KAPl is a component
of heterochromatin and its phosphorylation by ATM drives
relaxation of heterochromatin (Ziv et al., 2006). Phosphorylated
KAP1 is maintained by the RNF8-RNF168-MDC1-53BP1
pathway and thus links ubiquitylation to DSB repair in
heterochromatin.

As mentioned, translocations driven by NHE] occur largely
between chromosomes in close spatial proximity (Hakim et al.,
2012; Zhang et al., 2012; Roukos et al., 2013). To prevent
this happening at high frequency one may predict that the
localization of chromatin on multiple levels must be controlled.
In yeast, where HR is the dominant mechanism of repair,
movement is viewed as a priority for DSB repair (Miné-Hattab
and Rothstein, 2013). In mammals, where NHE] predominates,
limitations on movement may be necessary to prevent unwanted
rejoining, but movement is observed in certain circumstances.
As an example, breaks induced at the nuclear membrane
were found to be positionally stable and did not relocalize to
environments that were more permissive for HR rather they
were repaired by alternative end-joining in place (Lemaitre
et al., 2014). Recently, studies from two laboratories generated
DSBs within nucleoli of mammalian cells using endonucleases
(Harding et al., 2015; van Sluis and McStay, 2015). In each case
these DSBs and the rDNA chromatin itself were detected at
the periphery of nucleoli indicating movement had occurred.
This movement was associated with transcriptional silencing
and when this silencing was blocked by inhibition of ATM
the reorganization of nucleoli and the rDNA was prevented
(Figure 1). We found that when NHE] was blocked nucleolar
reorganization and transcriptional silencing was enhanced; this
was not observed when HR was inhibited. This suggested
that NHE] was the predominant mode of DSB repair in
nucleoli, which was borne out by direct repair assays at
the rDNA loci. Interestingly van Sluis and McStay (2015)
observed HR-associated replication at the nucleolar periphery

suggesting a role for HR in rDNA repair. Inefficient repair
of rDNA by HR was also found to generate a loss of
rDNA repeats; this effect was exacerbated by loss of NHE]
(Warmerdam et al., 2016). These complementary studies suggest
that NHE] occurs rapidly within nucleoli to maintain rDNA
transcription. However, when these breaks remain unrepaired
by NHE]J they are transcriptionally silencing and relocalize
to the nucleolar periphery where they can be recognized
by the HR machinery in a deleterious repair mechanism.
Thus, DSBs in the rDNA recapitulated to some extent breaks
in yeast where redistribution facilitates HR. This serves to
highlight the role of nuclear organization in regulation of DSB
repair pathway choice and may be a useful model system
in which to study how ubiquitin and SUMO contribute to
repair by NHE] within the nucleolus and HR in the nucleolar
periphery.

PERSPECTIVES

Over the last 30 years the mechanisms of the DSB response
have been intensively studied and have provided an intricate
model for the recognition and subsequent repair of DSBs
dependent on post-translational modifications including
phosphorylation, ubiquitylation, and SUMOylation. Of
particular interest in the coming years will be how each of
these modifications act in combination to drive accurate
recognition of the breaks and repair pathway choice.
SUMOylation and ubiquitylation offer a prime example of
such concerted actions that are just beginning to be understood.
Although technically challenging understanding how these
multifaceted interactions are orchestrated is key to fully
elucidating the DSB response. Recent evidence from many
groups has begun to unravel these issues, and invariably
they require multiple modifications rather than a single
chromatin mark highlighting the importance of viewing the
DSB response holistically rather than as singular distinct
pathways.

Technological advances in the last decade have provided
the tools necessary to interrogate how the organization of
the nucleus both at the global (i.e., chromosome interaction)
level and at the level of the epigenome. Key consideration
in this regard include how the DSB response modulates
chromatin interactions during the acute phase of the DNA
damage response, and if persistent DNA damage signaling
alters the epigenome. Equally important will be understanding
how dynamic movements in the mammalian nucleus are
controlled following DNA damage. Given recent evidence
that such movements are important for the generation of
chromosomal translocations a molecular understanding, such
as that emerging in yeast, will be a fruitful area of future
study.

It has also become increasingly apparent that the context
(nuclear location, chromatin states, etc.) in which a DSB is
induced has a significant effect on the nature of the response
and outcome of repair. Several experimental approaches are
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now available to induce breaks within defined chromatin
environments and physical locations. These systems will
undoubtedly facilitate a broader understanding of the contextual
aspects of the DSB response and will lead to a more
unified model of nuclear organization, cell signaling, and DSB
repair.
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Complete and faithful duplication of its entire genetic material is one of the essential
prerequisites for a proliferating cell to maintain genome stability. Yet, during replication
DNA is particularly vulnerable to insults. On the one hand, lesions in replicating DNA
frequently cause a stalling of the replication machinery, as most DNA polymerases
cannot cope with defective templates. This situation is aggravated by the fact that strand
separation in preparation for DNA synthesis prevents common repair mechanisms
relying on strand complementarity, such as base and nucleotide excision repair, from
working properly. On the other hand, the replication process itself subjects the DNA
to a series of hazardous transformations, ranging from the exposure of single-stranded
DNA to topological contortions and the generation of nicks and fragments, which all
bear the risk of inducing genomic instability. Dealing with these problems requires
rapid and flexible responses, for which posttranslational protein modifications that
act independently of protein synthesis are particularly well suited. Hence, it is not
surprising that members of the ubiquitin family, particularly ubiquitin itself and SUMO,
feature prominently in controlling many of the defensive and restorative measures
involved in the protection of DNA during replication. In this review we will discuss the
contributions of ubiquitin and SUMO to genome maintenance specifically as they relate
to DNA replication. We will consider cases where the modifiers act during regular, i.e.,
unperturbed stages of replication, such as initiation, fork progression, and termination,
but also give an account of their functions in dealing with lesions, replication stalling and
fork collapse.

Keywords: ubiquitin, SUMO, DNA replication, DNA replication stress, DNA damage, DNA repair, genome stability

INTRODUCTION

DNA replication in eukaryotes is a multi-step process that is tightly coupled to both cell cycle
progression and the DNA damage response (Leman and Noguchi, 2013; Siddiqui et al., 2013;
Berti and Vindigni, 2016). After completion of mitosis during the G1 stage of the cell cycle,
replication origins are prepared for activation in a process called origin licensing (Siddiqui et al.,
2013). This reaction results in the formation of pre-replicative complexes (pre-RCs) at replication
origins, which include key components of the replicative helicase, albeit in an inactive form.
Licensing restricts origin firing to once per cell cycle, thus preventing genome instability induced
by re-replication. At the entry into S phase, DNA replication is initiated by the action of cell
cycle-regulated kinases, resulting in the activation of the replicative helicase and the separation
of strands to form the first replication forks. This is helicase and several DNA polymerases,
but also a large number of accessory factors responsible accompanied by the assembly of
replisomes, multi-protein complexes that comprise not only the for monitoring replication fork
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progression, generating checkpoint and damage signals, and
coordination of DNA synthesis with chromatin assembly (Leman
and Noguchi, 2013). In eukaryotes, origin firing follows a
temporally regulated program throughout S phase, giving rise
to distinct early- and late-replicating regions of the genome
(Renard-Guillet et al., 2014). The pattern of origin firing is flexible
and reacts to situations such as the stalling of individual forks
or the perception of a global damage signal by the cell. DNA
synthesis proceeds bi-directionally, initiated by the deposition
of short RNA primers that are subsequently extended by DNA
polymerase o. Leading and lagging strand replication by the
main replicative DNA polymerases ¢ and 3, respectively, is
closely coordinated with the unwinding of the template DNA.
As a consequence, accumulation of extended regions of single-
stranded (ss)DNA is perceived as a sign of fork stalling and
triggers a checkpoint response that suppresses the firing of late
replication origins and prevents entry into mitosis (Leman and
Noguchi, 2013). The nicks in the emerging lagging strand, arising
from its discontinuous synthesis, are successively sealed by DNA
ligase. As replication units (replicons) from neighboring origins
meet, replication forks merge and replication is terminated by
the disassembly of the replisomes. Since DNA replication takes
place in the context of chromatin, removal of nucleosomes in
front of the helicase and their renewed deposition after passage
of the replication fork need to be synchronized with DNA
synthesis (Groth, 2009). This coordination, actively mediated by
components of the replisome, also protects against the loss of
epigenetic marks during replication.

Accurate control over all stages of DNA replication is of
vital importance for the maintenance of genome integrity
in proliferating cells. Both incomplete replication and over-
replication interfere with proper chromosome segregation,
and defects in replication fidelity pose a serious threat to
genome stability due to an increased mutation load. Hence, the
mechanisms ensuring complete and accurate replication need
to be considered as part of a cell’s repertoire to defend itself
against insults to its genome. By reversibly altering the properties
of their target proteins, various different posttranslational
protein modifications contribute significantly to these processes.
Over the past decade, we have witnessed the emergence of
ubiquitin and SUMO as key regulators of genome maintenance
pathways (Ulrich and Walden, 2010; Jackson and Durocher,
2013). Although best known for mediating protein degradation,
ubiquitin can convey a variety of non-proteolytic signals. This
can partly be ascribed to the effects of mono-ubiquitylation,
but also to ubiquitin’s ability to form polymeric chains of
different geometries, recognized by highly chain-selective effector
proteins (Komander and Rape, 2012). More recently, it has been
realized that SUMO can also trigger degradation of its targets
by forming polymeric SUMO chains interacting with a class of
enzymes known as SUMO-targeted ubiquitin ligases (STUbLS;
Prudden et al.,, 2007; Sriramachandran and Dohmen, 2014).
Hence, both proteolytic and non-proteolytic contributions need
to be considered in discussing the effects of ubiquitin and SUMO
on DNA replication.

This review will cover the functions of ubiquitin and SUMO
during unperturbed replication, i.e., during origin licensing,

replication elongation and termination, and with regard to
chromatin assembly and nuclear structure. Another important
aspect will be the response to replication stress. As much of the
recent progress in the field can be ascribed to large-scale siRNA
screens and proteomic approaches, mechanistic information is
often lagging behind the identification of novel modification
targets and conjugation factors. We will therefore refrain from
giving a comprehensive account of all the enzymes and substrates
involved in DNA replication and rather focus on representative
examples where a relevant functional context is available.

REPLICATION OF INTACT DNA

The function of ubiquitylation in unperturbed DNA replication
has been the subject of an excellent recent review (Moreno
and Gambus, 2015), to which the reader is referred for
details, particularly with respect to proteolytic functions of
ubiquitylation. Here we complement this with information on
the roles of protein SUMOylation, and we discuss the recurring
problem of distinguishing modifications that are inherently part
of the replication process from those occurring in response to
spontaneous problems based on difficult-to-replicate sequences
or chromatin regions.

Contributions of Ubiquitin and SUMO to
Origin Licensing and Replication

Initiation

At the entry into S phase, ubiquitin functions predominantly
as an inducer of proteasomal degradation, owing to its
prominent role in cell cycle regulation (Teixeira and Reed,
2013). Preparation for DNA replication requires loading of
the hexameric ring-shaped Mcm2-7 complex onto origins of
replication, mediated by the origin recognition complex (ORC)
and two auxiliary factors, Cdtl and Cdc6 (Siddiqui et al,
2013). Establishment of the pre-RC can only proceed late in
mitosis and during G1 phase, when cyclin-dependent kinase
(CDK) levels are low. This is achieved by a large, multi-subunit
ubiquitin ligase, the anaphase promoting complex (APC/C),
which induces degradation of mitotic cyclins and of the CDK-
activating phosphatase Cdc25 (King et al., 1995; Donzelli et al.,
2002; Teixeira and Reed, 2013). In vertebrates, the APC/C also
targets the Cdtl inhibitor geminin for degradation (McGarry and
Kirschner, 1998).

In order to initiate S phase, two helicase coactivators — Cdc45
and the GINS complex - are recruited to pre-RCs, assembling the
active replicative helicase, the CMG complex (Cdc45-Mcm?2-7-
GINS). Once the initial unwinding occurs, DNA polymerases and
the sliding clamp, PCNA, are recruited to assemble the replisome
and establish the replication fork (Leman and Noguchi, 2013).
Origin firing requires a rise in CDK activity. Accordingly, APC/C
activity is downregulated, mainly by inhibition of its regulatory
subunit Cdhl1 (Eldridge et al., 2006; Fukushima et al., 2013; Lau
et al,, 2013), but also by autoubiquitylation and degradation
of its cognate ubiquitin conjugating enzyme (E2), UbcH10, a
process induced in the absence of APC/C substrates (Rape and
Kirschner, 2004). This allows an accumulation of G1l-specific
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cyclins. Additionally, CDK inhibitors, such as p27 and p21, are
degraded (Starostina and Kipreos, 2012). Three different E3s,
KPC, Pirh2 and the Skpl-Cullin-F-box complex SCFS%P2, are
known to act on p27 in a temporally and spatially ordered
fashion during G1 and early S phase. The p21 protein is also a
substrate of SCFSP2, but in addition, this factor is targeted by
an intriguing mechanism that directly couples ubiquitylation to
S phase entry (Abbas et al., 2008; Kim et al., 2008). The cognate
E3, Cullin-RING ligase CRL4%42, recognizes its substrate only
in conjunction with the replication clamp, PCNA, and only
when PCNA is encircling DNA. The relevant degradation signal,
which includes a PCNA-interacting peptide (PIP), is also found
in other factors whose removal is associated with S phase, such
as the fission yeast inhibitor of ribonucleotide reductase, Spdl,
and the Gl-specific transcription factor E2F1 from Drosophila
melanogaster. (Havens and Walter, 2011; Ulrich, 2014). Thus,
by coupling substrate recognition to binding of loaded PCNA,
CRL4%Y s able to read the state of the replication machinery
as an activating signal.

Firing of origins needs to be strictly limited to once per
cell cycle to avoid problems of re-replication. This is achieved
through a process known as origin licensing that restricts pre-
RC assembly to G1 (Moreno and Gambus, 2015). In order to
render the process irreversible, essential loading factors, such
as Cdtl and Cdc6, are eliminated when cells enter S phase. In
many organisms, this is again mediated by ubiquitin-mediated
proteolysis. Human Cdt1 is ubiquitylated by at least two different
E3s of the CRL family, SCFSP? and - as described above -
CRL4%2 (Lj et al., 2003; Zhong et al., 2003). Cdcé6 is deactivated
either by export from the nucleus or by degradation following
its ubiquitylation by CRL4%42 (Saha et al, 1998; Clijsters
and Wolthuis, 2014). In budding yeast, SCF®I* mediates
ubiquitylation of Cdc6 (Drury et al., 1997).

In contrast to the pervasive influence of ubiquitin, SUMO
appears to exert more subtle regulatory effects on replication
initiation. In a cell-free system based on Xenopus laevis egg
extracts, inhibition of SUMOylation was found to increase
replication rates by allowing a larger number of origins to fire
(Bonne-Andrea et al., 2013). The negative effect of SUMO on
origin firing was attributable to the modification of cyclin E
following recruitment of the cyclin E-CDK complex to pre-RCs.
The notion that most cells only use a sub-set of their potential
origins in each S phase suggests that SUMO may in this context
contribute to limiting excessive origin firing. In the budding
yeast, Wei and Zhao (2016) recently reported an apparently
unrelated phenomenon that likewise suggests a negative impact
of SUMO on origin firing. They observed a cell-cycle regulated
SUMOylation of Mcm2-7, peaking at the pre-RC stage when
the complex is loaded onto origins, but declining upon origin
firing at the G1-to-S transition. Artificial enhancement of local
SUMOylation inhibited CMG assembly and origin firing, most
likely by means of recruiting a phosphatase that reversed
essential phosphorylation events required for CMG activation.
Intriguingly, both SUMOylation and deSUMOylation of Mcm
proteins are accomplished by multiple E3s and isopeptidases
in a subunit-specific manner, and significant differences were
noted in the cell cycle regulation of individual Mcm subunits

(de Albuquerque et al., 2016). Moreover, it is important to note
that other components of pre-RCs have also been identified
as SUMOylation targets, among them the subunits of ORC
(Golebiowski et al., 2009). Hence, it remains to be established
whether the negative effect of SUMO on origin firing observed
in this study is due to the modification of an individual Mcm
subunit, the Mcm2-7 complex in its entirety, or a general
accumulation of SUMO around the pre-RC.

Proteomic Analyses of Replicating
Chromatin

A wealth of information has emerged from the isolation of
chromatin-associated proteins from proliferating cells, followed
by mass spectrometry. Proteome-wide analyses identified
numerous replication factors as ubiquitylation targets in human
cells, including integral components of the replisome such as
GINS and the Mcm2-7 helicase complex, the Replication Factor
C (RFC) clamp loader complex, as well as all the replicative
DNA polymerases and many associated factors (Wagner et al.,
2011). Comparison of substrate spectra in the absence and
presence of the proteasome inhibitor MG132 revealed both
proteolytic and non-proteolytic roles of ubiquitylation. Similarly,
a systematic screen in the budding yeast Saccharomyces cerevisiae
identified a significant number of replisome components
targeted by SUMO, including components of the Mcm2-7
complex, subunits of DNA polymerases and the RFC complex,
the Rad27 flap endonuclease and topoisomerases Topl and Top2
(Cremona et al., 2012). A recent study, using a procedure to
isolate proteins on nascent DNA (iPOND) followed by mass
spectrometry, characterized proteins enriched in the proximity of
replisomes in an unprecedented spatial resolution. Interestingly,
SUMOylation was predominant on factors near the replisome,
while ubiquitylated proteins prevailed on mature chromatin
(Lopez-Contreras et al, 2013). Although the implications
of this distribution are not well understood, an appropriate
balance appears to be important for replication and genome
stability, as the ubiquitin isopeptidase USP7 was found to be
responsible for maintaining SUMOylated proteins at replication
forks by means of protecting them from ubiquitylation (Lecona
et al, 2016). USP7 activity was found essential for origin
firing as well as replisome progression, and intriguingly, one
of its functions appears to be the deubiquitylation of SUMO
itself.

Despite these observations, the functions of most replisome-
associated modifications remain to be explored, and the
notion that many of the SUMOylation events were found
to be enriched after exposure of the cells to DNA damage
(Cremona et al, 2012) raises the question of whether these
modifications are inherent in the replication process or represent
a response to spontaneous replication problems or low-level
DNA damage.

PCNA Modifications during Unperturbed
DNA Replication

Posttranslational modifications heavily modulate the function
of the eukaryotic sliding clamp. PCNA is a homotrimeric,
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FIGURE 1 | Modifications of PCNA by ubiquitin and SUMO during replication of intact and damaged DNA. (A) During unperturbed replication, budding
yeast PCNA is SUMOylated at K164 and to a minor extent at K127. Modification at K164 is mediated by SUMO E2-E3 Ubc9-Siz1. PCNASYMO recruits
anti-recombinogenic helicase Srs2 to counteract Rad51 filament formation. RFC-like complex RLC-Elg1 interacts with PCNASUMO and unloads PCNA from DNA.
(B) Upon replication stalling and exposure of ssDNA, E2-E3 complex Rad6-Rad18 is recruited by interaction with the RPA complex and (in yeast) SUMO and
monoubiquitylates PCNA at K164. This modification is removed by Ubp10 (yeast) or USP1 (humans). Monoubiquitylated PCNA recruits damage-tolerant DNA
polymerases for translesion synthesis (TLS), while polyubiquitylated PCNA initiates template switching (TS) by a poorly defined mechanism. Auxiliary factors DVC1
and SNM1A modulate TLS. DVC1 cooperates with the AAA ATPase p97 to extract polymerase n from chromatin. Mgs1/WRNIP1 and ZRANB3 bind to
polyubiquitylated PCNA and might contribute to TS. Ubiquitylation of TLS polymerases prevents association with PCNAY? and may induce their degradation.

ring-shaped complex that encircles DNA and functions as a
processivity factor for DNA polymerases. In addition, PCNA
serves as an interaction platform for numerous factors involved
in DNA replication, repair, chromatin dynamics, cohesion and

cell cycle regulation (Moldovan et al., 2007; Ulrich and Takahashi,
2013).

During unperturbed replication, budding yeast PCNA is
modified by SUMO at a highly conserved lysine, K164, and
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to a minor extent at K127 (Hoege et al., 2002; Figure 1A).
Modification at K164 is mediated by the SUMO E2 Ubc9 in
combination with the SUMO E3 Siz1 and is triggered by loading
of the clamp onto DNA (Parker et al., 2008). SUMOylation at
K127 in vivo requires Siz2 (Parker et al., 2008). The modification
enhances interaction with an antirecombinogenic helicase, Srs2,
at replication forks. Srs2 interacts with PCNASUMO via its
carboxy-terminal tail containing a PIP-like PCNA interaction
motif adjacent to a canonical SUMO interacting motif (SIM;
Pfander et al., 2005; Armstrong et al., 2012). Recruitment of
Srs2 prevents unwanted homologous recombination (HR) by
disrupting Rad51 filaments (Krejci et al., 2003; Veaute et al,
2003; Papouli et al., 2005; Pfander et al., 2005). In addition,
the presence of SUMO on PCNA boosts the damage-induced
activity of the ubiquitin ligase Radl8 toward PCNA, again
through a SIM in the E3 sequence (Parker and Ulrich, 2012).

As a consequence, upon encounter of replication-stalling DNA
lesions, damage processing is channeled into a bypass pathway
that depends on PCNA ubiquitylation (Figure 1B, and see
below). Hence, PCNA SUMOylation appears to function as a
pre-emptive defense measure to influence pathway choice in
response to replication stress. The modification also appears to
enhance interaction with an alternative clamp loader complex,
RLC-Elgl, which has been proposed to mediate PCNA unloading
during replication (Parnas et al., 2010; Kubota et al,, 2013).
However, SUMOylation is not essential for Elgl action on
PCNA.

SUMOylation at K164 has been observed not only in budding
yeast, but also in X. laevis egg extracts, chicken DT40 cells
and, more recently, in mammalian cells (Leach and Michael,
2005; Arakawa et al., 2006; Gali et al., 2012; Moldovan et al.,
2012). In human cells, expression of a PCNA-SUMO fusion

Termination site

t Cdc48/p97

CMG disassembly

Proteasome

FIGURE 2 | Replication termination via ubiquitin-mediated CMG helicase extraction. A model, derived from observations in budding yeast and Xenopus
laevis egg extracts, proposes ubiquitylation of Mcm?7 by the replisome-associated E3 SCFP2 at the sites of replication termination where two forks converge. The
CMG helicase (Mcm2-7, Cdc45, and GINS) is subsequently extracted from the chromatin by Cdc48/p97 in a ubiquitin-dependent manner.

Cdc48/p97
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protein inhibits spontaneous as well as damage-induced HR (Gali
et al., 2012). Furthermore, a novel PCNA-interacting factor, the
helicase PARI, has been suggested to function analogously to
Srs2 in humans: it contains PIP and SIM motifs for interaction
with PCNASUMO and suppresses HR by removing Rad51 from
DNA (Moldovan et al,, 2012). However, SUMOylated PCNA is
present at very low levels in mammalian when compared to
yeast cells, and its detection requires overexpression of epitope-
tagged SUMO alleles (Gali et al., 2012). Whether this reflects the
need for a tighter regulation of the process in the yeast system
with its naturally higher rate of recombination remains to be
explored.

In response to DNA damage, PCNA is mono- and
polyubiquitylated at K164 (Hoege et al, 2002), which
facilitates the bypass of replication-blocking lesions (see
below). In fission yeast, however, these modifications are
observed during S phase even in the absence of exogenous
DNA-damaging agents (Frampton et al., 2006). Similarly,
PCNA monoubiquitylation has been detected during
replication of undamaged DNA in X. laevis egg extracts
and was found to be required for efficient chromosomal
replication (Leach and Michael, 2005). It is currently unclear,
however, whether PCNA ubiquitylation contributes to the
normal replication process itself or rather reflects higher
levels of endogenous damage or fork problems in these
systems.

Modification of DNA Polymerases

All replicative DNA polymerases have been identified as ubi-
quitin and/or SUMO targets in budding yeast and mammalian
cells (Wagner et al.,, 2011; Cremona et al., 2012). Mammalian
DNA polymerase 3, responsible mainly for lagging strand
synthesis, consists of four subunits (Hubscher et al., 2002),
two of which, p12 and p66, are ubiquitylated during a normal
S phase without leading to proteasomal degradation (Liu
and Warbrick, 2006). Additionally, p66 is modified by
SUMO at two different residues, K258 and K433 (Liu and
Warbrick, 2006). Although the biological significance of
these modifications remains unclear, it has been proposed
that they might regulate protein-protein interactions within
the polymerase complex or with other replication factors
(Liu and Warbrick, 2006). A study in Schizosaccharomyces
pombe showed that the catalytic subunit of the leading strand
polymerase ¢, Pol2, is polyubiquitylated and undergoes
significant ~ proteasome-dependent  degradation  during
unperturbed S phase, involving the ubiquitin ligase SCFP°P
(the homolog of budding yeast SCFP!32; Roseaulin et al.,
2013). In contrast, Pol3, the catalytic subunit of polymerase
3, remained stable despite being ubiquitylated. The authors
propose that the high rate of Pol2 turnover might ensure
a continuous supply of “fresh” polymerase at the leading
strand, while the discontinuous nature of lagging strand
synthesis would not require an active exchange mechanism
(Roseaulin et al., 2013). It will be interesting to address whether
polymerase ¢ degradation serves a regulatory or a quality control
purpose, and whether the phenomenon is conserved in other
organisms.

Modification of Mcm10

The essential, conserved minichromosome maintenance protein
10 (Mcm10) facilitates initiation of DNA replication. The protein
is loaded onto replication origins at the G1/S transition, where
it promotes strand separation either by activating the helicase or
by stabilizing the formation of ssDNA, but it is dispensable for
assembly of the helicase itself (Kanke et al., 2012; van Deursen
et al., 2012; Thu and Bielinsky, 2013). A contribution of Mcm10
to the elongation step of DNA replication remains controversial
(Thu and Bielinsky, 2013). Mcm10 has been shown to interact
with the catalytic subunit of DNA polymerase o (Poll) and
regulate its stability, suggesting a role of Mcm10 in lagging strand
synthesis (Ricke and Bielinsky, 2004). Ricke and Bielinsky (2004)
reported that a small fraction of Mcm10 is monoubiquitylated at
two distinct lysine residues during G1 and S phase of the cell cycle
(Das-Bradoo et al., 2006). The modification promotes interaction
with PCNA, but inhibits binding of Mcm10 to polymerase
a. Moreover, mutations within Mcm10’s PIP box render cells
inviable, suggesting that the interaction between Mcm10 and
PCNA is essential (Das-Bradoo et al., 2006). Based on these
findings, it was speculated that ubiquitylation of Mcm10 might
induce a conformational change to expose its PIP box, thus
allowing interaction with PCNA and release of polymerase o after
the priming event. This might in turn facilitate the recruitment
of polymerase § and thereby Okazaki fragment extension (Das-
Bradoo et al., 2006; Thu and Bielinsky, 2013).

Replication Termination

Convergence of two replication forks leads to replication
termination via disassembly of the replicative helicase. This
process must be tightly controlled, as the CMG complex
cannot be reloaded after initiation and must remain associated
with the replication fork until completion of the replication
unit, the replicon. However, in contrast to replication
initiation, the mechanism of replisome disassembly is not
well understood.

Two recent reports have helped to shed light on this reaction
in budding yeast and X. laevis egg extracts, uncovering a key
role for the ubiquitin system (Figure 2; Maric et al.,, 2014;
Moreno et al., 2014). Helicase disassembly is triggered by K48-
polyubiquitylation of the helicase subunit Mcm7 by a member
of the SCF family of ubiquitin ligases. In budding yeast, the
relevant F-box protein is Dia2 (Maric et al., 2014). Interestingly,
SCFP®2 had previously been identified as a component of the
replication progression complex (RPC), tethered to the Ctf4
and Mrcl subunits via a TPR domain within Dia2 (Mimura
et al., 2009; Morohashi et al., 2009). SCFP™2 was also proposed
to mediate degradation of Ctf4 and Mrcl (Mimura et al,
2009); however, a recent study has challenged this model
and reported instead that SCFP®? tethering to the RPC is
important for the efficient ubiquitylation of Mcm7 (Maculins
et al., 2015). Inhibition of replication fork progression prevents
Mcm?7 ubiquitylation, suggesting that Mcm?7 ubiquitylation is
restricted to terminating replisomes (Maric et al., 2014; Moreno
et al, 2014). How cells distinguish these from elongating
complexes to avoid premature ubiquitylation and disassembly
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of the helicase is currently unknown. One possible scenario
is that ubiquitylation is triggered by a DNA-mediated signal:
while during replication the CMG helicase encircles ssDNA,
it must enclose dsDNA upon termination (Bell, 2014). The
mechanism of CMG helicase disassembly is likely to be conserved
in higher eukaryotes. Homologs of Dia2 have yet to be identified,
but other ubiquitin ligases might be involved in the process.
Notably, disassembly of the CMG helicase requires the ubiquitin-
dependent segregase p97, also called VCP (in yeast: Cdc48;
Maric et al.,, 2014; Moreno et al., 2014), an AAA ATPase that
remodels and thus extracts ubiquitylated proteins from protein
complexes, membranes or chromatin, in many cases presenting
them for proteasomal degradation (Vaz et al, 2013; Franz
et al., 2016). Inactivation of p97 led to the accumulation of
ubiquitylated forms of CMG on the chromatin, while inhibition
of the proteasome did not block CMG disassembly (Maric et al.,
2014; Moreno et al., 2014). Thus, whether Mcm7Y® is degraded
after extraction remains to be seen, although the K48-linkage
of the polyubiquitin chain on Mcm?7 would imply proteasomal
action.

UBIQUITIN AND SUMO IN DNA
REPLICATION STRESS

Replication stress is broadly defined as a condition that interferes
with replication fork progression (Zeman and Cimprich, 2014).
It is caused by a range of intrinsic or exogenous factors, including
polymerase inhibition or nucleotide depletion, imbalances in
the levels of replication proteins, interference from ongoing
transcription, incorporation of ribonucleotides, or physical
barriers to the DNA polymerases, such as sequences inherently
prone to form secondary structures, tightly bound proteins,
or DNA lesions arising from chemical alterations or strand
breaks. Conditions that impair the replicative DNA polymerases
without impeding strand unwinding by the helicase result in
an accumulation of ssDNA. This in turn initiates a replication-
specific checkpoint response via the protein kinase ATR in order
to stabilize stalled replication intermediates, suppress the firing of
late origins and prevent entry into mitosis (Jossen and Bermejo,
2013). Depending on the nature of the blockage, ATR signaling
promotes replication fork rescue or restart in one of several
ways, for example by means of re-priming downstream of the
problematic region, fork reversal, translesion synthesis or strand
exchange between the sister chromatids (Jossen and Bermejo,
2013; Leman and Noguchi, 2013). Prolonged replication fork
stalling or lack of an appropriate checkpoint response can cause
replication fork collapse. This poorly defined event may include
a dissociation of the replisome and/or the formation of strand
breaks, caused either passively or by the action of nucleases.
Importantly, fork collapse triggers the transition to a genuine
DNA damage response, mediated by the checkpoint kinase ATM,
as is generally observed in response to DSBs. Over the past decade
it has become clear that ubiquitin and SUMO are key regulators
of both the replication- and the damage-associated branches of
the checkpoint response (Ulrich, 2012; Jackson and Durocher,
2013).

Proteomic Analyses of the DNA

Replication Stress Response

A number of large-scale proteomic studies and systematic
analyses of chromatin-associated factors have illustrated the
dynamics of ubiquitylation and SUMOylation specifically in
response to replication stress (Povlsen et al., 2012; Bursomanno
et al, 2015; Xiao et al, 2015). According to those studies,
when replication forks encounter DNA lesions, a plethora
of SUMO and ubiquitin modifications on multiple factors is
upregulated to either protect replication forks or initiate DNA
repair mechanisms. In many cases, their consequences are
mechanistically and functionally not well characterized, and it
is clear today that modification of entire protein groups is
sometimes more important than ubiquitylation or SUMOylation
of individual factors (Psakhye and Jentsch, 2012). Moreover,
a clear distinction between replication stress triggered by fork
stalling and a full-blown damage response that might result from
subsequent fork collapse has not always been attempted.

Control of Homologous Recombination
during DNA Replication

Homologous recombination serves as a means to repair DNA
DSBs, to promote exchange of genetic material and proper
chromosome segregation during meiotic cell divisions, and
to rescue stalled or collapsed replication forks (Krejci et al.,
2012). The process is initiated by strand breaks or - in
particular at stalled replication forks — regions of ssDNA, tightly
bound by the Replication Protein A (RPA) complex. RPA
is exchanged for the recombination factor RAD51. In vyeast,
this step is promoted by the RAD52 protein. In human cells,
the exchange is mainly mediated by BRCA2 (Jensen et al,
2010; Liu J. et al,, 2010; Thorslund et al., 2010). The RAD51-
ssDNA filament invades dsDNA, forming a so-called D-loop,
and exchange of genetic material proceeds via a combination of
DNA synthesis, branch migration and resolution or dissolution
of recombination intermediates by the action of nucleases.
Numerous auxiliary factors, among them DNA helicases and
DNA-dependent ATPases, modulate HR activity either positively
or negatively at every step (Krejci et al, 2012), and many
of them are modulated in their activities by ubiquitin and/or
SUMO.

Replication Protein A (RPA)

Replication protein A is a ssDNA-binding protein complex with
a central role as a scaffold in virtually all DNA transactions.
In eukaryotes, RPA consists of three subunits: RPA1, RPA2,
and RPA3 (Zou et al, 2006). In mammals, the largest
subunit, RPA1, is stably associated with the Sentrin/SUMO-
specific protease SENP6 during S phase, which keeps RPA1 in
a hypoSUMOylated state (Dou et al., 2010; Figure 3A). In
response to replication-mediated or radiation-induced DSBs,
SENP6 dissociates, resulting in modification of RPA1 with SUMO
through the action of unknown SUMO ligases. Two lysine
residues were identified as SUMO acceptor sites: K449 was
modified by a poly-SUMO chain, whereas K577 was mono-
SUMOylated. Importantly, treatment with hydroxyurea (HU) or
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UV irradiation, which stalls replication forks without causing
DSBs, did not alter the association between SENP6 and RPAL.
SUMOylation of RPA enhanced its interaction with RAD51
in vitro and promoted HR in vivo (Figure 3A). Taken together,
RPA1SUMO gseems to facilitate recruitment of RAD51 to collapsed
forks and DSBs, thereby initiating HR (Dou et al, 2010).
Interestingly, RAD51 contains a SIM motif that is necessary
for its accumulation at damage sites (Shima et al, 2013).
However, whether RPA1SUMO s indeed the in vivo target
of this SIM relevant for recruitment of RAD51 to damage
sites needs to be demonstrated, considering that SUMOylation
of other proteins might act synergistically or redundantly
in the assembly of repair complexes (Psakhye and Jentsch,
2012). The yeast homolog of RPA1, Rfal, is also modified
by SUMO upon treatment with the alkylating agent methyl-
methanesulfonate (MMS; Burgess et al., 2007; Cremona et al,,
2012), although the functional significance of this modification
remains unclear.

More recently, Galanty et al. (2012) posited a plausible
mechanism for the transition from RPA to RAD51lon ssDNA,
relying on the SUMO-targeted ubiquitin ligase (STUbL) RNF4:
in RNF4-depleted cells RAD51 fails to accumulate and RPA
persists at lesions. A SUMOylation-defective RPA1 mutant
exhibited a similar behavior. Based on these findings, RNF4
was proposed to target RPA1SVMO for proteasomal degradation
(Figure 3A). Consistent with this model, RNF4 and RPAl
coimmunoprecipitated in a manner dependent on the SIM region
of RNF4, suggesting that RNF4 directly recognizes RPA1SUMO a5
a ubiquitylation target. As a consequence, RPA1 accumulates in
RNF4-depleted cells after exposure to DNA damage, and several
proteasome subunits become detectable at damage sites in an
RNF4-dependent manner. Thus, RNF4-mediated RPA1 turnover

might promote the exchange of RPA1 for RAD51 on ssDNA,
stimulating HR (Galanty et al., 2012). This mechanism and
the recruitment of RAD51 through RPASYMO are not mutually
exclusive, as both could cooperate in promoting RAD51 filament
formation (Figure 3A). However, the direct ubiquitylation of
SUMO-modified RPA1 by RNF4 has yet to be demonstrated.

On the other hand, RPA is also ubiquitylated under
conditions complementary to those that trigger its SUMOylation
(Figure 3B). Ubiquitylation on multiple sites of all three RPA
subunits was observed in response to replication fork stalling
upon UV irradiation or treatment with other fork-stalling agents
such as 4-nitroquinoline oxide or HU, but not after exposure
to ionizing radiation (Elia et al.,, 2015). Thus, apparently cells
respond to different types of damage in distinct ways, either
ubiquitylating or SUMOylating RPA. Ubiquitylation of RPA,
mediated by the E3 RFWD3, does not lead to proteasomal
degradation. Inhibition of the modification by RFWD3 depletion
or by means of a ubiquitylation-deficient RPA mutant caused
defects in fork restart and persistence of y-H2AX foci after release
from prolonged HU treatment, as well as a reduction in HR
in response to both fork stalling and direct induction of DSBs.
These findings imply that RFWD3-dependent ubiquitylation of
RPA promotes fork stability and HR-mediated restart of collapsed
forks upon exposure to replication stress (Elia et al, 2015).
The exact mechanism by which RPAYP stimulates these effects
remains elusive, even though it has been suggested that the
modification may promote release of the RPA complex from
DNA and/or facilitate the recruitment of HR factors, similar to
RPASUMO (Elia et al,, 2015). Whether ubiquitin and SUMO can
coexist on the same RPA complex remains to be explored. An
independent study identified another ubiquitin ligase, PRP19, as
the E3 responsible for RPA ubiquitylation (Marechal et al., 2014).

Replication-associated DSBs

K577

FIGURE 3 | Ubiquitylation and SUMOylation of RPA under conditions of replicative stress. (A) SUMOylation of RPA1 is counteracted by the protease SENP6
during unperturbed S phase. In response to replication-mediated DSBs, SENP6 dissociates, allowing SUMOylation of RPA1 in order to facilitate HR via recruitment
of RAD51. In addition, RPASUMO ig recognized by the STUbL RNF4, which mediates proteasomal turnover of RPA1, thereby promoting exchange of RPA1 for
RAD51. (B) Upon replication fork stalling, the ubiquitin E3 RFWD3 ubiquitylates RPA at multiple sites, thereby promoting replication fork restart and HR repair.

Replication fork stalling

——> Replication fork

restart and HR repair
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In this study, depletion of PRP19 was found to reduce damage-
induced RPA ubiquitylation and compromise the accumulation
of the ATR-ATRIP checkpoint complex at sites of damage. In
addition, ATRIP was reported to exhibit an affinity for K63-linked
ubiquitin chains, suggesting that this modification on RPA might
contribute to the recruitment of ATR-ATRIP (Marechal et al.,
2014). However, these findings have been called into question by
the observation of an unintentional side effect of the siRNAs used
for the depletion of PRP19, on exogenously expressed ubiquitin
(Elia et al., 2015). Hence, an involvement of PRP19 in RPA
ubiquitylation needs to be reconfirmed.

BLM

The RecQ DNA helicase BLM plays an important role in
genome maintenance by facilitating HR-mediated DNA repair in
various ways (Bohm and Bernstein, 2014). BLM protein levels
are regulated during the cell cycle, being lowest in G1 and
peaking in late S phase (Dutertre et al., 2000). BLM normally
resides in promyelocytic leukaemia (PML) nuclear bodies but
re-localizes to stalled replication forks in response to DNA
damage (Sengupta et al., 2003). At replication forks, BLM can
exert both pro- and anti-recombinogenic functions (Figure 4):
it protects replication forks by suppressing the formation
of aberrant recombination events or, upon fork collapse, it
promotes repair by HR. Posttranslational modifications of BLM
by ubiquitin and/or SUMO make key contributions to the
regulation of these processes (Bohm and Bernstein, 2014).
Monoubiquitylation of BLM in the absence of DNA damage
appears to be important for its normal localization in PML
nuclear bodies (Figure 4A). Following HU treatment, BLM is
further polyubiquitylated with K63-linked chains at K105, K225,
and K259 by the E3s RNF8 and RNF168. Polyubiquitylation of
BLM was found to be required for its recruitment to stalled
replication forks, mediated via interaction with the ubiquitin-
interacting motifs of the adaptor protein RAP80 (Tikoo et al,
2013). Once at stalled replication forks, BLM suppresses excessive
HR (Tikoo et al., 2013) by dismantling RAD51-ssDNA filaments
and disrupting D-loops (Bugreev et al., 2007). Polyubiquitylation
of BLM might also potentiate the protein’s anti-recombinogenic
effect. However, constitutive association of BLM with chromatin,
achieved by fusion with histone H2AX or the FHA domain
of MDC1, was sufficient to suppress the elevated levels of HR
caused by depletion of either RNF8 or RNF168, indicating that
polyubiquitylation of BLM might function more as a means
to recruit rather than to activate the protein (Tikoo et al,
2013).

In addition to being ubiquitylated, BLM is modified by SUMO
at multiple sites, preferentially at K317 and K331 (Eladad et al,,
2005). Expression of a SUMOylation-defective BLM mutant
induces an excess of y-H2AX foci, DSBs and cell death under
conditions of replication stress, such as prolonged HU treatment,
uncovering a role of BLM SUMOylation in protecting and/or
restarting replication forks (Figure 4B). Interestingly, cells unable
to SUMOylate BLM also fail to recruit RAD51 and to induce
HR at stalled replication forks (Ouyang et al., 2009). In fact,
as described for RPA (Dou et al, 2010), SUMOylation of
the helicase enhances binding to RADS5I1 in vitro (Ouyang

et al, 2009). However, in contrast to its ubiquitylation, its
SUMOylation was not required for the trafficking of BLM itself
to stalled forks (Ouyang et al., 2009). Thus, BLM SUMOylation
might function as a molecular switch to regulate its activity:
unSUMOylated, polyubiquitylated BLM is recruited to stalled
replication forks, protecting them from deleterious HR, while
BLMSUMO facilitates HR by promoting RAD51 recruitment to
collapsed forks (Figure 3; Ouyang et al., 2009). Future studies will
certainly provide insight into the molecular mechanism by which
these modifications regulate BLM function.

Little is known about posttranslational modifications of
the BLM ortholog in budding yeast, Sgsl. In the absence of
Sgsl, cells accumulate Rad51-dependent cruciform structures
at damaged replication forks (Liberi et al., 2005). The same
is observed in mutants of the SUMO-conjugating enzyme,
ubc9 (Branzei et al., 2006), and interestingly, Sgsl is indeed
a target of SUMOylation, suggesting the possibility that the
modification might be important to prevent the accumulation
of aberrant recombinogenic structures during replication of
damaged templates (Branzei et al.,, 2006). However, in contrast
to BLM modification, SUMOylation of Sgsl does not seem to
influence recombination frequencies (Lu et al., 2010).

Sgs1 modifications also appear to impinge on the protein’s
subcellular localization (Bohm et al, 2015): During S phase,
Sgsl forms nuclear foci that likely indicate spontaneous
recombination events, as they increase with ionizing radiation
treatment. Upon replication fork stalling by nucleotide depletion,
the number of these foci is strongly reduced in a manner
depending on the STUDbL SIx5/8 - suggesting that STUbL-
mediated ubiquitylation contributes to removing Sgsl from
stalled forks, thus possibly preventing unwanted recombination.
However, as overall Sgs1 levels do not decrease, the process does
not appear to involve degradation of the helicase, but rather its re-
localization. The mechanism is likely conserved, since BLMSUMO
is also targeted by the mammalian STUbL RNF4 (Galanty et al,,
2012). Thus, SUMOylation of BLM/Sgs1 seems essential for the
fine-tuning of the protein’s function: it facilitates HR repair at
collapsed forks, but it also induces removal of the protein from
stalled forks, adding an additional level of regulation.

SRS2

A recent study by Urulangodi et al. (2015) has uncovered
a new mechanism promoting local recombination at sites of
compromised replication in budding yeast. As described above,
PCNASUMO' recruits the helicase Srs2 to prevent unwanted
recombination during unperturbed S phase. Hence, removal
of Srs2 should be critical in order to engage HR after
fork stalling. Urulangodi et al. (2015) identified Esc2, a
protein containing two SUMO-like domains (SLDs), as a new
factor associated with stalled replication forks and controlling
Srs2 levels. Via its SLDs, Esc2 interacts with the SIM of
Srs2, thereby promoting interaction of Srs2 with the STUbL
complex SIx5/8 and subsequent degradation by the proteasome.
Consistent with these findings, Srs2 SUMOylation is induced
by DNA damage (Saponaro et al, 2010). Thus, local down-
regulation of Srs2 appears to enable recruitment of Rad51
and thereby HR-mediated rescue of stalled forks (Urulangodi
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FIGURE 4 | Regulation of BLM activity under conditions of replicative stress. (A) Upon replication fork stalling, BLM is polyubiquitylated by the ubiquitn E3s
RNF8 and RNF168. Polyubiquitylated BLM is recognized by RAP80, which mediates relocation of BLM from PML nuclear bodies and recruitment to stalled forks. At
the fork BLM suppresses unwanted HR events. (B) Upon collapse of a stalled fork, BLM is SUMOylated, thereby facilitating the recruitment of RAD51 and repair
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et al.,, 2015). In addition, it has been shown in vitro that Srs2
SUMOylation and interaction with PCNASYMO are mutually
inhibitory (Kolesar et al., 2012), suggesting that Esc2 might
help to dismantle the association between PCNASYMO and Srs2.
Upon dissociation from PCNASUMO| Srs2 would be free to
undergo SUMOylation, which would disfavor re-association with
PCNASUMO | Alternatively, Esc2 might bypass the need for Srs2
SUMOylation by acting as a platform to recruit Slx5/8 to its
substrate via physical interaction of Esc2 with SIx5 (Urulangodi
etal., 2015).

SLX4

The binding of a multitasking protein to either SUMO or
ubiquitin can modulate its function by conveying different
contextual specificities. An example is provided by the scaffold
protein SLX4, which coordinates multiple DNA repair pathways
through its ability to bind several nucleases. Human SLX4
contains two ubiquitin-binding zinc finger (UBZ) domains that
are essential for its role in the FA pathway, facilitating repair of
DNA interstrand crosslinks (ICLs; see below and Coleman and
Huang, 2016). In addition, SLX4 contains a cluster of SIMs, which
recognizes SUMO chains. How much this cluster contributes
to the repair of ICLs is not entirely clear, as expression of a
SIM-defective mutant of SLX4 was able to effectively rescue
the mitomycin C (MMC) sensitivity of SLX4-deficient human
cells (Guervilly et al, 2015; Ouyang et al, 2015), whereas
rescue was only partial in mouse cells (Gonzalez-Prieto et al.,
2015). However, the SIM cluster is exclusively required for

efficient recruitment and retention of SLX4 to laser-induced DNA
damage sites, where it might enhance the association of SLX4
with multiple SUMOylated targets, including RPA and MRN
(Gonzalez-Prieto et al., 2015; Ouyang et al., 2015). Once at stalled
forks, SLX4 might, for instance, promote replication fork restart
when associated with the endonuclease MUS81 (Hanada et al,,
2007).

Interestingly, the SIMs perform yet another, unexpected
function: by interacting with SUMO-charged Ubc9, they promote
the SUMOylation of SLX4 itself and its binding partner, XPF. This
presumed SUMO ligase activity appears to be toxic under some
conditions, as mild overexpression of SLX4, but not mutation
of the SIM or BTB domain, sensitizes cells to replication fork
stalling upon HU treatment and promotes DSBs. In contrast, E3
activity was found to be required to prevent mitotic catastrophe
at chromosome fragile sites, suggesting that promotion of DSB
formation might be beneficial in difficult-to-replicate regions of
the genome (Guervilly et al., 2015). Additional work will be
needed to understand how the SUMO ligase activity of SLX4
contributes to genome stability and whether it can target other
substrates besides SLX4 and XPF.

Structural Maintenance of Chromosomes 5 and 6
(Smc5/6)

The structural maintenance of chromosomes 5 and 6 (Smc5/6)
complex (Figure 5) belongs to a family of multisubunit ATPases
that also includes cohesion and condensin. The complex consists
of eight subunits, Smc5, Smc6 and six non-Smc element (Nse)
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subunits, Nsel- 6 (Murray and Carr, 2008). Smc5 and Smc6
adopt extended coiled-coil structures with globular heads at the
C- and N-termini that form an ATPase domain. It is believed
that Smc5/6, like the related cohesin and condensin complexes,
is able to embrace DNA double-strands and thereby influence
higher chromatin organization. Consistent with this idea, Smc5/6
has been shown to sequester sister chromatid intertwinings and
assist replication fork rotation to relieve super-helical tension
generated as DNA unwinds ahead of the fork (Kegel et al., 2011).

In most organisms, all subunits of the Smc5/6 complex are
essential for cell survival. Hypomorphic mutants of Smc5/6 show
mark sensitivity to perturbation of replication such as reduced
dNTP levels and DNA damage (Murray and Carr, 2008; Stephan
et al., 2011). Moreover, Smc5/6 localizes to natural replication
pausing sites such as rDNA, centromeres and telomeres, and to
collapsed forks (Ampatzidou et al., 2006; Lindroos et al., 2006;
Menolfi et al., 2015). It has been shown that HR intermediates
such as X-shaped molecules accumulate in Smc5/6 mutants in
the course of replication in yeast. This leads to lethality in
mitosis due to failure of these mutants to properly segregate
their chromosomes (Ampatzidou et al, 2006; Branzei et al.,
2006; Chen et al., 2009; Irmisch et al., 2009; Bermudez-Lopez
et al., 2010; Choi et al., 2010). Interestingly, restricting Smc5/6-
activity to G2, i.e., after completion of genome replication, is
compatible with survival (Bermudez-Lopez et al., 2010; Menolfi
et al, 2015). These data suggest that Smc5/6 is important
for resolving recombination structures formed during DNA
replication.

One of the Smc5/6 subunits, Nse2, also known as Mms?21, is
known to be a SUMO ligase (Andrews et al., 2005; Potts and
Yu, 2005; Zhao and Blobel, 2005), whereas Nsel was proposed
and subsequently shown to harbor ubiquitin ligase activity
(Pebernard et al., 2008; Doyle et al., 2010).

Nse2/Mms21, a SUMO ligase associated with the Smc5/6
complex

Nse2 associates with the coiled-coil domain of Smc5 via an
essential N-terminal domain. In contrast, its C-terminal SUMO
E3 domain is dispensable for survival, but important for
resistance to DNA damage (McDonald et al., 2003; Andrews
et al., 2005; Potts and Yu, 2005; Zhao and Blobel, 2005; Duan
etal., 2009). Cells lacking the Nse2 SUMO E3 activity accumulate
recombination intermediates following DNA replication stress,
similar to smc5/6 hypomorphic mutants (Branzei et al., 2006;
Chavez et al., 2010). This suggests that the Smc5/6 complex
responds to DNA damage primarily through its associated
SUMOylation activity.

A recent study has provided new insight into the activation
mechanism of Nse2’s SUMO E3 activity toward its mostly
chromatin-bound targets. Bermudez-Lopez et al. (2015) reported
that ATP binding by the globular head of Smc5 induces a
conformational change in the coiled-coil region, which was found
to enhance E3 activity of Nse2. This mechanism appears to
couple the loading of Smc5/6 onto chromatin to the activation
of its enzymatic activity and suggests that the Smc5/6 complex
as a whole behaves like a giant SUMO E3. In contrast to the
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Replisome
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FIGURE 5 | Ubiquitylation and SUMOylation targets of Smc5/6 and their associated processes. The Smc5/6 complex harbors SUMO ligase (Nse2) and
ubiquitin ligase (Nse1-Nse3) subunits. DNA binding stimulates the ATPase domains at the globular heads of Smc5/6, inducing a conformational change in the
coiled-coil region of Smc5 that activates the SUMO ES activity of Nse2. Smc5/6 likely selects its ubiquitylation and/or SUMOylation targets at relevant loci where the

complex is recruited.
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SUMO ligases of the PIAS family, Nse2 lacks a DNA-binding
domain (Jackson, 2001; Ulrich, 2014). Therefore, loading of the
entire Smc5/6 complex is likely required for selecting chromatin-
associated substrates. In fact, many of Nse2’s targets have been
found to co-localize with Smc5/6 or with its associated repair
sites. Not surprisingly, Nse2 SUMOylates several subunits within
the Smc5/6 complex, such as Smc5, Smc6, Nse3, and Nse2 itself
(Andrews et al., 2005; Potts and Yu, 2005; Zhao and Blobel, 2005).
Interestingly, SUMOylation by the Smc5/6 complex impinges
on the structurally related cohesin complex: in response to
DNA damage Nse2 SUMOylates all cohesin subunits, Smcl,
Smc3, and Sccl. The modification is required for proper loading
of the cohesin complex under these conditions. Abolishing
SUMOylation of cohesin by point mutations or by tethering a
SUMO-specific isopeptidase to the complex caused defects in
the establishment of sister chromatid cohesion and impaired
cellular survival (Almedawar et al., 2012; Wu et al, 2012).
Other substrates include DNA repair factors such as Ku70 and
TRAX (Potts and Yu, 2005; Zhao and Blobel, 2005). In human
cells, the complex modifies telomere-binding proteins like RAPI,
TRF1, and TRF2 (Potts and Yu, 2007). In budding yeast, rDNA-
associated proteins such as RNA polymerase I, Fobl, and Tof2,
and the replication factors Pol2 and Mcmé6 have been identified
as substrates (Albuquerque et al., 2013; Hang et al,, 2015). The
functional consequences of these SUMOylation events are yet to
be clarified.

Nsel, an Smc5/6 subunit with ubiquitin ligase activity

The Nsel subunit of the Smc5/6 complex, a RING finger protein,
exhibits weak ubiquitin ligase activity on its own (Pebernard
etal,, 2008). This activity is significantly enhanced in the presence
of its direct interaction partner, Nse3. In collaboration with the
E2 Ubcl13/Mms2, Nsel/3 is capable of assembling K63-linked
ubiquitin chains (Doyle et al., 2010). In S. pombe, the RING-
like motif of Nsel is not essential, but inactivation of the domain
leads to hypersensitivity toward genotoxic stress (Pebernard et al.,
2008). Recently, Nse3 was found to harbor DNA binding activity,
and mutations in the relevant domain caused damage sensitivity
and chromosome aberrations (Zabrady et al., 2015). These data
indicate that Nsel/3 contribute to the activity of the Smc5/6
complex in chromosome maintenance upon genotoxic stress.
However, the targets of such ubiquitin ligase activity have not
been identified.

DNA Damage Bypass

DNA damage bypass, also called DNA damage tolerance, is
important in situations where fork stalling has been triggered
by lesions in the replication template that cannot be copied
by the replicative DNA polymerases (Saugar et al., 2014). Such
lesions mostly represent damage that is subject to base or
nucleotide excision repair, i.e., small or bulky adducts, oxidative
lesions, abasic sites and UV-induced pyrimidine dimers. In
order to prevent a permanent replication arrest, damage bypass
ensures complete duplication of the affected region without
actually removing the lesion, and excision-based repair can
act subsequently when the DNA has regained its double-
stranded form. Two major pathways of damage bypass can be

distinguished, which differ significantly in their overall accuracy:
on the one hand, specialized damage-tolerant DNA polymerases
can copy damaged DNA in a process named translesion synthesis
(TLS). Due to the low fidelity of the enzymes involved, this
pathway is a major cause of damage-induced mutagenesis. On
the other hand, error-free damage bypass can be accomplished
by means of a so-called template switching (TS) pathway, which
altogether avoids the use of the damaged DNA as a replication
template and instead relies on the (undamaged) sister chromatid
to provide accurate sequence information. This process involves
recombination factors and joint molecules as intermediates
(Giannattasio et al., 2014), but appears to be distinct from the
classical HR mechanism used for DSB repair. Both branches of
damage bypass can act in a postreplicative manner; thus, they are
not necessarily coupled to replication fork progression (Daigaku
et al., 2010; Karras and Jentsch, 2010).

Mono- and Polyubiquitylation of PCNA

The profound impact of damage bypass on replication efficiency
and fidelity is reflected by an intricate regulation of the pathway
in cells (Ulrich, 2009; Mclntyre and Woodgate, 2015). Central
to its activation is the ubiquitylation of PCNA on a conserved
lysine residue, K164 (Figure 1B). Whereas monoubiquitylation
by the E2-E3 pair Rad6-Rad18 promotes TLS, extension of
the modification to a K63-linked polyubiquitin chain by the
heterodimeric E2 Ubc13-Mms2 triggers error-free TS (Hoege
et al., 2002; Stelter and Ulrich, 2003). The cognate E3 in
budding yeast is the RING finger protein Rad5; its human
homologs are HLTF and SHPRH (Motegi et al., 2008). Rad18,
which is rate-limiting for both TLS and TS, is recruited by
RPA-covered ssDNA through physical interactions with the
RPA complex (Davies et al., 2008; Niimi et al., 2008). In
budding yeast, damage-independent SUMOylation of PCNA (see
above) provides a second signal that strongly stimulates Rad18’s
activity toward PCNA (Parker and Ulrich, 2012). Additional
E3s have been reported to operate on mammalian PCNA, such
as RNF8 and CRL4“4? (Simpson et al., 2006; Zhang et al.,
2008; Terai et al., 2010; Krijger et al., 2011). Moreover, large-
scale mass spectrometry studies have identified multiple other
ubiquitylation sites (McIntyre and Woodgate, 2015). However,
the relevance of these conjugation factors and modifications for
damage bypass is still a matter of debate, and links to proteasomal
degradation may not be excluded (Yu et al., 2009; Cazzalini et al.,
2014).

Activation of TLS by monoubiquitylated PCNA can largely
be explained by the presence of ubiquitin-binding domains
within the major family of damage-tolerant polymerases, which
convey an enhanced affinity for the modified form of PCNA
(Watanabe et al., 2004; Bienko et al., 2005; Bi et al., 2006; Plosky
et al.,, 2006). In mammals, direct interactions with Rad18 also
contribute to the recruitment of TLS polymerases (Watanabe
et al., 2004). Whereas in yeast TLS-mediated damage-induced
mutagenesis nearly completely depends on PCNA ubiquitylation,
the process appears to be less dependent on this modification
in vertebrate cells (Stelter and Ulrich, 2003; Edmunds et al.,
2008; Hendel et al., 2011). In addition to the damage-tolerant
polymerases, a number of auxiliary factors have been proposed
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to modulate TLS via recognition of monoubiquitylated PCNA in
mammals. These include the UBZ domain-containing proteins
SNMI1A, a nuclease that might provide a link between TLS and
the repair of ICLs, and DVCI (also called Spartan), an adaptor
for the ubiquitin-dependent chaperone p97 (Yang et al., 2010;
Centore et al., 2012). The selectivity of DVC1’s UBZ domain
for PCNAY® has been contested, however, and it has been
proposed that the protein binds to other ubiquitylated proteins
at sites of replication stalling, where it would mediate extraction
of polymerase 1 in order to limit TLS activity (Davis et al.,
2012; Mosbech et al., 2012). Downregulation of TLS appears
to be important for preventing excessive mutagenesis during
replication. In human cells, this is accomplished mainly by PCNA
deubiquitylation via the isopeptidase USP1 (Huang et al., 2006).
In addition, the ubiquitin-like modifier ISG15 was recently found
to contribute to the termination of TLS by modification of
PCNA, which in turn mediated the recruitment of USP10 for
PCNA deubiquitylation and dissociation of polymerase n (Park
et al., 2014). Intriguingly, a viral isopeptidase, BPLF1, was also
shown to deubiquitylate human PCNA during replication of the
Epstein-Barr genome, thus inhibiting polymerase 1 recruitment
during the lytic phase of infection (Whitehurst et al., 2012).
How an inhibition of TLS may promote viral replication is not
yet understood. In yeast, PCNA deubiquitylation is mediated
by Ubpl0; however, despite an accumulation of PCNAU,
inactivation of the enzyme does not cause a noticeable increase
in mutation rates, indicating that reversal of the modification
may be less critical for damage bypass in this organism (Gallego-
Sanchez et al., 2012).

How polyubiquitylation of PCNA triggers TS is still an
unresolved question. From experiments using linear head-to-
tail fusions of ubiquitin moieties as mimics of polyubiquitin
chains it was inferred that the K63-linkage itself is important
for TS activity (Zhao and Ulrich, 2010). Although putative
effectors that preferentially interact with polyubiquitylated PCNA
have been identified, they are unlikely to be directly responsible
for activating TS: the human ATPase WRNIPI and its yeast
homolog Mgsl accumulate at stalled replication intermediates
in a manner that depends on their UBZ domain as well
as PCNA ubiquitylation (Crosetto et al., 2008; Saugar et al.,
2012). However, even though a subset of the phenotypes of
mgsl mutants is consistent with a function downstream of
PCNAY (Hishida et al., 2006; Saugar et al.,, 2012), no obvious
TS defects are observed in such mutants. In human cells,
WRNIP1 appears to contribute to checkpoint activation as
a bridging factor that promotes interaction of PCNAY® with
the ATM-associated ATMIN protein (Kanu et al., 2015). Yet,
this function is unlikely to be related to polyubiquitylation,
as a single ubiquitin moiety is sufficient to stimulate the
interaction between WRNIP1/Mgsl with PCNA (Saugar et al,,
2012). A second ATPase, ZRANB3, has also been implicated
in PCNA-dependent damage bypass, based on its localization
to laser-induced DNA damage, its preferential interaction with
polyubiquitylated PCNA, and a general sensitivity to replication
stress upon depletion of the protein (Ciccia et al., 2012; Weston
et al., 2012). However, a function in the TS pathway has yet to
be properly established by means of genetic analysis. Moreover, a

convincing yeast homolog has not been identified, which argues
for an auxiliary function of ZRANB3 rather than a key role in
activating TS.

Analysis of the TS pathway is further complicated by the
multi-functionality of Rad5 and its two human homologs,
whose catalytic RING domains are embedded in SWI/SNEF-
like domains with helicase and DNA-dependent ATPase
activity. Although this helicase function can be genetically
separated from Rad5’s role in ubiquitin-dependent TS, it does
contribute to survival of replication stress (Choi et al., 2015).
Interestingly, Rad5 and its homologs have been implicated
not only in TS, but also in TLS in budding and fission
yeast as well as humans (Minesinger and Jinks-Robertson,
2005; Gangavarapu et al., 2006; Pages et al., 2008; Coulon
et al, 2010; Lin et al, 2011; Kuang et al, 2013; Xu et al,
2016). Mechanistically, this activity remains controversial, as
some studies have invoked PCNA polyubiquitylation in the
process, whereas others have reported a RING- and ATPase-
independent function or a dependence on a physical interaction
with the TLS polymerase Revl. Moreover, although both
HLTF and SHPRH are capable of polyubiquitylating PCNA
in vitro, they have been postulated to fulfill non-redundant
functions in cooperation with TLS polymerases n and k,
respectively, depending on the nature of the damaging agent
(Lin et al., 2011). Based on these observations, Lin et al.
(2011) have put forth a model where a damage-tolerant
polymerase harboring multiple UBDs, such as polymerase k,
might preferentially recognize polyubiquitylated PCNA, while
monoubiquitylation might stimulate those polymerases with only
one UBD, such as polymerase 1. Along similar lines, Fuchs and
coworkers proposed that polyubiquitylated PCNA might serve
to simultaneously attract several different TLS polymerases for
cooperation in damage bypass (Coulon et al., 2010). In contrast,
observations by Yang et al. (2014) in an in vitro set-up have
led to the opposite conclusion: rather than promoting TLS,
polyubiquitylation of PCNA was found to inhibit the activity
of polymerase 1 in the bypass of an abasic site, suggesting
that the K63-chains trap the polymerase in a non-productive
mode. In budding yeast, genetic analysis supports a positive
effect of Rad5 on TLS in some situations. At the same time,
however, PCNA polyubiquitylation promotes damage resistance
even in the absence of any damage-tolerant polymerase, thus
clearly implying a TLS-independent function in TS (Zhao
and Ulrich, 2010). In summary, the consequences of PCNA
polyubiquitylation remain to be elucidated in molecular terms,
and future studies will be needed in order to gain insight into
how the balance between mutagenic TLS and error-free TS is
controlled in vivo.

Ubiquitylation of Other Damage Bypass Factors

Besides PCNA, numerous other factors involved in DNA
damage bypass have been identified as ubiquitylation and/or
SUMOylation targets (McIntyre and Woodgate, 2015). As many
of the modifications were detected in the context of large-
scale proteomics screens, their relevance for damage bypass
has not always been confirmed. Nevertheless, some common
patterns indicate potential regulatory impacts. For example, all
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human TLS polymerases of the Y-family are ubiquitylated, and
in many cases this depends on their own ubiquitin-binding
domains. Although this is reminiscent of the E3-independent
phenomenon of coupled ubiquitylation (Hoeller et al., 2007),
relevant ubiquitin ligases have actually been identified, such as
Pirh2, Mdm?2, and TRIP in the case of polymerase 1 (Jung et al.,
2010, 2011, 2012; Wallace et al., 2014). While Pirh2 attaches
monoubiquitin, which apparently inhibits TLS by preventing
interaction of the polymerase with PCNAUYY (Bienko et al., 2010),
Mdm?2 achieves the same effect by targeting polymerase n for
polyubiquitylation and proteasomal degradation. In contrast,
polyubiquitylation by the TRAF-interacting protein TRIP was
reported to promote polymerase 1 localization to nuclear foci.
The D. melanogaster homolog of TRIP, NOPO, is known to
assemble K63-linked chains, possibly indicating a regulatory
function of TRIP-mediated polymerase n modification as well,
and interactions of both TRIP and NOPO with several Y-family
polymerases suggest a conservation of the process (Wallace et al.,
2014). In budding yeast, polymerase n has been found to be
ubiquitylated as well; however, the effects of this modification
on protein stability remain controversial (Parker et al., 2007;
Skoneczna et al., 2007; Pabla et al, 2008; Plachta et al.,
2015). Ubiquitin-mediated proteolysis also controls the levels
of budding yeast TLS polymerase Revl along the cell cycle,
thus limiting the bulk of its mutagenic activity to the G2/M
phase (Waters and Walker, 2006). Finally, McIntyre et al. (2013)
showed that ubiquitylation of human Y-family polymerases
appears to promote mutual interactions via their ubiquitin-
binding domains and - as a consequence - facilitate their
cooperation in TLS.

Another recurring theme in the regulation of damage bypass
is the protection of critical factors from proteolysis. This may
be achieved by the SUMOylation of a protein, as is observed
in the nematode Caenorhabditis elegans, where SUMOylation
of polymerase m and potentially k prevents their ubiquitin-
mediated degradation during early embryonic development
(Kim and Michael, 2008; Roerink et al., 2012). Alternatively,
deubiquitylation can effectively stabilize a chromatin-associated
protein by preventing its extraction or proteasomal degradation.
In human cells, the isopeptidase USP7 appears to play a
major role in this manner. As described above, its activity is
important even during unperturbed replication (Lecona et al,
2016). In response to replication stress, USP7 deubiquitylates
a number of proteins, among them polymerase 1, Mdm?2,
Rad18, and HLTF. By acting on polymerase n and Mdm?2,
USP7 directly and indirectly stabilizes the polymerase and
thereby facilitates TLS (Qian et al, 2015). Deubiquitylation
of Radl8 and HLTF was also observed to stabilize the
E3s and thus contribute positively to PCNA mono- and
polyubiquitylation, respectively (Qing et al., 2011; Zlatanou
et al, 2016). In addition, Zeman et al. (2014) reported
that a failure to deubiquitylate Rad1l8 prevented its efficient
recruitment and interaction with SHPRH, thus promoting
mutagenic TLS at the expense of error-free TS. Surprisingly,
USP7 also deubiquitylates PCNA (Kashiwaba et al, 2015).
However, unlike the S phase-associated activity of USPI,
USP7 activity toward PCNA was not found to be coupled to

replication and was therefore proposed to prevent damage-
induced mutagenesis during cell cycle-independent processes
such as other DNA repair events. In summary, USP7 appears to
be an important modulator of replication efficiency and fidelity
not only during unperturbed replication, but also during DNA
damage bypass.

The Fanconi Anemia Pathway

DNA interstrand cross-links (ICLs) are strongly replication
fork-stalling lesions that are not only refractory to copying
by replicative DNA polymerases, but also prevent strand
separation and passage of the helicase. Accordingly, their
processing in replicating cells requires an intricate operation
involving components of several repair pathways, namely TLS
polymerases, HR proteins and structure-specific nucleases. In
vertebrate cells, cooperation between these factors is mediated
by the FA pathway, named after a rare hereditary disease
associated with bone-marrow failure, congenital abnormalities,
cancer predisposition and a marked sensitivity to ICL-causing
agents (Kottemann and Smogorzewska, 2013; Walden and Deans,
2014). Nineteen genes have been assigned to this pathway
by means of epistasis analysis, and eight of these encode
subunits of a multimeric ubiquitin ligase, the FA core complex
(Coleman and Huang, 2016). This E3 is recruited to chromatin
upon stalling of the replisome upstream of an ICL, where its
catalytic subunit, FANCL, monoubiquitylates a heterodimer of
two other FA proteins, FANCD2 and FANCI (Alpi et al., 2008;
Longerich et al., 2009; Sato et al, 2012). The ubiquitylated
form of this “ID complex” initiates ICL processing, which
involves the generation of a collapsed fork as a step toward the
unhooking of the cross-link by dual incisions on either side
of the lesion. It is followed by TLS-mediated repair synthesis
and HR-mediated reactivation of the replication fork. How these
downstream events are accomplished has only recently been
elucidated. Central to the unhooking step is the scaffold protein,
SLX4/FANCP, which recognizes the ubiquitylated ID complex
by means of two ubiquitin-binding UBZ domains and interacts
with a number of structure-specific nucleases that mediate the
actual incisions (Zhang and Walter, 2014). Ubiquitin binding
by SLX4 is required for cellular resistance specifically toward
DNA cross-linking agents (Kim et al., 2013), and mutations
in SLX4 confer a FA phenotype in humans, highlighting the
importance of SLX4 for ICL repair (Kim et al., 2011; Stoepker
etal., 2011).

Another structure-specific endonuclease, FANCD2/FANCI-
associated nuclease 1 (FAN1), was identified to act downstream
of the ID complex (Kratz et al, 2010; Liu T. et al, 2010;
MacKay et al., 2010; Smogorzewska et al., 2010). Like SLX4,
FANI carries a UBZ domain that was reported to mediate the
recruitment to damage sites via binding to monoubiquitylated
FANCD2. However, FAN1 was found to be dispensable for
ICL incision in a cell-free system (Klein Douwel et al., 2014).
Moreover, patients carrying a FANI homozygous microdeletion
do not suffer from typical FA conditions (Trujillo et al,
2012), thus arguing against a contribution of the nuclease
to the FA pathway. Insight into this conundrum has very
recently come from the observation that FAN1 instead prevents
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genomic instability induced by replication fork stalling events
unrelated to ICLs (Lachaud et al., 2016). Thus, ubiquitylation
of the ID complex by the FA core complex appears to
serve a twofold purpose in response to replication stress,
depending on the downstream effectors: a highly specialized
ICL repair pathway triggered by SLX4 recruitment, and an
independent, more general fork protection mechanism by means
of FAN1.

Interestingly, the FA pathway appears to be intimately
connected with another system for replication fork protection,
the Rad18- and PCNA-dependent damage bypass mechanism
described above. Not only does ICL processing require the
activity of TLS polymerases, but the central initiating event
of the FA pathway, the activation of the ID complex, was
actually found to depend on Radl8, the E3 responsible for
PCNA monoubiquitylation. The exact relationship between the
two pathways is still a matter of controversy, as one study
observed an interaction between FANCL and PCNAYY that
was required for efficient recruitment of FANCL to chromatin
(Geng et al., 2010), whereas another report postulated a direct
role of Radl8 in binding and recruitment of FANCD2 in a
manner independent of PCNA modification (Williams et al.,
2011). Another piece of evidence for a tight coordination between
the two pathways is the notion that the isopeptidase USP1
mediates deubiquitylation of both PCNA and the ID complex
(Nijman et al., 2005, Huang et al., 2006). Controlling the
ubiquitylation of these two key players appears to be essential
for proper replication fork maintenance, as loss of USP1 causes
high levels of genome instability and mutagenesis (Huang et al.,
2006).

A recent study discovered a regulatory circuit of polyubiquitin
and SUMO that also appears to contribute to controlling FA
pathway activity at sites of replication problems (Gibbs-Seymour
etal., 2015): upon treatment with replication fork-stalling agents,
FANCD?2 and FANCI are SUMOylated by two SUMO E3 ligases,
PIAS1 and PIAS4, in a manner dependent on prior activation
of the ID complex by monoubiquitylation. The modification
targets the proteins for RNF4-mediated polyubiquitylation and
subsequent extraction from the chromatin by the p97 segregase
in complex with DVC1. Hence, this mechanism may limit ID
complex dosage at the sites of replication stress in order to
terminate the response or avoid excessive activity of the FA
pathway.

REPLICATION OF CHROMATIN

Genome replication occurs in the context of chromatin. Hence,
for efficient copying of genomic DNA, nucleosomes must
be disrupted ahead of an advancing replication fork. Upon
passage of the fork, chromatin structure must rapidly be
restored, and loss of epigenetic information in the process
needs to be avoided. It is therefore not surprising that many
chromatin components are targets of the ubiquitin and/or
SUMO system for regulatory purposes, and these modifications
are known to be important for the replication process
itself.

Ubiquitylation of Histones H2A and H2B
Histone H2A was the first protein discovered to be modified by
ubiquitin (Goldknopf et al., 1975). In fact, H2A and H2B are two
of the most abundant ubiquitylation targets in the nucleus (Cao
and Yan, 2012). Both H2A and H2B are predominantly modified
by monoubiquitin. H2B was found to be monoubiquitylated
at K123 in S. cerevisiae or K123 and 120 in human cells,
which plays an important role in transcriptional regulation
(Henry et al, 2003; Wood et al., 2003; Kao et al., 2004;
Nakanishi et al., 2009; Song and Ahn, 2010). In yeast, H2B
monoubiquitylation is mediated by the E2 Rad6 and the E3
Brel (Robzyk et al., 2000; Wood et al., 2003). The mammalian
homologs of Brel, RNF20, and RNF40 (Kim et al., 2005),
cooperate with the E2s hRad6 and UbcH6 (Koken et al., 1991).
H2BY® promotes di- and tri-methylation of H3 at K4, which
controls various aspects of transcription (Dover et al., 2002;
Sun and Allis, 2002; Krogan et al, 2003), among them a
stabilization of the histone chaperone complex FACT (Fleming
et al., 2008).

Beyond its role in transcriptional regulation, H2BY" has been
implicated in DNA replication (Figure 6A). This connection
was established by the observation that Brel is enriched around
replication origins, where it contributes to maintaining H2BY®
levels on newly replicated DNA (Trujillo and Osley, 2012).
Whereas a ubiquitylation-deficient mutant of H2B, KI123R,
is highly sensitive to replication fork-stalling agents (Trujillo
and Osley, 2012; Lin et al, 2014), H3 mutants that abolish
methylation are significantly less sensitive (Trujillo and Osley,
2012). This argues that the contribution of H2BY to replication
is independent of its regulatory role in transcription, mediated
through histone methylation. In cells lacking H2BU?, despite
efficient formation of the pre-RC, association of replisome
components such as polymerases ¢ and o and RPA with
origins is impaired (Trujillo and Osley, 2012), as is replication
progression after HU treatment (Lin et al., 2014). Also, PCNA
associates normally at origins, but its levels are reduced at
more distal sites, suggesting that the H2B-K123R mutant does
not affect origin firing, but rather fork progression under
conditions of replication stress (Trujillo and Osley, 2012). In
addition, lack of H2BY" leads to a defect in the binding
of the FACT complex and reduced nucleosome occupancy
in newly replicated DNA under the same stress condition
(Trujillo and Osley, 2012; Lin et al., 2014). H2BUYs effect
on FACT in this context is reminiscent of its role during
transcription. Since FACT is known to stimulate the activity
of the Mcm helicase (Tan et al, 2006), it was speculated
that H2BY? could play a role in facilitating the unwinding of
DNA ahead of the fork to promote replication progression.
However, this view was challenged by a recent report from
Lin et al. (2014), who postulated that H2BYP may instead
function to limit uncontrolled fork progression. They observed
significant elongation of replication tracts in the absence of
H2BY" after HU treatment, together with increased levels of
H2A phosphorylation, a sign of fork damage (Lin et al., 2014).
In support of this model, fork progression under conditions of
replication stress is also strongly enhanced in rad6A cells (Yu
etal., 2014).
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FIGURE 6 | Functions of histone ubiquitylation in DNA replication. (A) Budding yeast E2-E3 complex Rad6-Bre1 is recruited to sites of replication stress for
H2B ubiquitylation at K123. H2BYP regulates fork speed and nucleosome assembly behind the fork. Via H3K9 methylation, it independently contributes to
transcriptional regulation. (B) The Polycomb Repressive Complex (PRC) is recruited to sites of replication stress or at problematic sequences to ubiquitylate H2A at
K119. H2AY recruits BAP1, which maintains fork stability by protecting chromatin-remodeling INO80 complex from proteasomal degradation. (C) The E3 SCFA101
ubiquitylates H3 at K121, 122, and 125. The reaction is stimulated by acetylation of H3 at K56 by histone acetyltransferase Rtt109. This facilitates transfer of the
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Taken together, ubiquitylation of H2B appears to coordinate
nucleosome assembly with fork progression, an activity that
becomes particularly important when the replisome is challenged
by replication stress such as nucleotide depletion or DNA
damage. However, the precise mechanism and the effectors of the
modification are yet to be defined.

H2A is well known to be ubiquitylated at the conserved
residue K119 by the polycomb repressive complex 1 (PRC1),
which comprises the RING-E3 subunits RING1A or RING1B and
BMII together with the E2 UbcH5¢ (Gao et al., 2012; McGinty
et al., 2014). The mark is essential for establishing repressive
chromatin during development (Lanzuolo and Orlando, 2012;
Di Croce and Helin, 2013). However, H2AY® may also play a
role in the replication of intact and damaged DNA (Figure 6B).
RINGIB localizes to sites of replication (Lee et al., 2014; Piunti
et al., 2014), and several Polycomb proteins were also found
to be recruited to sites of DNA damage (Bergink et al., 2006;
Chou et al,, 2010; Ginjala et al., 2011), suggesting that H2AUP
may contribute to damage signaling at replication forks. In
fact, loss of PRC function causes an increase in asymmetric
forks, indicating perturbed replication dynamics (Piunti et al.,
2014; Bravo et al, 2015). Conversely, enhancement of H2A
ubiquitylation by depletion of the ubiquitin-specific protease
USP3 in mammalian cells causes delays in S phase progression
and increased formation of ssDNA and DNA breaks (Nicassio
etal., 2007). These observations are consistent with H2AY® acting
as a damage signal that — when present in excess - leads to
a hyperactivation of the damage response that would generate
abnormal replication or repair structures causing genomic
instability.

A recent study suggests a special role of H2AY" in the
replication of pericentromeric heterochromatic domains, which
are duplicated late in S phase (Bravo et al., 2015). Cells deficient
in all RINGI activities were found to accumulate high levels
of ssDNA in these regions, along with increased spontaneous
levels of yH2AX and a delayed transition from middle to late
S phase. Consistent with these findings, H2AY® colocalizes with
PCNA in late S phase (Vassilev et al, 1995). Interestingly,
selective restoration of H2AUP within the pericentromeric
heterocromatic domains by means of a fusion construct of
RINGI1B, BMI1 and methyl-CpG binding domain protein 1
(MBD1) rescued the defect in S phase progression in RINGI-
deficient cells (Bravo et al, 2015). Given the enrichment
of major satellite repeats in pericentric heterochromatin and
their propensity to form secondary structures, the strong
effect of H2AY in these regions may well reflect a general
contribution of the modification to the replication of problematic
sequences.

The mechanism by which H2AY® influences DNA replication
is still unknown, but some insight comes from the observation
that BRCA1l-associated protein-1 (BAP1) recognizes H2AYP at
replication forks and recruits the ATP-dependent chromatin
remodeler Ino80. BAP1 deubiquitylates INO80 and thereby
protects the protein from ubiquitin-mediated proteolysis (Lee
et al, 2014). Hence, via BAP1 recruitment H2AUYY might
allow the INO80 complex to exert its well-known role in
stabilizing stalled replication forks and assisting fork restart

(Papamichos-Chronakis and Peterson, 2008; Shimada et al.,
2008; Vincent et al., 2008; Falbo et al., 2009; Vassileva et al.,
2014).

Ubiquitylation of Histone H3 in
Replication-Coupled Nucleosome
Assembly

In order to ensure proper restoration of chromatin structure
upon genome replication, the nucleosome assembly machinery is
tightly coupled to replication fork progression. In budding yeast,
this is achieved by means of a pathway involving acetylation of
histone H3, a marker of newly synthesized histones (Figure 6C).
In front of a replication fork, nucleosomes are disassembled
by the action of the Mcm2-7 complex and histone chaperone
Asfl (Groth et al., 2007; Huang et al., 2015). Behind the fork,
both parental and newly synthesized histones contribute to the
restoration of chromatin structure. In S. cerevisiae, preferential
binding of Asfl to the H3-H4 dimer stimulates acetylation of
newly synthesized H3 at K56 by the histone acetyltransferase
Rtt109 (Masumoto et al., 2005; Driscoll et al., 2007; Han
et al., 2007a). H3K56% enhances binding of H3-H4 to histone
chaperones Rtt106 and CAF-1 (Li et al., 2008). CAF-1 in turn
interacts with PCNA and assists in histone deposition behind
the fork (Shibahara and Stillman, 1999; Moggs et al., 2000;
Zhang et al., 2000). H3 acetylation peaks in S phase and is
removed upon completion of genome replication (Masumoto
et al.,, 2005). H3K56% is also detectable in mammalian cells,
although in much lower abundance compared to yeast (Garcia
etal., 2007; Das et al., 2009; Tjeertes et al., 2009; Yuan et al., 2009;
Jasencakova et al., 2010), suggesting that either the modification
is much more transient, or other acetylation sites can substitute
for H3K56. Defects in the Asfl-Rtt109-H3K56%¢ pathway result
in various aspects of genome instability, including reduced
replisome function under conditions of replication stress (Franco
et al., 2005; Schulz and Tyler, 2006; Han et al., 2007b; Clemente-
Ruiz et al., 2011), sensitivity to DNA-damaging agents (Driscoll
et al., 2007; Li et al., 2008), loss of sister chromatid cohesion,
excessive recombination and high rates of gross chromosomal
rearrangements (Myung et al., 2003; Prado et al., 2004; Ramey
et al., 2004; Thaminy et al., 2007; Kadyrova et al., 2013; Munoz-
Galvan et al., 2013).

Intriguingly, a large-scale genetic screen in budding yeast
identified the CRL ubiquitin ligase complex, Rtt101Mms1/Mms22,
as a downstream effector of the pathway (Collins et al., 2007b).
Rtt101M™s! js believed to be the budding yeast ortholog of human
CRL4PPB! and assembles with the substrate adaptor Mms22
in a DNA damage-induced manner (Zaidi et al, 2008; Han
et al.,, 2010, 2013). Inactivation of the complex causes damage
sensitivity and defects in fork progression through damaged DNA
and natural replication pause sites such as ribosomal DNA loci,
and these defects are epistatic with the lack of Rtt109 (Luke
et al., 2006; Duro et al., 2008; Zaidi et al., 2008; Wurtele et al.,
2012). Moreover, Rtt109 was indeed found to recruit Rtt101 to
chromatin (Roberts et al., 2008).

Despite the strong genetic link between the Asfl-Rtt109-
H3K56% nucleosome assembly pathway and Rtt101Mms!/Mms22
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in replisome functions and genome maintenance, their
cooperation is not well understood in mechanistic terms.
A recent report might provide insight into the process. Han
et al. (2013) found that Rtt101Mmsl/Mms22 preferentially
binds H3K56%-H4 over unmodified H3-H4 and can directly
ubiquitylate H3 at lysine residues 121, 122, and 125. This in
turn weakens H3 interaction with Asfl and instead facilitates
association with CAF-1 for subsequent deposition behind the
replication fork. This function appears to be conserved in human
cells, as depletion of CRLAPPP! results in enhanced interaction
of H3-H4 with Asfl and reduced deposition of new H3 (Han
et al., 2013). Hence, Rtt101Mms1/Mms22_medjated ubiquitylation
of H3 appears to assist in a hand-off mechanism that ensures
the transfer of H3-H4 from Asfl ahead of an advancing fork
to other chaperones such as CAF-1 and Rtt106 behind the
fork.

How does nucleosome assembly influence replisome
stability? There is growing evidence indicating that coupling of
nucleosome assembly and replication progression is essential for
maintenance of intact replisomes. This view is supported by the
observation that deregulation of histone supply causes replication
forks to collapse, followed by recombination-mediated rescue
(Groth et al,, 2007; Clemente-Ruiz and Prado, 2009; Takayama
and Toda, 2010; Clemente-Ruiz et al,, 2011; Mejlvang et al,
2014). This effect is reminiscent of the situation where lack of the
Asf1-Rtt109-H3K56% or Rtt101Mmsl/Mms22 pathway causes a
decoupling of nucleosome assembly and replication progression.

Nevertheless, many mechanistic questions remain. For
example, the majority of Cullin-based ubiquitin ligases are
known to produce K48-linked polyubiquitin chains that target
their substrates for proteasomal degradation (Komander and
Rape, 2012; Mattiroli and Sixma, 2014), and the E2 Cdc34 that
associates with Rtt101 is also known to assemble K48-chains (Ye
and Rape, 2009). Yet, H3 itself is unlikely to be a substrate of
the proteasome. This has led to the idea that Rtt101Mmsl/Mms22
may target other components at stalled forks for degradation in
order to facilitate repair or restart. Indeed, one such substrate
could be the FACT complex (Han et al., 2010), which requires
Rtt101 specifically for localization to sites of replication, but not
to transcription sites. Intriguingly, however, in this case a K63-
linked ubiquitin chain was detected on FACT (Han et al., 2010).
Hence, it is still an open question whether Rtt101Mmsl/Mms22
plays any role in proteasomal degradation mediated via K48-
chains.

Ubiquitylation of Histone H3 in
Replication-Coupled Epigenetic
Inheritance

In order to maintain its identity and gene expression patterns,
it is crucial for a cell to restore its epigenetic information
after every round of replication. Due to the semiconservative
nature of DNA replication, DNA is hemi-methylated after every
replication cycle, and full DNA methylation has to be restored
in order to reestablish gene silencing. It is known that a RING-
type ubiquitin ligase, UHRF1 (ubiquitin-like with PHD and ring
finger domains 1, also known as NP95 in mouse and ICBP90 in

humans), is recruited to nascent DNA after replication (Lopez-
Contreras et al., 2013). UHRF1 binds to hemi-methylated DNA
through its SET and RING finger-associated (SRA) domain (Arita
et al., 2008; Avvakumov et al., 2008). Recently, Nishiyama et al.
(2013) found that UHRF1 ubiquitylates histone H3 at K23 in
X. laevis egg extracts. Methylation is then restored by DNMT1,
which recognizes H3K23" through its replication foci targeting
sequence. A similar mechanism is observed in mammalian cells,
where UHRF1 ubiquitylates H3 at K18. Here, DNMT1 binds
to H3K18Y" via a ubiquitin-interacting UIM motif (Qin et al,,
2015). This is an interesting example of how cells can use the
ubiquitin system to establish other epigenetic marks following
DNA replication.

SPATIAL REGULATION OF
UBIQUITYLATION AND SUMOYLATION
DURING DNA REPLICATION

The ubiquitin and SUMO systems are organized within the
cell in a spatially controlled manner. One important hub for
the coordination of nuclear ubiquitylation and SUMOylation
activities appears to be the nuclear pore complex (NPC). The
NPC is responsible for the transport of macromolecules between
the nucleus and the cytoplasm, but genetic data from budding
yeast suggest that it has additional functions in coordinating
DNA damage signaling and repair (Figure 7). For example, it has
been observed that cells deficient in components of the Nup84
nuclear pore subcomplex are hypersensitive to DNA-damaging
agents (Bennett et al., 2001; Loeillet et al., 2005; Therizols et al.,
2006) and accumulate spontaneous recombination foci in S and
G2 phase (Loeillet et al,, 2005; Palancade et al,, 2007; Nagai
et al., 2008). Mutations in both Nup84 and the HR pathway
are synthetically lethal (Loeillet et al., 2005). These findings
suggest that the NPC plays a role in replication during both
unperturbed and stress conditions, and HR-based mechanisms
to resolve fork problems become essential when NPC function
is compromised.

A number of ubiquitin- and SUMO-related enzymes are
found at the nuclear pore. For instance, SUMO protease Ulpl
is anchored to the nucleoporin Nup60 through myosin-like
proteins (MLPs) Mlpl and Mlp2 (Zhao et al., 2004). Mutation
of ULP]I or loss of MLPs shows synthetic effects when combined
with mutations in HR (Zhao et al., 2004; Collins et al., 2007a;
Palancade et al., 2007), and deleting MLPs leads to mislocalization
of Ulpl, DNA damage sensitivity and clonal lethality (Zhao et al.,
2004). Moreover, cells with impaired Ulplfunction accumulate
ssDNA during replication (Soustelle et al., 2004). It is therefore
conceivable that the presence of deSUMOylating activity at
the nuclear pore either prevents the accumulation of toxic
recombination intermediates during replication or is required
to resolve these structures. Proper localization of the SUMO
conjugation system thus impinges on the process of DNA
replication itself.

Intriguingly, the nuclear pore is also the site of accumulation
of STUDbLs in yeast (Nagai et al., 2011). Deletion of the STUbL
complex SIx5/8 renders yeast hypersensitive to DNA-damaging
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FIGURE 7 | Spatial organization of ubiquitin and SUMO metabolism in the nucleus. Both ubiquitin and SUMO conjugating and deconjugating enzymes are
enriched at the Nuclear Pore Complex (NPC). Collapsed forks relocalize to NPCs, which modulates local ubiquitylation and/or SUMOylation of relevant components

Nuclear outer membrane
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agents and replication stress, and the mutants show higher rates
of spontaneous gross chromosomal rearrangements (Zhang et al.,
2006; Prudden et al., 2007; Nagai et al., 2008). Consistent with
these findings, collapsed replication forks - like DSBs - are
redirected to the nuclear pore (Nagai et al., 2008; Horigome
et al., 2014). These observations prompted the hypothesis that
relocalization to the nuclear pore facilitates HR-mediated fork
restart by means of STUDL activity, possibly via degradation of
SUMOylated proteins such as Srs2 (Urulangodi et al., 2015).
In support of this idea, Su et al. (2015) recently observed that
sites of replication blockage created by expanded CAG repeats
are relocated to nuclear pores particularly in late S phase. The
authors suggested that such relocalization may target Rad525VMO
for degradation, which would then alter the outcome of HR
pathways in the context of replication restart. In humans, it has
been proposed that the PML nuclear bodies functionally resemble
the yeast nuclear pores as a site where the mammalian STUbL
RNF4 accumulates (Nagai et al., 2011). However, it remains to be
tested whether perturbed replication forks are redirected to PML
bodies in human cells.

Considering the large number of repair factors and replisome
components that are SUMOylated during replication (Cremona
et al., 2012; Psakhye and Jentsch, 2012), directing a collapsed
fork to the nuclear pore may provide a window of opportunity
for cells to fine-tune repair events by altering the fate of various
repair and replication factors via posttranslational modification.

However, it is still not fully understood how these activities are
coordinated at the pore, for instance whether a certain factor is
deSUMOylated by Ulpl or directed to proteasomal degradation
through STUDL activity. How such events would impact on the
outcome of repair and the consequences for genome integrity
awaits further investigation.

CONCLUDING REMARKS

The extensive range of mechanisms by which ubiquitin and
SUMO impinge on eukaryotic DNA replication is a very
good reflection of the diversity of these two posttranslational
modification systems in general. Several recurring concepts,
including proteasomal targeting, either by ubiquitin alone or
in a SUMO-dependent manner as mediated by the SUMO-
targeted ubiquitin ligases, but also SUMO-mediated protection
from ubiquitylation and proteolysis, can be observed to operate
on replicating chromatin. Non-proteolytic functions, such as the
enhancement of protein-protein interactions via SUMOylation,
monoubiquitylation or linkage-specific polyubiquitylation, play
an even more prominent role in the recruitment of various
regulatory factors to active or stalled replisomes. Importantly,
when compared to replication initiation, which is largely coupled
to cell cycle regulatory events, replication fork progression
appears to be an extremely delicate condition in which numerous
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modulating modifications are needed to fine-tune the activity of
various components or stabilize weakly associated complexes in
order to maintain fork integrity. No matter whether individual
factors or entire groups of proteins are concerned, there is a large
gray area between those modifications that regulate unperturbed
replication and those that are initiated in response to replication
problems and stress conditions.

Perhaps not surprisingly, a few key replication factors emerge
as nodes in a network of posttranslational modification targets
around the replication fork, such as PCNA, RPA and several
central recombination proteins. Complementary to these prime
targets, a few conjugation and deconjugation enzymes appear
to dominate the replication-associated modification landscape
and might thus be critical for coordinating different pathways
involved in signaling or damage processing. These include
ubiquitin ligases such as Rad18, RNF4 and the CRL4%¥2
complex, but also prominent isopeptidases like USP1 and USP7.
Undoubtedly, the range of identified targets and functions
will continue to expand with the growing interest in these
factors. Perhaps the biggest challenge for future research will
be the interpretation of the wealth of information gathered
by proteomics approaches. Substantiating and making sense of
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The dynamic composition of proteins associated with nuclear DNA is a fundamental
property of chromosome biology. In the chromatin compartment dedicated protein
complexes govern the accurate synthesis and repair of the genomic information and
define the state of DNA compaction in vital cellular processes such as chromosome
segregation or transcription. Unscheduled or faulty association of protein complexes
with DNA has detrimental consequences on genome integrity. Consequently, the
association of protein complexes with DNA is remarkably dynamic and can respond
rapidly to cellular signaling events, which requires tight spatiotemporal control. In
this context, the ring-like AAA+ ATPase CDC48/p97 emerges as a key regulator
of protein complexes that are marked with ubiquitin or SUMO. Mechanistically,
CDC48/p97 functions as a segregase facilitating the extraction of substrate proteins
from the chromatin. As such, CDC48/p97 drives molecular reactions either by directed
disassembly or rearrangement of chromatin-bound protein complexes. The importance
of this mechanism is reflected by human pathologies linked to p97 mutations, including
neurodegenerative disorders, oncogenesis, and premature aging. This review focuses
on the recent insights into molecular mechanisms that determine CDC48/p97 function in
the chromatin environment, which is particularly relevant for cancer and aging research.

Keywords: CDC48, p97, ubiquitin, SUMO, chromatin, replication, DNA repair

INTRODUCTION

DNA is the most precious resource of an organism. Its faithful transmission to following
generations is of major importance for an individual. Elaborate surveillance mechanisms are
required to guard the genome, since large amounts of heterogeneous protein complexes are active
at the DNA. Thus, DNA is packaged into highly dynamic chromatin structures for efficient space
usage. This involves different histone variants as well as complex protein cohorts that allow for
genome function (Misteli, 2007; Cutter and Hayes, 2015). Dependent on cell type, cell cycle
phase, environmental cues, or aging status, multisubunit replication and transcription machineries
access chromatin and thereby challenge chromosome integrity. In addition, various maintenance
and repair mechanisms are active that keep chromatin intact. To ensure genome stability these
processes need to be coordinated and tightly controlled in time and space. Within complex protein
agglomerations specific proteins have to be recruited or removed to allow a given process to
continue. The underlying molecular signaling is predominantly triggered by post-translational
modifications (PTMs) of target proteins.

The ATPase CDC48/p97 (also known as VCP in human) is a central factor that integrates
recognition, modification and execution of molecular processes mediated by ubiquitin (Ghislain
et al., 1996; Meyer et al., 2000; Dai and Li, 2001; Wojcik et al., 2004) or ubiquitin-like molecules
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(Krick et al., 2010; Bandau et al., 2012; den Besten et al.,
2012; Nie et al, 2012; Bergink et al, 2013; Kghler et al,
2013, 2015). CDC48/p97 forms homo-hexameric ring-like
particles, which undergo extensive conformational changes upon
ATP-hydrolysis (Rouiller et al., 2002; Banerjee et al., 2016).
These intramolecular changes drive the mechanistic function
of CDC48/p97, which is best described as segregase activity
(Rape et al., 2001; Braun et al., 2002; Shcherbik and Haines,
2007). While the precise molecular mechanism of substrate
handling is controversial (Stolz et al., 2011; Barthelme and
Sauer, 2015), cumulating evidence suggests that the ATP-
dependent conformational rearrangements account for partial
unfolding of substrates (Beskow et al., 2009; Godderz et al.,
2015; Song et al., 2015), thereby promoting their segregation
from multimeric protein assemblies. Following the recognition
of target proteins that are marked by ubiquitin, SUMO or
both, CDC48/p97 mobilizes the modified substrates from higher
order protein complexes, resulting in their inactivation by
breaking off the molecular context and/or promoting subsequent
proteolytic turnover (Figure 1). The cellular processes that rely
on CDC48/p97 segregase activity are diverse (Franz et al., 2014),
ranging from degradation of damaged proteins associated with
the endoplasmic reticulum (ER, ERAD; Ye et al.,, 2001; Braun
et al., 2002; Jarosch et al., 2002; Rabinovich et al., 2002) or
mitochondria (MAD; Heo et al,, 2010; Hemion et al., 2014;
Fang et al., 2015), ribosome-associated quality control (Ossareh-
Nazari et al., 2010; Brandman et al., 2012; Verma et al., 2013) to
lipid droplet metabolism (Olzmann et al., 2013), and lysosomal
proteolysis (Ren et al., 2008; Ju et al., 2009; Krick et al., 2010;
Tresse et al., 2010; Ritz et al., 2011; Buchan et al., 2013). Recently,
most attention has been paid to the role of CDC48/p97 in the
directed modulation of chromatin-associated protein complexes
(Vaz et al.,, 2013; Dantuma et al., 2014). Herein, fundamental
cellular processes such as DNA synthesis and DNA repair as well
as transcriptional regulation require CDC48/p97.

Given the growing number of cellular pathways relying
on CDC48/p97 function, it appears obvious that independent
regulatory mechanisms are required to control the diverse
molecular activities. In this context, cofactors provide specificity
toward defined CDC48/p97 pathways (Decottignies et al.,
2004; Hartmann-Petersen et al., 2004; Medicherla et al., 2004;
Schuberth et al., 2004; Wang et al., 2004; Neuber et al., 2005;
Park et al., 2005; Richly et al., 2005; Schuberth and Buchberger,
2005; Song et al., 2005; Ritz et al, 2011). Most cofactors
interact with CDC48/p97 via conserved binding motifs and
provide additional molecular properties that assist in substrate
recognition, processing, or regulation of ATPase activity.
Substrate recruiting cofactors harbor dedicated domains that
recognize conjugated ubiquitin or SUMO, thereby facilitating
substrate binding (Kloppsteck et al., 2012; Meyer and Weihl,
2014; Buchberger et al., 2015). Processing cofactors alter the
length or topology of ubiquitin or SUMO marks, either
by extending (E3-E4 enzymes), shortening (ubiquitin/SUMO
hydrolases), or remodeling (also called editing, combined E3-
E4 and hydrolase activities) the conjugates (Koegl et al,
1999; Hoppe, 2005; Rumpf and Jentsch, 2006; Jentsch and
Rumpf, 2007; Kuhlbrodt et al., 2011; Heride et al., 2014).

Other cofactors regulate CDC48/p97 ATPase activity (Trusch
et al, 2015; Zhang et al, 2015) thus controlling substrate
processing. Cofactors themselves can provide another layer of
associated factors (termed accessory factors), thereby defining
CDC48/p97 function (Alexandru et al, 2008; Sowa et al,
2009; Balakirev et al, 2015; Raman et al., 2015; Figure 1;
Table 1).

The requirement of an organism for CDC48/p97 originates
from the variety of processes that depend on its segregase
activity. Hence, alterations in CDC48/p97 protein expression
or mutations are associated with different diseases including
neurodegeneration or premature aging (Partridge et al., 2003;
Johnson et al.,, 2010; Nalbandian et al., 2011; Franz et al,
2014). Moreover, CDC48/p97 overexpression is associated
with different cancer types connected with poor prognosis
(Fessart et al, 2013). This is intelligible given the diverse
chromatin related pathways, like replication or DNA repair
that CDC48/p97 is associated with. Since each of these
pathways is highly related to tumor formation, p97 constitutes
a reasonable target for anticancer therapy (Balch et al,
2008) and first inhibitors are already tested in clinical trials
(Deshaies, 2014; Chapman et al., 2015). This review provides
an overview on the fundamental role of CDC48/p97 in
controlling activity and dynamics of protein complexes at the
chromatin. For simplicity, we will refer to spelling of conserved
human orthologs throughout the article, unless otherwise
stated.

DNA REPLICATION IS DRIVEN BY
DYNAMIC COMPOSITION OF PROTEIN
COMPLEXES

The faithful duplication of genomic information during S phase
of the cell cycle is a complex biological process involving
the highly ordered cascade of numerous replication factors
at the chromatin (Masai et al, 2010; Fragkos et al, 2015).
DNA synthesis is initiated at origins of replication, which serve
as assembly platforms for DNA synthesis factories, termed
replisomes. Herein, the concerted activity of origin recognition
complex (ORC), CDC6, and CDT1 is required to load the
replicative DNA helicase, the Mini-chromosome-maintenance
(MCM) complex onto DNA. Together these factors constitute the
pre-replicative complex (pre-RC). As pre-RCs do not perform
helicase activity yet, pre-RC assembly is considered as licensing
of DNA replication. Interestingly, inaccurately assembled pre-
RCs can disassemble from DNA implicating that replication
licensing involves quality control mechanisms and iterative
loading events (Chen et al., 2007; Xouri et al., 2007; Frigola et al,,
2013; Duzdevich et al., 2015). Subsequent to MCM assembly,
the pre-RC components are dispensable and consequently
inactivated. Origins actively synthesizing DNA are characterized
by recruitment of further factors, including CDC45 and the
go-ichi-ni-san (GINS) complex (Gambus et al., 2006; Moyer
et al.,, 2006; Ilves et al., 2010). The presence of CDC45 and
GINS thus characterizes active replisomes. During ongoing DNA
synthesis and particularly close to completion of DNA replication
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FIGURE 1 | CDC48/p97 function in chromatin-associated processes. (A) Schematic illustration of molecular mechanisms underlying CDC48/p97 activity.
CDC48/p97 (red) recognizes chromatin-bound substrates (blue) that are conjugated to ubiquitin or SUMO (black circles). The modification with ubiquitin and SUMO
can come in different flavors (exemplified by a chain of molecules). Both molecules can be conjugated as a monomeric moiety or a chain of several molecules. The
linkage in between molecules of a ubiquitin chain is variable depending on the internal lysine-(K)-residue used for chain extension (indicated by the angle between
ubiquitin molecules of a chain). As such, diverse linkages are capable of defining distinct signaling events (referred to as ‘ubiquitin-code’). Moreover,
SUMO-dependent ubiquitylation gives rise to hybrid chains. Depending on the exact modification of the substrates, diverse cofactors facilitate substrate recognition
and/or processing of the ubiquitin/SUMO modification by extending, removing, or internal remodeling of the chain. This is probably important to define the
directionality of the CDC48/p97 reaction. Eventually, CDC48/p97 segregase activity is required to mobilize the substrate from higher order protein complexes (light
gray). On one hand the substrate can be recycled, probably involving hydrolysis of the modification. Otherwise, the substrate can be terminally degraded involving
the proteasome, lysosome, or proteolytic cofactors. Extraction of the substrate can promote two distinct outcomes. Disintegration of the protein complex can result
in its inactivation (bottom left). Alternatively, extraction of the substrate can disclose the binding site of another factor (orange) thus facilitating the directed
progression of the reaction (bottom right). (B) Schematic overview of CDC48/p97-dependent pathways in the context of eukaryotic chromosomes (gray).
CDC48/p97 (red) possesses molecular switch properties, driving molecular reactions in distinct chromatin-associated processes. The involvement of respective

CDC48/p97 cofactors is listed below the indicated pathways.

converging replication factories collide and are considered to
require regulated disassembly (Maric et al, 2014; Moreno
et al., 2014). These processes exemplify that the composition of
replication factories is highly dynamic throughout the regular
replication program and, moreover, responsive to genotoxic
insults that might threaten genome stability (Sirbu et al., 2013;
Alabert et al., 2014; Dungrawala et al., 2015; Raschle et al,
2015). Intriguingly, CDC48/p97 has been shown to be essential
for DNA replication in eukaryotes by regulating the abundance
of several replication factors at distinct time points (Figure 1;
Table 1).

CDC48/p97-mediated Control of DNA
Replication Licensing and Fork
Progression

The functional relevance of CDC48/p97 in DNA synthesis
was first shown in Caenorhabditis elegans (C. elegans). RNAI-
mediated depletion of CDC48/p97 or the dimeric cofactor UFD-
1-NPL-4 caused replication defects accompanied with collapsed
forks and formation of DNA repair foci (Mouysset et al.,
2008). This initial observation of compromised DNA synthesis
upon inactivation of the CDC48/p97VFP~1=NPL=4 complex was
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TABLE 1 | CDC48/p97 substrates in the chromatin environment.

Cdc48/p97-dependent process Substrate(s) Cofactor/Accessory Experimental system Reference
factors
DNA replication
Replication fork progression, G2/M n.d. DVC1 Mammalian cells, patient Lessel et al., 2014
checkpoint cells
Replication licensing CDT-1, CDC-45-GINS UFD-1, NPL-4, C. elegans, X. laevis, Mouysset et al., 2008;
UBXN-3/FAF1 mammalian cells Franz et al., 2011, 2016
Replication stress FANCI, FANCD2 DVCA Mammalian cells Gibbs-Seymour et al., 2015
Replication stress, DNA damage Poly, a.o. DVC1 Mammalian cells, Davis et al., 2012;
tolerance (DDT) C. elegans Mosbech et al., 2012
Replication termination MCM7 Dia2 S. cerevisiae, X. laevis Maric et al., 2014; Moreno et al., 2014;
Maculins et al., 2015
DNA repair
Diverse genotoxic insults SUMO/Ubiquitin- Ufd1, Npl4 S. cerevisiae Nie et al., 2012
conjugates
Diverse genotoxic insults SUMO/Ubiquitin- Ufd1, Npl4, Rfp1, Pli1 S. pombe Kohler et al., 2013
conjugates
DNA damage response (DDR) Topt, Wss1, Doal S. cerevisiae Balakirev et al., 2015
SUMO-conjugates
DNA-double strand break repair L3MBTLA1 UFD1, NPL4 Mammalian cells, Acs et al., 2011
C. elegans
DNA-double strand break repair SUMO-Rad52 Ufd1 S. cerevisiae, mammalian Bergink et al., 2013
cells
DNA-double strand break repair Ubiquitin-(K48)- UFD1, NPL4 Mammalian cells Meerang et al., 2011
conjugates
DNA-double strand break repair DNA-PKcs n.d. Mammalian cells Jiang et al., 2013
DNA-protein crosslink (DPC) Topt, a.o. Wss1 S. cerevisiae Stingele et al., 2014
PCNA-dependent response to n.d. DVC1, mono-ubiquitylated Mammalian cells Centore et al., 2012
UV-light PCNA
UV-light induced protein turnover CSB UFD1, UBXN7, CUL4 Mammalian cells He et al., 2016
UV-light induced protein turnover CDT1, SET8 UFD1, NPL4, a.o. Mammalian cells, X. leavis Raman et al., 2011
UV-light induced protein turnover DDB2, XPC UFD1, NPL4, UBXN7, Mammalian cells Puumalainen et al., 2014
CcuL4
UV-light induced protein turnover Rbp1 Ufd1, Npl4, Ubx4, Ubx5, S. cerevisiae Verma et al., 2011
Cul3
Transcription
Histone ubiquitylation Histone 2B Ubx3 S. cerevisiae, mammalian Bonizec et al., 2014
cells
Mating-type switch a2 Ufd1, Npl4, Doal0, a.o. S. cerevisiae Wilcox and Laney, 2009
Transcriptional inactivation HIF1a UBXN7, CUL2, VHL Mammalian cells Alexandru et al., 2008
Transcriptional regulation LexA-VP16, Met4, Ufd1, Npl4 S. cerevisiae Ndoja et al., 2014
R-Smads
Heterochromatin decondensation CenH3 Ufd1, Npl4 A. thaliana Merai et al., 2014
Telomere maintenance
Telomerase efficiency Cdc13 Vms1 S. cerevisiae Baek et al., 2012
Telomerase efficiency Est1 Ufd1, Npl4, Ufd4 S. cerevisiae Linetal., 2015
Sister-chromatid segregation
Anaphase degradation n.d. Ubx4 S. cerevisiae Chien and Chen, 2013
Chromatin Aurora-B Ufd1, Npl4 X. leavis, mammalian cells Ramadan et al., 2007;
decondensation/congression Dobrynin et al., 2011
Meiosis AIR-2 n.d. C. elegans Sasagawa et al., 2012
Others
Global analysis SUMO-conjugates Ufd1, STUbL S. pombe Kohler et al., 2015

The table lists the identified chromatin-associated substrates of CDC48/p97, sorted by their functional relevance in indicated cellular processes. In addition, the involvement
of cofactors and/or accessory factors is displayed along with the experimental system that was used in the respective publication (a.o. and others, n.d. not determined).
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further addressed in a follow-up study, identifying chromatin-
associated CDT-1 is the primary substrate (Franz et al., 2011;
Raman et al, 2011). Herein, the abundance of the licensing
factor CDT-1 on chromatin relies on CDC48/p97 activity during
initiation of DNA replication (Franz et al., 2011). In addition,
CDT-1 stabilization on mitotic chromatin (correlating to G1
phase), coincides with chromatin-retention of CDC-45 and the
GINS complex (Franz et al., 2011). A genetic interaction screen
identified the UBX-domain protein UBXN-3 as a specialized
cofactor enhancing substrate recognition by CDC48/p97 during
DNA replication (Franz et al., 2016). Indeed, in vivo and in vitro
protein interaction analysis confirmed that UBXN-3 provides
substrate recognition toward CDT-1 and other ubiquitylated
proteins (Franz et al., 2016). Analysis of individual replication
forks in human cell lines revealed that siRNA-mediated depletion
of the human ortholog FAF1 causes severely impaired replication
fork progression associated with elevated frequency of replication
fork stalling and firing of dormant origins. In fact, CDT1 protein
appears to be the primary target of CDC48/p97AF! also in
human cells, as indicated by genetic suppression of replication
defects upon codepletion and in vivo binding studies (Franz
et al,, 2016). Taken together, CDC48/p97YFP1=NPI4 'in complex
with the substrate recognition module UBXN-3/FAF1, controls
replication fork progression by restraining the abundance of
CDT1 during replication licensing.

It should be noted that the regulatory mechanism depicted
above is specific to the G1 phase of the cell cycle (Ballabeni
et al., 2004; Franz et al., 2011). In contrast CDT1 protein levels
are also under control during the ensuing S phase, involving
PCNA and Cullin-based E3 ligases (Zhong et al., 2003; Arias
and Walter, 2007; Havens and Walter, 2009; Sugimoto et al,,
2009; Coleman et al., 2015). S phase degradation of CDT1 is
considered as fundamental in preventing over-replication in one
cell cycle as well as avoidance of chromosomal rearrangements
(Davidson et al., 2006; Tatsumi et al., 2006). In response to
DNA damage, CDT1 chromatin extraction and degradation also
involves CDC48/p97 activity (Hu et al., 2004; Jin et al., 20065
Raman et al,, 2011). In contrast to the licensing factors ORC
and Cdc6, Cdt1 is required for break-induced replication in yeast
(Lydeard et al., 2010). The exact requirement of CDT1 and its
subsequent inactivation during DNA repair, however, remains
elusive.

Interestingly, another thus far unappreciated cofactor of
CDC48/p97 has attracted attention as a critical regulator in
cellular pathways ensuring genome integrity (Stingele et al.,
2015). Two studies could show that mutations in DVCI [also
called Spartan (SPRTN) or Clorfl24 in humans, functionally
related to Wssl in Saccharomyces cerevisiae] are causative for
genome instability phenotypes cumulating in hepatocellular
carcinoma and progeria (Lessel et al., 2014; Maskey et al., 2014;
Figure 1; Table 1). Patient cells expressing dysfunctional DVC1
show hallmarks of genomic instability, which is accompanied by
aberrant replication fork velocity along with excessive replication
stress. Furthermore, patient cell lines escape the cell cycle
control by G2/M checkpoint, which usually halts the transition
into mitosis until damage is repaired. Importantly, human
cells exclusively expressing disease-related DVCI mutations

phenocopy the observations made in primary cells (Lessel
et al., 2014). Identification of respective target substrates will
decipher, which aspect of DNA replication is controlled by
DVCI. Indeed DVCI could be shown to colocalize with DNA
replication factories in synchronized but otherwise untreated
mammalian cells (Davis et al., 2012). Its functional relevance,
however, became particularly important upon treatment with
various types of genotoxic agents, which triggered the DVCI-
dependent recruitment of CDC48/p97 to sites of DNA damage
(Centore et al., 2012; Davis et al., 2012; Mosbech et al., 2012).
Intriguing insights into the mechanistic function of DVCI’s
cognate Wssl in chromatin-associated protein degradation have
recently been reported in the context of replication-coupled DNA
repair (Stingele et al., 2014; Balakirev et al., 2015). Herein, Wss1
protease was identified to specifically mediate the processing of
DNA-protein crosslinks (DPC) in a thus far overlooked repair
pathway that presumably also underlies genome instability in
DVC1 mutant cells (Figure 1; Table 1 and references therein).
Accordingly, disease-causing mutations locate in the domain
encoding the predicted DVC1 protease (SprT) domain (Lessel
et al., 2014); however, a chromatin-directed protease activity of
DVC1 awaits affirmation. The mechanistic details of DPC-repair
will be discussed in the respective paragraph on DNA-repair
pathways.

Termination of DNA Replication Requires
CDC48/p97 Activity

Until recently, the molecular mechanisms underlying the
termination of DNA replication in metazoans was only scarcely
described (Dewar et al., 2015). Thus, the identification of
CD(C48/p97 in the release of the MCM helicase in complex with
CDC45 and GINS (collectively termed CMG complex) at sites
of replication termination was astonishing (Maric et al., 2014;
Moreno et al., 2014). Yeast cells or Xenopus egg extracts that are
depleted for CDC48/p97 are defective in the disassembly of the
CMG complex at the end of the cell cycle when replication forks
collide with high frequency. Both studies show that selective poly-
(K48)-ubiquitylation of the MCM7 subunit is required to trigger
CMG release (Maric et al., 2014; Moreno et al., 2014). Interfering
with polyubiquitylation as well as CDC48/p97 activity, result in
accumulation of DNA structures comparable to pharmacological
inhibition of termination (Moreno et al, 2014). Moreover,
ubiquitylation of MCM?7 depends on active progression through
S phase (Maric et al., 2014; Moreno et al., 2014). In conclusion,
DNA replication requires CDC48/p97 activity to terminate DNA
synthesis by unloading of active CMG complexes.

Comparing CDC48/p97-dependent regulation of replication
licensing with termination of replication leaves open questions
to be addressed. Moreno et al. (2014) used an experimental
system in Xenopus egg extracts that affects polyubiquitylation
in progressing S phase, thus allowing exclusive analysis of
replication termination. In S. cerevisiae, the licensing factor Cdt1
is not regulated via proteolysis, but nuclear export, pointing at
distinct regulatory mechanisms between unicellular fungi and
metazoans (Tanaka and Diffley, 2002; Feng and Kipreos, 2003;
Kim and Kipreos, 2007). What are the respective cofactors that
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define CDC48/p97 specificity toward replication termination? In
yeast, the ligase complex SCFP™2 catalyzes the ubiquitylation of
MCM?7 and thus provides the signal for CMG disassembly (Maric
et al., 2014; Maculins et al,, 2015). The substrate recognition
factor Dia2, however, is not obviously conserved outside of
the fungi kingdom. In Xenopus, release of CMG complex has
been linked to the E3 ligase BRCAI1, however, is supposed
to be specific to stalled replisomes but not termination (Long
et al., 2014; Dewar et al.,, 2015). As such, CDC48/p97-dependent
CMG release might be considered as a combined phenotype:
aberrant licensing causing stalled forks, in turn requiring active
CMG unloading. In C. elegans and Xenopus egg extracts,
CDC48/p97 is linked to the release of CDC-45 and GINS
after S phase is completed (Franz et al., 2011, 2016). Herein,
CDC48/p97 cooperates with the cofactors UFD-1-NPL-4 and
UBXN-3/FAF1, however, neither the depletion of ufd-1, npl-4,
nor ubxn-3 resulted in persistent chromatin-association of MCM
subunits (Franz et al,, 2016). These observations support the
idea that CMG disassembly is more complex involving dedicated
CDC48/p97 cofactors separately targeting MCM or CDC45-
GINS. It has been speculated that a ring-shaped GINS molecule
embraces DNA (Kubota et al., 2003; Boskovic et al., 2007), thus
chromatin release might be regulated independently from MCM.
Alternatively, CMG disassembly might be differentially regulated
in invertebrates and vertebrates. In human cells, unloading of
MCM complexes has been linked to the deubiquitylating activity
of USP7 (Jagannathan et al., 2014), implicating that regulated
MCM release might involve editing of ubiquitin chains. Whether
USP7 activity is indeed coordinated by CDC48/p97 remains to be
elucidated.

PROTEIN DYNAMICS AT SITES OF DNA
REPAIR

DNA damage poses a major threat to cells. Besides defects
in replication, additional intrinsic incidents may threaten
chromatin integrity. Hence damage may originate from
hydrolytic reactions or reactive oxygen species (ROS). However,
also extrinsic and highly carcinogenic sources like UV exposure
or tobacco products harm DNA. If unrepaired, DNA damage
leads to accumulation of mutations or chromosomal aberrations
and promotes genome instability, the cause for many diseases
including cancer (Jackson and Bartek, 2009; Ciccia and Elledge,
2010). Specific to the damaging agent, the recognition of the
damage and the molecular mechanism for its removal are
diverse. One unifying feature of all repair pathways, however, is
the progression through specific phases of damage recognition,
effective repair, and finally resolution of repair intermediates. The
underlying DNA damage response (DDR) triggers the dynamic
and hierarchically ordered assembly and disassembly of repair
factors on the chromatin (Hoeijmakers, 2001). CDC48/p97 plays
a central role in various DNA repair scenarios and specialized
cofactors provide mechanistic regulatory insight (Figure 1;
Table 1). Please also see latest review articles on this topic
(Vaz et al., 2013; Dantuma et al., 2014; Brinkmann et al., 2015;
Dantuma and van Attikum, 2016).

CDC48/p97 Activity in Processing of
DNA Double Strand Breaks

The most detrimental DNA lesions are double strand breaks
(DSBs) since inadequate fusion of loose ends can give rise
to considerable chromosome rearrangements, duplications, or
deletions and hence are a severe threat for genome integrity
(Hoeijmakers, 2009). Two main pathways known to repair
DSBs operate differently. One is comparably simple by ligating
the loose ends back together in a reaction called non-
homologous end-joining (NHE]). The other, termed homologous
recombination (HR) is a much more concise pathway, using
a homologous template for reestablishing the undamaged state
(Hoeijmakers, 2001; San Filippo et al., 2008; Lieber, 2010; Mehta
and Haber, 2014; Kowalczykowski, 2015).

CDC48/p97 was first implicated in DNA repair by finding
that it gets phosphorylated at S’ upon DNA damage induction
(Livingstone et al., 2005). Indeed DNA-dependent protein
kinase, catalytic subunit (PKcs), one of the kinases mediating
this PTM (Livingstone et al., 2005), directly interacts with
CDC48/p97 upon ubiquitylation (Jiang et al, 2013). DNA-
PKcs associates with a heterodimer of Ku70-Ku80 at DSBs
and initiates NHE] (Wang et al., 1994; Davis et al, 2014).
CDC48/p97 acts here to restrict DNA PKcs occupancy on DNA
by handing it over to proteasomal turnover. In this glioma cell
model, loss of CDC48/p97 improves repair efficiency temporally
(Jiang et al, 2013). Conversely, other studies described an
increase in sensitivity toward DNA damage and subsequent
genome instability when CDC48/p97 activity is limited (Acs
et al, 2011; Meerang et al., 2011; Raman et al, 2011).
Upon DNA DSB induction a well-studied signaling cascade
is commenced, involving initial phosphorylation steps but
subsequent engagement of the ubiquitin and SUMO machinery
to establish binding sites for specific signaling proteins like
BRCA1 and 53BP1 (Bekker-Jensen and Mailand, 2011; Polo
and Jackson, 2011). This process requires tight regulation;
however, ubiquitylation does not only serve as a binding
platform orchestrating the recruitment of specific interaction
partners. Instead also poly-(K48)-linked ubiquitin chains, which
trigger proteasomal degradation (Dammer et al., 2011), were
identified at DDR sites that strongly accumulate in CDC48/p97
depleted cells (Meerang et al., 2011). This observation indicates
the requirement for CDC48/p97 to remove K48-ubiquitylated
proteins from break sites and possibly allow recruitment of
downstream factors. In fact, loss of CDC48/p97 function seems
to have broad impact on recruitment of repair proteins. After
treating cells with ionizing irradiation, CDC48/p97 depletion
attenuates recruitment of 53BP1, BRCA1, and abolishes loading
of RAD51 to repair sites (Meerang et al., 2011). Mechanistically
it remained unclear how CDC48/p97 promotes recruitment
of downstream proteins. A recent study highlighted that
CDC48/p97 specifically enables recruitment of 53BP1 to DSBs
induced by micro-irradiation. 53BP1 association with DSBs is
dependent on the ubiquitin cascade but does itself not bind
to ubiquitin (Botuyan et al., 2006). Here yet again a switch
in signaling molecules has to be implemented. 53BP1 binds to
H4K20me2, a histone mark that is initially occupied by LAMBTL1
(Min et al., 2007). Upon ubiquitylation, LAMBTLI is primed for
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extraction by CDC48/p97 together with its cofactors NPL4 and
UFD1. Only then 53BP1 is able to bind its designated recruitment
site and the repair process can be pursued (Acs et al., 2011). Even
though different outcomes of CDC48/p97 activity at damage loci
are described, both emphasize the requirement of CDC48/p97 to
extract ubiquitylated target proteins from DNA damage signaling
sites to facilitate further repair steps.

CDC48/p97 Functions as
SUMO-dependent Segregase to Provide

Genome Stability

Aside ubiquitin-conjugates CDC48/p97 and its cofactor UFDI
both recognize SUMOylated target proteins directly (Nie et al.,
2012). A functional relevance of CDC48/p97 exclusively targeting
SUMO-conjugates was first described in the assembly of
downstream effector proteins during DNA repair (Bergink et al.,
2013). During HR the essential recombinase RAD51 forms long
filaments on the two single stranded loose DNA ends, which
enable scanning and approaching the homologous sequence
(Holthausen et al., 2010; Forget and Kowalczykowski, 2012). Its
DNA association needs to be tightly controlled, since hyper-
recombination is highly cytotoxic; at the same time RAD51 is
essential for recombination (Tsuzuki et al., 1996; Sonoda et al.,
1998; Richardson et al., 2004; Klein, 2008). In yeast, SUMO-
conjugated Rad52 interacts with and aides Rad51 loading onto
DNA when engaged in HR. Interestingly, CDC48/p97Yd! has
direct binding affinity toward the same SUMOylated lysine on
Rad52 hence counterbalancing recombination events mediated
by Rad51 (Bergink et al, 2013). This finding highlights a
function of CDC48/p97 independent of ubiquitin and implies
that competitive binding to SUMO can promote segregation
activity.

In addition to minimizing Rad51-Rad52 interaction,
CDC48/p97 plays a more global role in the regulation of
SUMO-conjugates at the chromatin (Kohler et al, 2015).
SUMOylation was established as another layer of regulation at
DSB sites that enables thorough repair (Hardeland et al., 2002;
Cremona et al., 2012; Jackson and Durocher, 2013). Mutations
in SUMO related proteins lead to genomic instability, but again,
inappropriate retention of SUMOylated proteins on DNA also
impedes accurate repair since recruitment of downstream factors
is strongly reduced (Psakhye and Jentsch, 2012). Interestingly,
the CDC48/p97VMd1~NPH complex has been implicated in this
specific extraction as well. Ufdl harbors a SUMO interaction
motif (SIM) by which it directly binds SUMO (Nie et al., 2012).
Additionally, specific ubiquitin ligases target SUMOylated
proteins for ubiquitylation (SUMO-targeted ubiquitin ligases:
STUDLSs). CDC48/p97 together with its cofactors is thus recruited
via a dual mechanism consisting of ubiquitin and SUMO, thereby
facilitating extraction and possibly degradation of SUMOylated
proteins at DNA damage sites (Nie et al., 2012). UFD1 takes
an important role as cofactor of CDC48/p97. In addition to
its direct binding to SUMO, a physical as well as functional
interaction of Ufd1l with the STUbL Rfpl (RNF4 ortholog) or
the SUMO E3 ligase Plil (PIAS1) was shown. The concerted
action of these proteins leads to ordered removal of SUMOylated

proteins at damage site, again their inappropriate retention by
loss of one of the factors entails genomic instability (Kohler et al.,
2013). This example nicely highlights CDC48/p97s function
as a molecular switch. It provides a platform for a variety of
functionally distinct proteins that together lead to precisely
coordinated CDC48/p97-dependent chromatin extraction of
client proteins (Figure 1; Table 1).

An analogous mechanism was described for DNA repair by
the Fanconi anemia pathway. After replication block, Fanconi
anemia pathway becomes active to promote fork restart by
initiating translesion synthesis and damage removal (Haynes
et al, 2015). Two central components, FANCI and FANCD,
are SUMOylated upon fork stalling. As described for other
SUMOylated proteins, they are targeted for degradation by RNF4
mediated ubiquitylation and subsequent mobilization from DNA
by the CDC48/p97 complex (Gibbs-Seymour et al., 2015). Here
CDC48/p97 acts jointly with DVCI. Degradation of FANCI
and FANCD is impaired in RNF4 mutants, highlighting that in
this case ubiquitin binding of the CDC48/p97PVC! complex is
necessary.

Processing of DNA-protein Crosslinks

Proteins that are crosslinked to DNA or chromatin are a
specialized form of chromatin modification, which can arise from
metabolic sources or external insults such as reactive aldehydes,
UV-light, or catalytic intermediates, e.g., upon Topoisomerase 1
inhibition (Duxin and Walter, 2015; Stingele and Jentsch, 2015;
Stingele et al., 2015). DPCs result in stalling of RNA and DNA
polymerases and thus impact on a variety of cellular processes.
Consequently, DPCs need to be removed in a regulated manner
that involves incomplete proteolytic digestion. Subsequently,
the processed DPC remnant can be bypassed by a specialized
translesion polymerase (Duxin et al., 2014), whereas the DPC
remnant itself is considered to be eventually removed by base
excision repair. Intriguingly, a DVCl-related protease acts as
CDC48/p97 cofactor and harbors protease activity to catalyze
DPC processing in yeast (Stingele et al., 2014, 2015; Figure 1;
Table 1). Wssl protease activity becomes particularly activated
upon DNA binding, where it digests DPCs including covalently
bound Topoisomerase 1, other chromatin-bound proteins as
well as itself for inactivation (Stingele et al., 2014; Balakirev
et al., 2015). Interestingly, Wssl specifically targets SUMO-
conjugates on chromatin via its SUMO-interaction motif (Mullen
et al., 2010; Stingele et al., 2014; Balakirev et al., 2015). In
contrast DVCI is directed toward ubiquitin-conjugates and is
linked to the PCNA sliding clamp (Centore et al., 2012; Davis
et al., 2012; Juhasz et al., 2012; Mosbech et al., 2012; Gibbs-
Seymour et al, 2015). In case of replication fork stalling-
induced extraction of the Fanconi anemia ID complex, the
SUMO-dependent ubiquitin E3 ligase RNF4 is central for the
underlying signaling (Gibbs-Seymour et al., 2015), supporting
the idea that DVC1 regulation in metazoans is multilayered
involving both SUMO and ubiquitin. Although a chromatin-
directed protease activity of DVCI awaits to be verified, it is
feasible that DVC1 and Wssl represent functional equivalents.
This might explain initial observations that DVC1 is required
for the removal of translesion polymerase after UV-lesion bypass
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(Centore et al., 2012; Davis et al., 2012; Ghosal et al., 2012; Juhasz
et al., 2012; Mosbech et al., 2012; Kim et al., 2013), which is
probably linked to attenuated processing of DPCs (Duxin et al.,
2014; Duxin and Walter, 2015). Recently, the CDC48 cofactor
Doal (also known as UFD3 or PLAP) was shown to be present
in CDC48/p97WSSl complexes (Balakirev et al., 2015). In this
study, genotoxic stress resulted in nuclear GFP-Wssl punctae,
consistent with the formation of DNA repair foci. This is in line
with formation of nuclear DVC1 foci upon exposure to genotoxic
stress by HU, UV-light, or laser microirradiation in C. elegans
and mammalian cells (Davis et al., 2012; Mosbech et al., 2012).
Moreover, GFP-Wss1 translocates to the vacuole upon damage
induction, pointing at a putative role of lysosomal degradation in
Wssl-mediated DDR involving the Doal cofactor.

To date, the mechanistic role of CDC48/p97 in Wssl-
dependent DDR is still obscure. Upon genotoxic insults
DVC1/Wssl recruits CDC48/p97 to the damaged site, pointing
at an adaptor-like function promoting segregase activity (Centore
et al., 2012; Davis et al.,, 2012; Mosbech et al., 2012; Gibbs-
Seymour et al, 2015). It appears likely, that DVC1/Wssl’s
intrinsic protease activity is particularly important in cases of
DPCs, when CDC48/p97 segregase is not capable of processing
the substrate due to covalent linkage to the DNA (Stingele
et al.,, 2014). The observation that Wss1 harbors SUMO-ligase
(Balakirev et al., 2015) as well as isopeptidase activity (Mullen
etal., 2010) suggests that Wss1 function might include additional
layers of regulation.

CDC48/p97 Dependent Extraction in UV
Induced DNA Damage Repair

Not only replication block but also obstruction of transcription
poses a major threat to DNA. Frequent sources of transcription
fork stalling are bulky UV lesions (Mullenders, 2015). To avoid
stalling of forks, the cell probes constantly for these helix
distortions via the global genome nucleotide excision repair
(GG-NER) pathway that is active on both DNA templates.
Here, XPC together with UV-DDB complex (UV-DNA damage
binding protein) consisting of DDB1 and DDB2 detect lesions
and initiate repair (Hoogstraten et al., 2008; Marteijn et al,
2014). To proceed with the excision reaction, these factors need
to be removed from chromatin. CDC48/p97 in complex with
NPL4-UFD1 and UBXD?7 regulates the chromatin association of
XPC and DDB2. Ubiquitin dependent extraction by CDC48/p97
allows their proteasomal degradation. Depletion of CDC48/p97
promotes retention of those factors and ultimately leads to
genomic aberrations (Puumalainen et al., 2014). In contrast, the
DUB USP7 was identified to counteract CDC48/p97 dependent
extraction of XPC. It shortens the ubiquitin chain on the target
protein, thereby removing the signal for extraction and possible
degradation (He et al., 2014).

In case RNA Polymerase II (RNA Pol II) encounters such
lesions on the actively transcribed strand, transcription coupled
NER (TC-NER) is initiated (Spivak and Ganesan, 2014). During
TC-NER CSB is involved in repair initiation (Fousteri et al., 20065
Anindya et al.,, 2010). Similar to XPC and DDB2 degradation in
GG-NER, CDC48/p97-dependent proteolysis of CSB is required
to facilitate progression of DNA repair upon UV-irradiation

(He et al., 2016). To this end, CSB removal from chromatin
is mediated by the cofactors UFD1 and UBXN7 (He et al,
2016). Both sub-pathways, GG-NER and TC-NER have different
initiation signals, but merge into one mutual pathway after initial
processing. When the injured DNA is excised the gap of 22-30
nucleotides needs to be sealed again. This is accomplished by
replication proteins, including PCNA, a DNA polymerase, and
subsequent ligation (Marteijn et al., 2014; Mullenders, 2015). In
this context, CDC48/p97 is associated with removal and ensuing
proteasomal degradation of CDT1 and histone methyl transferase
SET8 (Raman et al,, 2011). Chromatin association of the two
proteins is tightly regulated not only during replication but also
upon repair to avoid unscheduled replication initiation (Senga
et al., 2006). Binding to the PCNA interaction protein motif
degron (PIP degron) of PCNA generally primes target proteins
for ubiquitylation by CRL4%4? (Havens and Walter, 2009).
Hence, after UV damage, CDC48/p97 extracts ubiquitylated
CDT1 and SET8 from damaged chromatin and sends both
substrates for destruction by the proteasome (Raman et al., 2011).

Normally the cell favors preserving RNA Pol II upon stalling;
this is achieved by RNA Pol II backtracking, which allows repair
proteins to access the lesion (Epshtein et al., 2014). As a last
resort, when NER cannot be executed, RNA Pol II is removed
and degraded to prevent even more severe damage (Wilson et al.,
2013). Upon UV irradiation, degradation of the largest subunit of
RNA Pol IT Rpbl1 is facilitated by ubiquitin dependent extraction.
Herein, CDC48/p97 cooperates with its cofactors Ufd1 and Npl4,
as well as with Ubx5 (UBXN7; Verma et al., 2011), a cofactor
that is also associated with NER dependent protein extraction in
humans.

ADDITIONAL FUNCTION OF CDC48/p97
IN CHROMOSOME BIOLOGY

In contrast to the load of DNA damage another determinant
of cellular aging is the shortening of chromosome ends,
the telomeres, with consecutive cell divisions. Interestingly, a
function of CDC48/p97 in the regulation of telomere length
has recently been proposed based on the identification of
Cdcl13 and Estl as substrate proteins (Baek et al, 2012; Lin
et al., 2015; Figure 1; Table 1). Both, Cdcl13 and Estl are key
regulators of telomere replication in yeast. Baek et al. (2012)
showed that CDC48/p97 cooperates with the Vmsl (ANKZF1)
cofactor in the proteolytic turnover of Cdcl3. Interestingly,
Cdc13 destruction appears to involve both proteolytic routes,
the proteasome and the lysosome. In contrast Lin et al. (2015)
propose that CDC48/p97 together with Ufd1-Npl4 and the
ubiquitin E3 ligase Ufd4 (TRIP12) cooperate to adjust telomere
length by limiting the abundance of mono-ubiquitylated Estl.
Consequently, CDC48/p97 inactivation results in shortened
telomeres, presumably due to inefficient telomerase upon Cdc13
and Estl accumulation.

In addition to DNA synthesis and repair pathways,
CDC48/p97 plays pivotal roles during sister-chromatid
segregation. Faulty segregation of chromatids during mitosis
is a significant source of copy number variations, large
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chromosomal aberrations, or chromosome destruction. In fact,
a key regulator of mitosis, the kinase Aurora-B, was the first
chromatin-associated substrate of CDC48/p97 to be identified
(Ramadan et al, 2007; Figure 1; Table 1). Interestingly,
CDC48/p97VMd1~NPl4  restricts Aurora-B activity to promote
chromosome congression or chromatin relaxation at distinct
time-points during mitosis, as well as chromosome segregation
during meiotic division (Ramadan et al., 2007; Dobrynin et al,,
2011; Sasagawa et al., 2012). The involvement of cofactors in the
regulation of Aurora-B during meiosis I, however, remains to
be defined. In yeast cells, CDC48/p97 and its cofactor Ubx4 are
involved in the nuclear distribution of proteasomes, thus defining
protein degradation during anaphase (Chien and Chen, 2013),
implicating that additional CDC48/p97 substrates await to be
identified in the context of mitosis.

Aside DNA metabolism CDC48/p97 executes critical function
in the regulation of DNA-dependent RNA synthesis. Of note,
failure in accurate regulation of transcription factors controlling
metabolism and cell proliferation are associated with oncogenesis
(Maneix and Catic, 2016). Chromatin-dependent activity of
CDC48/p97 in the regulation of gene expression is especially
interesting, as it does not involve subsequent protein degradation
(Wilcox and Laney, 2009; Ndoja et al., 2014; Figure 1; Table 1).
In yeast, CDC48/p97 controls rapid switch in gene expression
through non-proteolytic release of transcription factors from
the chromatin. Intriguingly, individual transcription factors that
are regulated by CDC48/p97 represent transcriptional activators
as well as repressors (Wilcox and Laney, 2009; Ndoja et al,
2014). Thus, CDC48/p97 is capable of initiating fast response
toward transcriptional stimuli through attenuation or activation
of gene expression. In S. cerevisiae the Ufd1-Npl4 cofactor and
Doal0 are linked to transcriptional regulation by CDC48/p97
(Wilcox and Laney, 2009; Ndoja et al., 2014). In mammalian
cells CDC48/p97 together with the cofactor UBXN7 and the
CUL2-VHL ubiquitin ligase mediates the proteolytic inactivation
of HIFla transcription factor, suggesting a critical role of
CDC48/p97 in the cellular response toward hypoxia (Alexandru
et al, 2008). It remains to be shown, whether CDC48/p97-
mediated regulation of HIFla occurs on chromatin. In contrast
to the extraction of transcription factors, CDC48/p97 is also
implicated in chromatin remodeling. In yeast CDC48 together
with Ubx3 (UBXDS) is required for the mono-ubiquitylation
on histone 2B, thus controlling chromatin compaction and
presumably differentiation in vertebrates (Bonizec et al,
2014). An alternative pathway controlling gene expression
was described in Arabidopsis. Here, CDC48/p97NPM promotes
chromatin de-condensation through regulated disassembly of
centromeric heterochromatin, resulting in the release of rRNAs,
which facilitates ribosome biogenesis (Merai et al., 2014). Here,
SUMOylated centromere components including the centromeric
histone variant CenH3 trigger chromatin relaxation.

CONCLUDING REMARKS

The described molecular mechanisms illustrate the central role
of CDC48/p97 in the dynamic control of protein composition

in the chromatin environment (Figure 1; Table 1). CDC48/p97
operates at the intersection of two major signaling pathways at
the chromatin, ubiquitylation and SUMOylation. It is currently
unclear whether both signaling pathways initiate separate
mechanisms (Meerang et al, 2011; Bergink et al., 2013) or
whether both pathways eventually converge into a common
pathway (Nie et al., 2012; Kohler et al., 2013; Gibbs-Seymour
et al, 2015) with CDC48/p97 as nodal point (Figure 1). It
is feasible, however, that independent and shared signaling
pathways act in parallel. Whereas ubiquitin- and SUMO-
signaling are essential in mediating timely response toward
genotoxic insults, both modifications need to be removed
eventually to restore genome integrity. Regarding ubiquitin
signaling, CDC48/p97-dependent processing of substrates on
chromatin has exclusively been shown to target either K48-
linked ubiquitin chains (Ramadan et al., 2007; Meerang et al.,
2011; Maric et al, 2014; Moreno et al, 2014) or mono-
ubiquitin (Lin et al., 2015). Whether other linkage-types are
involved in CDC48/p97 regulation at the chromatin remains
to be deciphered. Mono-ubiquitin and K63-linked chains are
essential in the initial signaling of the molecular response to
DSBs (Dantuma and van Attikum, 2016). Thus, the recognition
of these modifications by CDC48/p97 may provide additional
mechanistic insights in early events at DSBs. In this context,
it will be of interest to address which cofactors are involved
in either linkage-specific recognition or editing of linkage-types
(Figure 1). Due to its diverse functions, global CDC48/p97
inhibition causes pleiotropic defects on chromosome biology.
Thus it will be crucial to identify the cofactors that direct
specificity and discriminate between distinct pathways. Although
CDC48/p97 inhibitors are tested in clinical trial studies with
promising properties (Anderson et al., 2015), a more specific
targeting might be applicable through the selective manipulation
of cofactors. The identification of substrate proteins targeted by
CDC48/p97 will allow future studies to uncover the underlying
molecular mechanisms in more detail, pointing out commons
and differences.

AUTHOR CONTRIBUTIONS

AF and TH elaborated the concept of the manuscript. AF, LA,
and TH wrote the manuscript. All authors discussed the text and
commented on the manuscript.

FUNDING

TH is supported by the Deutsche Forschungsgemeinschaft
(EXC229, KFO286, HO 2541/8-1, and DIP8 grant 2014376) and
the European Research Council (consolidator grant 616499).

ACKNOWLEDGMENTS

We thank the members of our laboratory for critical discussion
and helpful advice on the manuscript. We apologize for not
having cited valuable contributions due to size limitation.

Frontiers in Genetics | www.frontiersin.org

May 2016 | Volume 7 | Article 73 | 143


http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Franz et al.

CDC48/p97 Drives Protein Dynamics

REFERENCES

Acs, K., Luijsterburg, M. S., Ackermann, L., Salomons, F. A., Hoppe, T,
and Dantuma, N. P. (2011). The AAA-ATPase VCP/p97 promotes 53BP1
recruitment by removing L3MBTL1 from DNA double-strand breaks. Nat.
Struct. Mol. Biol. 18, 1345-1350. doi: 10.1038/nsmb.2188

Alabert, C., Bukowski-Wills, J. C., Lee, S. B., Kustatscher, G., Nakamura, K.,
De Lima Alves, F., et al. (2014). Nascent chromatin capture proteomics
determines chromatin dynamics during DNA replication and identifies
unknown fork components. Nat. Cell Biol. 16, 281-293. doi: 10.1038/
ncb2918

Alexandru, G., Graumann, J., Smith, G. T., Kolawa, N. J., Fang, R., and Deshaies,
R. J. (2008). UBXD7 binds multiple ubiquitin ligases and implicates p97 in
HIFlalpha turnover. Cell 134, 804-816. doi: 10.1016/j.cell.2008.06.048

Anderson, D. J., Le Moigne, R., Djakovic, S., Kumar, B., Rice, ], Wong, S.,
et al. (2015). Targeting the AAA ATPase p97 as an approach to treat cancer
through disruption of protein homeostasis. Cancer Cell 28, 653-665. doi:
10.1016/j.ccell.2015.10.002

Anindya, R., Mari, P. O., Kristensen, U., Kool, H., Giglia-Mari, G., Mullenders,
L. H, et al. (2010). A ubiquitin-binding domain in Cockayne syndrome B
required for transcription-coupled nucleotide excision repair. Mol. Cell 38,
637-648. doi: 10.1016/j.molcel.2010.04.017

Arias, E. E., and Walter, J. C. (2007). Strength in numbers: preventing rereplication
via multiple mechanisms in eukaryotic cells. Genes Dev. 21, 497-518. doi:
10.1101/gad.1508907

Baek, G. H., Cheng, H., Kim, I, and Rao, H. (2012). The Cdc48 protein and its
cofactor Vmsl are involved in Cdcl3 protein degradation. J. Biol. Chem. 287,
26788-26795. doi: 10.1074/jbc.M112.351825

Balakirev, M. Y., Mullally, J. E., Favier, A., Assard, N., Sulpice, E., Lindsey, D. F.,
et al. (2015). Wssl metalloprotease partners with Cdc48/Doal in processing
genotoxic SUMO conjugates. Elife 8:4. doi: 10.7554/eLife.06763

Balch, W. E., Morimoto, R. L, Dillin, A, and Kelly, J. W. (2008).
Adapting proteostasis for disease intervention. Science 319, 916-919. doi:
10.1126/science.1141448

Ballabeni, A., Melixetian, M., Zamponi, R., Masiero, L., Marinoni, F., and
Helin, K. (2004). Human geminin promotes pre-RC formation and DNA
replication by stabilizing CDT1 in mitosis. EMBO J. 23, 3122-3132. doi:
10.1038/sj.emboj.7600314

Bandau, S., Knebel, A., Gage, Z. O., Wood, N. T., and Alexandru, G. (2012). UBXN7
docks on neddylated cullin complexes using its UIM motif and causes HIF1a
accumulation. BMC Biol. 10:36. doi: 10.1186/1741-7007-10-36

Banerjee, S., Bartesaghi, A., Merk, A., Rao, P., Bulfer, S. L., Yan, Y., et al. (2016).
2.3 A resolution cryo-EM structure of human p97 and mechanism of allosteric
inhibition. Science 351, 871-875. doi: 10.1126/science.aad7974

Barthelme, D., and Sauer, R. T. (2015). Origin and functional evolution of the
Cdc48/p97/VCP AAA+ protein unfolding and remodeling machine. J. Mol.
Biol. doi: 10.1016/j.jmb.2015.11.015 [Epub ahead of print].

Bekker-Jensen, S., and Mailand, N. (2011). The ubiquitin- and SUMO-dependent
signaling response to DNA double-strand breaks. FEBS Lett. 585, 2914-2919.
doi: 10.1016/j.febslet.2011.05.056

Bergink, S., Ammon, T., Kern, M., Schermelleh, L., Leonhardt, H., and Jentsch, S.
(2013). Role of Cdc48/p97 as a SUMO-targeted segregase curbing Rad51-Rad52
interaction. Nat. Cell Biol. 15, 526-532. doi: 10.1038/ncb2729

Beskow, A., Grimberg, K. B., Bott, L. C., Salomons, F. A., Dantuma, N. P,
and Young, P. (2009). A conserved unfoldase activity for the p97 AAA-
ATPase in proteasomal degradation. J. Mol Biol. 394, 732-746. doi:
10.1016/§.jmb.2009.09.050

Bonizec, M., Herissant, L., Pokrzywa, W., Geng, F., Wenzel, S., Howard, G. C,,
et al. (2014). The ubiquitin-selective chaperone Cdc48/p97 associates with
Ubx3 to modulate monoubiquitylation of histone H2B. Nucleic Acids Res. 42,
10975-10986. doi: 10.1093/nar/gku786

Boskovic, J., Coloma, J., Aparicio, T., Zhou, M., Robinson, C. V., Mendez, J., et al.
(2007). Molecular architecture of the human GINS complex. EMBO Rep. 8,
678-684. doi: 10.1038/sj.embor.7401002

Botuyan, M. V., Lee, J., Ward, I. M., Kim, J. E.,, Thompson, J. R., Chen, J.,
et al. (2006). Structural basis for the methylation state-specific recognition of
histone H4-K20 by 53BP1 and Crb2 in DNA repair. Cell 127, 1361-1373. doi:
10.1016/j.cell.2006.10.043

Brandman, O., Stewart-Ornstein, J., Wong, D., Larson, A., Williams, C. C., Li,
G. W, et al. (2012). A ribosome-bound quality control complex triggers
degradation of nascent peptides and signals translation stress. Cell 151, 1042
1054. doi: 10.1016/j.cell.2012.10.044

Braun, S., Matuschewski, K., Rape, M., Thoms, S., and Jentsch, S. (2002). Role of the
ubiquitin-selective CDC48(UFD1/NPL4 )chaperone (segregase) in ERAD of
OLEI and other substrates. EMBO J. 21, 615-621. doi: 10.1093/emboj/21.4.615

Brinkmann, K., Schell, M., Hoppe, T., and Kashkar, H. (2015). Regulation of
the DNA damage response by ubiquitin conjugation. Front. Genet. 6:98. doi:
10.3389/fgene.2015.00098

Buchan, J. R, Kolaitis, R. M., Taylor, J. P., and Parker, R. (2013). Eukaryotic
stress granules are cleared by autophagy and Cdc48/VCP function. Cell 153,
1461-1474. doi: 10.1016/j.cell.2013.05.037

Buchberger, A., Schindelin, H., and Hanzelmann, P. (2015). Control of
p97 function by cofactor binding. FEBS Lett. 589, 2578-2589. doi:
10.1016/j.febslet.2015.08.028

Centore, R. C., Yazinski, S. A., Tse, A., and Zou, L. (2012). Spartan/Clorf124, a
reader of PCNA ubiquitylation and a regulator of UV-induced DNA damage
response. Mol. Cell 46, 625-635. doi: 10.1016/j.molcel.2012.05.020

Chapman, E., Maksim, N., De La Cruz, F., and La Clair, J. J. (2015).
Inhibitors of the AAA+ chaperone p97. Molecules 20, 3027-3049. doi:
10.3390/molecules20023027

Chen, S., De Vries, M. A., and Bell, S. P. (2007). Orc6 is required for dynamic
recruitment of Cdtl during repeated Mcm2-7 loading. Genes Dev. 21, 2897
2907. doi: 10.1101/gad.1596807

Chien, C. Y., and Chen, R. H. (2013). Cdc48 chaperone and adaptor Ubx4
distribute the proteasome in the nucleus for anaphase proteolysis. J. Biol. Chem.
288, 37180-37191. doi: 10.1074/jbc.M113.513598

Ciccia, A., and Elledge, S. J. (2010). The DNA damage response: making it safe to
play with knives. Mol. Cell 40, 179-204. doi: 10.1016/j.molcel.2010.09.019

Coleman, K. E., Grant, G. D., Haggerty, R. A,, Brantley, K., Shibata, E., Workman,
B. D., et al. (2015). Sequential replication-coupled destruction at G1/S ensures
genome stability. Genes Dev. 29, 1734-1746. doi: 10.1101/gad.263731.115

Cremona, C. A,, Sarangi, P., Yang, Y., Hang, L. E., Rahman, S., and Zhao, X. (2012).
Extensive DNA damage-induced sumoylation contributes to replication and
repair and acts in addition to the mecl checkpoint. Mol. Cell 45, 422-432. doi:
10.1016/j.molcel.2011.11.028

Cutter, A. R, and Hayes, J. J. (2015). A brief review of nucleosome structure. FEBS
Lett. 589, 2914-2922. doi: 10.1016/j.febslet.2015.05.016

Dai, R. M., and Li, C. C. (2001). Valosin-containing protein is a multi-ubiquitin
chain-targeting factor required in ubiquitin-proteasome degradation. Nat. Cell
Biol. 3, 740-744. doi: 10.1038/35087056

Dammer, E. B, Na, C. H,, Xu, P, Seyfried, N. T., Duong, D. M., Cheng, D.,
etal. (2011). Polyubiquitin linkage profiles in three models of proteolytic stress
suggest the etiology of Alzheimer disease. J. Biol. Chem. 286, 10457-10465. doi:
10.1074/jbc.M110.149633

Dantuma, N. P, Acs, K., and Luijsterburg, M. S. (2014). Should I stay or should
I go: VCP/p97-mediated chromatin extraction in the DNA damage response.
Exp. Cell Res. 329, 9-17. doi: 10.1016/j.yexcr.2014.08.025

Dantuma, N. P, and van Attikum, H. (2016). Spatiotemporal regulation of
posttranslational modifications in the DNA damage response. EMBO J. 35,
6-23. doi: 10.15252/embj.201592595

Davidson, I. F., Li, A., and Blow, J. J. (2006). Deregulated replication licensing
causes DNA fragmentation consistent with head-to-tail fork collision. Mol. Cell.
24, 433-443. doi: 10.1016/j.molcel.2006.09.010

Davis, A. ], Chen, B. P, and Chen, D. J. (2014). DNA-PK: a dynamic
enzyme in a versatile DSB repair pathway. DNA Rep. (Amst) 17, 21-29. doi:
10.1016/j.dnarep.2014.02.020

Davis, E. J., Lachaud, C., Appleton, P., Macartney, T. J., Nathke, I., and Rouse, J.
(2012). DVC1 (Clorf124) recruits the p97 protein segregase to sites of DNA
damage. Nat. Struct. Mol. Biol. 19, 1093-1100. doi: 10.1038/nsmb.2394

Decottignies, A., Evain, A., and Ghislain, M. (2004). Binding of Cdc48p to
a ubiquitin-related UBX domain from novel yeast proteins involved
in intracellular proteolysis and sporulation. Yeast 21, 127-139. doi:
10.1002/yea.1071

den Besten, W., Verma, R., Kleiger, G., Oania, R. S., and Deshaies, R. J. (2012).
NEDDS links cullin-RING ubiquitin ligase function to the p97 pathway. Nat.
Struct. Mol. Biol. 19, S511. doi: 10.1038/nsmb.2269

Frontiers in Genetics | www.frontiersin.org

May 2016 | Volume 7 | Article 73 | 144


http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Franz et al.

CDC48/p97 Drives Protein Dynamics

Deshaies, R. ]. (2014). Proteotoxic crisis, the ubiquitin-proteasome system, and
cancer therapy. BMC Biol. 12:94. doi: 10.1186/s12915-014-0094-0

Dewar, ]J. M., Budzowska, M., and Walter, J. C. (2015). The mechanism
of DNA replication termination in vertebrates. Nature 525, 345-350. doi:
10.1038/nature14887

Dobrynin, G., Popp, O., Romer, T., Bremer, S., Schmitz, M. H., Gerlich, D. W.,
etal. (2011). Cdc48/p97-Ufd1-Npl4 antagonizes Aurora B during chromosome
segregation in HelLa cells. J. Cell Sci. 124, 1571-1580. doi: 10.1242/jcs.
069500

Dungrawala, H., Rose, K. L., Bhat, K. P., Mohni, K. N., Glick, G. G., Couch,
F. B, et al. (2015). The Replication checkpoint prevents two types of fork
collapse without regulating replisome stability. Mol. Cell 59, 998-1010. doi:
10.1016/j.molcel.2015.07.030

Duxin, J. P., Dewar, J. M., Yardimci, H., and Walter, J. C. (2014). Repair of a
DNA-protein crosslink by replication-coupled proteolysis. Cell 159, 346-357.
doi: 10.1016/j.cell.2014.09.024

Duxin, J. P., and Walter, J. C. (2015). What is the DNA repair defect
underlying Fanconi anemia? Curr. Opin. Cell. Biol. 37, 49-60. doi:
10.1016/j.ceb.2015.09.002

Duzdevich, D., Warner, M. D., Ticau, S., Ivica, N. A., Bell, S. P., and Greene, E. C.
(2015). The dynamics of eukaryotic replication initiation: origin specificity,
licensing, and firing at the single-molecule level. Mol. Cell 58, 483-494. doi:
10.1016/j.molcel.2015.03.017

Epshtein, V., Kamarthapu, V., Mcgary, K., Svetlov, V., Ueberheide, B., Proshkin, S.,
et al. (2014). UvrD facilitates DNA repair by pulling RNA polymerase
backwards. Nature 505, 372-377. doi: 10.1038/nature12928

Fang, L., Hemion, C. Bento, A. C, Bippes, C. C., Flammer, J., and
Neutzner, A. (2015). Mitochondrial function in neuronal cells depends on
p97/VCP/Cdc48-mediated quality control. Front. Cell. Neurosci. 9:16. doi:
10.3389/fncel.2015.00016

Feng, H., and Kipreos, E. T. (2003). Preventing DNA re-replication-divergent
safeguards in yeast and metazoa. Cell Cycle 2, 431-434. doi: 10.4161/cc.2.5.527

Fessart, D., Marza, E., Taouji, S., Delom, F., and Chevet, E. (2013). P97/CDC-
48: proteostasis control in tumor cell biology. Cancer Lett. 337, 26-34. doi:
10.1016/j.canlet.2013.05.030

Forget, A. L., and Kowalczykowski, S. C. (2012). Single-molecule imaging of DNA
pairing by RecA reveals a three-dimensional homology search. Nature 482,
423-427. doi: 10.1038/nature10782

Fousteri, M., Vermeulen, W., Van Zeeland, A. A., and Mullenders, L. H. (2006).
Cockayne syndrome A and B proteins differentially regulate recruitment of
chromatin remodeling and repair factors to stalled RNA polymerase II in vivo.
Mol. Cell 23, 471-482. doi: 10.1016/j.molcel.2006.06.029

Fragkos, M., Ganier, O., Coulombe, P., and Mechali, M. (2015). DNA replication
origin activation in space and time. Nat. Rev. Mol. Cell Biol. 16, 360-374. doi:
10.1038/nrm4002

Franz, A., Ackermann, L., and Hoppe, T. (2014). Create and preserve: proteostasis
in development and aging is governed by Cdc48/p97/VCP. Biochim. Biophys.
Acta 1843, 205-215. doi: 10.1016/j.bbamcr.2013.03.031

Franz, A., Orth, M., Pirson, P. A., Sonneville, R., Blow, J. J., Gartner, A., et al.
(2011). CDC-48/p97 coordinates CDT-1 degradation with GINS chromatin
dissociation to ensure faithful DNA replication. Mol. Cell 44, 85-96. doi:
10.1016/j.molcel.2011.08.028

Franz, A., Pirson, P. A,, Pilger, D., Halder, S., Achuthankutty, D., Kashkar, H.,
et al. (2016). Chromatin-associated degradation is defined by UBXN-3/FAF1
to safeguard DNA replication fork progression. Nat. Commun. 7:10612. doi:
10.1038/ncomms10612

Frigola, J., Remus, D., Mehanna, A., and Diffley, J. F. (2013). ATPase-dependent
quality control of DNA replication origin licensing. Nature 495, 339-343. doi:
10.1038/nature11920

Gambus, A., Jones, R. C., Sanchez-Diaz, A., Kanemaki, M., Van Deursen, F.,
Edmondson, R. D, et al. (2006). GINS maintains association of Cdc45 with
MCM in replisome progression complexes at eukaryotic DNA replication forks.
Nat. Cell Biol. 8, 358-366. doi: 10.1038/ncb1382

Ghislain, M., Dohmen, R. J., Levy, F., and Varshavsky, A. (1996). Cdc48p interacts
with Ufd3p, a WD repeat protein required for ubiquitin-mediated proteolysis
in Saccharomyces cerevisiae. EMBO J. 15, 4884-4899.

Ghosal, G., Leung, J. W., Nair, B. C, Fong, K. W.,, and Chen, J. (2012).
Proliferating cell nuclear antigen (PCNA)-binding protein Clorfl24 is a

regulator of translesion synthesis. J. Biol. Chem. 287, 34225-34233. doi:
10.1074/jbc.M112.400135

Gibbs-Seymour, I, Oka, Y., Rajendra, E., Weinert, B. T., Passmore, L. A., Patel,
K.J., etal. (2015). Ubiquitin-SUMO circuitry controls activated fanconi anemia
ID complex dosage in response to DNA damage. Mol. Cell 57, 150-164. doi:
10.1016/j.molcel.2014.12.001

Godderz, D., Heinen, C., Marchese, F. P., Kurz, T., Acs, K., and Dantuma, N. P.
(2015). Cdc48-independent proteasomal degradation coincides with a reduced
need for ubiquitylation. Sci. Rep. 5:7615. doi: 10.1038/srep07615

Hardeland, U., Steinacher, R., Jiricny, J., and Schar, P. (2002). Modification of
the human thymine-DNA glycosylase by ubiquitin-like proteins facilitates
enzymatic turnover. EMBO J. 21, 1456-1464. doi: 10.1093/emboj/21.
6.1456

Hartmann-Petersen, R., Wallace, M., Hofmann, K., Koch, G., Johnsen, A. H,,
Hendil, K. B., et al. (2004). The Ubx2 and Ubx3 cofactors direct Cdc48 activity
to proteolytic and nonproteolytic ubiquitin-dependent processes. Curr. Biol. 14,
824-828. doi: 10.1016/j.cub.2004.04.029

Havens, C. G., and Walter, J. C. (2009). Docking of a specialized PIP Box onto
chromatin-bound PCNA creates a degron for the ubiquitin ligase CRL4Cdt2.
Mol. Cell 35, 93-104. doi: 10.1016/j.molcel.2009.05.012

Haynes, B., Saadat, N., Myung, B., and Shekhar, M. P. (2015). Crosstalk
between translesion synthesis, Fanconi anemia network, and homologous
recombination repair pathways in interstrand DNA crosslink repair and
development of chemoresistance. Mutat. Res. Rev. Mutat. Res. 763, 258-266.
doi: 10.1016/j.mrrev.2014.11.005

He, J., Zhu, Q., Wani, G., Sharma, N., Han, C, Qian, J., et al. (2014).
Ubiquitin-specific protease 7 regulates nucleotide excision repair through
deubiquitinating XPC protein and preventing XPC protein from undergoing
ultraviolet light-induced and VCP/p97 protein-regulated proteolysis. J. Biol.
Chem. 289, 27278-27289. doi: 10.1074/jbc.M114.589812

He, J., Zhu, Q., Wani, G., Sharma, N., and Wani, A. A. (2016). VCP/p97 segregase
mediates proteolytic processing of CSB in damaged chromatin. J. Biol. Chem.
291, 7396-7408. doi: 10.1074/jbc.M115.705350

Hemion, C., Flammer, J., and Neutzner, A. (2014). Quality control of oxidatively
damaged mitochondrial proteins is mediated by p97 and the proteasome.
Free Radic. Biol. Med. 75, 121-128. doi: 10.1016/j.freeradbiomed.2014.
07.016

Heo, J. M., Livnat-Levanon, N., Taylor, E. B., Jones, K. T., Dephoure, N., Ring, J.,
etal. (2010). A stress-responsive system for mitochondrial protein degradation.
Mol. Cell 40, 465-480. doi: 10.1016/j.molcel.2010.10.021

Heride, C., Urbe, S., and Clague, M. J. (2014). Ubiquitin code assembly and
disassembly. Curr. Biol. 24, R215-R220. doi: 10.1016/j.cub.2014.02.002

Hoeijmakers, J. H. (2001). Genome maintenance mechanisms for preventing
cancer. Nature 411, 366-374. doi: 10.1038/35077232

Hoeijmakers, J. H. (2009). DNA damage, aging, and cancer. N. Engl. ]. Med. 361,
1475-1485. doi: 10.1056/NEJMra0804615

Holthausen, J. T., Wyman, C., and Kanaar, R. (2010). Regulation of DNA strand
exchange in homologous recombination. DNA Repair (Amst) 9, 1264-1272. doi:
10.1016/j.dnarep.2010.09.014

Hoogstraten, D., Bergink, S., Ng, J. M., Verbiest, V. H., Luijsterburg, M. S.,
Geverts, B., et al. (2008). Versatile DNA damage detection by the global
genome nucleotide excision repair protein XPC. J. Cell Sci. 121, 2850-2859. doi:
10.1242/jcs.031708

Hoppe, T. (2005). Multiubiquitylation by E4 enzymes: ’one size’ doesn’t fit all.
Trends Biochem. Sci. 30, 183-187. doi: 10.1016/j.tibs.2005.02.004

Hu, J., Mccall, C. M., Ohta, T., and Xiong, Y. (2004). Targeted ubiquitination of
CDT1 by the DDB1-CUL4A-ROCI1 ligase in response to DNA damage. Nat.
Cell Biol. 6, 1003-1009. doi: 10.1038/ncb1172

Ilves, L, Petojevic, T., Pesavento, J. J., and Botchan, M. R. (2010). Activation of the
MCM2-7 helicase by association with Cdc45 and GINS proteins. Mol. Cell 37,
247-258. doi: 10.1016/j.molcel.2009.12.030

Jackson, S. P., and Bartek, J. (2009). The DNA-damage response in human biology
and disease. Nature 461, 1071-1078. doi: 10.1038/nature08467

Jackson, S. P., and Durocher, D. (2013). Regulation of DNA damage responses by
ubiquitin and SUMO. Mol. Cell 49, 795-807. doi: 10.1016/j.molcel.2013.01.017

Jagannathan, M., Nguyen, T., Gallo, D., Luthra, N., Brown, G. W., Saridakis, V.,
et al. (2014). A role for USP7 in DNA replication. Mol. Cell. Biol. 34, 132-145.
doi: 10.1128/MCB.00639-13

Frontiers in Genetics | www.frontiersin.org

May 2016 | Volume 7 | Article 73 | 145


http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Franz et al.

CDC48/p97 Drives Protein Dynamics

Jarosch, E., Taxis, C., Volkwein, C., Bordallo, J., Finley, D., Wolf, D. H., et al.
(2002). Protein dislocation from the ER requires polyubiquitination and the
AAA-ATPase Cdc48. Nat. Cell Biol. 4, 134-139. doi: 10.1038/ncb746

Jentsch, S., and Rumpf, S. (2007). Cdc48 (p97): a “molecular gearbox”
in the ubiquitin pathway? Trends Biochem. Sci. 32, 6-11. doi:
10.1016/j.tibs.2006.11.005

Jiang, N., Shen, Y., Fei, X., Sheng, K., Sun, P., Qiu, Y., et al. (2013). Valosin-
containing protein regulates the proteasome-mediated degradation of DNA-
PKcs in glioma cells. Cell Death Dis 4, e647. doi: 10.1038/cddis.2013.171

Jin, J., Arias, E. E., Chen, J., Harper, J. W., and Walter, J. C. (2006). A family of
diverse Cul4-Ddbl-interacting proteins includes Cdt2, which is required for
S phase destruction of the replication factor Cdtl. Mol. Cell 23, 709-721. doi:
10.1016/j.molcel.2006.08.010

Johnson, J. O., Mandrioli, J., Benatar, M., Abramzon, Y., Van Deerlin, V. M,,
Trojanowski, J. Q., etal. (2010). Exome sequencing reveals VCP mutations as a
cause of familial ALS. Neuron 68, 857-864. doi: 10.1016/j.neuron.2010.11.036

Ju, J. S., Fuentealba, R. A., Miller, S. E., Jackson, E., Piwnica-Worms, D.,
Baloh, R. H., et al. (2009). Valosin-containing protein (VCP) is required for
autophagy and is disrupted in VCP disease. J. Cell Biol. 187, 875-888. doi:
10.1083/jcb.200908115

Juhasz, S., Balogh, D., Hajdu, I., Burkovics, P., Villamil, M. A., Zhuang, Z.,
etal. (2012). Characterization of human Spartan/Clorf124, an ubiquitin-PCNA
interacting regulator of DNA damage tolerance. Nucleic Acids Res. 40, 10795-
10808. doi: 10.1093/nar/gks850

Kim, M. S., Machida, Y., Vashisht, A. A., Wohlschlegel, J. A., Pang, Y. P., and
Machida, Y. J. (2013). Regulation of error-prone translesion synthesis by
Spartan/Clorf124. Nucleic Acids Res. 41, 1661-1668. doi: 10.1093/nar/gks1267

Kim, Y., and Kipreos, E. T. (2007). Cdtl degradation to prevent DNA re-
replication: conserved and non-conserved pathways. Cell Div 2, 18. doi:
10.1186/1747-1028-2-18

Klein, H. L. (2008). The consequences of Rad51 overexpression for normal and
tumor cells. DNA Rep. (Amst.) 7, 686-693. doi: 10.1016/j.dnarep.2007.12.008

Kloppsteck, P., Ewens, C. A., Forster, A., Zhang, X., and Freemont, P. S.
(2012). Regulation of p97 in the ubiquitin-proteasome system by
the UBX protein-family. Biochim. Biophys. Acta 1823, 125-129. doi:
10.1016/j.bbamcr.2011.09.006

Koegl, M., Hoppe, T., Schlenker, S., Ulrich, H. D., Mayer, T. U,, and Jentsch, S.
(1999). A novel ubiquitination factor, E4, is involved in multiubiquitin chain
assembly. Cell 96, 635-644. doi: 10.1016/S0092-8674(00)80574-7

Kohler, J. B., Jorgensen, M. L., Beinoraite, G., Thorsen, M., and Thon, G. (2013).
Concerted action of the ubiquitin-fusion degradation protein 1 (Ufd1l) and
Sumo-targeted ubiquitin ligases (STUbLs) in the DNA-damage response. PLoS
ONE 8:¢80442. doi: 10.1371/journal.pone.0080442

Kohler, J. B, Tammsalu, T., Jorgensen, M. M., Steen, N., Hay, R. T., and
Thon, G. (2015). Targeting of SUMO substrates to a Cdc48-Ufd1-Npl4
segregase and STUDL pathway in fission yeast. Nat. Commun. 6:8827. doi:
10.1038/ncomms9827

Kowalczykowski, S. C. (2015). An Overview of the Molecular Mechanisms of
Recombinational DNA Repair. Cold Spring Harb. Perspect. Biol. 7, 1-37. doi:
10.1101/cshperspect.a016410

Krick, R., Bremer, S., Welter, E., Schlotterhose, P., Muehe, Y., Eskelinen, E. L., et al.
(2010). Cdc48/p97 and Shp1/p47 regulate autophagosome biogenesis in concert
with ubiquitin-like Atg8. J. Cell Biol. 190, 965-973. doi: 10.1083/jcb.201002075

Kubota, Y., Takase, Y., Komori, Y., Hashimoto, Y., Arata, T., Kamimura, Y., et al.
(2003). A novel ring-like complex of Xenopus proteins essential for the initiation
of DNA replication. Genes Dev. 17, 1141-1152. doi: 10.1101/gad.1070003

Kuhlbrodt, K., Janiesch, P. C., Kevei, E., Segref, A., Barikbin, R., and Hoppe, T.
(2011). The Machado-Joseph disease deubiquitylase ATX-3 couples longevity
and proteostasis. Nat. Cell Biol. 13,273-281. doi: 10.1038/ncb2200

Lessel, D., Vaz, B., Halder, S., Lockhart, P. J., Marinovic-Terzic, 1., Lopez-
Mosqueda, J., et al. (2014). Mutations in SPRTN cause early onset hepatocellular
carcinoma, genomic instability and progeroid features. Nat. Genet. 46,
1239-1244. doi: 10.1038/ng.3103

Lieber, M. R. (2010). The mechanism of double-strand DNA break repair by the
nonhomologous DNA end-joining pathway. Annu. Rev. Biochem. 79, 181-211.
doi: 10.1146/annurev.biochem.052308.093131

Lin, K. W., Mcdonald, K. R., Guise, A. J., Chan, A., Cristea, I. M., and Zakian,
V. A. (2015). Proteomics of yeast telomerase identified Cdc48-Npl4-Ufd1 and

Ufd4 as regulators of Estl and telomere length. Nat. Commun. 6:8290. doi:
10.1038/ncomms9290

Livingstone, M., Ruan, H., Weiner, J., Clauser, K. R., Strack, P., Jin, S., et al.
(2005). Valosin-containing protein phosphorylation at Ser784 in response to
DNA damage. Cancer Res. 65, 7533-7540.

Long, D. T., Joukov, V., Budzowska, M., and Walter, J. C. (2014). BRCA1 promotes
unloading of the CMG helicase from a stalled DNA replication fork. Mol. Cell.
56, 174-185. doi: 10.1016/j.molcel.2014.08.012

Lydeard, J. R,, Lipkin-Moore, Z., Sheu, Y. J., Stillman, B., Burgers, P. M., and Haber,
J. E. (2010). Break-induced replication requires all essential DNA replication
factors except those specific for pre-RC assembly. Genes Dev. 24, 1133-1144.
doi: 10.1101/gad.1922610

Maculins, T., Nkosi, P. J., Nishikawa, H., and Labib, K. (2015). Tethering of
SCF(Dia2) to the replisome promotes efficient ubiquitylation and disassembly
of the CMG helicase. Curr. Biol. 25, 2254-2259. doi: 10.1016/j.cub.2015.07.012

Maneix, L., and Catic, A. (2016). Touch and Go -Nuclear proteolysis in the
regulation of metabolic genes and cancer. FEBS Lett. 20, 5546-5553. doi:
10.1002/1873-3468.12087

Maric, M., Maculins, T., De Piccoli, G., and Labib, K. (2014). Cdc48 and a ubiquitin
ligase drive disassembly of the CMG helicase at the end of DNA replication.
Science 346, 1253596. doi: 10.1126/science.1253596

Marteijn, J. A., Lans, H.,, Vermeulen, W., and Hoeijmakers, J. H. (2014).
Understanding nucleotide excision repair and its roles in cancer and ageing.
Nat. Rev. Mol. Cell Biol. 15, 465-481. doi: 10.1038/nrm3822

Masai, H., Matsumoto, S., You, Z., Yoshizawa-Sugata, N., and Oda, M. (2010).
Eukaryotic chromosome DNA replication: where, when, and how? Annu. Rev.
Biochem. 79, 89-130. doi: 10.1146/annurev.biochem.052308.103205

Maskey, R. S., Kim, M. S, Baker, D. J., Childs, B., Malureanu, L. A., Jeganathan,
K. B., et al. (2014). Spartan deficiency causes genomic instability and progeroid
phenotypes. Nat. Commun. 5:5744. doi: 10.1038/ncomms6744

Medicherla, B., Kostova, Z., Schaefer, A., and Wolf, D. H. (2004). A genomic
screen identifies Dsk2p and Rad23p as essential components of ER-associated
degradation. EMBO Rep. 5, 692-697. doi: 10.1038/sj.embor.7400164

Meerang, M., Ritz, D., Paliwal, S., Garajova, Z., Bosshard, M., Mailand, N., et al.
(2011). The ubiquitin-selective segregase VCP/p97 orchestrates the response
to DNA double-strand breaks. Nat. Cell Biol. 13, 1376-1382. doi: 10.1038/
ncb2367

Mehta, A., and Haber, J. E. (2014). Sources of DNA double-strand breaks and
models of recombinational DNA repair. Cold Spring Harb. Perspect. Biol.
6:a016428. doi: 10.1101/cshperspect.a016428

Merai, Z., Chumak, N., Garcia-Aguilar, M., Hsieh, T. F., Nishimura, T., Schoft,
V. K, et al. (2014). The AAA-ATPase molecular chaperone Cdc48/p97
disassembles sumoylated centromeres, decondenses heterochromatin, and
activates ribosomal RNA genes. Proc. Natl. Acad. Sci. U.S.A. 111, 16166-16171.
doi: 10.1073/pnas.1418564111

Meyer, H., and Weihl, C. C. (2014). The VCP/p97 system at a glance: connecting
cellular function to disease pathogenesis. J. Cell Sci. 127, 3877-3883. doi:
10.1242/jcs.093831

Meyer, H. H., Shorter, J. G., Seemann, J., Pappin, D., and Warren, G. (2000).
A complex of mammalian ufdl and npl4 links the AAA-ATPase, p97, to
ubiquitin and nuclear transport pathways. EMBO J. 19, 2181-2192. doi:
10.1093/emboj/19.10.2181

Min, J., Allali-Hassani, A., Nady, N., Qi, C., Ouyang, H., Liu, Y., et al. (2007).
L3MBTLLI recognition of mono- and dimethylated histones. Nat. Struct. Mol.
Biol. 14, 1229-1230. doi: 10.1038/nsmb1340

Misteli, T. (2007). Beyond the sequence: cellular organization of genome function.
Cell 128, 787-800. doi: 10.1016/j.cell.2007.01.028

Moreno, S. P., Bailey, R., Campion, N., Herron, S., and Gambus, A. (2014).
Polyubiquitylation drives replisome disassembly at the termination of DNA
replication. Science 346, 477-481. doi: 10.1126/science.1253585

Mosbech, A., Gibbs-Seymour, I., Kagias, K., Thorslund, T., Beli, P., Povlsen, L.,
et al. (2012). DVCI1 (Clorfl24) is a DNA damage-targeting p97 adaptor that
promotes ubiquitin-dependent responses to replication blocks. Nat. Struct. Mol.
Biol. 19, 1084-1092. doi: 10.1038/nsmb.2395

Mouysset, J., Deichsel, A., Moser, S., Hoege, C., Hyman, A. A, Gartner, A, et al.
(2008). Cell cycle progression requires the CDC-48UFD-1/NPL-4 complex for
efficient DNA replication. Proc. Natl. Acad. Sci. U.S.A. 105, 12879-12884. doi:
10.1073/pnas.0805944105

Frontiers in Genetics | www.frontiersin.org

May 2016 | Volume 7 | Article 73 | 146


http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Franz et al.

CDC48/p97 Drives Protein Dynamics

Moyer, S. E., Lewis, P. W.,, and Botchan, M. R. (2006). Isolation of the
Cdc45/Mcm2-7/GINS (CMG) complex, a candidate for the eukaryotic DNA
replication fork helicase. Proc. Natl. Acad. Sci. U.S.A. 103, 10236-10241. doi:
10.1073/pnas.0602400103

Mullen, J. R., Chen, C. F., and Brill, S. J. (2010). Wssl is a SUMO-dependent
isopeptidase that interacts genetically with the SIx5-SIx8 SUMO-targeted
ubiquitin ligase. Mol. Cell. Biol. 30, 3737-3748. doi: 10.1128/MCB.01649-09

Mullenders, L. (2015). DNA damage mediated transcription arrest: step back
to go forward. DNA Repair (Amst) 36, 28-35. doi: 10.1016/j.dnarep.2015.
09.005

Nalbandian, A., Donkervoort, S., Dec, E., Badadani, M., Katheria, V., Rana, P.,
et al. (2011). The multiple faces of valosin-containing protein-associated
diseases: inclusion body myopathy with Paget’s disease of bone, frontotemporal
dementia, and amyotrophic lateral sclerosis. J. Mol. Neurosci. 45, 522-531. doi:
10.1007/s12031-011-9627-y

Ndoja, A., Cohen, R. E., and Yao, T. (2014). Ubiquitin signals proteolysis-
independent stripping of transcription factors. Mol. Cell 53, 893-903. doi:
10.1016/j.molcel.2014.02.002

Neuber, O., Jarosch, E., Volkwein, C., Walter, J., and Sommer, T. (2005). Ubx2
links the Cdc48 complex to ER-associated protein degradation. Nat. Cell Biol.
7,993-998. doi: 10.1038/ncb1298

Nie, M., Aslanian, A., Prudden, J., Heideker, J., Vashisht, A. A., Wohlschlegel, J. A.,
et al. (2012). Dual recruitment of Cdc48 (p97)-Ufd1-Npl4 ubiquitin-selective
segregase by small ubiquitin-like modifier protein (SUMO) and ubiquitin in
SUMO-targeted ubiquitin ligase-mediated genome stability functions. J. Biol.
Chem. 287, 29610-29619. doi: 10.1074/jbc.M112.379768

Olzmann, J. A., Richter, C. M., and Kopito, R. R. (2013). Spatial regulation
of UBXD8 and p97/VCP controls ATGL-mediated lipid droplet turnover.
Proc. Natl. Acad. Sci. US.A. 110, 1345-1350. doi: 10.1073/pnas.1213
738110

Ossareh-Nazari, B., Bonizec, M., Cohen, M., Dokudovskaya, S., Delalande, F.,
Schaeffer, C., et al. (2010). Cdc48 and Ufd3, new partners of the ubiquitin
protease Ubp3, are required for ribophagy. EMBO Rep. 11, 548-554. doi:
10.1038/embor.2010.74

Park, S., Isaacson, R., Kim, H. T,, Silver, P. A., and Wagner, G. (2005). Ufd1 exhibits
the AAA-ATPase fold with two distinct ubiquitin interaction sites. Structure 13,
995-1005. doi: 10.1016/j.5tr.2005.04.013

Partridge, J. J., Lopreiato, J. O. Jr., Latterich, M., and Indig, F. E. (2003). DNA
damage modulates nucleolar interaction of the Werner protein with the AAA
ATPase p97/VCP. Mol. Biol. Cell 14, 4221-4229. doi: 10.1091/mbc.E03-02-0111

Polo, S. E., and Jackson, S. P. (2011). Dynamics of DNA damage response proteins
at DNA breaks: a focus on protein modifications. Genes Dev. 25, 409-433. doi:
10.1101/gad.2021311

Psakhye, 1., and Jentsch, S. (2012). Protein group modification and synergy in
the SUMO pathway as exemplified in DNA repair. Cell 151, 807-820. doi:
10.1016/j.cell.2012.10.021

Puumalainen, M. R, Lessel, D., Ruthemann, P., Kaczmarek, N., Bachmann, K,
Ramadan, K., et al. (2014). Chromatin retention of DNA damage sensors DDB2
and XPC through loss of p97 segregase causes genotoxicity. Nat. Commun.
5:3695. doi: 10.1038/ncomms4695

Rabinovich, E., Kerem, A., Frohlich, K. U., Diamant, N., and Bar-Nun, S. (2002).
AAA-ATPase p97/Cdc48p, a cytosolic chaperone required for endoplasmic
reticulum-associated protein degradation. Mol. Cell. Biol. 22, 626-634. doi:
10.1128/MCB.22.2.626-634.2002

Ramadan, K., Bruderer, R., Spiga, F. M., Popp, O., Baur, T., Gotta, M., et al.
(2007). Cdc48/p97 promotes reformation of the nucleus by extracting the kinase
Aurora B from chromatin. Nature 450, 1258-1262. doi: 10.1038/nature06388

Raman, M., Havens, C. G., Walter, J. C., and Harper, J. W. (2011). A genome-wide
screen identifies p97 as an essential regulator of DNA damage-dependent CDT1
destruction. Mol. Cell 44, 72-84. doi: 10.1016/j.molcel.2011.06.036

Raman, M., Sergeev, M., Garnaas, M., Lydeard, J. R., Huttlin, E. L., Goessling, W.,
et al. (2015). Systematic proteomics of the VCP-UBXD adaptor network
identifies a role for UBXNI10 in regulating ciliogenesis. Nat. Cell Biol. 17,
1356-1369. doi: 10.1038/ncb3238

Rape, M., Hoppe, T., Gorr, L, Kalocay, M., Richly, H., and Jentsch, S. (2001).
Mobilization of processed, membrane-tethered SPT23 transcription factor by
CDC48(UFD1/NPL4), a ubiquitin-selective chaperone. Cell 107, 667-677. doi:
10.1016/S0092-8674(01)00595-5

Raschle, M., Smeenk, G., Hansen, R. K, Temu, T., Oka, Y., Hein, M. Y, et al.
(2015). DNA repair. Proteomics reveals dynamic assembly of repair complexes
during bypass of DNA cross-links. Science 348, 1253671. doi: 10.1126/science.12
53671

Ren, J., Pashkova, N., Winistorfer, S., and Piper, R. C. (2008). DOA1/UFD3 plays
a role in sorting ubiquitinated membrane proteins into multivesicular bodies.
J. Biol. Chem. 283, 21599-21611. doi: 10.1074/jbc.M802982200

Richardson, C., Stark, J. M., Ommundsen, M., and Jasin, M. (2004). Rad51
overexpression promotes alternative double-strand break repair pathways and
genome instability. Oncogene 23, 546-553. doi: 10.1038/sj.onc.1207098

Richly, H., Rape, M., Braun, S., Rumpf, S., Hoege, C., and Jentsch, S.
(2005). A series of ubiquitin binding factors connects CDC48/p97 to
substrate multiubiquitylation and proteasomal targeting. Cell 120, 73-84. doi:
10.1016/j.cell.2004.11.013

Ritz, D., Vuk, M., Kirchner, P, Bug, M., Schutz, S., Hayer, A., et al. (2011).
Endolysosomal sorting of ubiquitylated caveolin-1 is regulated by VCP and
UBXD1 and impaired by VCP disease mutations. Nat. Cell Biol. 13, 1116-1123.
doi: 10.1038/ncb2301

Rouiller, I, Delabarre, B., May, A. P., Weis, W. I, Brunger, A. T., Milligan, R. A,,
et al. (2002). Conformational changes of the multifunction p97 AAA ATPase
during its ATPase cycle. Nat. Struct. Biol. 9, 950-957. doi: 10.1038/nsb872

Rumpf, S., and Jentsch, S. (2006). Functional division of substrate processing
cofactors of the ubiquitin-selective Cdc48 chaperone. Mol. Cell. 21, 261-269.
doi: 10.1016/j.molcel.2005.12.014

San Filippo, J., Sung, P., and Klein, H. (2008). Mechanism of eukaryotic
homologous recombination. Annu. Rev. Biochem. 77, 229-257. doi:
10.1146/annurev.biochem.77.061306.125255

Sasagawa, Y., Higashitani, A., Urano, T., Ogura, T., and Yamanaka, K. (2012).
CDC-48/p97 is required for proper meiotic chromosome segregation via
controlling AIR-2/Aurora B kinase localization in Caenorhabditis elegans.
J. Struct. Biol. 179, 104-111. doi: 10.1016/j.jsb.2012.06.009

Schuberth, C., and Buchberger, A. (2005). Membrane-bound Ubx2 recruits Cdc48
to ubiquitin ligases and their substrates to ensure efficient ER-associated protein
degradation. Nat. Cell Biol. 7, 999-1006. doi: 10.1038/ncb1299

Schuberth, C., Richly, H., Rumpf, S., and Buchberger, A. (2004). Shpl and Ubx2 are
adaptors of Cdc48 involved in ubiquitin-dependent protein degradation. EMBO
Rep. 5, 818-824. doi: 10.1038/sj.embor.7400203

Senga, T., Sivaprasad, U., Zhu, W., Park, J. H., Arias, E. E., Walter, J. C,, et al. (2006).
PCNA is a cofactor for Cdtl degradation by CUL4/DDBI1-mediated N-terminal
ubiquitination. J. Biol. Chem. 281, 6246-6252. doi: 10.1074/jbc.M512
705200

Shcherbik, N., and Haines, D. S. (2007). Cdc48p(Npl4p/Ufdlp) binds and
segregates membrane-anchored/tethered complexes via a polyubiquitin signal
present on the anchors. Mol Cell 25, 385-397. doi: 10.1016/j.molcel.2007.
01.024

Sirbu, B. M., Mcdonald, W. H., Dungrawala, H., Badu-Nkansah, A., Kavanaugh,
G. M., Chen, Y., et al. (2013). Identification of proteins at active, stalled,
and collapsed replication forks using isolation of proteins on nascent DNA
(iPOND) coupled with mass spectrometry. J. Biol. Chem. 288, 31458-31467.
doi: 10.1074/jbc.M113.511337

Song, C., Wang, Q., Song, C., and Rogers, T. J. (2015). Valosin-containing
protein (VCP/p97) is capable of unfolding polyubiquitinated proteins through
its ATPase domains. Biochem. Biophys. Res. Commun. 463, 453-457. doi:
10.1016/j.bbrc.2015.05.111

Song, E. J., Yim, S. H, Kim, E., Kim, N. S., and Lee, K. J. (2005). Human
Fas-associated factor 1, interacting with ubiquitinated proteins and valosin-
containing protein, is involved in the ubiquitin-proteasome pathway. Mol. Cell.
Biol. 25, 2511-2524. doi: 10.1128/MCB.25.6.2511-2524.2005

Sonoda, E., Sasaki, M. S., Buerstedde, ]J. M., Bezzubova, O., Shinohara, A.,
Ogawa, H., et al. (1998). Rad51-deficient vertebrate cells accumulate
chromosomal breaks prior to cell death. EMBO ]. 17, 598-608. doi:
10.1093/emboj/17.2.598

Sowa, M. E., Bennett, E. J., Gygi, S. P., and Harper, ]. W. (2009). Defining the
human deubiquitinating enzyme interaction landscape. Cell 138, 389-403. doi:
10.1016/j.cell.2009.04.042

Spivak, G., and Ganesan, A. K. (2014). The complex choreography of
transcription-coupled repair. DNA  Repair (Amst) 19, 64-70. doi:
10.1016/j.dnarep.2014.03.025

Frontiers in Genetics | www.frontiersin.org

May 2016 | Volume 7 | Article 73 | 147


http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Franz et al.

CDC48/p97 Drives Protein Dynamics

Stingele, J., Habermann, B., and Jentsch, S. (2015). DNA-protein crosslink repair:
proteases as DNA repair enzymes. Trends Biochem. Sci. 40, 67-71. doi:
10.1016/j.tibs.2014.10.012

Stingele, J., and Jentsch, S. (2015). DNA-protein crosslink repair. Nat. Rev. Mol. Cell
Biol. 16, 455-460. doi: 10.1038/nrm4015

Stingele, J., Schwarz, M. S., Bloemeke, N., Wolf, P. G., and Jentsch, S. (2014).
A DNA-dependent protease involved in DNA-protein crosslink repair. Cell 158,
327-338. doi: 10.1016/j.cell.2014.04.053

Stolz, A., Hilt, W., Buchberger, A., and Wolf, D. H. (2011). Cdc48: a power
machine in protein degradation. Trends Biochem. Sci. 36, 515-523. doi:
10.1016/j.tibs.2011.06.001

Sugimoto, N., Yoshida, K., Tatsumi, Y., Yugawa, T., Narisawa-Saito, M., Waga, S.,
etal. (2009). Redundant and differential regulation of multiple licensing factors
ensures prevention of re-replication in normal human cells. J. Cell Sci. 122,
1184-1191. doi: 10.1242/jcs.041889

Tanaka, S., and Diffley, J. F. (2002). Interdependent nuclear accumulation of
budding yeast Cdtl and Mcm2-7 during G1 phase. Nat. Cell Biol. 4, 198-207.
doi: 10.1038/ncb757

Tatsumi, Y., Sugimoto, N., Yugawa, T., Narisawa-Saito, M., Kiyono, T., and
Fujita, M. (2006). Deregulation of Cdtl induces chromosomal damage without
rereplication and leads to chromosomal instability. J. Cell Sci. 119, 3128-3140.
doi: 10.1242/jcs.03031

Tresse, E., Salomons, F. A., Vesa, J., Bott, L. C., Kimonis, V., Yao, T. P., et al. (2010).
VCP/p97 is essential for maturation of ubiquitin-containing autophagosomes
and this function is impaired by mutations that cause IBMPFD. Autophagy 6,
217-227. doi: 10.4161/aut0.6.2.11014

Trusch, F., Matena, A., Vuk, M., Koerver, L., Knaevelsrud, H., Freemont, P. S., et al.
(2015). The N-terminal region of the ubiquitin regulatory X (UBX) domain-
containing protein 1 (UBXD1) modulates interdomain communication within
the valosin-containing protein p97. J. Biol. Chem. 290, 29414-29427. doi:
10.1074/jbc.M115.680686

Tsuzuki, T., Fujii, Y., Sakumi, K., Tominaga, Y., Nakao, K., Sekiguchi, M., et al.
(1996). Targeted disruption of the Rad51 gene leads to lethality in embryonic
mice. Proc. Natl. Acad. Sci. U.S.A. 93, 6236-6240. doi: 10.1073/pnas.93.13.6236

Vaz, B., Halder, S., and Ramadan, K. (2013). Role of p97/VCP (Cdc48) in genome
stability. Front. Genet. 4:60. doi: 10.3389/fgene.2013.00060

Verma, R,, Oania, R., Fang, R., Smith, G. T., and Deshaies, R. J. (2011). Cdc48/p97
mediates UV-dependent turnover of RNA Pol II. Mol. Cell 41, 82-92. doi:
10.1016/j.molcel.2010.12.017

Verma, R., Oania, R. S., Kolawa, N. J., and Deshaies, R. J. (2013). Cdc48/p97
promotes degradation of aberrant nascent polypeptides bound to the ribosome.
Elife 2:€00308. doi: 10.7554/eLife.00308

Wang, J., Satoh, M., Pierani, A., Schmitt, J., Chou, C. H., Stunnenberg, H. G., et al.
(1994). Assembly and DNA binding of recombinant Ku (p70/p80) autoantigen
defined by a novel monoclonal antibody specific for p70/p80 heterodimers.
J. Cell Sci. 107(Pt 11), 3223-3233.

Wang, Y., Satoh, A., Warren, G., and Meyer, H. H. (2004). VCIP135 acts as a
deubiquitinating enzyme during p97-p47-mediated reassembly of mitotic Golgi
fragments. J. Cell Biol. 164, 973-978. doi: 10.1083/jcb.200401010

Wilcox, A. ., and Laney, J. D. (2009). A ubiquitin-selective AAA-ATPase mediates
transcriptional switching by remodelling a repressor-promoter DNA complex.
Nat. Cell Biol. 11, 1481-1486. doi: 10.1038/ncb1997

Wilson, M. D., Harreman, M., and Svejstrup, J. Q. (2013). Ubiquitylation and
degradation of elongating RNA polymerase II: the last resort. Biochim. Biophys.
Acta 1829, 151-157. doi: 10.1016/j.bbagrm.2012.08.002

Wojcik, C., Yano, M., and Demartino, G. N. (2004). RNA interference of
valosin-containing protein (VCP/p97) reveals multiple cellular roles linked
to ubiquitin/proteasome-dependent proteolysis. J. Cell Sci. 117, 281-292. doi:
10.1242/jcs.00841

Xouri, G., Squire, A., Dimaki, M., Geverts, B., Verveer, P. J., Taraviras, S.,
et al. (2007). Cdtl associates dynamically with chromatin throughout
G1 and recruits Geminin onto chromatin. EMBO J. 26, 1303-1314. doi:
10.1038/sj.emboj.7601597

Ye, Y., Meyer, H. H., and Rapoport, T. A. (2001). The AAA ATPase Cdc48/p97
and its partners transport proteins from the ER into the cytosol. Nature 414,
652-656. doi: 10.1038/414652a

Zhang, X., Gui, L., Zhang, X,, Bulfer, S. L., Sanghez, V., Wong, D. E,, et al.
(2015). Altered cofactor regulation with disease-associated p97/VCP mutations.
Proc. Natl. Acad. Sci. US.A. 112, E1705-E1714. doi: 10.1073/pnas.1418
820112

Zhong, W., Feng, H., Santiago, F. E., and Kipreos, E. T. (2003). CUL-4 ubiquitin
ligase maintains genome stability by restraining DNA-replication licensing.
Nature 423, 885-889. doi: 10.1038/nature01747

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Franz, Ackermann and Hoppe. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

May 2016 | Volume 7 | Article 73 | 148


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

',\' frontiers
in Genetics

REVIEW
published: 28 April 2016
doi: 10.3389/fgene.2016.00068

OPEN ACCESS

Edited by:
Ivan Dikic,
Goethe University, Germany

Reviewed by:

Howard Donninger,

University of Louisville, USA
Salvatore Piscuoglio,

University Hospital Basel — University
of Basel, Switzerland

*Correspondence:
Hanspeter Naegeli
naegelih@vetpharm.uzh.ch

Specialty section:

This article was submitted to
Cancer Genetics,

a section of the journal
Frontiers in Genetics

Received: 28 February 2016
Accepted: 12 April 2016
Published: 28 April 2016

Citation:

Rdthemann B, Balbo Pogliano C

and Naegeli H (2016) Global-genome
Nucleotide Excision Repair Controlled
by Ubiquitin/Sumo Modifiers.

Front. Genet. 7:68.

doi: 10.3389/fgene.2016.00068

CrossMark

Global-genome Nucleotide Excision
Repair Controlled by Ubiquitin/Sumo
Modifiers

Peter Riithemann, Chiara Balbo Pogliano and Hanspeter Naegeli*

Institute of Pharmacology and Toxicology, Vetsuisse Faculty, University of Zurich, Zurich, Switzerland

Global-genome nucleotide excision repair (GG-NER) prevents genome instability by
excising a wide range of different DNA base adducts and crosslinks induced by
chemical carcinogens, ultraviolet (UV) light or intracellular side products of metabolism.
As a versatile damage sensor, xeroderma pigmentosum group C (XPC) protein initiates
this generic defense reaction by locating the damage and recruiting the subunits of
a large lesion demarcation complex that, in turn, triggers the excision of aberrant
DNA by endonucleases. In the very special case of a DNA repair response to UV
radiation, the function of this XPC initiator is tightly controlled by the dual action of
cullin-type CRL4PPB2 and sumo-targeted RNF111 ubiquitin ligases. This twofold protein
ubiquitination system promotes GG-NER reactions by spatially and temporally regulating
the interaction of XPC protein with damaged DNA across the nucleosome landscape of
chromatin. In the absence of either CRL4PPB2 or RNF111, the DNA excision repair of
UV lesions is inefficient, indicating that these two ubiquitin ligases play a critical role in
mitigating the adverse biological effects of UV light in the exposed skin.

Keywords: aging, cyclobutane pyrimidine dimer, DNA repair, genomic instability, photoproducts, sunburns, skin
cancer, UV radiation

INTRODUCTION

All organisms are constantly under attack by environmental and endogenous DNA-damaging
agents that endanger the sequence fidelity of their genomes. Many environmental mutagens
cause “bulky” DNA adducts that destabilize the complementary pairing of bases in the native
double helix (Straub et al., 1977; Knox et al., 1987). Base pair-destabilizing lesions also result
from internal by-products of cellular metabolism including oxygen radicals (Brooks et al., 2000;

Abbreviations: 6-4PP, (6-4) pyrimidine-pyrimidone photoproduct; BHD, B-Hairpin domain; CETN2, centrin 2; CPD,
cyclobutane pyrimidine dimer; CUL4A, cullin 4A; DDB, damaged DNA-binding; ERCCI, excision repair cross-
complementing 1; GG-NER, global-genome nucleotide excision repair; MPG, methylpurine-DNA glycosylase; NER,
nucleotide excision repair; NEDDS, neural precursor cell expressed developmentally down-regulated 8; Npl4, nuclear protein
localization 4 homolog; Oct4, octamer binding transcription factor 4; OGG1, 8-Oxo-guanine-DNA glycosylase; OTUD4,
OTU deubiquitinase 4; RAD23B, human homolog of RAD23, B; RNF111, RING finger protein 111; RPA, replication
protein A; ROCI1 regulator of cullins 1; RPS27A, ubiquitin-40S ribosomal protein S27A; SMUGL, single strand-selective
monofunctional uracil-DNA glycosylase 1; Sox2, sex determining region Y (SRY)-box 2; Sumo, small ubiquitin-related
modifier; TC-NER, transcription-coupled nucleotide excision repair; TDG, thymine-DNA glycosylase; TFIIH, transcription
factor ITH; TG, transglutaminase-like; UBA52, ubiquitin A-52; UBB, ubiquitin-B; UBC, ubiquitin-C; USP7, ubiquitin-specific
processing protease 7; Ufd1, ubiquitin fusion degradation 1; UV, ultraviolet; VCP, valosin-containing protein; XP, xeroderma
pigmentosum.
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Kuraoka et al., 2000), but the most common type of bulky
DNA lesion arises from the UV spectrum of sunlight or
indoor tanning devices, generating covalent crosslinks joining
neighboring pyrimidines, i.e., CPDs and pyrimidine-pyrimidone
(6-4) photoproducts (6-4PPs; Brash, 1988). If not readily
repaired, these pyrimidine crosslinks and other bulky adducts
interfere with transcription, DNA replication or cell cycle
progression (Lopes et al., 2006; Brueckner et al., 2007), eventually
giving rise to mutations and chromosomal aberrations that
accelerate aging and culminate in cancer (Marteijn et al,
2014). Unfortunately, the incidence of skin cancer continues to
increase and remains a public health concern despite widespread
knowledge that excessive exposure to sunlight is the major
risk factor for cutaneous neoplasms (Donaldson and Coldiron,
2011; Usher-Smith et al., 2014). This review is focused on
recent advances in our knowledge of how polypeptide modifiers
regulate the DNA repair response preventing sunlight-induced
skin cancer.

Excision of Bulky DNA Lesions

Nucleotide excision repair is a molecular cut-and-patch machine
that removes bulky base lesions by incising damaged DNA
strands on either side of the injury, thereby eliminating 24-
to 32-nucleotide long single-stranded segments (Huang et al,,
1992; Moggs et al, 1996). Depending on their location in
the genome, bulky lesions are sensed by two alternative
mechanisms. The TC-NER pathway is initiated when an RNA
polymerase II complex encounters obstructing base lesions
(Bohr et al, 1985). Such transcriptional roadblocks trigger
a stepwise reaction for the rapid removal of base lesions
from transcribed strands (reviewed by Hanawalt and Spivak,
2008; Vermeulen and Fousteri, 2013; Marteijn et al., 2014).
On the other hand, GG-NER activity is generally slower but
detects bulky lesions anywhere in the genome independently of
transcription (reviewed by Scharer, 2013; Puumalainen et al.,
2016). Genetic defects in the GG-NER pathway cause XP,
which is a severe cancer-prone syndrome presenting with
photosensitivity, extreme sunburns and an over 1,000-fold
higher risk of contracting sunlight-induced neoplasms of the
skin (Hollander et al., 2005; DiGiovanna and Kraemer, 2012).
Patients suffering from the XP syndrome are classified into
distinct genetic complementation groups (from XP-A to XP-
G) reflecting mutations in respective NER genes (Cleaver et al.,
2009). A variant form of this disease (XP-V) is caused by
mutations in a gene coding for DNA polymerase 1 that catalyzes
with high nucleotide sequence fidelity the replicative bypass of
UV lesions in S phase of the cell division cycle (Masutani et al.,
1999).

The initial detection of bulky lesions in the GG-NER pathway
is carried out by a three-subunit factor consisting of XP
group C protein (XPC; Sugasawa et al,, 1998; Volker et al,
2001) one of two human RAD23 homologs (predominantly
RAD23B; Ng et al., 2003) and (CETN2, (Araki et al., 2001;
Nishi et al., 2005; Dantas et al, 2011). The DNA-binding
activity of this heterotrimeric complex resides with the XPC
subunit itself. RAD23B and CETN2 contribute by supporting
the proper folding of XPC protein and by protecting this

DNA-binding subunit from degradation (Ng et al., 2003; Xie
etal., 2004; Krasikova et al., 2012). Although RAD23B stimulates
the recognition of damaged DNA by XPC protein (Sugasawa
et al., 1996), it is readily released once XPC associates with DNA
lesion sites (Fei et al., 2011; Bergink et al., 2012). Conversely,
CETN2 remains associated with target sites (Dantas et al., 2013)
where XPC provides a platform for the recruitment of TFIIH.
This 10-subunit complex contains an ATPase (XPB) and a DNA
helicase (XPD) that separate complementary strands to produce
an unwound configuration of about 25 nucleotides around the
lesion (Evans et al., 1997; Wakasugi and Sancar, 1998). Stability
to the resulting open intermediate or “bubble” is conferred by
XPA together with RPA, until the DNA strand containing the
damage is incised by structure-specific endonucleases exactly
at the double-stranded to single-stranded DNA transitions on
each side of the bubble (Evans et al, 1997; Missura et al.,
2001; Li et al., 2015). A protein heterodimer composed of XPF
and ERCC1 introduces the incision on the 5 side, followed
by incision on the 3’ side by the endonuclease activity of
XPG (Staresincic et al., 2009). After this dual incision and
consequent release of the excised oligonucleotide carrying the
damage, the remaining single-stranded gap is filled by DNA
repair synthesis by the action of DNA polymerases 1, €, or K
(Ogi et al., 2010). Ligation by DNA ligase I and DNA ligase ITla
finally restores helix integrity (Araujo et al., 2000; Moser et al.,
2007).

Structure and Interactome of the XPC

Initiator

The human XPC polypeptide is made of 940 amino acids and
harbors domains for binding to DNA (Hey et al., 2002; Yasuda
et al., 2005; Trego and Turchi, 2006) and multiple protein
partners (Figure 1). Its molecular structure can be extrapolated
from that of Rad4 protein, the evolutionarily conserved homolog
in the yeast Saccharomyces cerevisiae (Min and Pavletich, 2007).
When undergoing co-crystals with a model bulky lesion in duplex
DNA, Rad4 protein deploys four adjacent domains for substrate
binding by two different modalities. One part makes use of a
TG domain and a BHDI, which cooperate in associating with
11 base pairs of duplex DNA flanking the damaged site. The
second part uses two further BHD2 and BHD3 to interact with
four consecutive nucleotides of the undamaged DNA strand
opposing the flipped-out bulky lesion. No interactions at all are
formed with the lesion itself. In human XPC protein, this -
hairpin region (BHDI1-3) interacting indirectly with damaged
sites encompasses amino acids 637-831 (Camenisch et al,
2009).

In addition to mediating associations with substrate DNA, the
TG domain is required for the interaction between Rad4 and
Rad23 (Min and Pavletich, 2007), and between the corresponding
human homologs XPC and RAD23B. A fraction of the human
TG domain also interacts with XPA protein (Bunick et al,
2006). Another partner, known as DDB2 does not exist in
lower eukaryotes like yeast. However, a transient association
between DDB2 and XPC is critical for the processing of CPDs
in mammals (Itoh et al, 2004) and the respective contact
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RPS27A

FIGURE 1 | STRING network view of XPC interactions with proteins. The connecting lines indicate proven or predicted interactions using the
http://www.string-db.org information source. The different colors of the protein nodes reflect their clustering in two groups according to the KMEANS algorithm
(Brohée and Helden, 2006). Blue nodes, ubiquitin-related proteins; red nodes, DNA repair proteins. Blue lines, interactions between ubiquitin-related proteins; red
lines, interactions between DNA repair proteins. The dashed lines highlight interactions between the two different clusters.

sites have been mapped to the TG and BHDI regions (Fei
et al, 2011). Residues 847-863 in the carboxy-terminus of
human XPC form an o-helix that binds tightly to CETN2
(Nishi et al., 2005; Yang et al, 2006). Amino acid residues
816-940 located in this carboxy-terminus and a portion of
the amino-terminal region around amino acid position 334
make contacts with two members (p62 and XPB) of the 10-
subunit TFIIH complex (Yokoi et al., 2000; Uchida et al., 2002;
Bernardes de Jesus et al., 2008). These particular interactions
reflect the actual role of XPC in recruiting the XPD helicase,
another TFIIH subunit, which in turn detects lesions by scanning
DNA and sequestering damaged nucleotides in a dedicated
recognition pocket on its enzyme surface (Sugasawa et al,
2009; Mathieu et al.,, 2010). In addition, XPC protein interacts
with the following base excision repair enzymes: MPG, (Miao
et al,, 2000), TDG, (Shimizu et al., 2003), OGG1, (D’Errico
et al.,, 2007; Melis et al,, 2011), and SMUG]I, (Shimizu et al.,
2010). This crosstalk with multiple DNA glycosylases indicates
that XPC may adopt a more general function in recruiting
diverse repair enzymes to base pair-disrupted sites in the double
helix. Perhaps the most unexpected interaction of XPC protein
is with the Oct4-Sox2 transcriptional activator. Indeed, the
XPC complex was found to serve as a coactivator of the
Oct4-Sox2-dependent expression of the Nanog pluripotency
gene (Fong et al, 2011; Cattoglio et al., 2015; Zhang et al,,
2015). A two-hybrid screen, which used XPC protein as
the bait, revealed many further potential interaction partners
involved in DNA synthesis, transcription, post-translational
modification, proteolysis, signal transduction, and metabolism
(Lubin et al., 2014). To date, the biological consequence of these
putative associations is unknown. Finally, there are also proven
interactions of XPC protein with two different deubiquitinases,
i.e., OTUD4, (Lubin et al., 2014) and USP7 deubiquitinase (for

Ubiquitin-Specific-processing Protease 7; He et al, 2014). It
appears, therefore, that XPC upon ubiquitination becomes a
substrate for these two deubiquitinating enzymes.

Support for the XPC Initiator from a

Specialized UV Lesion Detector

Exposure of DNA to UV light results in the formation of CPDs
and 6-4PPs in a stoichiometry of approximately 3:1. These
two kinds of pyrimidine crosslinks differ in their biophysical
properties, genomic distribution, and biological effects. First,
CPD sites are characterized by a relatively minor destabilization
of base pairs compared to duplex DNA containing 6-4PPs (Kim
etal., 1995; Jing et al., 1998; McAteer et al., 1998). Second, CPDs
are evenly distributed across the chromatin landscape, whereas
6-4PPs are formed preferentially in linker DNA segments rather
than in nucleosome cores (Gale et al., 1987; Gale and Smerdon,
1990; Mitchell et al., 1990). Third, because CPDs are removed
at slower rates than 6-4PPs, they display a higher mutagenic
potential and are responsible for most adverse short- and long-
term effects of UV radiation such as sunburns, skin aging and
cutaneous cancer (Schul et al., 2002; Garinis et al., 2005).

Despite being the generic repair initiator for all bulky lesions
including the slowly repaired CPDs, XPC protein does not
bind CPDs in duplex DNA with any appreciable selectivity
(Sugasawa et al., 2001; Hey et al., 2002; Reardon and Sancar,
2003; Wittschieben et al., 2005). This lack of specificity for CPDs
is, however, compensated by DDB2 protein, which is the factor
mutated in XP-E patients (Nichols et al., 2000; Kulaksiz et al.,
2005). Unlike XPC, which functions as a non-specific sensor of
helix-disrupting bulky lesions, DDB2 is exclusively dedicated to
the detection of CPDs and 6-4PPs (Tang et al., 2000). Structural
analyses of DDB2 crystals revealed a recognition hole in its
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central B-propeller fold that only accommodates CPDs and 6-
4PPs while excluding larger base adducts (Scrima et al., 2008;
Fischer et al., 2011; Yeh et al., 2012; Osakabe et al., 2015).
Notably, the complete lack of functional DDB2 protein in XP-E
patients abolishes the repair of CPDs but the excision of 6-4PPs
is only marginally affected (Hwang et al., 1999; Moser et al.,
2005).

A generally proposed model is that DDB2 recognizes CPDs
and, thereafter, delivers them to the XPC partner for initiation
and execution of the GG-NER process (Tang et al., 2000;
Wakasugi et al., 2001; Fitch et al., 2003). It has been demonstrated
that XPC lends two of its previously mentioned DNA-binding
folds (TG domain and BHD1) to interact in a transient manner
with DDB2 associating with UV lesions. This dynamic DDB2-
XPC-DNA intermediate at the damage site allows for the
insertion, into the DNA double helix, of a B-hairpin extension
protruding from BHD3, eventually competing DDB2 away from
the damage (Feietal., 2011; Mu et al., 2015). Thermodynamically,
this B-hairpin insertion by XPC takes place at a considerable
energetic cost for local breakage of stacking and hydrogen bond
interactions between the involved bases (Mu et al., 2015). The
6-4PPs, being more base pair-disruptive, facilitate this p-hairpin
insertion by reducing the helical stability at damaged sites, but
XPC protein depends on DDB2 to interact in a productive
manner with CPD sites. Thus, the different degree of local helical
distortion explains the specific defect of XP-E cells in eliminating
CPD lesions.

Polypeptide Modifiers Targeting XPC

Protein

In view of the manifold implications of XPC as a generic
DNA quality sensor in GG-NER that, in addition, associates
with several DNA glycosylases and is responsible for non-repair
functions in transcription (see above), it is not astonishing to
observe that the activity, cellular level and localization of XPC
protein is tightly controlled. For example, it has become clear
that various polypeptide modifiers regulate the action of this
versatile repair initiator during the cellular response to UV
damage.

In addition to its role as a specific UV lesion detector, the
DDB2 subunit cooperates with the adaptor DDBI to recruit
the CUL4A scaffold and the RING finger protein ROC1, which
together build the CRLAPPB? ubiquitin ligase. By mediating the
covalent attachment of one or more 8-kDa ubiquitin moieties
to target proteins (Groisman et al., 2003), this cullin-type
ligase is able to fine-tune GG-NER activity. Under steady-state
conditions, the CRL4PPB2 ubiquitin ligase is kept in an inactive
form thanks to an association with the COP9 signalosome, a
multi-subunit regulatory protease (Fischer et al., 2011). Following
the detection of UV lesions by DDB2, COP9 is released giving
way to a covalent modification of CUL4A with the ubiquitin-
like polypeptide NEDDS, thus activating the ubiquitin ligase
complex that, in turn modifies nearby located substrates with
Lys48-linked ubiquitin chains (Scrima et al., 2008). The principal
ubiquitination substrates include histones H2A, H3 and H4 as
well as DDB?2 itself and its DNA recognition partner XPC (Nag

et al., 2001; Sugasawa et al., 2005; Kapetanaki et al., 2006; Wang
et al., 2006; Guerrero-Santoro et al., 2008).

It has been proposed that the CRL4PPP2-mediated
ubiquitination of histones in response to UV radiation helps
opening chromatin, thus facilitating access of the GG-NER
repair machinery to damaged DNA (Wang et al, 2006).
However, this view is contradicted by the finding that CUL4A
conditional-knockout mice show more proficient rather than
reduced GG-NER activity (Liu et al., 2009). There is, on the
other hand, general agreement that the self-ubiquitination of
DDB2 not only suppresses its binding to DNA but also promotes
its degradation by the 26S proteasome (Sugasawa et al., 2005).
The same CRL4PP®? ligase also ubiquitinates XPC but, unlike
the fate of DDB2, XPC retains its DNA-binding property and is
shielded from proteasomal breakdown (Sugasawa et al., 2005;
Matsumoto et al., 2015). In addition, the XPC protein is modified
with Lys63-linked ubiquitin chains by another ligase complex
referred to as RNF111 or Arkadia (Poulsen et al., 2013). This
extra ubiquitination reaction is strictly dependent on the prior
UV-dependent modification of XPC protein with sumo, defining
RNF111 as a sumo-targeted ubiquitin ligase (Wang et al., 2005).

In summary, GG-NER activity upon UV damage is coordi-
nated by several polypeptide modifiers including NEDDS,
sumo, Lys48- and Lys63-linked ubiquitin chains. Sumo and
the two aforementioned ubiquitin chains decorate XPC protein
at multiple covalent modification sites. Interestingly, in situ
immunofluorescence studies indicate that a down-regulation of
CRL4PPB2 or RNF111 activity has opposite effects by inhibiting
and stimulating, respectively, the accumulation of XPC in
damage spots generated by UV irradiation through micropore
filters. This observation raises the possibility that Lys48-linked
ubiquitin chains (produced by CRL4PPB2) and Lys63-linked
counterparts (produced by RNF111) have distinct modulating
roles. The function of Lys48-linked ubiquitin chains in regulating
XPC is discussed in the next section below. With regard to
the accompanying sumo modification, this reaction has been
implicated in promoting the release of DDB2 once XPC is
bound to UV lesion sites. In the absence of XPC sumoylation,
both DDB2 and XPC are trapped together on damaged DNA
carrying the lesion, thus posing a block to downstream NER
steps (Akita et al., 2015). Since RNF111 is targeted to protein
substrates by sumo residues, it is tempting to propose that the
effect of sumoylation in releasing XPC may actually be executed
by a subsequent attachment of Lys63-linked ubiquitin chains by
RNF111. This functional link between sumo and Lys63-linked
ubiquitin would explain the persistence of XPC in UV lesion
spots observed by Poulsen et al. (2013) and van Cuijk et al. (2015)
following RNF111 depletion.

Dynamic Relocation of XPC in Damaged

Chromatin

The genome packaging in eukaryotic cells is imposed by two
very diverging needs. The DNA filaments must be compressed
to fit into the narrow cellular nucleus but nevertheless remain
accessible to the diverse nuclear transactions. To achieve
this double requirement, DNA is assembled with histones to
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generate a tight but dynamic array whose repeating unit is the
nucleosome (reviewed by Khorasanizadeh, 2004; Thoma, 2005).
Each individual nucleosome displays a core particle, where 147
base pairs of duplex DNA are wrapped around a core histone
octamer (two each of H2A, H2B, H3, and H4) and a DNA
spacer or “linker” of variable length. Also, in higher eukaryotes
histone HI1 associates with linker DNA segments to induce
further packaging allowing for increased compaction of the DNA
double helix.

It is of paramount importance to address the possible
regulatory role of polypeptide modifiers in the GG-NER pathway
taking into account this chromatin context. New insights into
the function of CRL4PPB2_mediated ubiquitination came from
the enzymatic partitioning of chromatin by incubation with
micrococcal nuclease (MNase). This particular enzyme breaks
down DNA in the more accessible linker segments much faster
than in the less accessible nucleosome cores. As a consequence,
the incubation of chromatin with MNase produces a soluble
supernatant of mostly non-histone proteins that, before MNase
digestion, were associated with linker DNA segments spacing
the nucleosomal core particles (amounting to ~35% of total
genomic DNA). Even when saturating enzyme concentrations
are used, however, MNase digestions of chromatin leave behind
the vast majority of nucleosome core particles (amounting to
~60% of total DNA) in the form of an insoluble nucleoprotein
fraction (Telford and Stewart, 1989). Two previous findings led
us to predict that, in response to UV irradiation, CRL4PPB2
activity would not be uniformly distributed along nucleosome
arrays. First, DDB2 protein, the DNA-binding subunit of
CRL4PPB2 | associates with > 10-fold higher affinity with 6-
4PPs (K, = 1.5 x 10° M™1) relative to CPDs (K, = 1 x 108
ML (Reardon et al., 1993; Wittschieben et al., 2005). Second,
6-4PPs are formed mainly in internucleosomal linker DNA
(Gale and Smerdon, 1990; Mitchell et al., 1990). Therefore, we
were not surprised to find that DDB2 associates preferentially,
although not exclusively, with 6-4PPs situated in accessible
MNase-sensitive internucleosomal segments (Fei et al., 2011).
Coversely, it was believed that XPC is unable to interact with
DNA assembled with histone octamers forming nucleosome
cores (Yasuda et al., 2005) but, against this prevailing notion,
MNase digestions of chromatin revealed that XPC protein
associates rather evenly with nucleosome core particles and
internucleosomal linker segments. Upon UV irradiation, this
interaction of XPC protein with nucleosome core particles is
stimulated (Fei et al., 2011). This latter finding is in line with
structural analyses of core particle crystals containing a site-
directed UV damage, which revealed that the tight wrapping
around histone octamers increases the DNA flexibility at lesion
sites (Osakabe et al, 2015). This higher flexibility may, in
turn, explain how XPC protein is able to carry out, even
in the nucleosome core context, its indirect damage sensor
function by binding to the undamaged strand opposing bulky
lesions.

In agreement with the selectivity of the DDB2 subunit for
UV lesions in internucleosomal linker DNA, following UV
radiation the whole CRL4PPP? ubiquitin ligase is relocated
mainly to these highly amenable sites. Due to this distinctive

positioning of CRL4PPB2, the modification with Lys48-linked
ubiquitin chain takes place more efficiently on XPC bound
to internucleosomal DNA, whereas XPC molecules on core
particles are less prone to ubiquitination (Fei et al., 2011).
The role of CRL4PPB2 in this context was confirmed by the
following experimental manipulations: (i) depletion of either
DDB2 or CUL4A using RNA interference, (ii) depletion of the
nuclear ubiquitin pool by using the proteasome inhibitor MG132,
or (iii) suppression of the ubiquitin pathway using a small-
molecule E1 inhibitor. Alternatively, the ubiquitination of XPC
was inhibited in mouse cells expressing a temperature-sensitive
El mutant or with an XPC-green fluorescent fusion protein
that makes the XPC protein refractory to ubiquitination. After
each of these experimental manipulations, the XPC molecules
were devoid of ubiquitin moieties and, as a consequence, almost
completely relocated to nucleosome core particles (Fei et al.,
2011). These findings demonstrate that one of the functions of
CRL4PPB2_mediated ubiquitination is to retain XPC molecules
at internucleosomal sites, which constitute DNA repair hotspots
for the effective recruitment of TFIIH and further downstream
NER factors (Figure 2). In the absence of CRL4PPB? activity,
more XPC binds to CPDs located in nucleosome core particles
representing a less permissive chromatin environment with poor
recruitment of downstream GG-NER factors. We concluded
that the CRL4PPP2_mediated ubiquitination serves to establish
a distinctive spatiotemporal distribution of the XPC sensor
during the UV damage response, in particular to optimize the
recruitment of NER factors in mammalian chromatin.

Ubiquitin-dependent Extraction of DDB2

and XPC from Chromatin

Although the DDB2 damage detector is required for efficient
recognition and excision of CPDs, Lys48-linked ubiquitin
moieties elicit its proteolytic breakdown within few hours after
exposure to UV light (Nag et al., 2001; Rapic-Otrin et al., 2002).
This precipitous self-ubiquitination and degradation of DDB2
provides a time switch that limits the CRL4PPB2 ubiquitin ligase
activity, and its regulatory effect on the XPC partner, to a
short period after acute UV pulses. Due to DDB2 degradation,
the proportion of ubiquitinated XPC diminishes progressively
and, therefore, XPC can relocate from internucleosomal DNA
segments to not yet processed residual UV lesions, essentially
CPDs, located within the less amenable nucleosome core
particles (Fei et al., 2011). These dynamic chromatin transitions,
involving degradation of DDB2 and relocation of XPC, are
triggered by the ubiquitin-selective p97 segregase, also known
as VCP, (Puumalainen et al., 2014). Hexameric assemblies of
p97 subunits convert ATP hydrolysis into mechanical activity
to liberate ubiquitinated proteins from diverse subcellular
substrates (Rouiller et al., 2000; Zhang et al, 2000). That
p97 hexamers recognize ubiquitinated DDB2 and XPC was
first demonstrated in situ on UV lesions spots in the nuclei
of human cells. Second, it was confirmed biochemically that
Lys48-ubiquitinated DDB2, XPC, and p97 are found in the
same multi-protein complex (Puumalainen et al., 2014). This
p97 recruitment to ubiquitinated DDB2 and XPC depends
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FIGURE 2 | Regulation of XPC localization in chromatin. After each UV
pulse, the cullin-type CRL4PPE? ligase complex (comprising inter alia DDBA,
DDB2, and CUL4A) is recruited mostly to accessible internucleosomal sites in
chromatin. The ensuing modification of XPC with Lys48-linked ubiquitin (Ub)
chains leads to a temporary retention of XPC on internucleosomal DNA, thus
reducing its constitutive association with nucleosome core particles (Fei et al.,
2011). Subsequently, RAD23B is released and the XPC-CETN2 heterodimer
provides a platform for recruitment of the TFIIH complex. The UV radiation
damage is symbolized by a red star.

on adapter proteins (Meyer et al, 2000; Hénzelmann et al,
2011) known to confer substrate specificity to the p97 segregase
(Figure 3).

Next, the p97 function was down regulated by RNA
interference or, alternatively, by expression of a dominant-
negative mutant (Ye et al., 2003) that still displays substrate-
binding but is unable to exert segregase activity and, therefore,
remains trapped on ubiquitinated proteins. The consequence of
this diminished p97 activity is an enrichment of DDB2 and XPC
in UV lesion spots, thus reflecting an excessive accumulation
of these factors in damaged chromatin. The down-regulation of
p97 inhibited the UV-induced proteolytic clearance of DDB2 and
also increased the level of ubiquitinated XPC. However, despite
their roles in the initiation of GG-NER activity, this induced
persistence of DDB2 and XPC impaired UV lesion excision.
Moreover, the compromised DNA repair efficiency resulting
from p97 down regulation caused hypersensitivity to UV light
and enhanced chromosomal aberrations after UV exposure.

The genome instability observed in UV-irradiated cells after
p97 depletion was reversed by concurrent down-regulation
of DDB2 or XPC (Puumalainen et al., 2014). These findings
suggested that the uncontrolled accumulation of DDB2 or
XPC is detrimental and that a tight regulation of their levels
in chromatin is essential for genome stability. Elaborating on
this hypothesis, one would expect that an excessive presence
of one of these factors should be sufficient to destabilize the
genome. In support of this hypothesis, it was found that under
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FIGURE 3 | Extraction of DDB2 and XPC from chromatin. The p97
segregase coordinates GG-NER activity by removing Lys48-ubiquitinated
DDB2 and Lys48-ubiquitinated XPC from chromatin, thus promoting
downstream recognition (by the XPD subunit of TFIIH in conjunction with XPA
and RPA) and double DNA incision. The XPC subunit is thought to leave the
preincision complex after recruitment of TFIIH but before engagement of the
DNA endonucleases XPF-ERCC1 and XPG (Scharer, 2013; van Cuilk et al.,
2015). Ubiquitinated DDB2 is forwarded to the proteasome for degradation,
whereas XPC is recycled by de-ubiquitination (He et al., 2014; Lubin et al.,
2014; Puumalainen et al., 2014). Lys63-linked ubiquitin chains on XPC may
further enhance these dynamic relocations at UV lesions by favoring the
dissociation of DDB2 from XPC. See text for further details on the postulated
dual role of CRL4PPB2 (generating Lys48-linked ubiquitin chains) and RNF111
(generating Lys63-linked ubiquitin chains) in regulating GG-NER activity.
Npl4-Ufd1, adaptor complex that confers specificity to the p97 segregase; the
UV radiation damage is symbolized by a red star.

conditions of normal p97 activity, overexpression of wild-
type DDB2 but not overexpression of a DNA-binding mutant,
compromised UV lesion excision and increased the frequency of
chromosomal aberrations following UV irradiation. Importantly,
double overexpression experiments generating abnormally high
levels of both DDB2 and p97 confirmed the expectation that
the negative effects of DDB2 overexpression are reversed by
concomitantly increasing p97 levels. Thus, a surplus of DDB2
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enhances chromosomal aberrations only as long as its chromatin
level exceeds the turnover capacity of the p97 segregase. Taken
together, these findings point out that a strict spatial and temporal
regulation of the chromatin homeostasis of DDB2 and its XPC
partner by the p97 segregase is crucial for GG-NER activity
(Figure 3).

CONCLUSION

The XPC complex provides the generic initiator of GG-NER
activity on the basis of its ability to sense the damage-
dependent disruption of base pairs in double-stranded DNA
and recruit the XPD scanner for bulky lesion recognition. An
intriguing peculiarity of the XPC complex is that its function
in initiating the excision of UV lesions is tightly regulated by
NEDDS, sumo and ubiquitin modifiers. This special regulation is
apparently not needed for the recognition and excision of other
bulky lesions induced by chemical carcinogens or endogenous
metabolic byproducts. An evolutionary perspective may help
to understand the unique need for polypeptide modifier-
dependent regulation of GG-NER activity in response to UV
irradiation.

Evolution of life on our planet would have failed without
the emergence of an effective DNA repair function dealing with
UV lesions. Indeed, a vast majority of living organisms exposed
to sunlight display rapid, efficient and secure molecular tools
for the repair of UV lesions consisting of DNA photolyases.
By visible light-driven catalysis, these DNA photolyases revert
pyrimidine dimers (CPDs and 6-4PPs) to pyrimidine monomers
without excision of bases, nucleoside or nucleotide residues
(Sancar, 2003; Weber, 2005). Unlike other animals, however,
placental mammals are devoid of this light-dependent DNA
repair reaction, possibly because they originated from nocturnal
ancestors (Essen and Klar, 2006). While returning to a diurnal
life under sunlight, placental mammals were left with the
GG-NER pathway (also known as “dark repair”) as the only
means to process UV lesions in the exposed skin. In principle,
many potential problems arise with this upgrade of GG-
NER activity as the unique DNA repair defense against UV
lesions. First, CPDs would escape repair because the XPC
initiator is not able to detect this prevalent type of UV
lesion. Second, once exposed to sunlight, skin cells would be
faced with the simultaneous and uncontrolled cleavage of their
genomic DNA at thousands or more chromosomal sites, which
constitutes a striking threat to genome stability. Third, CPDs are
formed evenly across the genomic DNA, including compacted
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Cells employ a complex network of molecular pathways to cope with endogenous and
exogenous genotoxic stress. This multilayered response ensures that genomic lesions
are efficiently detected and faithfully repaired in order to safeguard genome integrity.
The molecular choreography at sites of DNA damage relies heavily on post-translational
modifications (PTMs). Protein modifications with ubiquitin and the small ubiquitin-like
modifier SUMO have recently emerged as important regulatory means to coordinate
DNA damage signaling and repair. Both ubiquitylation and SUMOylation can lead to
extensive chain-like protein modifications, a feature that is shared with yet another DNA
damage-induced PTM, the modification of proteins with poly(ADP-ribose) (PAR). Chains
of ubiquitin, SUMO, and PAR all contribute to the multi-protein assemblies found at sites
of DNA damage and regulate their spatio-temporal dynamics. Here, we review recent
advancements in our understanding of how ubiquitin, SUMO, and PAR coordinate
the DNA damage response and highlight emerging examples of an intricate interplay
between these chain-like modifications during the cellular response to genotoxic stress.

Keywords: ubiquitin, SUMO, poly(ADP-ribose), PARP, DNA damage response, DDR, genome stability, cancer

INTRODUCTION

Our genetic material is under constant cellular surveillance and care. Maintaining genome stability
is indeed a vital task, not only under conditions when external toxins or physical strains challenge
the integrity of the genome, but also in the course of normal cellular metabolism, when reactive
metabolites and physiological DNA transactions can lead to a plethora of lesions. If these damages
are not detected and faithfully repaired, cells run the risk of accumulating mutations that can erode
genome function, vitiate cell fate, or compromise cell survival. Faced with such threats cells have
developed sophisticated mechanisms to sense and repair damaged DNA. These mechanisms, which
are collectively referred to as the DNA damage response (DDR), not only ensure that most lesions
are efficiently repaired, but they also coordinate genome integrity maintenance with other cellular
functions such as transcription, DNA replication, and cell cycle progression (Ciccia and Elledge,
2010). The DDR is an intricate molecular network that safeguards genome integrity and helps
to maintain cell identity, thus constituting a natural barrier against the development of various
human diseases (Jackson and Bartek, 2009). Underpinning the crucial role of genome integrity
maintenance for human health, a deteriorated DDR and signs of genome instability are typical
features of many human cancers, and they represent cancer-specific vulnerabilities that can be
targeted by precision therapies (O’Connor, 2015).
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To fulfill its task, the DDR employs a multitude of tightly
regulated posttranslational protein modifications (PTMs). In
addition to modulating protein functions locally at the damage
site, PTMs play important roles in spreading the DNA damage
signal to the surrounding chromatin (Lukas et al., 2011; Polo and
Jackson, 2011) and in activating cell cycle checkpoints (Stracker
et al., 2009). Positive feedback mechanisms amplify the DNA
damage signal and enable sustained accumulation of genome
caretaker proteins, while antagonistic mechanisms ensure that
modifications induced by DNA damage remain spatially and
temporally confined (van Attikum and Gasser, 2009; Altmeyer
and Lukas, 2013a,b; Panier and Durocher, 2013). Multiple PTMs
cooperate in this spatio-temporal regulation and can either act
in series, in parallel or in a combinatorial fashion to dynamically
reshape the chromatin landscape around DNA lesions and
prepare the stage for repair (Dantuma and van Attikum, 2016).
This barcoding involves multi-target phosphorylation (Marechal
and Zou, 2013; Shiloh and Ziv, 2013; Davis et al., 2014; Awasthi
et al., 2015; Paull, 2015), as well as acetylation and methylation
(Gong and Miller, 2013; Hendzel and Greenberg, 2013; Price and
D’Andrea, 2013). In addition to these small moiety modifications,
recent work revealed how larger PTMs, which can form extensive
modification chains, coordinate the access of genome caretakers
to DNA lesions and regulate repair pathway choices. Here, we
briefly discuss how ubiquitylation, SUMOylation, and poly(ADP-
ribosyl)ation (PARylation) are employed by the DDR, before
we highlight emerging examples that have started to elucidate
an intricate and still incompletely understood crosstalk between
these catenarian modifications in response to DNA damage. We
focus our analysis primarily on the response of mammalian
cells to DNA double strand breaks (DSBs), yet an equally
well-coordinated crosstalk between chromatin-based PTMs also
operates in other situations of genotoxic stress (Kim and
D’Andrea, 2012; Marteijn et al., 2014; Ulrich, 2014).

UBIQUITIN CONJUGATION AROUND
DSB SITES

Chromosome breaks are among the most toxic DNA lesions
and two major repair pathways evolved to deal with DSBs. The
non-homologous end-joining (NHE]) pathway is independent of
intact template DNA sequences and can re-ligate broken DNA
ends throughout the cell cycle. In contrast, faithful repair by
homologous recombination (HR) depends on an undamaged
template DNA and is thus restricted to the S/G2 phases of the
cell cycle when sister chromatids are available. While NHE] is
generally considered error-prone due to the risk of nucleotide
loss from DNA ends, HR is considered to be more accurate due
to template-based repair. The choice between NHE] and HR is
tightly controlled, and imbalances in its regulation can lead to
genome instability and accelerate cancer development (Chapman
et al., 2012; Aparicio et al., 2014). Interestingly, the recruitment
of several key repair pathway choice mediators to DNA break
sites depends on local ubiquitin conjugations (Messick and
Greenberg, 2009; Pinder et al., 2013). Indeed, one of the central
players of repair pathway choice is the ubiquitin-sensing genome

caretaker protein 53BP1, whose recruitment to DSBs requires
the consecutive action of the ubiquitin E3 ligases RNF8 and
RNF168 (Panier and Boulton, 2014). In a concerted manner,
and initiated by upstream phosphorylation of the histone variant
H2AX, RNF8, and RNF168 ubiquitylate histones H1 and H2A,
respectively, and thereby provide a landing platform for 53BP1
(Mattiroli et al., 2012; Fradet-Turcotte et al., 2013; Gatti et al.,
2015; Thorslund et al., 2015). 53BP1 in turn assembles the effector
proteins RIF1, PTIP, Artemis, and MAD2L2/REV7 to limit the
extent of DNA end resection and thereby channel repair toward
NHE] (Figure 1A) (Callen et al., 2013; Chapman et al., 2013; Di
Virgilio et al., 2013; Escribano-Diaz et al., 2013; Zimmermann
et al, 2013; Wang et al., 2014; Boersma et al.,, 2015; Xu et al,,
2015). Of note, the functions of 53BP1 and its effectors are
required for the hypersensitivity of HR-defective cancer cells
to inhibitors of PAR polymerases (Lord and Ashworth, 2016),
thus linking the consequences of compromised PARylation to
the effects of a ubiquitin-dependent anti-resection barrier under
pathological repair pathway choice conditions.

Importantly, ubiquitin conjugation is not only involved in
generating the ubiquitin code that is recognized by 53BP1, but
also fosters 53BP1 accumulation by RNF8/RNF168-dependent
and VCP/p97-mediated removal of proteins from damaged
chromatin (Acs et al, 2011; Meerang et al, 2011). As was
shown for the H4K20me2-binding proteins L3MBTL1 and
JMJD2A/KDM4A, this can unmask additional binding sites for
the tandem tudor domain of 53BP1 (Acs et al., 2011; Mallette
et al., 2012). Thus, the removal of chromatin binders seems
to converge with the generation of new chromatin marks to
allow for the efficient recruitment of 53BP1 and its downstream
effectors (Figure 1A).

While these reactions build up an important anti-resection
barrier that shields broken DNA ends from unscheduled
nucleolytic digestion, ubiquitin conjugation also plays a role in
promoting HR. For example, the ubiquitin E3 ligases TRIP12
and UBRS5 cooperate to keep RNF168 levels in check and thereby
prevent excessive 53BP1 function (Gudjonsson et al, 2012).
More recently, the ubiquitin E3 ligase RNF138 was shown to
accumulate at sites of DNA damage where it stimulates DNA
end resection and promotes HR (Ismail et al., 2015; Schmidt
etal., 2015). Thus, rather than channeling repair pathway choices
in one direction, the ubiquitylation system employs rheostats
and antagonistic sub-pathways to regulate repair decisions in a
manner that likely integrates information about cell cycle phase
and chromatin context.

SUMO CONJUGATION AT DSB SITES
ASSISTS THE DDR

Just like ubiquitylation, also SUMOylation plays important
roles for the tightly controlled protein choreography at DSB
sites, and its deregulation impairs genome stability and cell
proliferation (Bekker-Jensen and Mailand, 2011; Jackson and
Durocher, 2013; Eifler and Vertegaal, 2015). The SUMO isoforms
SUMOI1 and SUMO?2/3 were all found to accumulate at sites of
DNA damage in a manner dependent on the SUMO E3 ligases
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FIGURE 1 | Chain-like modifications build up dynamic DNA repair compartments that orchestrate the DNA damage response (DDR). (A) In response to
DNA damage, and subsequent to the MRN/ATM/MDC1-driven phosphorylation of histone variant H2AX, ubiquitylation of H1 and H2B by RNF8 and RNF168,
respectively, synergizes with ubiquitin-dependent extraction of proteins from the damaged chromatin to promote the recruitment of 53BP1 and its downstream
effectors. (B) SUMOylation by PIAS1 and PIAS4 further enhances ubiquitin conjugation around DNA break sites. (C) Poly(ADP-ribosyl)ation (PARylation) by PARPs
generates a recruitment platform for a plethora of PAR-binding proteins, including various transcription factors (TFs), DNA- and RNA-binding proteins (DRBPs), and a
set of intrinsically disordered proteins (IDPs). P, phosphorylation; Me, methylation; Ub, ubiquitylation; S, SUMOylation; A, ADP-ribosylation; M, MRE11; R, RAD50; N,

NBS1.

PIASI and PIAS4 (Galanty et al, 2009; Morris et al., 2009).
Interestingly, the SUMO conjugation observed in response to
DNA breakage promotes accumulation of ubiquitin chains on
damaged chromatin and is required for the efficient recruitment
of ubiquitin-dependent genome caretakers (Galanty et al., 2009;
Morris et al., 2009). Among the targets of DNA damage-induced
SUMOylation are MDC1, RNF168, 53BP1, BRCA1, RPA, and
EXO1 (Figure 1B) (Galanty et al., 2009; Morris et al., 2009; Luo
et al,, 2012; Yin et al., 2012; Bologna et al., 2015; Hendriks et al,,
2015). SUMOylation not only contributes to the recruitment
of proteins to DSBs but also to their coordinated removal,
and, interestingly, is required for both NHE]J and HR (Galanty
et al., 2009; Morris et al., 2009; Chung and Zhao, 2015; Sarangi
et al., 2015). While much remains to be learnt about the exact
mechanisms how SUMOylation and SUMO chain formation in
particular affect the repair of DSBs, it has become clear that
the SUMOylation and ubiquitylation machineries work closely
together to help restore genome integrity upon chromosome
breakage (see below).

POLY(ADP-RIBOSE) CHAINS ATTRACT A
DIVERSE SET OF PROTEINS TO DNA
BREAK SITES

A third type of protein modification that comes in chains and ties
proteins to DNA breaks sites is PARylation. Catalyzed by PAR

polymerases (PARPs) in response to genotoxic stress, DNA break-
associated ADP-ribose polymers provide a landing platform for a
plethora of PAR-binding proteins (Teloni and Altmeyer, 2016).
This includes chromatin remodelers and DNA repair factors,
but also proteins involved in nucleic acid metabolism and RNA
processing (Krietsch et al., 2013; Golia et al., 2015; Izhar et al,,
2015; Teloni and Altmeyer, 2016). PAR-dependent events have
been implicated in the cellular response to DNA single-strand
breaks and in maintaining the integrity of perturbed replication
forks, but also contribute to DSB repair (Beck etal., 2014). Among
the proteins that respond to PAR formation are the DDR factors
MREI11 and NBS1 (Haince et al., 2008), the chromatin remodeler
ALC1 (Ahel et al., 2009; Gottschalk et al., 2009), the histone
variant macroH2A (Timinszky et al., 2009), components of the
repressive polycomb and NuRD complexes (Chou et al., 2010;
Polo et al., 2010), NHE] and HR factors (Ahel et al., 2008; Rulten
et al, 2008; Li and Yu, 2013; Zhang et al., 2015), and a class
of intrinsically disordered proteins that can phase separate to
generate dynamic compartments (Figure 1C) (Altmeyer et al.,
2015; Patel et al., 2015). The relative contribution of each of these
recruitments for faithful DNA repair is insufficiently understood
and may depend on the type of damage and its complexity as
well as the overall damage load. The amount and type of damage,
together with cell cycle phase and local chromatin environment,
are likely to influence the number of PAR chains generated, their
length and branching frequency, and may thereby impact on the
protein recruitments that are driven by PAR formation.
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Given that all three catenarian modifications, ubiquitylation,
SUMOylation, and PARylation, orchestrate the protein
accumulations around DNA break sites, significant crosstalk
exists. In the following paragraphs, we highlight emerging
examples of such interplay and how it affects the accrual of
genome caretakers at damaged chromatin.

INTERPLAY BETWEEN UBIQUITIN AND
SUMO

As noted above, the ubiquitylation and SUMOylation
machineries are tightly interconnected and cooperate to
reshape the chromatin landscape for proper repair (Bekker-
Jensen and Mailand, 2011; Jackson and Durocher, 2013). An
interesting direct link between the two systems is provided
by SUMO-targeted ubiquitin ligases (STUbLs), readers of
SUMO modifications that possess ubiquitin ligase activity and
specifically modify SUMOylated substrates. The STUbL RNF4 is
a prime example that recently emerged as important regulator
of protein accumulation upon DNA breakage. RNF4 is recruited
to DSBs via its SUMO interaction motifs and ubiquitylates
SUMOylated DDR factors, thereby leading to their withdrawal
from repair sites and initiating their proteasomal degradation
(Galanty et al., 2012; Luo et al,, 2012; Yin et al., 2012). Defective
targeting by RNF4 enhances the retention of a subset of DDR
factors and compromises the initiation of downstream events
required for efficient repair. Among the proteins that are targeted
by RNF4 is the adaptor protein MDC1, whose removal promotes
access of the DNA end resection and HR machineries (Galanty
et al., 2012; Luo et al.,, 2012; Yin et al., 2012). Once DNA end

resection has occurred, RNF4 is again required for the extraction
of the single-stranded DNA binding protein RPA, which in
turn allows for the accumulation of BRCA2 and RAD5I on
resected DNA (Galanty et al., 2012). Collectively, these findings
suggest that SUMO-targeted ubiquitylation participates in the
dismantling of the anti-resection barrier and promotes HR
reactions. In support of this notion, the activity of RNF4 itself is
regulated in a CDK-dependent manner, allowing it to fulfill its
HR-promoting roles primarily in the S/G2 phases of the cell cycle
(Figure 2A) (Luo et al, 2015; Kuo et al., 2016). Interestingly,
the DNA damage-induced crosstalk between SUMOylation and
ubiquitylation is not restricted to DSBs (Poulsen et al., 2013;
Ragland et al., 2013; Gibbs-Seymour et al., 2015; van Cuijk et al,,
2015), and SUMO-targeted ubiquitylation followed by targeted
protein removal and/or degradation thus emerges as a common
theme in the stepwise progression of DNA repair pathways.

INTERPLAY BETWEEN
POLY(ADP-RIBOSE) AND UBIQUITIN

In analogy to SUMO-targeted ubiquitylation by STUbLs it was
recently discovered that also PAR serves as recognition signal
for selected ubiquitin ligases (Zhang et al., 2011; Zhou et al,,
2011; Wang et al,, 2012). The best-characterized PAR-targeted
ubiquitin ligase (PTUDbL) is RNF146/Iduna. By virtue of its
PAR-binding WWE domain RNF146 is recruited to PARylated
proteins where the WWE-PAR interaction leads to an allosteric
activation of its ubiquitin ligase domain (DaRosa et al.,, 2015).
Among the proteins that are ubiquitylated by RNF146 are PARP1,
PARP2, KU70, DNA ligase III, and XRCC1 (Kang et al., 2011).
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FIGURE 2 | Interplay between chain-like modifications at sites of DNA damage. (A) Interplay between ubiquitylation and SUMOylation through the STUbL
RNF4, which ubiquitylates SUMOylated substrates to mediate their timely removal from repair sites. (B) Interplay between PARylation and ubiquitylation through the
PTUbLs RNF146 and CHFR, which cooperate to dissociate automodified PARP1 from DNA break sites. (C) Productive interaction between PARylation and
SUMOylation to stabilize the recruitment of the SLX4 complex. (D) Interplay between PARylation, SUMOylation, and ubiquitylation via the PAR-responsive SUMO
ligase CBX4 and the SUMO-responsive ubiquitin ligase BMI1 to promote chromatin ubiquitylation in response to DNA damage. P, phosphorylation; Ub,
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Thus, and in parallel to DNA break-induced SUMOylation,
also PAR participates in the targeted protein ubiquitylation and
turnover at sites of genomic lesions.

While these events likely evolved to prevent excessive
interactions of repair factors with DNA break sites, PAR-
dependent ubiquitylation also assists the early recruitment of
genome caretakers. For instance, PAR formation was shown to be
required for the recruitment of the BAL1/BBAP ubiquitin ligase
complex, whose activity promotes the retention of the RAP80-
BRCA1 complex (Yan et al.,, 2013). This mechanism seems to
act in parallel to the PAR-mediated recruitment of BRCA1 via
the PAR-binding BRCT domains of its partner protein BARD1
(Li and Yu, 2013), and is part of the PAR-dependent selective
interaction filtering that is observed almost immediately upon
DNA damage induction and temporally precedes the full build-
up of the RNF8/RNF168-dependent ubiquitin compartment
(Altmeyer et al., 2015; Teloni and Altmeyer, 2016). Notably,
even at later stages of the chromatin response to DNA damage
interplay between PARylation and ubiquitylation seems to
exist, because the PAR-dependent recruitment of the chromatin
remodeler SMARCA5/SNF2H facilitates RNF168 accumulation
and promotes efficient ubiquitin conjugation (Smeenk et al.,
2013).

Another RING-type ubiquitin E3 ligase, whose role in genome
integrity maintenance is linked to PAR formation, is the
mitotic regulator CHFR. A PAR-binding zinc finger motif (PBZ)
mediates its interaction with genotoxic stress-induced PAR and
was shown to be required for the CHFR-dependent antephase
checkpoint (Ahel et al., 2008; Oberoi et al., 2010). Interestingly,
the functions of CHEFR also feed into histone acetylation and
ATM activation (Wu et al., 2011), and mediate the first wave of
ubiquitylation in response to DNA damage (Liu et al., 2013). As
part of this response, CHFR ubiquitylates PARP1 itself, leading to
its dissociation from DNA break sites, thus representing another
example of PTUbL-mediated stepwise succession of repair events
(Kashima et al., 2012; Liu et al., 2013).

Taken together, PARylation assists the early recruitment of
genome caretakers, including various ubiquitin ligases, which
further promote chromatin modifications and lead to the
formation of a dedicated repair compartment, but it also
participates in temporarily restraining protein access to repair
sites and in the timely and PTUbL-mediated removal of repair
factors once they have fulfilled their duties (Figure 2B).

INTERPLAY BETWEEN
POLY(ADP-RIBOSE) AND SUMO

The first direct links between PARylation and SUMOylation
were described in the context of PARP1-regulated transcription
(Martin et al., 2009; Messner et al.,, 2009), and SUMOylation
of PARPI was indeed found to be largely irresponsive to DNA
damage (Zilio et al., 2013). More recently, however, a functional
crosstalk between these two chain-like modifications has started
to emerge also in the context of genome integrity maintenance.
For instance, PARylation of tyrosyl-DNA phosphodiesterase 1
(TDP1) was shown to cooperate with TDP1 SUMOylation to

stabilize the protein and promote its function in the repair
of trapped topoisomerase I (TOP1) cleavage complexes (Das
et al., 2014). Similarly, PARylation and SUMOylation cooperate
to recruit and stabilize the SLX4 nuclease scaffold complex,
itself a SUMO E3 ligase, at DNA damage sites (Figure 2C)
(Gonzalez-Prieto et al., 2015; Guervilly et al., 2015). Finally, and
as an example for productive interplay between all three chain-
like modifications, PARylation is required for the recruitment
of CBX4. In a pathway that functions in parallel to the
PIAS1/PIAS4-mediated SUMOylation at damaged chromatin,
PAR-dependent SUMOylation by CBX4 attracts the polycomb
ubiquitin E3 ligase BMI1, which in turn contributes to DNA
damage-induced histone ubiquitylation and promotes repair
(Figure 2D) (Ismail et al., 2010, 2012, 2015; Ginjala et al,
2011). Thus, intriguing examples of close cooperation between
catenarian modifications exist, and future findings are likely to
shed more light onto the intricate interplay between ubiquitin,
SUMO and PAR in the DDR.

CONCLUSION AND OUTLOOK

While distinct in their chemical nature and regulatory
mechanism, ubiquitylation, SUMOylation, and PARylation
share the feature of being chain-like protein modifications. The
composition of modification chains, their length, linkage type
and branching frequency contains information that can be used
by complex regulatory circuits and signaling pathways such
as the DDR. Recent work has elucidated how cells employ a
sophisticated sequence of reactions with remarkable temporal
and spatial resolution to shield genomic lesions and build
up dynamic functional platforms that promote repair. The
information content imbedded in this response is immense, and
the use of modification chains may thus support the need for
lesion-specific chromatin barcodes that dynamically change as
repair reactions progress.

The multivalent protein recruitment polymers formed by
ubiquitylation, SUMOylation, and PARylation often cooperate to
achieve robust responses. To this end, they act successively or in
parallel, and frequently use positive feedback loops to amplify
the signal and increase its specificity. They also employ time-
delayed negative feedback to terminate reactions and disassemble
complexes, which are no longer needed and constitute roadblocks
for downstream events. While recent work has started to
elucidate the crosstalk between these modifications, how their
combinatorial use and dynamic interplay reshapes the chromatin
environment surrounding different types of genomic lesions,
dictates repair pathway decisions, and determines repair fidelity
remains incompletely understood. Moreover, almost nothing is
known about mixed chain modifications, e.g., PARylation of
ubiquitin or SUMO chains, and how they might be employed
by the DDR. Quantitative time-resolved proteomics and imaging
approaches that provide spatial information about protein
redistribution and can relate this to cell cycle information are
powerful tools to address these issues. The insights gained
will not only deepen our understanding of the DDR, but may
also provide additional clues to the mechanisms that underlie
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the toxicity of inhibiting chain-like modifications in cancer
treatments.
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Fanconi anemia (FA) is a rare human genetic disorder characterized by developmental
defects, bone marrow failure and cancer predisposition, primarily due to a deficiency
in the repair of DNA interstrand crosslinks (ICLs). ICL repair through the FA DNA repair
pathway is a complicated multi-step process, involving at least 19 FANC proteins and
coordination of multiple DNA repair activities, including homologous recombination,
nucleotide excision repair and translesion synthesis (TLS). SUMOylation is a critical
regulator of several DNA repair pathways, however, the role of this modification
in controlling the FA pathway is poorly understood. Here, we summarize recent
advances in the fine-tuning of the FA pathway by small ubiquitin-like modifier (SUMO)-
targeted ubiquitin ligases (STUbLs) and other SUMO-related interactions, and discuss
the implications of these findings in the design of novel therapeutics for alleviating
FA-associated condition, including cancer.

Keywords: Fanconi anemia (FA), SUMOylation, SUMO-targeted ubiquitin ligases (STUbLs), SUMO proteases
(SENPs), SUMO-interaction motifs (SIMs), SUMO-like domains (SLDs), deubiquitinases (DUBs), DNA interstrand
crosslinks (ICLs)

FANCONI ANEMIA (FA) DNA REPAIR PATHWAY

Fanconi anemia is a very rare autosomal recessive disease (occurring in just 1 of every
100,000 births), typically distinguished by bone marrow abnormalities, cancer predisposition,
and congenital anomalies (Kee and D’Andrea, 2012). Patients with this disease exhibit defects
in the repair of interstrand crosslinks (ICLs), DNA lesions which hook bases of opposing DNA
strands together, and are consequently hypersensitive to crosslinking agents such as cisplatin,
diepoxybutane (DEB), and mitomycin C (MMC) (Noll et al., 2006). Despite the low prevalence
of the FA disease, the complex pathway involved in the recognition and repair of ICLs orchestrates
multiple DNA repair processes, such as homologous recombination (HR) and translesion synthesis
(TLS), making FA an important model in the study of DNA repair signaling.

To date, 19 FANC proteins have been identified in the FA pathway, which fall into three distinct
functional groups. One group is the FA core complex, consisting of FANCA, B, C, E, E G, L,
and M, which together with three Fanconi associated proteins (FAAP20, FAAP24, and FAAP100)
functions as an E3 ubiquitin ligase (Garcia-Higuera et al., 2001; Meetei et al., 2003; Ciccia et al.,
2007; Ling et al., 2007; Leung et al., 2012). Upon pathway induction by DNA damage or replication
stress, the targeting components of the FA core, FANCM and FAAP24, bind chromatin and recruit
the FA core complex (Qiao et al., 2001; Kim et al., 2008). A histone-fold-containing complex
consisting of MHF1-MHF?2 proteins facilitates the recruitment of FANCM to chromatin to enhance
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pathway activation (Singh et al., 2010; Yan et al., 2010). The FA
core complex subsequently monoubiquitylates group II proteins,
FANCI and FANCD?2, which associate to form a heterodimer
called the ID complex (Garcia-Higuera et al., 2001; Sims et al,,
2007; Smogorzewska et al., 2007). This monoubiquitylation of the
ID complex localizes it to chromatin, where it recruits the group
III effector proteins to initiate downstream ICL repair.

Following ID monoubiquitylation, a complex series of steps
ensues to complete ICL repair. First, the mono-ubiquitinated ID
complex serves as a scaffold for recruitment of several nucleases,
which make nucleolytic incisions flanking the ICL to unhook the
crosslink. These nucleases include SLX4 (discussed in more detail
below), ERCC1-XPF1, and MUS81-EMEI structure-specific
endonucleases (Hanada et al., 2006; Knipscheer et al., 2009;
Stoepker et al., 2011; Klein Douwel et al., 2014). Cross-linked
nucleotides on the complementary strand are subsequently
bypassed by the process of TLS, which involves specialized
Y-family polymerases such as polg and REV1 (Rischle et al,
2008; Kim et al., 2012; Budzowska et al., 2015). The nucleolytic
incisions result in a double strand break (DSB) in the DNA, which
is repaired by HR (discussed below), and nucleotide excision
repair (NER) fills the remaining gap (Rischle et al., 2008; Kim and
D’Andrea, 2012). Finally, in the last step, the deubiquitinating
(DUB) complex USP1-UAF1 removes monoubiquitin from the
ID complex, allowing for pathway regeneration (Nijman et al.,
2005; Cohn et al., 2007) (Figure 1). For more extensive reviews
on the steps of the FA pathway, please refer to the following
reviews: (Kim and D’Andrea, 2012; Walden and Deans, 2014;
Duxin and Walter, 2015). Despite extensive study, it is likely
that additional aspects of FA pathway activation and regulation
remain unidentified, prompting recent studies of other regulatory
proteins and post-translational modifications (PTMs) involved in
the FA pathway.

CONTROL OF SIGNALING PATHWAYS
BY SUMOylation

In addition to ubiquitin signaling, modification of proteins
by small ubiquitin-like modifier (SUMO) has been implicated
in several aspects of cellular signaling. Similar to protein
ubiquitylation, the process of activating and conjugating SUMO
modifications to substrates involves an EI1-E2-E3 enzyme
cascade. SUMO proteins are initially translated as immature
precursors that must be processed by proteases to a mature
form containing a C-terminal diglycine motif. This mature form
of SUMO subsequently becomes bound by an E1 enzyme that
activates SUMO through sequential adenylation and thioester
bond formation. SUMO is then passed to a single E2 conjugating
enzyme, ubiquitin-like conjugating enzyme 9 (Ubc9), that
transfers the SUMO to substrate accepter lysine residues with
the help of E3 protein ligases. Protein SUMOylation is mediated
by several SUMO E3 ligases in mammalian cells, including
those of the PIAS family: PIASI, PIAS2 (PIASxa/p), PIAS3, and
PIAS4 (PIASy). These E3 enzymes facilitate SUMO conjugation
either by promoting specificity to substrate recruitment by
E2~SUMO, or by stimulating the discharge of SUMO to

substrates (Gareau and Lima, 2010). The E2 enzyme Ubc9
recognizes its substrates through the consensus SUMOylation
motif, WKxE/D, where ¥ is a large hydrophobic residue
(Rodriguez et al., 2001). Conversely, SUMO can also be de-
conjugated from substrates through the activity of SUMO specific
proteases (SENPs), making this a highly dynamic modification
analogous to ubiquitylation and phosphorylation (Kumar and
Zhang, 2015).

Another family of proteins called SUMO-targeted ubiquitin
ligases (STUbLs) has also been characterized recently that
connects the processes of SUMOylation with ubiquitylation.
Uniquely, STUbL enzymes recognize their substrates through
SUMO-interaction motifs (SIMs), short hydrophobic peptide
sequences that mediate non-covalent attachments with SUMO
(Perry et al., 2008). Often, STUbL enzymes promote the specific
recruitment of proteins containing both ubiquitin-interacting
motifs (UIMs) and SIMs through the synthesis of SUMO-
ubiquitin conjugate chains. As an example, the RAP80 subunit of
the BRCA1 complex uses both its SIM and UIM motifs to bind
SUMO-ubiquitin conjugate chains synthesized by the STUbL
RNF4 for efficient recruitment to DSBs immediately following
DNA damage (Guzzo et al., 2012; Hu et al., 2012). By promoting
the degradation of previously SUMOylated target proteins,
STUbL enzymes play important roles as global regulators of
SUMOylation levels. Imbalances in global protein SUMOylation
levels can have several adverse cellular consequences, including
genome instability and sensitivity to genotoxic stress (Perry et al.,
2008).

Small ubiquitin-like modifier and SUMO-like modifications
can influence a wide variety of cellular signaling pathways by
directing changes in protein-protein interactions, altering protein
intracellular localization, directing protein turnover (via STUbL
enzymes described above), or changing protein activity. Despite
its importance in these other signaling pathways (reviewed
in Gareau and Lima, 2010), a functional role for ubiquitin-
SUMO crosstalk in the Fanconi Anemia pathway has not been
defined until recently. This review highlights new evidence of
FA pathway modulation by SUMO modifications and SUMO-
like interactions, and describes the impact of these observations
on our understanding of FA pathway regulation and disease
treatment.

ROLE OF FANCA SUMOylation

One example of how SUMOylation contributes to FA pathway
regulation is through promoting the polyubiquitylation of FA
core complex member FANCA. A recent study from the
D’Andrea lab identified a patient with a point mutation in
FANCA (FANCA™) that fails to bind the FAAP20 subunit
of the FA core complex, leading to decreased FANCA protein
levels. In uncovering the mechanism behind this decreased
stability of FANCA, the authors discovered that defective FAAP20
binding by the FANCA mutant leads to increased exposure of
a SUMOylation site on FANCA at residue K921, which in turn
promotes UBC9-mediated SUMOylation, polyubiquitylation by
the STUbL RNF4, and proteasome-dependent degradation of
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FIGURE 1 | The ICL repair pathway. The FANCM-FAAP24 complex first recognizes stalled replication structures, and recruits the FA core complex to the ICL.
ATR-Chk1 phosphorylates and activates multiple components, including FANCA, E, |, and D2, which is required for monoubiquitylation of the ID complex by the FA
core complex. Upon monoubiquitylation, the activated ID complex localizes to chromatin and coordinates the activities of downstream nucleases that create
incisions around the crosslink. The resulting structure is then repaired by multiple processes, involving lesion bypass by TLS polymerases, HR, and NER. Finally, the
USP1-UAF1 DUB complex removes monoubiquitin from the ID complex to complete repair. See accompanying text for more details. Yellow spheres indicate
Fanconi Anemia-associated proteins (FAAPs) FAAP20, FAAP24, and FAAP100. Targets for SUMOylation highlighted in this review are denoted in green.

@ = phosphorylation
W = ubiquitylation

FANCA. Failure of the FANCA mutant to bind FAAP20
still allows efficient FANCD2 monoubiquitylation, but leads
to an inability to properly recruit the REV1 translesion
polymerase (Kim et al., 2012), contributing to lower rates of

TLS-mediated mutagenesis. On the other hand, the authors
showed that wild-type FANCA is also subject to SUMOylation
and RNF4-mediated polyubiquitylation, but to a lesser degree,
and depletion of RNF4 contributed to increased MMC sensitivity
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(Xie et al,, 2015) (Figure 2A). Taken together, these results
indicate that the regulated release of FAAP20 from FANCA
is a normal critical step in the FA pathway and suggest
that failure to properly release FANCA from the FA core
complex could contribute to pathway disruption and genome
instability.

SUMOylation OF THE ID COMPLEX FOR
THE FA PATHWAY

As discussed previously, ID complex monoubiquitylation is
removed by the USP1-UAF1 (WDR48) DUB complex, allowing
for FA pathway regeneration (Nijman et al, 2005; Cohn
et al., 2007). Evidence shows that depletion of USP1 in either
murine models or chicken DT40 cells enhances chromatin
loading of the ID complex in the absence of exogenous DNA
damage (Oestergaard et al., 2007; Kim et al., 2009), but only
to similar levels as observed following mitomycin C (MMC)
treatment, suggesting the existence of alternative mechanisms to
restrain ID complex loading at DNA lesions. Work by Gibbs-
Seymour et al. (2015) demonstrates that direct SUMOylation
of the ID complex can also stimulate the removal of activated
ID complexes at sites of damage, thereby controlling ID
complex dosage at DNA lesions. ID complex SUMOylation
is dependent on the ATR kinase and two SUMO E3 ligases,
PIASI and PIAS4, and is antagonized by the SUMO protease
SENP6. Following SUMOylation, the STUbL RNF4 targets the
ID complex for polyubiquitylation, ultimately promoting ID
complex chromatin extraction from DNA lesions by the DVC1-
P97 ubiquitin segregase complex. This ubiquitin-SUMO network
thereby helps fine-tune ID complex recruitment to DNA damage
sites. The authors further show that dysregulation of this
process through expression of a SUMOylation-deficient FANCI
mutant results in increased DNA damage and MMC sensitivity,
illustrating the importance of this mechanism for limiting ID
complex dosage at DNA lesions (Gibbs-Seymour et al., 2015)
(Figure 2B).

An obvious follow-up question to this study is: why is
it so important to precisely regulate ID complex dosage at
DNA damage sites by this elaborate mechanism? The authors
suggest that this regulation by ubiquitin-SUMO crosstalk
could help prevent excessive nucleolytic processing of DNA,
downstream of ID complex monoubiquitylation. Like USP1-
mediated deubiquination, SUMOylation of ID proteins could also
be an important mechanism allowing for ID complex recycling
and FA pathway regeneration. Future work will be needed to
further understand mechanistically how dysregulation of ID
complex dosage at DNA damage sites contributes to genome
instability.

SLX4 ACTS AS A SUMO E3 LIGASE

One of the key steps in ICL repair is nucleolytic excision of
the cross-link and downstream repair of the resulting DSB
by HR. A key player that coordinates these complex repair

processes is the SLX4 protein. Together with its activating
subunit, SLX1, SLX4 associates with XPF-ERCC1 and MUS81-
EMETL structure-specific endonucleases to cleave branched DNA
structures (Andersen et al., 2009; Munoz et al., 2009; Stoepker
et al, 2011). SLX4 additionally interacts with the mismatch
repair proteins MSH2-MSH3 and is required for telomere
stability through association with TRF2 (Wan et al., 2013). SLX1-
SLX4 complexes serve as HJ resolvases and process multiple
recombination intermediates (Fekairi et al., 2009). Thus, SLX4
serves as a scaffold for many different nucleases involved in ICL
and HR repair, but our understanding of how these interactions
are orchestrated to direct specific repair outcomes has been
limited.

New studies from the Gaillard, Vertegaal, and Zou labs
have shed light on SLX4 regulation, showing that SUMO and
ubiquitin modifications are involved in directing the different
activities of the SLX4 complex. Guervilly et al. (2015) made
the surprising discovery that the SLX4 complex is a SUMO E3
ligase that SUMOylates SLX4 itself. SUMOylation by SLX4 is
dependent on an interaction with the charged UBC9~SUMO
E2 enzyme as well as newly identified SIMs in SLX4. Studies
from the Vertegaal lab identified three such SIMs in the SLX4
protein and showed that these motifs were critical for proper
ICL repair and targeting of SLX4 to PML nuclear bodies and
laser-induced DNA damage sites (Gonzdlez-Prieto et al., 2015).
In addition to SUMOylating itself, SLX4 also targets the XPF
subunit of the repair endonuclease XPF-ERCCI1 for SUMO
modification (Guervilly et al., 2015). Unexpectedly, the BTB
domain of SLX4, which facilitates XPF targeting (Andersen et al.,
2009), was specifically required for SUMOylation of XPF in vivo
and in vitro, showing an additional role for the BTB domain
outside of XPF binding (Figure 2C). At one extreme, chronic
overexpression of SLX4 induces global replication stress and is
extremely cytotoxic, which the authors suggest are consequences
of extensive nucleolytic processing and chromatid breakage.
On the other hand, the SUMO E3 ligase activity of SLX4
facilitates expression of common fragile sites (CFS), unstable
genomic loci that are difficult to replicate. In fact, failure to
localize SLX4 to CEFS is associated with increased anaphase
bridges and mitotic catastrophe. Therefore, on a global scale,
increased SUMO ligase activity of SLX4 is detrimental as it
contributes to replication stress, but is necessary to prevent
mitotic catastrophe following CFS expression (Guervilly et al.,
2015).

Ouyang et al. (2015) made similar findings about the
involvement of SUMOylation in SLX4 activity. Namely,
they also discovered that SLX4 binds SUMO2/3 chains via
SIMs in a manner dependent on charged UBCY9, and that
SUMO interactions are important for suppressing fragile
site instability and processing of CPT-induced replication
intermediates. However, the authors extend these findings by
directly comparing SLX4 targeting via its ubiquitin-binding
zinc finger (UBZ) domains versus its SIM domains. While
the UBZs of SLX4 are critical in ICL repair, the SIMs
of SLX4 are instead more important for binding DNA
damage sensors such as RPA, the MRN complex, and the
telomere binding protein TRF2. Thus, the UBZs and SIMs
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FIGURE 2 | Control of the FA pathway by SUMO and SUMO-like modifications. (A) Regulated release of the FAAP20 subunit from FANCA is required for
SUMOylation of FANCA via the E2 conjugating enzyme Ubc9. Removal of FAAP20 inhibits the recruitment of the downstream TLS polymerase REV1 during ICL
repair, resulting in decreased TLS-mediated mutagenesis. SUMOylation of FANCA subsequently triggers RNF4-mediated polyubiquitylation and
proteasome-mediated degradation. (B) The ID complex is targeted for SUMOylation in a manner dependent on the activities of the ATR kinase, the FA core complex,
and the SUMO EB ligases PIAS1/PIAS4. Alternatively, SUMOylation can be removed by the SUMO protease SENP6. SUMOylation of the ID complex allows for
recognition by RNF4, leading to ID complex polyubiquitylation and removal from damage sites via the DVC1-p97 segregase complex. (C) The SLX4 complex acts as
a SUMO ES ligase by triggering its own SUMOylation in addition to that of the DNA repair/recombination endonuclease XPF. This SLX4-dependent SUMOylation is
dependent on the E2 Ubc9, as well as its own SIMs and BTB domains, and is important to prevent mitotic catastrophe following CFS expression. (D) The SUMO E3
ligases PIAS1 and PIAS4 promote DSB repair by localizing to damage sites and SUMOylating multiple target proteins, including BRCA1 and 53BP1. This
SUMOylation is required for proper ubiquitin-adduct formation mediated by RNF8, RNF168, and BRCA1 to initiate a DNA damage response (DDR). (E) The
SUMO-like domain SLD2 of UAF1 directs USP1-UAF1 targeting to its substrates via SIMs located within FANCI and the PCNA-interacting protein hELG1. These
SLD-SIM interactions regulate deubiquitylation of FANCD2 and PCNA-Ub substrates, respectively, to coordinate HR and TLS activities during FA DNA repair.
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of SLX4 are functionally distinct, providing a mechanism for
targeting SLX4 in different repair contexts (Ouyang et al,
2015).

ROLE OF SUMOylated PCNA IN
MAMMALIAN CELLS

The FA pathway is important for activation of HR-mediated
repair, a DSB repair mechanism that uses an intact sister
chromatid as a repair template (review in Moynahan and
Jasin, 2010). While HR has the advantage of being an error-
free mode of repair as opposed to the non-homologous end
joining (NHE]) pathway, inappropriate hyperrecombination is
associated with genomic instability and cancer (Martin et al.,
2007). How the FA pathway coordinates crosslink repair and
HR appropriately has been a poorly understood topic. It is
known that in budding yeast, the UvrD domain helicase Srs2
limits inappropriate HR by removing RAD51 nucleofilaments
from ssDNA at an early step in the HR pathway (Papouli
et al., 2005). A homolog for Srs2 with similar antirecombinase
activity had not been identified in human cells, however,
prompting a recent study by the D’Andrea lab to identify
novel HR regulators in mammalian cells. The authors identified
C120rf48 as an anti-recombinase in human and chicken DT40
cells that specifically interacts with a PCNA-SUMO fusion
protein in vitro. They named this protein PCNA associated
recombination inhibitor (PARI). Similar to Srs2 in yeast, PARI
restricts recombination by interfering with RAD51-DNA HR
structures and is required for genome stability. Interestingly,
PARI knockdown in FA cells, which are deficient in HR
(Nakanishi et al, 2005), improves genome instability by
increasing recombination frequency (Moldovan et al., 2012).
These results indicate that manipulation of PARI levels could be
an effective chemoprotective approach in HR-deficient cancers.
Nevertheless, several key questions still remain pertaining to the
role and recruitment of PARI to the replication fork, including
whether SUMOylation of mammalian PCNA exists and whether
PARI is truly the long sought-after functional human homolog of
budding yeast Srs2.

ROLE OF SUMOylation IN HR REPAIR

Following unhooking of an ICL by nucleolytic incisions, a
DSB is generated that must be repaired by HR. Current
evidence demonstrates a role for SUMOylation in coordinating
this DSB repair step. SUMO E3 ligases PIAS1 and PIAS4
accumulate at DNA damage sites in mammalian cells, where
they target multiple substrates for SUMO modification, including
53BP1 and BRCAL, to damage foci. SUMOylation facilitates the
localization of these DNA repair proteins to DSB sites and also
is required for RNF8 and RNF168-mediated ubiquitylation of
target proteins (including H2A/X) to signal downstream repair
(Galanty et al., 2009). In particular, SUMOylation of BRCAI
by PIAS SUMO E3 ligases increases its ubiquitin ligase activity,
identifying it as a STUbL (Morris et al., 2009). In addition to

BRCALI, another STUbL, RNF4, was identified that promotes
DSB repair by regulating the turnover of DSB-responsive
factors MDC1 and replication protein A (RPA), allowing for
recruitment of factors necessary for DSB repair by HR (Galanty
et al., 2012). Through the combination of these mechanisms
(Figure 2D), SUMO-ubiquitin crosstalk amplifies DSB signaling
to promote efficient DSB repair. Although likely, it is currently
unclear whether regulation of BRCA1 by SUMOylation plays
a role in the repair of ICLs as part of the Fanconi Anemia
pathway.

ROLE OF SUMO-LIKE DOMAINS (SLDs)
IN DUB-SUBSTRATE INTERACTIONS

While the importance of USP1/UAF1-mediated deubiquitylation
of FANCD?2 has been clearly established (Nijman et al., 2005;
Oestergaard et al, 2007; Kim et al, 2009), the question
of how USP1/UAF1 is targeted to the FANCI/FANCD2
heterodimer has remained elusive until recently. Yang et al.
(2011) discovered that this targeting mechanism involves SUMO-
like domains (SLD1 and SLD2) at the C-terminus of UAFI,
which bind directly to SIM motifs of FANCI. Likewise, the
SLD2 domain of UAF1 also binds to the SIM on hELGI
to direct USP1/UAF1 binding to another important substrate,
PCNA-Ub (Huang et al., 2006). This SLD-SIM interaction is
critical for FA pathway function, as deletion of the SLD2
sequence of UAFI or the SIM of FANCI leads to deficient
FANCD2 monoubiquitylation and DNA repair. Thus, SLD-
SIM interactions provide a means for the regulated delivery of
USP1/UAF1 DUB complex to its substrates for efficient ICL
repair (Yang et al, 2011) (Figure 2E). As UAF1 is a highly
abundant protein with many diverse binding partners, this
study also points to the possibility that SLD-SIM targeting
may also play broader roles not only in DNA repair, but as a
general means to sort intracellular proteins involved in other
processes.

FUTURE PERSPECTIVES

In summary, the above studies clearly demonstrate the
importance of SUMO and SUMO-like modifications in fine-
tuning FA pathway activation and DNA repair (summarized in
Figure 2). It is probable that findings reported here represent
a small portion of targets controlled by SUMOylation in the
FA pathway, and future work should uncover other unidentified
substrates and SUMO ligases/proteases critical to this process.
These studies also point to the possibility of pharmacologically
targeting SUMO ligases, SIM-SUMO interactions, and SENPs
as a way to manipulate FA pathway activity in FA cells
and HR-defective cancers. Consistent with this notion, several
studies have reported the overexpression of SENPs in various
disease conditions and cancers, prompting recent advancements
in the development of small molecule inhibitors of SENPs
with therapeutic potential (review in Kumar and Zhang,
2015). On the other hand, aggressive modulation of SUMO-
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ubiquitin signaling could also pose a risk for inefficient repair by
the FA pathway and other DNA repair mechanisms. Thus, future
studies are highly necessary to further understand the proper
balance of SUMOylation and ubiquitination activity necessary
for proper FA pathway function, and how dysregulation of
these ubiquitin and ubiquitin-like post-translational modifiers
underlies genome instability.
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Ubiquitin and the ubiquitin-like modifier SUMO are intimately connected with the cellular
response to various types of DNA damage. A striking feature is the local accumulation of
these proteinaceous post-translational modifications in the direct vicinity to DNA double-
strand breaks, which plays a critical role in the formation of ionizing radiation-induced
foci. The functional significance of these modifications is the coordinated recruitment
and removal of proteins involved in DNA damage signaling and repair in a timely manner.
The central orchestrators of these processes are the ubiquitin and SUMO ligases that are
responsible for accurately tagging a broad array of chromatin and chromatin-associated
proteins thereby changing their behavior or destination. Despite many differences in the
mode of action of these enzymes, they share some striking features that are of direct
relevance for their function in the DNA damage response. In this review, we outline the
molecular mechanisms that are responsible for the recruitment of ubiquitin and SUMO
ligases and discuss the importance of chromatin proximity in this process.

Keywords: DNA damage, DNA double-strand breaks, SUMO, ubiquitin, chromatin

INTRODUCTION

The cellular response to compromised genome integrity is a vital process that is tightly regulated
by a number of post-translational modifications (PTMs) that dictate the course of action at the
sites of DNA damage. While ensuring that proper action will be taken to eliminate the threat, these
regulatory circuits at the same time avoid unnecessary and potentially hazardous activation of DNA
repair pathways. In this review, we will focus on ubiquitin and the small ubiquitin-like modifiers
(SUMO)-1, -2, and -3, which are central players in this process, where they in tight conjunction
with other PTMs - most notably phosphor-modifications but also another ubiquitin-like protein
modifier Nedd8 - activate signaling cascades and coordinate mobilization of the proper DNA
repair machinery (Bekker-Jensen and Mailand, 2011; Jackson and Durocher, 2013). Rather than
providing a complete overview of the rapidly expanding number of ligases that are involved in this
process, we will focus on a limited set of ligases that illustrates the importance of proximity to DNA
lesions in DNA damage-induced ubiquitylation and SUMOylation.

Abbreviations: DSB, DNA double-strand break; IRIFE, ionizing radiation-induced foci; MIU, motif interacting with
ubiquitin; PAR, poly(ADP-ribose); PTM, post-translational modification; PRC, polycomb recessive complex; SIM, SUMO-
interacting motif; STUbL, SUMO-targeted ubiquitin ligase; ZnF, zinc finger.
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Ligases in the DNA Damage Response

Modification of chromatin and chromatin-associated proteins
by these PTMs in response to DNA double-strand breaks (DSBs)
results in the formation of the characteristic ionizing radiation-
induced foci (IRIF) that mark the sites of DNA damage (Lukas
et al, 2011). In contrast to phosphorylation at IRIF, which
is primarily facilitated by the PI3K-like kinase ATM with the
variant histone H2AX being the predominant target (Shiloh,
2003), decoration of the chromatin with ubiquitin and SUMO
is attributed to several enzymes that differ in their specificity
for substrates at the chromatin (Bekker-Jensen and Mailand,
2011; Jackson and Durocher, 2013). Despite the many differences
between the ubiquitin and SUMO ligases involved in the DNA
damage response, they share a number of characteristics such as
the critical role of chromatin recruitment for their functionality
and their tendency to target multiple substrates at the DSBs.

REGULATION BY PROXIMITY

An important mechanistic difference between the DSB-induced
phosphorylation and ubiquitin/SUMO response at IRIF lies in
the way their activity is regulated. While the activity of ATM
is kept dormant in undamaged cells only to be unleashed upon
the detection of DSBs (Bakkenist and Kastan, 2003), most of

the enzymes that are responsible for conjugation of ubiquitin
and SUMO at sites of DSBs lack direct activation mechanisms.
Despite the fact that additional regulatory mechanisms may be in
play, a general concept appears to be the DNA damage-induced
translocation of ligases to the DSBs as a primary determinant
for directing the activity of these enzymes toward chromatin and
chromatin-associated proteins (Figure 1).

Various PTMs and also the exposure of single-stranded
DNA (ssDNA) triggers the accrual of ubiquitin and SUMO
ligases (Figure 2). RNF8 and RNF168 are two RING ubiquitin
ligases that play an important role in the DSB-induced
ubiquitylation response and act downstream of the ATM-
dependent phosphorylation triggered by DNA damage (Huen
et al., 2007; Kolas et al., 2007; Mailand et al., 2007; Doil et al.,
2009; Stewart et al., 2009). RNF8 interacts with its FHA domain
to ATM-phosphorylated MDC1, which in turn binds ATM-
phosphorylated variant histone H2AX (yH2AX), a hallmark
of IRIF (Huen et al., 2007; Kolas et al., 2007; Mailand et al.,
2007). A dual recruitment mechanism is involved in accrual
of RNF168, which has one binding module that facilitates
interaction with linker histone H1 modified with non-proteolytic
lysine 63 (K63)-linked ubiquitin chains (Thorslund et al., 2015)
and a second binding module that recruits it to the core
histone H2A/H2AX ubiquitylated at lysine residues K13/K15

levels
Ubr5/Trip12 KO - .
( { RNF168
_» degradation

RNF146

®TW
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FIGURE 1 | Recruitment and regulation of E3 ligases at DNA lesions. Levels: ES ligases are targeted by other E3 ubiquitin ligases for proteasomal
degradation. Proteasomal degradation of E3 ligases limits the quantity of E3 ligases that translocate to DNA lesions as has been observed for RNF168 which is
targeted for degradation by TRIP12 and UBR5. Recruitment: The recruitment of E3 ligases to DSBs is often mediated by PTMs that are attached to the chromatin or
chromatin-associated proteins. Some E3 ligases are recruited by directly binding to free DNA ends exposed at DSBs. Activation: While most E3 ligases in complex
with their E2 possess constitutive enzymatic activity, a PTM can activate E3 ligase activity as has been observed for the PAR-dependent ubiquitin ligase RNF146.
Competition: Competitors negatively regulate the recruitment of E3 ligases by binding to PTMs that facilitate the binding of E3 ligases as has been observed for
RNF168 and its competitor RNF169. DSB, DNA double-strand break; Ub, ubiquitin; PTM, post-translational modification; DDR, DNA damage response.
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FIGURE 2 | Recruitment modes of exemplary E3 ligases to DNA
lesions. Phosphor: phosphorylated MDC1 serves as the recruitment platform
for RNF8 to DNA lesions. Ubiquitin: RNF168 binds to both ubiquitylated linker
histone H1 and ubiquitylated core histone H2A. SUMO: RNF4 harbors
SUMO-interacting motifs by which it can bind to SUMOylated substrates, e.g.,
MDC1 at DNA lesions. PAR: The E3 ligase RNF146 translocates to DNA
breaks and is activated by binding to PARylated substrates. DNA: By binding
to ssDNA and RPA, the yeast SUMO ligase Siz2 is recruited to DNA lesions.
DSB, DNA double-strand break; Ub, ubiquitin; S, SUMO, small ubiquitin-like
modifier; PAR, poly(ADP-ribose); P, phosphate group; X, variable or
unspecified protein.

(Panier et al, 2012). The latter modification is generated by
RNF168 and provides a positive feedback loop that amplifies
RNF168-mediated ubiquitylation (Mattiroli et al., 2012). The
RNF8/RNF168-mediated ubiquitylation response results in the
recruitment of proteins involved in the repair of DSBs, such as
BRCA1 and 53BP1, to the chromatin at sites of DNA damage.

Artificial tethering of these two ubiquitin ligases to the
chromatin is sufficient to locally reconstitute the DNA damage
response to a large extent without inflicting actual DSBs (Acs
et al,, 2011; Luijsterburg et al., 2012). Interestingly, sequestration
of RNF8 at chromatin resulted in the formation of foci that
displayed many of the hallmarks observed at IRIF such as
ubiquitylation of histone H2A, formation of K63-linked ubiquitin
chains and recruitment of RNF168 and BRCA1 (Luijsterburg
et al., 2012). While tethering of RNF168 did not result in accrual
of RNF8, consistent with the notion that it acts downstream
of RNFS, it also gave rise to H2A ubiquitylation and BRCA1
recruitment (Luijsterburg et al., 2012). Thus the mode of action
of these two ubiquitin ligases illustrates that chromatin retention
plays an important role in their regulation. It is tempting to
speculate that the fact that they operate downstream of ATM
and hence rely on activation of ATM provides sufficient safety
measures to prevent random erroneous activation of the pathway
at chromatin. Moreover, their constitutive activity may have
advantages in the sense that it may allow these proteins to have
other functions in the absence of DNA damage as has been
documented for RNF8 (Takano et al., 2004).

Amplification of the ubiquitylation response at sites of
DNA damage by RNF168 is essential for a robust DNA
damage response and is hence tightly regulated at various
levels (Figure 1). Two ubiquitin ligases, UBR5 and TRIP12,
target RNF168 for proteasomal degradation and depletion of
these ligases results in supraphysiological steady-state levels of
RNF168 giving rise to superfluous activation of the ubiquitylation
response at DSBs (Gudjonsson et al., 2012).

In addition, chromatin accrual of RNF168 is kept under
control by its paralog RNF169 (Chen et al., 2012; Poulsen et al.,
2012), which also binds to RNF168-generated ubiquitin chains
but does not amplify the signal (Panier et al., 2012; Figure 1).
Also activation of the DNA damage response by herpes simplex
virus type 1 is prevented by the viral ubiquitin ligase ICPO
targeting RNF8 and RNF168 (Lilley et al., 2010). It is striking that
these regulatory mechanisms target the steady-state levels and
chromatin accrual of RNF168 and not its activity underscoring
the importance of localization of this ubiquitin ligase in DNA
damage signaling.

An exceptional case is the poly(ADP-ribose) (PAR)-dependent
ubiquitin ligase RNF146, also known as Iduna, since DNA
damage-induced PARylation not only induces its translocation
but also releases its ubiquitin ligase activity (Kang et al., 2011;
Figure 1). RNF146 selectively interacts with PARylated proteins
at DSBs resulting in their ubiquitylation. Although its activity is
not confined to PARylated proteins at DSBs (Zhang et al., 2011),
the PAR-dependent recruitment of RNF146 is important for
efficient DNA repair. Structural analysis revealed that interaction
between PAR and the WWE domain of RNF146 switches its
RING domain into an active state that promotes conjugation
of ubiquitin to PARylated proteins (DaRosa et al., 2015). Thus,
RNF146 is kept in a dormant state only to be activated upon
interaction with PARylated substrates.

In contrast to the large number of ubiquitin ligases in
metazoan cells, SUMO ligation is mediated by a selective set
of dedicated enzymes. In particular SUMO ligases belonging to
the PIAS family - Siz2 in yeast and PIAS1-4 in mammalian
cells — have been implicated in the cellular response to DSBs.
Also these enzymes modulate substrates at the chromatin as a
direct consequence of their DNA damage-induced translocation
to breaks (Figure 1). For yeast Siz2 it has been shown that once
recruited it SUMOylates chromatin-associated proteins at DNA
damage in a rather promiscuous fashion, a process that has been
referred to as group modification (Psakhye and Jentsch, 2012).
Strikingly, artificial tethering of proteins to the chromatin is
sufficient to turn them into substrates for DNA damage-recruited
Siz2 underscoring its ability to modify proteins primarily based
on their proximity (Psakhye and Jentsch, 2012). Since the
individual contribution of the SUMO modifications is limited
while at the same time the presence of an active SUMOylation
response is critical for homologous recombination, it has been
proposed that the SUMO modifications may provide a “glue”
that stabilizes local interactions by binding to SUMO-interacting
motifs (SIMs), which are commonly found in DNA repair
proteins (Jentsch and Psakhye, 2013). It is important though to
mention that modification of specific substrates can also be highly
relevant as has been shown for PCNA, which is SUMOylated at a
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specific lysine residue by Sizl, dictating the preferred mechanism
for dealing with lesions that block replication forks (Mailand
et al., 2013). DSBs in mammalian cells recruit the SUMO ligases
PIAS1 and PIAS4 where they modify BRCA1, 53BP1 and other
substrates with SUMO1 and SUMO2/3 conjugates (Galanty et al.,
2009; Morris et al., 2009). The PIAS1/4-facilitated SUMOylation
is critical for a functional DNA damage response and impediment
of this process compromises recruitment of RNF168, 53BP1,
and BRCA1 (Galanty et al., 2009; Morris et al., 2009). Although
the general underlying molecular mechanism for the critical
role of SUMO in DNA damage-induced ubiquitylation remains
elusive, it has been shown that the ubiquitin ligase activity of the
BRCAI1/BARD1 complex is enhanced by SUMOylation, which
may in part explain its stimulatory effect (Morris et al., 2009). It
is not known whether similar group modifications are involved
in this process but it is noteworthy that both in yeast and
mammalian cells the role of SUMOylation is complex and can
stimulate recruitment, retention or extraction depending on the
nature of substrate and the context of the modification.

TRACING DNA LESIONS

The central role of the recruitment of ubiquitin/SUMO ligases
in activation of DNA repair pathways also implies that their
translocation to DSBs has to be tightly regulated. Notably, while
lack of activation of DNA repair mechanisms or DNA damage
signaling cascades in the presence of DSBs is dangerous for
cells, inappropriate or superfluous activation of these systems
form an equally serious threat. It is interesting that some of the
ubiquitin ligases that are implicated in this process use analogous
mechanisms for their recruitment and combine motifs that
bind to specific DNA damage-induced PTMs with domains that
interact with chromatin ensuring that these modifications will
only be recognized as valid signals in the context of chromatin.
Proper accrual is of particular importance for the RNF168
ubiquitin ligase which is responsible for the amplification of
the DNA damage-induced ubiquitylation response initiated by
RNF8. While RNF168 is essential for recruitment of 53BP1
and BRCA1 and the actual repair of DSBs, excessive levels
of RNF168 also compromise DNA repair (Gudjonsson et al.,
2012). RNF168 specifically ubiquitylates histone H2A(X) in the
context of the nucleosome by interacting through a basic region
within its RING domain with an acidic patch that is present
at the interface of the H2A/H2B dimer (Leung et al., 2014;
Mattiroli et al., 2014). Binding of RNF168 to the nucleosome
allows its cognate ubiquitin conjugase to transfer the ubiquitin
to the target lysine residues within H2A(X). However, this direct
interaction with the nucleosome is not sufficient for establishing
chromatin retention since RNF168 has to selectively interact
with ubiquitylated linker histone H1 (Thorslund et al., 2015)
or the H2AK13,15ub mark (Mattiroli et al., 2012). Notably,
RNF168 contains two recognition modules both involving motif-
interacting with ubiquitin (MIU) domains that are specific for
these modifications (Panier et al., 2012). Interestingly, its paralog
RNF169, which suppresses DNA damage-induced ubiquitylation
(Chen et al, 2012; Poulsen et al, 2012), only contains the

module that facilitates interaction with the RNF168-generated
H2AK13,15ub mark allowing it to inhibit the amplification of the
signal by tempering with the initial activating response (Panier
etal., 2012).

It is noteworthy that the BMI1/RING1b ligase, which is part
of the polycomb recessive complex 1 (PRCI) that facilitates
the canonical ubiquitylation of histone H2A at residue K119
(Sparmann and van Lohuizen, 2006), employs the same acidic
patch to faithfully interact with the nucleosome (Leung et al.,
2014; McGinty et al., 2014). Although it had been proposed that
the BMI1/RING1b ligase interacts with nucleosomal DNA in a
sequence-independent manner (Bentley et al., 2011), structural
analysis showed that its cognate E2 UbcHS5 facilitates this
interaction (McGinty et al., 2014). Importantly, this ubiquitin
ligase complex has also been linked to the DNA damage response,
both at DSBs and UV lesions, where it monoubiquitylates
histone H2AX and promotes the DNA damage response (Ismail
et al.,, 2010). PRC1 accumulates at DSBs by a mechanism that
is different from its well-established chromatin retention by
PRC2-generated H3K27me? and does not require DNA damage-
induced yH2AX. PRC1 is also required for DNA damage-induced
silencing at DSBs but this activity requires the presence of PRC2
suggesting that it is more similar to the canonical role of these
complexes in suppression of transcription (Kakarougkas et al.,
2014).

RNF4 is a SUMO-targeted ubiquitin ligase (STUbL) that
selectively ubiquitylates proteins that have been modified by
chains consisting of the highly related SUMO2 and SUMO3
modifiers, in particular under conditions of proteotoxic or
genotoxic stress (Kosoy et al, 2007; Sun et al, 2007). In
response to DSBs, RNF4 translocates to sites of DNA damage
by interacting with its SIMs with chromatin-associated proteins
that are subject to DNA damage-induced SUMOylation (Galanty
et al., 2012; Luo et al., 2012; Yin et al., 2012). RNF4-mediated
ubiquitylation of MDC1 and RPA results in removal of these
proteins from DSBs and plays an important regulatory role. In
addition to its interaction with the SUMO conjugates, the RING
domain of RNF4 contains a nucleosome-interacting motif that
is structurally related to the motifs in RNF168 and RING1b and
which is required for targeting RNF4 to chromatin (Groocock
et al,, 2014). Although the nucleosome-interacting motif binds
DNA, as in the case for RINGIb, it is not clear whether
DNA binding and/or histone interaction are responsible for its
nucleosome targeting activity (Groocock et al., 2014).

Another recruitment mechanism is employed by the ubiquitin
ligase RNF138, which stimulates repair of DSBs by homologous
recombination. This ubiquitin ligase contains three zinc finger
(ZnF) motifs that specifically interact with ssDNA overhangs at
lesions (Ismail et al., 2015; Schmidt et al., 2015). Accordingly,
RNF138 acts downstream of the Mrell nuclease that is
responsible for the generation of ssDNA at DSBs. RNF138-
mediated ubiquitylation fulfills a dual role at DSBs since it
facilitates the removal of the Ku70-Ku80 heterodimer (Ismail
et al., 2015) and stimulates the recruitment of CtIP resulting
in resection of DNA ends (Schmidt et al, 2015) and repair
of the lesions by homologous recombination. Thus, unlike the
above mentioned ubiquitin ligases, RNF138 localizes to the actual
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break and not to the chromatin in proximity of the DSBs and
uses a dedicated recruitment motif to accomplish this. Also
RNF111, which modifies histone H4 with chains of the ubiquitin-
like modifier Nedd8, interacts with naked DNA and it has
been proposed that this may serve to secure its recruitment
to DSBs (Ma et al., 2013). Confusingly, the same ubiquitin
ligase has also been reported to localize to UV damage in a
SUMO-targeted fashion where it modifies its target XPC with
ubiquitin chains instead of Nedd8 (Poulsen et al., 2013), resulting
in chromatin extraction of XPC raising questions both about
RNF111’s mechanism for accrual and mode of action (van Cuijk
etal., 2015).

The generation of ssDNA is also important for the recruitment
of the budding yeast SUMO ligase Siz2 to DSBs. Siz2 belongs to
the family of PIAS ligases which have been found to be involved
in the DNA damage response not only in yeast but also in human
cells, in particular PIAS1 and PIAS4. Originally it was proposed
that the conserved SAP domain in these SUMO ligases facilitates
recruitment by binding to ssDNA which triggers a wave of early
SUMOylation at DSBs (Psakhye and Jentsch, 2012). However,
a recent study revealed that while the ssDNA is critical for
translocation of Siz2, it does so by binding the ssDNA-binding
complex RPA (Chung and Zhao, 2015). Siz2 interacts with this
trimeric complex that coats ssDNA resulting in SUMOylation of
RPA and other chromatin-associated targets. Also the PIAS1 and
PIAS4 SUMO ligases interact with the same RPA subunit (Chung
and Zhao, 2015) and accrual has been shown to be dependent on
their N-terminal SAP domains (Galanty et al., 2009), suggesting
that similar recruitment mechanisms may be in play in human
cells. SUMOylation of RPA followed by ubiquitylation catalyzed
by STUDLSs results in chromatin eviction of these proteins and
plays a critical role in regulating the repair of DSBs (Galanty et al.,
2012).

CONCLUDING REMARKS

The detailed insights in the recruitment mechanisms that regulate
chromatin association of DNA damage ubiquitin and SUMO
ligases and the important role of proximity in DNA damage-
induced protein modifications stands in sharp contrast to
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