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Timing of DNA lesion recognition: Ubiquitin signaling in the NER pathway
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ABSTRACT

Damaged DNA is repaired by specialized repair factors that are recruited in a well-orchestrated manner to
the damage site. The DNA damage response at UV inflicted DNA lesions is accompanied by
posttranslational modifications of DNA repair factors and the chromatin environment sourrounding the
lesion. In particular, mono- and poly-ubiquitylation events are an integral part of the DNA damage
signaling. Whereas ubiquitin signaling at DNA doublestrand breaks has been subject to intensive studies
comparatively little is known about the intricacies of ubiquitylation events occurring during nucleotide
excision repair (NER), the major pathway to remove bulky helix lesions. Both, the global genomic (GG-NER)
and the transcription-coupled (TC-NER) branches of NER are subject to ubiquitylation and deubiquitylation
processes.Here we summarize our current knowledge of the ubiquitylation network that drives DNA repair
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in the NER pathway and we discuss the crosstalk of ubiquitin signaling with other prominent post-
translational modfications that might be essential to time the DNA damage recognition step.

Ubiquitin: An essential cellular signal transmitter

Ubiquitin is a small regulatory protein that is expressed in
almost all tissues of eukaryotic organisms. Ubiquitylation, the
attachment of ubiquitin residues to a substrate protein, can
affect the fate and the function of the substrate in various ways.
It triggers their degradation via the proteasome, it may alter
their cellular localization, affect their enzymatic activity, and
facilitate or prevent protein interactions.'” Ubiquitylation is
catalyzed by a set of specific enzymes, ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiqui-
tin-ligase enzymes (E3) (Fig. 1). In conjunction these enzymes
generate an isopeptide bond between the c-terminus of ubiqui-
tin and either a lysine or the n-terminal Methionine of the sub-
strate, leading to its mono-ubiquitylation. Mono-ubiquitylation
for instance occurs at a specific lysine residue, such as Lys164
in PCNA, a key factor in DNA replication.* Considerable
mono-ubiquitylation exists at histone H2A throughout the cell
cycle. About 5 to 10 percent of histone H2A proteins are modi-
fied® and deposition of the mono-ubiquitin mark was demon-
strated to play a role in pluripotency of embryonic stem cells
and during cell fate decisions,’ during the DNA damage
response at DSBs” and in NER.*? Substrate-attached ubiquitin
harbors 7 lysine residues, which may also be modified with
polymeric chains. In particular homogenous ubiquitin chains
where the same lysine residue is modified during chain exten-
sion induce distinct outcomes in the cell.'° Both, homogenous
Lysine48- (K48) and Lysine63- (K63) linked poly-ubiquitin
chains, and mono-ubiquitylation of histone H2A provide
important signals in the DNA damage response in NER and

other DNA repair pathways. Although many E3 ubiquitin
ligases have been identified it is less clear how they functionally
interact and crosstalk to each other and how the respective E3-
catalyzed ubiquitin signals regulate the DNA damage response
(DDR). In this review we discuss recent discoveries in ubiquitin
signaling during NER and how ubiquitylation events time the
transition from recognition to verification of UV-light inflicted
DNA damage.

The enzymatic machinery of nucleotide excision repair

Exposure of DNA to UV light results in the generation of
pyrimidine crosslinks namely cyclobutane pyrimidine dimers
(CPDs) and 6-4 photoproducts (6-4PPs). Such bulky, helix dis-
torting DNA lesions are removed by nucleotide excision repair
(NER), one of the major cellular DNA repair pathways.'"'?
Mammalian NER comprises of two sub-branches that differ in
the way of DNA lesion recognition. Transcription-coupled NER
(TC-NER) is limited to lesions located in the transcribed strand
during the expression of genes. Stalled RNA Polymerase II elicits
the DNA damage response by recruiting several specific DNA
repair factors including the Cockayne syndrome proteins A and
B (CSA and CSB)."*'* In contrast, in global genome NER (GG-
NER) DNA lesions are recognized by two lesion recognition fac-
tors, XPC and DDB2 (XPE). XPC, the main damage recognition
factor, scans the DNA for helix distortions'>' and operates as a
trimeric complex with the Rad23 homologues RAD23A or
RAD23B, respectively, and centrin2."”'® This trimeric complex
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Figure 1. The cellular ubiquitylation system. Ubiquitin is activated by an ATP consuming Ubiquitin acitvating enzyme (E1), and transferred from E1 to the active site cyste-
ine of the Ubiquitin-conjugating enzyme (E2). E3 enzymes are capable of interacting with both E2 and the substrate and catalyze the transfer of the ubiquitin moeity to a
lysine or the n-terminal Methionine of the substrate. Repeated cycles of the ubiquitylation cascade lead to poly-ubiquitylation, where any of the lysines of ubiquitin may

be utilized as attachment site.

recognizes a variety of lesions and induces NER activity."”*'
Notably, RAD23B, which constitutes an adaptor protein that
binds ubiquitylated proteins and the proteasome,”>** enhances
the binding of XPC to the damage site but dissociates from XPC
upon binding to damaged DNA.*' The stable maintenance of
XPC at damaged chromatin is probably mediated by its poly-
ubiquitylation as discussed in detail below. Despite its general
function as a reader of helix distortions XPC lacks specificity for
CPDs, which is compensated by DDB2, an essential factor for
the detection of UV light inflicted DNA lesions.**® The current
model for damage recognition of UV-light inflicted lesions con-
siders DDB2 as the first reader of the damage, which hands the
damage over to XPC to trigger the repair process. After damage
recognition both sub-pathways converge into a common dam-
age verification step. This step is performed by the repair factor
XPA and by the generation of the pre-excision complex, which
involves the DNA unwinding function of TFITH via its helicase
subunits XPB and XPD.'? Finally, the DNA lesion is cut out by
a dual DNA incision, which is generated by the two endonu-
cleases XPF and XPG. Subsequently the gap is filled by DNA
polymerases.'>*

The damage recognition steps of these above outlined repair
mechanism are accompanied by a ubiquitylation cascade that is
presumably initiated by mono-ubiquitylation of histone H2A

Ubiquitylation events in GG-NER: Mono-ubiquitylation for
starters

A distinctive histone modification at DNA damage sites is
mono-ubiquitylation of histones H2A, H2AX and H1.”*%*
The role of mono-ubiquitylation of histone H2A has been stud-
ied intensively in DSB repair. Ubiquitin-mediated signaling at
DSBs commences with MDCl1-dependent recruitment of the
E3 ligase RNF8, which subsequently brings about the mono-
ubiquitylation of histone H1.>* Mono-ubiquitylated histone H1
in turn facilitates the recruitment of RNF168, which in con-
junction with RNF8, causes the mono- and poly-ubiquitylation
of histones H2A and H2AX at lysines 13-15.*%*>*'% These
poly-ubiquitylated histones provoke the recruitment of effector
proteins that promote DSB repair. Parallel to this pathway the
E3 ligase RINGIB causes mono-ubiquitylation of histone H2A
at lysine 119,”7° which presumably condenses chromatin

regions sourrounding the damage site.”” During GG-NER vari-
ous E3 ligases catalyze ubiquitylation of histone H2A. In con-
trast to repair at DSBs their sequence of action is less well
understood. H2A-ubiquitylation during GG-NER is catalyzed
by the E3 ligase RNF8, the UV-DDB-CUL4A/B complexes and
the UV-RINGI1B complex.>***' DDB2 forms a multiprotein
complex consisting of DDBI, the E3 ligase RBX1 and either of
the scaffold proteins CUL4A or CUL4B (UV-DDB-CUL4A/B),
that catalyzes the mono-ubiquitylation of histones H3, H4 and
H2A.**** The UV-DDB2-CUL4A E3 ligase acts downstream
of the UV-RINGI1B complex, which consists of the subunits
DDBI1, DDB2, CUL4B and the E3 ligase RING1B. The UV-
RING1B complex specifically modifies lysine 119 of histone
H2A, which is bound by the H2AK119-ubiquitin binding pro-
tein ZRF1 (Fig. 2). ZRF1 was originally identified as a factor
that promotes cellular differentiation*®*® and only recently it
was demonstrated that it facilitates the exchange of the cullin
and E3 ligase proteins from E3 multiprotein complexes.*"*’ At
the damage site it removes the CUL4B-RBX1 module from the
DDB2-DDBI1 dimer and facilitates the incorporation of
CUL4A-RBX1 thus converting the UV-RING1B complex into
the UV-DDB CUL4A complex (Fig. 2). In contrast, it is not
known which lysine in H2A is targeted by the UV-DDB-
CUL4A complex. It seems reasonable that it ubiquitylates either
a specific lysine other than K119 or that it operates less specific
targeting different lysine residues. In agreement with the latter,
the UV-DDB-CUL4B complex, which differs from the afore-
mentioned complex only in its cullin subunit, seems to have a
relatively broad substrate specificity potentially promoting
ubiquity-lation at multiple lysine residues.”® Mono-ubiquityla-
tion at histone H2A is additionally catalyzed by the RING-con-
taining E3 ligase RNF8 at later stages of NER causing a
continuous H2A-ubiquitylation.51 However, it seems that
RNF8 does not directly affect the NER process but rather links
it with the DSB-induced DNA damage response. It is currently
not known which lysine is targeted by RNFS8, but given its
importance in recruiting DSB repair factors like 53BP1 and
BRCA1°' one might speculate that RNF8-mediated H2A-ubiq-
uitylation might occur at lysines 13-15. Which information
does mono-ubiquitylation of histone H2A at different lysines
encode? Although speculative, it seems possible that the ubiqui-
tin mark at the C-terminus of histone H2A (Lys119) might



CELLCYCLE (&) 165

Prg
& PN leasg o
S‘Q > e Auebxp
0((1 g
Q 97 s> pY7
S &
, /N
U (UBDXT; - -
USP24 . ;
ub uo OTUD4 Ub
PARP-1 USP7
Uo |
B @ {
Usp5u ue \ Up
" CuL4B Ub Ub) ZRF1 DDB2 - \
 — (N RBX1
(DDB2 " RING1B PDE (_ XPC )
<. DDB1) CUL4A & o
UV-RING1B H2AK119 UV-DDB-CUL4A W
complex mono-ubiquitin complex b ’
QA Ub
Ub

Figure 2. Ubiquitin signaling during lesion recognition in the GG-NER pathway. The ubiquitylation cascade during GG-NER is initiated the UV-RING1B E3 ligase complex
that sets the H2A-ubiquitin mark specifically at lysine 119. At DSBs H2A-ubiquitin at lysines 13-15 is removed by USP51. ZRF1 reads the mono-ubiquitin mark and causes
the assembly of the UV-DDB-CUL4A complex. This complex or its subunit DDB2 undergoes K48 linked self-ubiquitylation, which leads to its segregation by the p97 com-
plex and its subsequent proteasomal degradation. Ubiquitylation of XPC by the UV-DDB-CUL4A ligase causes a poly-ubiquitylation of XPC, which is inhibited by parylation
of DDB2. The linkage type and potential interactors of this ubiquitin chain are not known. XPC may be regarded a control center of damage recognition where many ubig-
uitin signals concur. XPC, like DDB2, is extracted from chromatin upon poly-ubiquitylation and also decorated by a K63-linked ubiquitin chain catalyzed by the SUMO-
dependent E3 ligase RNF111. Poly-ubiquitin chains at XPC are edited by USP7 and potentially by OTUD4. Green spheres depict K63-linked ubiquitylation, red spheres
depict K48-linked ubiquitylation. Blue spehres indicate mono-ubiquitylation or poly-ubiquitylation of unknown linkage.

confer a different topology than ubiquitylation at the flexible N-
terminal histone tails (Lys13-15) and hence lead to the recruit-
ment of different downstream acting factors. Ubiquitylation at
K119 and subsequent recruitment of ZRF1 causes a remodel-
ling of multiprotein complexes*"** whereas it has been sug-
gested that mono-ubiquitylation of histones by the UV-DDB-
CUL4A complex facilitates the decondensation of chromatin
thereby promoting access of the NER repair machinery to dam-
aged DNA.>* Hence, ubiquitylation at different lysine residues
might have different outcomes either promoting remodelling of
chromatin or chromatin-associated protein complexes. Taken
together these two remodelling events might contribute to the
DDR by orchestrating the well-timed recruitment of DNA
repair factors in a decondensed chromatin environment. Inter-
estingly, the UV-DDB-CUL4A complex not only carries out
mono-ubiquitylation events but it is well established that it cat-
alyzes the poly-ubiquitylation of DNA repair factors. Hence, by
remodelling the E3 ligase complexes at the damage site ZRF1
occupies a central role in the GG-NER pathway switching the
signal transmission from mono- to poly-ubiquitylation.

Signal transmission through poly-ubiquitylation of DNA
repair proteins

In analogy to DSB repair poly-ubiquitylation events are an inte-
gral part of the ubiquitin signaling cascade during NER.” The
UV-DDB-CUL4A complex poly-ubiquitylates XPC thereby
increasing its binding affinity for DNA in vitro and in vivo and

it thus confers a stable binding of XPC to photolesions.*">*»**

Hence, the linkage of this ubiquitin chain should be distinct
from the K48-linkage, which is essential for proteasomal
degradation (Fig. 2). Still, the UV-DDB-CUL4A complex is
competent in assembling K48-linked ubiquitin chains as it gen-
erates a self-ubiquitylation of its subunit DDB2 promoting its
proteasomal degradation®> (Fig. 2). Interestingly, this E3
ligase complex catalyzes mono-ubiquitylation of histone H2A
and poly-ubiquitylation of different linkage types. This varia-
tion in linkage-specificity of RING-domain E3 ligases is pre-
sumably defined by employing different E2 enzymes during
the ubiquitylation reactions.'” Additionally, XPC is modified
by K63-linked poly-ubiquitylation via the SUMO-targeted E3
ligase (STUbL) RNF111/Arkadia®* (Fig. 2). XPC sumoylation
at lysine 8 via RNF111 is a prerequisite for K63-linked ubiqui-
tylation of XPC and the timely removal of DDB2 and XPC
from damaged DNA.?**® In disagreement with these findings,
an earlier study reported that upon UV-irradiation XPC was
modified by SUMO-1 in a DDB2 and XPA dependent manner
and that this sumoylation led to its stabilization.”® Hence, it
might be possible that sumoylation of XPC occurs at different
lysines or, depending on the respective chromatin context,
leads to the recruitment of different STUbLSs, which either pro-
mote retention or removal of XPC. Besides its sumoylation and
K63-linked ubiquitylation XPC is subject to proteasomal degra-
dation. Poly-ubiquitylated XPC and DDB?2 are extracted from
damaged chromatin by p97 in complex with its co-factors
UFD1-NPL4 and UBDX7% (Fig. 2) indicating that XPC is also
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decorated by a K48 ubiquitin chain. Depletion of p97 was
shown to cause retention of XPC and DDB2, which eventually
leads to genotoxicity®” underlining the importance of the timely
removal of damage recognition factors to proceed with the veri-
fication and incision reactions. It is still not known which E3
ligase or which pair of E2 and E3 enzymes catalyzes K48-linked
ubiquitylation to facilitate p97-mediated segregation of XPC
and which lysine residues in XPC are ubiquitylated. Further, it
is not resolved whether p97-mediated XPC extraction is linked
to the RNF111 mediated removal of XPC*® or whether both
processes are part of independent signaling pathways.

The ubiquitin chains that are covalently linked to XPC and
other DNA repair factors are additionally edited by deubiquity-
lases which further increases the complexity of the ubiquitin
dependent DNA repair regulation network.

Regulation of poly-ubiquitylation by parylation and
deubiquitylation

It has been demonstrated that DDB2 and XPC are targeted by
poly(ADP-ribose) polymerase-1 (PARP-1). The activity of
PARP-1 is triggered by DNA damage utilizing NAD™ to gener-
ate ADP-ribose polymers to modify various proteins involved in
recombination and DNA repair events.’*> PARP-1 modifies
DDB2 and it stimulates recruitment of XPC by DDB2 thus
ensuring the efficiency of NER®* (Fig. 2). Parylation of DDB2
inhibits ubiquitylation and subsequent proteasomal degradation
of DDB2 and hence provides a means of stabilizing DDB2 at the
damage site allowing it more time to facilitate chromatin remod-
eling® as for example by recruitment of ALC1.°* It was further
demonstrated that both XPC and RAD23B are parylated by
PARP1 in response to UV irradiation.”> Whether parylation of
these factors is linked to ubiquitylation events as observed for
DDB2 is currently unclear but an attractive speculation. Further,
XPA shows high affinity for long PAR chains®® suggesting that
parylation might also play a role during damage verification.
This non-covalent interaction with PAR chains lowers the DNA
binding affinity of XPA in vitro emphasizing that parylation in
general attenuates damage signaling. Taken together, parylation
is an important means to regulate the timing of DNA repair fac-
tors at chromatin and at least in some cases it seems to be linked
to ubiquitylation events. Ubiquitylation of DNA repair factors is
reversed by deubiquitylating enzymes (DUBs), which are
responsible for removing covalently attached ubiquitin mole-
cules from substrates or poly-ubiquitylated chains.®” The human
genome encodes for about a hundred deubiquitylases which
belong to the families of Otubain domain-containing proteases
(OTUs),*®* ubiquitin-specific proteases (USPs), ubiquitin
C-terminal hydrolases (UCHs), JAMM (JAB1/MPN/Mov34)
proteases and Machado-Joseph domain-containing proteins
(MJDs).'® Without any doubt, the function of the USP family in
maintaining genome integrity is understood best when com-
pared with the other classes of DUBs. USPs act in many genome
surveillance and repair pathways probably owing to their broad
substrate spectrum. Whereas many other DUBs specifically
cleave K48 and K63 chains, USPs are fairly promiscous with
respect to their substrates.'” One prominent example is USP7,
which acts during DNA replication, during DSB repair and dur-
ing NER. DNA replication is regulated by USP7 via

deubiquitylation of sumoylated proteins at the replication
fork.”” SUMOylation was proposed to target a protein group
rather than individual proteins.”’ Hence, SUMO-dependent
deubiquitylation might be an effective means of generating and
maintaining a Ubiquitin-poor environment at sites of DNA rep-
lication as recently suggested.”’> Further, USP7 disassembles
Rad18-dependent poly-ubiquitin chains and compromises UV-
induced PCNA mono-ubiquitylation in the DNA damage toler-
ance pathway.”>”> As detailed below, USP7 operates with
UVSSA during TC-NER.”®”” In the GG-NER sub-branch USP7
was shown to physically interact with XPC and to counteract
p97-mediated segregation of XPC presumably by removing the
K48-linked ubiquitin chain’® (Fig. 2). Thus, USP7 contributes to
stabilization of XPC at the DNA damage site safeguarding it
from proteasomal degradation. As previously mentioned, XPC
undergoes Ké63-linked poly-ubiquitylation via RNF111 and
poly-ubiquitylation via the UV-DDB-CUL4A complex. It is cur-
rently not clear which DUBs apart from USP7 might addition-
ally contribute to editing XPC-ubiquitylation or whether USP7
has any specifity toward a certain chain linkage. One potential
candiate for editing XPC-ubiquitylation is OTUD4”® (Fig. 2).
OTUD4 was identified as an interaction partner of XPC and it
was demonstrated that it deubiquitylates preferentially K48-
linked ubiquitin chains.® It seems therefore likely that it
removes K48-linked ubiquitin chains from XPC thereby coun-
teracting p97-mediated extraction and proteasomal degrada-
tion. Also, the DUB USP24 is involved in the deubiquitylation
events during the UV triggered DNA damage response®™®'
(Fig. 2). USP24 deubiquitylates DDB2 thereby protecting it
from proteasomal degradation and stabilizing the UV-DDB-
CULA4 E3 ligase at the damage site. This might in turn cause an
increased poly-ubiquitylation of XPC, which likewise would sta-
bilize XPC at damaged chromatin. USP45 is another DUB that
operates further downstream in the NER pathway regulating the
ubiquitylation of the XPF interacting protein ERCCI1.*
Although its impact on the repair of CPDs was demonstrated it
not clear how it is recruited to chromatin and how it is linked to
the ubiquitylation events occurring during lesion recognition.

The ubiquitylation cascade at UV damage sites is initiated by
mono-ubiquitylation of histone H2A. Thus, deubiquitylation of
histone H2A will also impact on the DNA damage response.
Specific DUBs may exist that remove the ubiquitin moiety
from the lysines of the histone. During transcriptional activa-
tion for instance many DUBs have been demonstrated to deu-
biquitylate H2A at lysine 119.*> Whether these DUBs operate
during DNA repair is still obscure. Very recently, USP51 was
shown to deubiquitylate histone H2A at lysines 13-15 regulat-
ing the DNA damage resonse at DSBs.** However, how H2A-
ubiquitylation signals are erased during NER stays enigmatic.
Hence, in the future it will be essential to identify DUBs that
specifically operate at CPDs or 6-4 photoproducts.

Ubiquitylation events in the TC-NER pathway

Whereas ubiquitylation events in GG-NER seem quite prevalent
our insights into ubiquitin-dependent processes in TC-NER are
relatively sparse. During lesion recognition in TC-NER stalled
RNA Pol II recruits CSB. Notably, CSB is part of a multiprotein
complex consisting of DDBI, the scaffold proteins CUL4A or



CULA4B, respectively, and the E3 ubiquitin ligase RBX1 (Fig. 3).
This E3 ligase complex is involved in fine-tuning the progression
of TC-NER presumably via ubiquitylation and subsequent pro-
teasomal degradation of CSB. Ubiquitylated CSB is extracted
from chromatin by the p97/VCP segregase and its cofactors
UFD1 and UBXN7,** which commit CSB to proteasomal degra-
dation (Fig. 3). The ubiquitin chains attached to CSB may be
removed by USP7, which is recruited to the damage site via its
interaction partner UV-stimulated scaffold protein A
(UVSSA).”68%87 JVSSA in turn is recruited to chromatin by
either of its interaction partners RNA-Pol II or CSA./®%¢%
Thus, UVSSA may counteract proteasomal degradation and sta-
bilize CSB at chromatin through USP7-mediated deubiquityla-
tion (Fig. 3). Recently it was demonstrated that the
deubiquitylation activity of USP7 is suppressed by its interaction
with UVSSA,*” which suggests that the regulation of CSB ubiq-
uitylation might be more complex that anticipated earlier.
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Additionally, UVSSA facilitates ubiquitylation of stalled Pol II
but not its proteasomal degradation.’®”' This implies that
UVSSA does not promote the generation of a K48-linked ubig-
uitin chain on Pol II but it probably facilitates K63-linked ubig-
uitylation as suggested by the authors of the underlying study.”
In contrast, ubiquitylation and degradation of the Pol II subunit
RBP1 is a two-step process that involves at least two E3 ligases.”
The HECT domain E3 ligase NEDD4 catalyzes the mono-ubiq-
uitylation of RBP1 or a K63-linked poly-ubiquitylation, which is
subsequently processed by the deubiquitylase UBP2°*** (Fig. 3).
The mono-ubiquitin moiety on RBP1 is then extended via the
Elongin A ubiquitin ligase.”>*® Removal of this poly-ubiquity-
lated Pol II from sites of DNA damage is facilitated by the
remodeler INO80, and the p97 segregase to enable further tran-
scription of genes®” (Fig. 3). Taken together, poly-ubiquitylation
events signifcantly participate in the regulation of TC-NER. It
still needs to be found out how different ubiquitin linkage types
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Figure 3. Ubiquitylation events during TC-NER. CSB is ubiquitylated by the CSA-CUL4 E3 ligase causing its p97-mediated segregation and proteasomal degradation. This
process is counteracted by the UVSSA-USP7 complex that catalyzes the deubiquitylation of CSB. Removal of CSB is an important step handing over the damage site for
damage verification. The RBP1 subunit of RNA Pol Il undergoes K63-linked ubiquitylation, which is brought about by a two-step reaction involving NEDD4 and the Elongin
E3 ligase complex. Ubiquitylated Polymerase is extracted from chromatin by the INO80 and p97 segregase complexes comitting it to proteasomal degradation. This is pre-
sumably counteracted by the UVSSA-USP7 complex. Green spheres depict K63-linked ubiquitylation, red spheres indicate K48-linked ubiquitylation.
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contribute to TC-NER and which lysine residues in the sub-
strates are targeted. Very recently it was reported that site spe-
cific ubiquitylation of CSB at Lys991 also participates in the
repair of oxidative damage”® foreshadowing that modulation of
DNA repair and presumably the timing of DNA damage recog-
nition are subject to a complex network of ubiquitylation events.

Timing of ubiquitylation events during DNA damage
recognition in NER: An outlook

Ubiquitylation and deubiquitylation of DNA repair factors
have an important impact on timing the lesion recognition.
The most important player timing the damage recognition step
during GG-NER is probably XPC, which seems to function as a
control center that integrates different ubiquitin signals
(Fig. 2). Besides K48-linked poly-ubiquitylation that is causing
its proteasomal degradation, XPC is poly-ubiquitylated by the
UV-DDB-CUL4A complex, which evokes its stabilization at
chromatin. It is still not understood by which proteins these
stabilizing ubiquitin chains are read and how this signal is
linked to other XPC-ubiquitylation events. The XPC ubiquity-
lation network is even more complex as RNF111 catalyzes
K63-linked ubiquitylation of XPC, which seems to be impor-
tant for the removal of XPC and the proper recruitment of
XPG.”® Whether these diverse ubiquitylation events describe
sequentiell steps occurring during lesion recognition or if they
describe perhaps independent signaling pathways that occur in
different chromatin environments is still a matter of debate.
Further, all ubiquitylation events occurring at XPC are edited
by DUBs. Deubiquitylation in general impacts on the dwell
time of factors at the damage site and fine-tunes the timing of
damage recognition and its handover to damage verification
and incision. As XPC modifications presumably constitute a
critical control point of damage recognition it will be important
to better understand the role of the ubiquitin linkage types dec-
orating XPC. Whereas the fate of K48-ubiquitylated XPC is evi-
dent, the role of K63-ubiquitylated XPC needs to be further
investigated. Identification of K63-reading proteins or protein
complexes harboring a K63-ubiquitin binding protein might
give valuable new insights into the ubiquitin-mediated regula-
tion of NER. Further, identification of the lysine residues that
serve as ubiquitin attachment sites in XPC would facilitate to
dissect the functions of the different ubiquitylation reactions.
Directed mutagenesis of these lysine residues or similar muta-
tions in XPC patients might help to further elucidate ubiquitin-
related functions during the lesion recognition step. As to TC-
NER, more ubiquitin-related processes and the respective E3
ligases and deubiquitylases need to be unveiled to better under-
stand the timing of lesion recognition in this sub-branch. One
major task for the future will be to identify more players of the
ubiquitin signaling pathways, and more importantly, to com-
prehend how they crosstalk during the DDR. In general, it
would be advantagous to gain more insight into ubiquitin sig-
naling in the context of the chromatin conformation at the
damage site. A condensed chromatin configuration will cer-
tainly rely on more elaborate remodelling activities to enable
DNA repair. Could the different ubiquitin chain linkages and
the use of different E3 ligases perhaps reflect DNA repair at dif-
ferent chromatin configurations? It’s about time we looked

more intensively at chromatin and its localization in the
nucleus to better understand DNA repair in the NER pathway.

Abbreviations

DDR DNA damage response

DSB double strand breaks

NER nucleotide excision repair

GG-NER  global genomic nucleotide excision repair
TC-NER transcription coupled nucleotide excision repair
uv ultraviolet

CDP cyclopyrimidine dimer

Pol II RNA Polymerase II
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