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USP7-mediated deubiquitination differentially regulates CSB but not UVSSA
upon UV radiation-induced DNA damage
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ABSTRACT

Cockayne syndrome group B (CSB) protein participates in transcription-coupled nucleotide exci-
sion repair. The stability of CSB is known to be regulated by ubiquitin-specific protease 7 (USP7).
Yet, whether USP7 acts as a deubiquitinating enzyme for CSB is not clear. Here, we demonstrate
that USP7 deubiquitinates CSB to maintain its levels after ultraviolet (UV)-induced DNA damage.
While both CSB and UV-stimulated scaffold protein A (UVSSA) exhibit a biphasic decrease and
recovery upon UV irradiation, only CSB recovery depends on USP7, which physically interacts with
and deubiquitinates CSB. Meanwhile, CSB overexpression stabilizes UVSSA, but decrease UVSSA’s
presence in nuclease-releasable/soluble chromatin, and increase the presence of ubiquitinated
UVSSA in insoluble chromatin alongside CSB-ubiquitin conjugates. Remarkably, CSB overexpres-
sion also decreases CSB association with USP7 and UVSSA in soluble chromatin. UVSSA exists in
several ubiquitinated forms, of which mono-ubiquitinated form and other ubiquitinated UVSSA
forms are detectable upon 6xHistidine tag-based purification. The ubiquitinated UVSSA forms,
however, are not cleavable by USP7 in vitro. Furthermore, USP7 disruption does not affect RNA
synthesis but decreases the recovery of RNA synthesis following UV exposure. These results reveal
a role of USP7 as a CSB deubiquitinating enzyme for fine-tuning the process of TC-NER in human
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Introduction

Nucleotide excision repair (NER) eliminates a broad
variety of helix-distorting DNA lesions, including
ultraviolet radiation (UVR)-induced cyclobutane pyr-
imidine dimers (CPDs) and 6-4 photoproducts
(6-4PPs) [1-3]. The mammalian NER consists of
two distinct sub-pathways: the global genomic NER
(GG-NER), which operates throughout the genome,
and the transcription-coupled NER (TC-NER), which
eliminates DNA damage from transcribed DNA
strands of transcriptionally active genes [4,5].
Impaired NER activity is associated with several rare
autosomal recessive genetic disorders, e.g. Xeroderma
pigmentosum (XP) [6] and Cockayne syndrome (CS)
[7-9].

CSA and CSB, two CS gene-encoded proteins,
function in TC-NER, which sense DNA lesions by
stalling of elongating RNA polymerase II (RNAPII)
[10,11]. The lesion-arrested RNAPII, together with

CSB, initiates the process of TC-NER [12-15]. In
particular, the RNAPII-CSB complex recruits CSA,
transcription factor II H (TFIIH), and other core
NER factors, as well as non-NER factors to the lesion
sites [16]. The transcription elongation process subse-
quently funnels into the assembling of common pre-
incision complex of NER. Successful TC-NER
removes DNA lesions from transcribed strand, allow-
ing the recovery of RNA synthesis (RRS), which indir-
ectly indicates successful TC-NER.

CSB protein undergoes ubiquitin (Ub)-mediated
proteolysis during TC-NER of photolesions [17,18].
Valosin-containing protein (VCP)/p97 segregase
extracts ubiquitin-CSB conjugates from chromatin
and presented them to proteasome for proteolysis
[18]. Recent identification and study of two new TC-
NER factors have further revealed that UV-stimulated
scaffold protein A (UVSSA) and Ub-specific protease
7 (USP?7) jointly control the cellular level of CSB after

CONTACT Altaf A. Wani () wani.2@osu.edu; Qianzheng Zhu @) zhu.49@osu.edu
*Present address: Department of Space Radiobiology, Institute of Modern Physics, Chinese Academy of Sciences, Chengguan District, Lanzhou, China 730000.

Supplementary data for this article can be accessed here.
© 2019 Informa UK Limited, trading as Taylor & Francis Group


https://doi.org/10.1080/15384101.2019.1695996
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2019.1695996&domain=pdf&date_stamp=2019-12-19

UVR exposure, thereby regulating TC-NER [19-21].
For example, both UVSSA and USP7 are required to
maintain the CSB level after cellular UVR exposure. It
is known that UVSSA is recruited to DNA damage
sites in CSA-dependent manner and that UVSSA
interacts with RNAPII, CSB, and USP7 [19,20]. Yet,
it is unclear how cellular CSB level or its Ub-mediated
degradation is regulated by USP7 [9]. Whether USP7
acts as a deubiquitinating enzyme (DUB) for CSB
remains to be established.

USP7 is a known DUB for tumor suppressor p53
and Mdm?2 [22,23]. USP7 rescues p53 and Mdm2
proteins from proteolysis by removing Ub moieties
from the Ub-conjugated proteins. USP7 disruption in
HCT116 cells leads to the stabilization of p53, slow cell
growth and cellular morphological changes [24]. Our
previous work identified USP7 as a DUB for XPC [25],
a damage recognition factor of GG-NER, and for
RNF168 [26], an E3 ligase of Ub signaling cascade.
In the present study, we investigated the nature of
biphasic decrease and recovery of CSB observed
upon UVR-induced DNA damage in human cells.
We have revealed that USP7 also acts as a specific
DUB for CSB.

Results

USP7 is essential for late-phase CSB recovery
following UVR-induced DNA damage

We first investigated the effect of UVR on CSB levels
in cells with well-defined USP7 status, designated
HCT116 and HCT116-USP7 " [24,25]. In our
experiments, CSB antibodies B10 and A301-345
were verified by their recognition of FLAG- and
Myc-tagged CSB protein in cDNA-transfected
HeLa cells (Figure S1), while CSB antibody E-18
was verified by its recognition of Dox-induced CSB
protein in cDNA-corrected CSB-deficient CS1AN
cells (Figure 1(b)). We noticed that these CSB anti-
bodies react with specific CSB band and uncharac-
terized protein bands of smaller sizes in both
HCT116 and HeLa cells (Figure 1(a,b) and Figure
S§1). Importantly, the CSB levels of the specific band
in USP7-proficient parental HCT116 cells exhibited
a clear biphasic response, with an initial decrease and
then an increase following UVR exposure. The max-
imum decline was seen at ~4 h and a steady recovery
was seen in 8-h to 24-h period (Figure 1(a-c)), in
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Figure 1. USP7 deficiency prevents the recovery of CSB protein
following UVR-induced DNA damage. (a) HCT116 and HCT116-
USP7™"" cells were irradiated at 10 J/m? and CSB levels post-UVR
in whole-cell extracts (WCE) were determined using CSB anti-
body B10. Lamin B blot was used as a loading control. (b)
HCT116 and HCT116-USP7™"" cells were irradiated at 10 J/m?
and maintained as in (A). The WCE were Western blotting
analyzed using CSB antibody E-18. (c) CSB levels detected
using CSB antibody E-18 in HCT116-USP7** or HCT116-
USP7™" from three independent experiments were quantitated
by ImageJ software. The average relative CSB amounts with SE
(standard error, SE) were presented in comparison with unirra-
diated controls. (d) Hela-derived #57 cells (HeLa#57), expres-
sing FLAG- and Myc-tagged CSB protein, were exposed to 10 J/
m? UVR and kept for indicated post-UVR periods. The FLAG-
tagged CSB levels in WCE were detected by Western blotting
using anti-FLAG antibody. The relative amount of FLAG-tagged
CSB in representative CSB blots was calculated by comparison
with unirradiated control upon quantitation by ImageJ soft-
ware. Asterisks (*) mark nonspecific bands in anti-CSB blots.
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which, RNA synthesis got eventual full recovery after
the completion of TC-NER (Figure 9). Notably, the
CSB levels in HCT116-USP7 ", lower than that in
parental HCT116, also exhibited a UVR-induced
initial decrease but failed to recover at later post-
UV period. UV irradiation at 10 J/m?> dose signifi-
cantly decreased CSB in USP7-deficient cells after 8
h. The biphasic response of cellular CSB also occurs
in HeLa-derived cells expressing FLAG-tagged CSB
(Figure 1(d)). Whereas, the maximum decline of
FLAG-tagged CSB in HeLla cells was seen at 8
h following 10 J/m* UVR under two different both
loading schemes. Taken together, these results
revealed that UVR-induced DNA damage triggers
a biphasic response of cellular CSB.

We have previously demonstrated that UVR
induces a VCP/p97-regulated and Ub-mediated
CSB proteolysis in human cells [18]. As the UV
irradiation causes greater CSB loss in HCT116-
USP7 ™" cell at earlier (~4-8 h) periods and with-
out observable recovery at later (8-24 h) periods,
we reasoned that proteolysis might affect CSB
recovery. We, therefore, examined endogenous
CSB ubiquitination through the analysis of CSB-
Ub conjugates. Under optimized conditions,
three <250 Kd modified forms of CSB were
detected in both HCT116 and HCT116-USP7 "
cells (Figure 2(a)). These <250 Kd modified forms
of CSB were previously reported to be dependent
on CRL4“%* E3 ligase [17,27]. The lower levels of
CSB and its modified forms notwithstanding, the
pattern of modified CSB forms in USP7 ™"
HCT116 cells remained the same as that in
USP7**  HCT116 cells. Upon enrichment
through anti-CSB immunoprecipitation, the
>250 Kd modified CSB forms were also detected,
especially in cells irradiated at 20 J/m*> dose
(Figure 2(b)). It was previously reported that
CSB is modified by SUMO2/3 at molecular
weights >250 Kd [28]. We, therefore, attempted
to detect CSB SUMOylation in anti-CSB immu-
noprecipitates. The presence of >250 Kd SUMO
(2/3)-modified forms of CSB was seen at rela-
tively higher UVR doses, i.e., 50 and 100 J/m®.
The absence of CSB SUMOylation signal at 20 J/
m® may be due to relatively low levels of
SUMOylated CSB species. It is possible that
there are >250 Kd ubiquitin-SUMO modified
CSB forms.

To verify CSB ubiquitination forms >250 Kd, we
next performed GST pull-down assay with a GST
fusion protein containing proteasomal Ub receptor
S5a, which binds poly-ubiquitin chains (Figure 2(c))
[29]. As expected, GST-S5a retained Ub-modified
XPC forms mainly in <150 Kd range. By contrast,
GST-S5a distinctly retained >250 Kd modified CSB
forms, indicating that this portion of modified CSB is
polyubiquitinated and has high affinity to proteasomal
S5a. Unsurprisingly, the S5a retained USP7, due pre-
sumably to its five Ub-like (UBL) domains. Whereas,
S5a was not able to retain TFIIH components XPD
and XPB, which are not ubiquitinated after UV expo-
sure. The polyubiquitinated CSB species were further
confirmed using 6xHistidine-tagged Ub and Ni-NTA-
based enrichment of Ub conjugates of FLAG- and
Myc-tagged CSB (Figure 7(a)). To conclude, CSB
undergoes UVR-induced modifications with a wide
range of Ub moieties.

USP7 deficiency reduces steady-state level of
UVSSA but USP7 is not essential for late-phase
UVSSA recovery after UVR-induced DNA damage

Since USP7 was reported to stabilize UVSSA through
protein—protein interaction [30], we also examined
the fate of UVSSA in response to UVR. In parental
HCT116 cells, the UVSSA levels exhibited a slight but
identifiable biphasic response in parental HCT116
cells (Figure 3(a)). The UVSSA protein appeared to
be double-banded in HCT116-USP7 " cells and the
level was slightly higher than that in parental HCT116
cells. Upon UVR exposure, UVSSA levels showed
a clear biphasic response, with a sharp decrease from
2 to 8 h and a strong recovery from 16 to 24 h in
HCT116-USP7" cells (Figure 3(b)). These results
suggest that the USP7 function is not required for
UVSSA level recovery.

Next, we determined whether the UVR-induced
UVSSA decrease in HCT116 was a result of Ub-
mediated proteolysis. An increased UV dose (50 J/
m?) was used to induce discernable elimination of
both UVSSA and CSB and to examine the effect of
proteasome inhibitor MG132 and VCP/p97 inhibi-
tor DBeQ at 8 h (Figure 3(c)). The treatments, with
either MG132 or DBeQ, partly rescued the loss of
UVSSA. In parallel, both inhibitors also reduced the
UVR-induced CSB degradation (Figure 3(c)).
Additionally, the UVR-induced CSB degradation
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Figure 2. UVR-induced DNA damage triggers CSB ubiquitination. (a) HCT116 and HCT116-USP7 ™ cells are irradiated as in Figure 1. The
modified CSB forms were detected in WCE by Western blotting through a comparatively longer time exposure (L. Exp.) of chemiluminescent
detection. Indicated lanes from two blots were enlarged for clearer band visualization. (b) Control and UV-irradiated HCT116 cell lysates in RIPA
buffer were subjected to immunoprecipitation by mouse CSB antibody B10 and the immunoprecipitates were Western blotting analyzed for
modified CSB forms with rabbit CSB antibody and SUMO-2/3 antibody. (c) GST pull-down assays were performed with WCE from UV-irradiated

HCT116 cells using GST and GST-S5a immobilized glutathione beads. Proteins retained by GST-S5a were detected with anti-XPC, CSB, USP7,
XPB or XPD specific antibodies.




128 Q. ZHU ET AL.

a HCT116  HCT116-USP7-- b
-+ +++ + - ++ + + +10J/m2UV
02 4 81624 024816 24 h
100 Kd- = 100
75 Kd UVSSA .‘E’
- % (L' Exp') g 80
S
(S. Exp.) %
7
e LominE 3 40 ]
Cc HCT116 g ® HCT116
MG132 DBeQ 5 201 A jeri1e-uspr’
-+ + + + o+ + o+ ++50Jlm2UV§ 0
- 248 2 4 8 2 4 8 hPost-UV 0 4 8 12 16 20 24
1.00 1.17 1.05 0.25 1.15 1.37 0.37 0.53 1.36 0.93 —Relative
HelLa HelLa-Ub5
Ctrl #57 #25 30 32 34

75 Kd-

=%

IN+

2.45 7.94 7.23 592 — Relative
UVSSA

1.00

50 Kd -
_-B

2.31

-Actin

-CSB
-3XFLAG-
150 Kd- -
HCT116-USP7-- -UVSSA
+ + + + + +50J/m2UV
- 2 4 8 2 4 8hPost-UV
Figure 3. Effect of UV irradiation, USP7 disruption and CSB overexpression on UVSSA. (a) HCT116 and HCT116-USP7 " cells are irradiated as in
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and normalized in comparative to unirradiated controls and used with SE for the plots. () HCT116 cells were UV-
blotting analyzed for UVSSA and CSB, using different specific antibodies. B-Actin blots served as an equal loading control. (d) HCT116-USP7~~
cells were treated similarly to that in (C) and the WCE were Western blotting analyzed for CSB. (e) FLAG- and Myc-tagged CSB proteins were
lines were examined for FLAG-tagged CSB, CSB, UVSSA, and B-Actin. “L. Exp.” represents the longer time film exposure. The relative UVSSA
amount in each cell lines was calculated in comparison with Hela control, based on quantitation of the specific bands by ImageJ software.
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Figure 1. UVSSA levels were detected by Western blotting using UVSSA specific antibody. “S. Exp.” represents the short time film exposure. (b)
irradiated and then treated with proteasome inhibitor MG132 or VCP/p97 inhibitor DBeQ for indicated periods. The WCE were Western
stably expressed in HeLa-derived #57 cells or HeLa-Ub5-derived #25, 30, 32, 34 cells, which also harbor a 6xHistidine-tagged Ub. The stable cell
Asterisks (*) mark nonspecific bands in all anti-CSB and UVSSA blots.

via VCP/p97 and proteasome was validated in ~ UVSSA in these cell extracts showed that UVSSA levels

UVR-treated HCT116-USP7 ™" cells, where CSB
underwent more noticeable loss (Figure 3(d)).
Thus, UVSSA undergoes a partial Ub-mediated
and VCP/p97-regulated proteolysis in the early
phase of cellular UV response. However, UVSSA
level recovery in the late phase, unlike CSB, does
not require USP7.

We established several HeLa-derived cell lines with
enforced FLAG-tagged CSB expression at moderate to
relatively high levels (Figure 3(e)). An examination of

were elevated in coincidence with CSB expression in all
FLAG-tagged CSB-expressing cell lines (Figure 3(e)).
Thus, CSB appears to stabilize UVSSA in the absence
of DNA damage.

USP7 physically interacts with CSB and VCP/p97

Next, we examined the physical interaction between
USP7 and CSB by GST pull-down assay using bacte-
rially expressed GST-USP7 fusions, as we previously
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Figure 4. Interactions of CSB, USP7 and VCP/p97. (a) Diagrammatic representation of USP7 domains. (b) GST pull-down assays were
performed with RIPA extracts from UV-irradiated HCT116 cells using glutathione bead-immobilized GST fusion proteins containing the
indicated USP7 segments. The retained proteins were examined for CSB, XPC and VCP/p97 with different specific antibodies. “L. Exp.” was to
show weaker VCP/p97 bands in GST pull-down assays. Lower panel showed a Coomassie blue staining of immobilized GST fusion. (c)
Alignment of TRAF recognition motif found in 215-226 amino acid of CSB protein with the motifs in other USP7 substrates. The green letters
represent consensus amino acids in the motif (P/A/EXXS); letter X represents any amino acid; light green letters represent common but less
restricted amino acids. (d) The cellular CSB-USP7 interactions were detected using the corrected CSB-deficient CSTAN cells with doxycycline
(Dox)-inducible CSB expression. The corrected CS1AN cells, transiently expressing HA-Ub, were induced for CSB expression with 1 ug/ml Dox
for 24 h. The transfected cells were then UV irradiated, treated with MG132 or DBeQ or vehicle DMSO and maintained for 6 h. The cell lysates
were prepared for immunoprecipitation with CSB or control antibody, followed by Western blotting analysis for the presence of CSB and USP7
in immunoprecipitates. (e) The FLAG-tagged WT and catalytic dead (CD) USP7 mutant were transiently expressed in HCT116 cells. The
immunoprecipitations were performed using anti-FLAG gels and the presence of CSB in immunoprecipitates was examined by Western
blotting. The asterisk (*) marks the nonspecific band recognized by CSB antibody. (f) Immunoprecipitation experiments were performed using
VCP/p97 specific antibody and HCT116 cell extracts made from control or UV treated cells in RIPA buffer. Lamin B blots in Figure 4(e, f) served as
equal loading controls.
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reported [25]. The GST fusion protein containing the
USP7 N-terminal, spanning 1 to 206 amino acid (AA)
(Figure 4(a,b)), retained CSB and VCP/p97 (Figure 4
(b)). Longer exposures showed that USP7 UBLL1 also
weakly retained VCP/p97. By contrast, USP7 UBL1
(560-644 AA) showed a clear retention of XPC
(Figure 4(b)) [25]. It is noteworthy that the USP7
N-terminal contains a tumor necrosis factor receptor-
associated factor (TRAF) domain (Figure 4(a)), which
serves as a substrate-interacting domain for many
USP7 substrates [31,32]. Upon amino acid alignment,
a TRAF recognition motif with P/A/EXXS consensus
was found in 215-226 AA of CSB protein (Figure 4
(c)). This USP7 TRAF recognition motif is different
from the USP7 UBLI recognition motif (also called
KXXXK motif), which exists in XPC within 328 to 440
AA [33], suggesting that USP7 may recognize CSB
and XPC using a different binding mechanism.

The cellular USP7-CSB interaction was further
examined by co-immunoprecipitation. As shown in
Figure 4(d), upon Dox-induced cellular CSB expres-
sion, USP7 was seen in anti-CSB immunoprecipi-
tates regardless of UVR-induced DNA damage, Ub-
tagging, proteasome or VCP/p97 inhibition. These
results were consistent with reported USP7-CSB
interaction occurring even without UVR [19,20].
We also conducted a reciprocal immunoprecipita-
tion of FLAG-tagged wild type (WT) USP7 and
catalytic dead (CD) mutant USP7 in a transient
expression experiment (Figure 4(e)). The USP7 CD
contains a cysteine to serine substitution at amino
acid (AA) 223, which specifically inactivates the
deubiquitinating activity of USP7. Yet, both WT
and CD USP7 were able to associate with CSB.
Similarly, in a confirmatory anti-VCP/p97 immuno-
precipitation, USP7 was shown to associate with
VCP/p97 in cells (Figure 4(f)) and, the UVR clearly
enhanced the USP7-VCP/p97 association. To con-
clude, USP7 physically interacts with CSB and
VCP/p97.

USP7 deubiquitinates CSB

To examine the cellular deubiquitinating activ-
ity of USP7 toward CSB, we carried out tran-
sient transfections to express various tagged
proteins and assessed the modified CSB forms
through immunoprecipitation followed by
Western blotting analysis. Direct evaluation of

input from transfected cells revealed a clear
accumulation of HA-tagged Ub conjugates
when proteasome was inhibited (Figure 5(a)).
The lysates from CSB and/or USP7 construct
transfected cells showed cognate exogenous
CSB and USP7 expression (Figure 5(a), L2-6).
Recovery of CSB by anti-FLAG immunopreci-
pitation, followed by anti-HA immunoblotting
revealed distinct CSB-Ub conjugates in MG132
treated samples (Figure 5(b), L3 and L4). More
importantly, a clear reduction in CSB-Ub con-
jugates was seen in the company with exogen-
ous USP7 expression. Confirmation through
anti-Myc immunoprecipitation further indi-
cated that USP7 indeed deubiquitinates CSB-
Ub conjugates in cells(Figure 5(b), lower
panel). In similar experiments, where both WT
and CD USP7 were included, WT USP7
reduced CSB-Ub conjugates while CD USP7
did just the opposite (Figure 5(c), L3, 4
and 5). Thus, USP7 cleaves Ub moieties from
CSB-Ub conjugates in cells.

To demonstrate CSB deubiquitination by USP7
in vitro, we utilized both soluble and insoluble chro-
matin fractions from UVR-treated HeLa-Ub5#32 cells
for substrate preparation. These established cells stably
express epitope-tagged CSB at high level and harbor
6xHistidine-tagged Ub. The CSB-Ub conjugates were
loaded on anti-FLAG affinity gels to perform CSB
deubiquitination. Western blotting analysis of
untreated substrates showed that <250 Kd CSB-Ub
conjugates existed in both chromatin fractions, while
>250 Kd CSB-Ub conjugates existed primarily in inso-
luble chromatin fractions (Figure 5(d); also described
later in Figures 6 and 7). USP7 was able to cleave CSB-
Ub conjugates from both <250 Kd and >250 Kd
ubiquitinated forms. Since the insoluble chromatin
fractions were solubilized in SDS lysis buffer and
diluted 20-fold prior to anti-FLAG gel loading, trace
endogenous UVSSA would have been inactive. We
concluded that USP7 alone can deubiquitinate CSB
in vitro.

Overexpression of CSB leads to accumulation of
CSB- and UVSSA-Ub conjugates in insoluble
chromatin fraction

Next, we examined the distribution of CSB-Ub
conjugates in soluble and insoluble chromatin
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expression constructs of epitope-tagged CSB, Ub, and USP7. The total DNA amount of each transfection was kept the same by adding an
empty vector. The transfected cells were UV irradiated and followed by immediate treatment with MG132 for 6 h or no treatment as controls.
The cell lysates were made in RIPA buffer and Western blotting analyzed for Ub conjugates, CSB, USP7, and B-Actin, and the results were
labeled as “Input”. (b) The cell lysates shown in Figure 5(a) were subjected to immunoprecipitation with Anti-FLAG or Anti-Myc affinity gels,
followed by detection of CSB-Ub conjugates with anti-HA antibody. (c) Hela cells were transiently transfected and the experiments were
carried out similarly to that in Figure 5(a), except that both FLAG-tagged WT USP7 and catalytic dead (CD) mutant were included in
transfections. (d) Soluble and insoluble chromatin fractions were isolated from Hela-Ub5#32 stable cells expressing FLAG-tagged-CSB. The
fractions were diluted 20-fold in RIPA for protein pull-down with anti-FLAG affinity gel and the USP7 deubiquitination assays were done with

gel-associated CSB forms.

fractions from cell lines expressing different levels
of tagged CSB. In these cellular protein fractiona-
tion experiments, Benzonase nuclease, a highly
active DNA and RNA endonuclease, was used to

digest chromatin to obtain nuclease-releasable
/soluble chromatin fractions. The fractions pel-
leted by centrifugation after Benzonase digestion
were described as insoluble chromatin fractions.
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Figure 6. CSB overexpression decreases UVSSA from soluble chromatin and promotes UVSSA to insoluble chromatin fractions. (a)
Soluble and insoluble chromatin fractions were isolated from CSB-expressing HeLa#57 and Hela-Ub5#32 stable cell lines, the latter
harbors a 6xHistidine-tagged Ub. Various protein fractions from each cell line were examined for the presence of CSB, UVSSA, and
USP7. (b) The fractions in Figure 6(a) were used for immunoprecipitation in RIPA buffer with anti-FLAG affinity gel. For insoluble
fractions, equivalent amount of fractions was diluted 20-fold in RIPA buffer then were used for the gel immunoprecipitation. The
immunoprecipitates were Western blotting analyzed for the presence of USP7 and UVSSA. IP lanes L1 to L8 correspond to Input lanes
L1 to L8. Asterisk (*) marks the persistent nonspecific band in anti-UVSSA blots. Blots of B-Actin, Lamin B and histone H3 served as
indicators for chromatin fractions. All Western blotting analyses were done with single polyacrylamide gel, while empty lanes were

digitally removed for presentation.

As expected, heterochromatin marker Lamin
B only existed in insoluble chromatin fractions,
while Histone H3 and f-actin existed in both
fractions with extra in insoluble chromatin frac-
tions (Figure 6(a)). Importantly, HeLa#57 cells,

expressing moderate levels of CSB transgene,
showed low but detectable FLAG-tagged CSB in
both fractions, while CSB-Ub conjugates were
undetectable (Figure 6(a)). By contrast, in CSB
highly expressed HeLa-Ub5#32 cells, CSB-Ub
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Figure 7. Detection of ubiquitinated CSB and UVSSA in chromatin fractions. (a) Soluble and insoluble chromatin fractions were
isolated from CSB-expressing Hela-Ub5#32 stable cells. The chromatin fractions were subjected to immunoprecipitation using Ni-
NTA agarose or anti-FLAG (CSB) affinity gel in RIPA buffer or Ni-NTA spin column (lane 9 and 10) with urea-solubilized insoluble
chromatin fractions. Proteins retained on agarose, gel or spin column were Western blotting analyzed for FLAG-tagged CSB. Longer
time exposure (L. Exp.) is to show Ub conjugates of CSB with high molecular mass. (b) The retained proteins were Western blotting
analyzed for UVSSA. Asterisk (*) marks nonspecific band in anti-UVSSA blot.

conjugates (verified and described later in Figure 7
(a)) were clearly detected in insoluble chromatin
fractions.

An examination of UVSSA indicated that
UVSSA in HeLa#57 soluble chromatin fraction
existed in two forms, with a prominent upper
band (UVSSA-2) (Figure 6(a)). By contrast, the
two UVSSA forms appeared as faint indistinguish-
able smears in insoluble chromatin fractions.
Despite the higher UVSSA level in HeLa-Ub5#32
than in HeLa#57 cells (Figure 3(e)), the UVSSA was
largely restricted to insoluble chromatin fraction in
HeLa-Ub5#32 cells. Moreover, the larger molecule

smear of modified UVSSA was distinctively visible
in HeLa-Ub5#32 than in HeLa #57 cells, suggesting
the existence of ubiquitinated UVSSA (verified and
described later in Figures 7(b) and Figure 8) in
insoluble chromatin fraction. Unlike UVSSA and
CSB proteins, the known dual forms of USP7 dis-
tributed uniformly in both chromatin fractions.
The presence of ubiquitinated CSB and UVSSA in
insoluble chromatin fraction per se does not neces-
sarily suggest their tight association with chroma-
tin. Yet, these results suggest that the overexpressed
CSB affects UVSSA ubiquitination and its presence
in insoluble chromatin fraction.
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Figure 8. USP7 does not deubiquitinate Ub conjugates of UVSSA in vitro. (@) Ni-NTA spin column purification was used to enrich
UVSSA-2 form. Cell extracts from HelLa-Ub5#32 cells were subjected to a 6xHistidine-tagged protein purification and the indicated
fractions were Western blotting analyzed for modified species of UVSSA and CSB. (b) Detection of multiple UVSSA forms in
concentrated eluate fractions. The eluate mixtures in Figure 8(a) were desalted and further concentrated with Amicon ultra-
centrifugal filters and detected for modified forms of UVSSA. The major Ub conjugate bands were annotated as UVSSA-2 to
UVSSA-6. Symbol (#) marks the minor but distinctly visible UVSSA conjugates. Asterisk (*) marks nonspecific bands in anti-UVSSA
blots. (c) The USP7 deubiquitination assay was performed with Ni-NTA spin column purified Ub conjugates as described in Figure 8
(a, b). The reaction mixtures were Western Blotting analyzed for UVSSA. In reactions containing HBX 41108, the inhibitor was pre-
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mixed with USP7 enzyme for 30 min and followed by adding purified Ub conjugates.
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Figure 9. USP7 deficiency affects the recovery of RNA synthesis following UV irradiation. (a) The Click-iT RNA Imaging Assay was
performed to detect temporal and global de novo RNA synthesis in HCT116-USP7*"* and USP7 ™" cells. Different arrow types point to
individual HCT116-USP7*/* or USP7™" cells distinguishable by the shape of the cells and nuclei. The calibration bar is set at 10 pm.
(b) The integrated fluorescence density per cell of HCT116-USP7** or USP7™ cells without UV irradiation. The fluorescence density
was quantitated by ImageJ software. Mean * SD was calculated from the data of =30 independent cells across multiple microscopic
fields. The p annotation indicates that p is 0.12 in Student’s t-Test. (c) The Click-iT RNA Imaging Assay was performed with HCT116-
USP7** or USP7™" cells at different time points following UVR exposure. Calibration bar is 10 um. (d) The Click-iT RNA Imaging
experiments were independently repeated >3 times. The recovery of RNA synthesis (RSS) was calculated by normalizing integrated
density per cell of UVR-exposed cells against that of controls without exposure. Mean + SD at different time points was calculated
from the data of ~30-50 cells from multiple microscopic fields and from different experiments. Double-asterisk ** designates p <
0.01 in Student’s t-test of USP7*"* vs USP7™" cells at indicated time points.

We further examined the association of CSB with  soluble chromatin fraction from HeLa#57 cells.
USP7 and UVSSA in chromatin fractions. As shown  Whereas, only some shorter USP7 form was seen
in Figure 6(b), without UVR, USP7 showed a strong  in immunoprecipitates with soluble chromatin frac-
presence in anti-FLAG-CSB immunoprecipitates of  tion of HeLa-Ub5#32 cells (Figure 6(b), L1 vs. 5). UV
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irradiation reduced USP7 presence in soluble chro-
matin fractions from both cells (Figure 6(b), L2
and 6). With insoluble chromatin, weaker USP7
signals were seen in CSB immunoprecipitates
under UVR in HeLa#57 cells and regardless of
UVR in HeLa-Ub5#32 cells (Figure 6(b), L4, L7,
and L8). On the other hand, UVSSA presence was
only seen in anti-FLAG-CSB immunoprecipitates of
the soluble chromatin fraction from HeLa#57 cells.
Thus, while CSB, UVSSA, and their modified forms
differentially distribute in soluble and insoluble
chromatin fractions, the CSB-USP7 and CSB-
UVSSA associations can be demonstrated in soluble
chromatin fractions.

The decreased CSB-USP7 association observed
in the presence of abundant cellular CSB in soluble
chromatin from HeLa-Ub5#32 could be because
(i) CSB-USP7 interaction requires UVSSA, which
was depleted from this fraction or (ii) the com-
plexes containing CSB and USP7 were depleted
from the soluble fraction and relocated to insolu-
ble chromatin fraction. As both CSB and UVSSA
bind with the same USP7 TRAF domain [34]
(Figure 4(b)), the latter may be more likely.

The expression of FLAG- and Myc-tagged CSB
in Hela-Ub5#32 cells harboring 6xHistidine-
tagged Ub enables verification of observed Ub-
modified CSB forms in chromatin fractions.
Under native conditions, Ni-NTA agarose
enriched both the <250 and >250 Kd forms of
modified CSB from HeLa-Ub5#32 cells (Figure 7
(a), lanes 5-8). These forms were present in
greater abundance within insoluble chromatin
fractions. The >250 Kd CSB-Ub conjugates were
further increased upon UV irradiation. Whereas
under denaturing conditions in presence of
7 M urea, only <250 Kd CSB forms were detected
in UV-irradiated cells as compared with non-UV
control (Figure 7(a), lanes 9 vs 10), and this may
be due to technical limitations. However, the anti-
FLAG gel enriched modified CSB forms alike as
Ni-NTA agarose, where the presence of both <250
Kd and >250 Kd CSB forms was confirmed.

UVSSA and its Ub conjugates were also identified
in HeLa-Ub5#32 cells using Ni-NTA agarose-based
enrichment of 6xHistindine-tagged Ub conjugates
(Figure 7(b)). UVSSA protein band, with calculated
molecular weight of 81 Kd, was observed in soluble
chromatin fractions (Figure 7(b), L1 and 2). In

contrast, multiple UVSSA bands appeared in inso-
luble chromatin fractions regardless of cellular UV
irradiation (Figure 7(b), L3 and 4). Upon enrichment
by Ni-NTA agarose, multiple bands of UVSSA, lar-
ger than its calculated molecular weight, were seen in
soluble chromatin fractions. These larger UVSSA
species showed up at much higher intensity in inso-
luble chromatin fractions (Figure 7(b), L5-8). The
results suggested that ubiquitinated UVSSA forms
are largely associated with insoluble chromatin in
human cells.

Characterization of mono- and
poly-ubiquitinated UVSSA

To further validate UVSSA-Ub conjugates, we car-
ried out the purification of Ub conjugates using
Ni-NTA spin column under native conditions. As
the modified UVSSA species appeared primarily in
insoluble chromatin, we used the Lysis Buffer NPI-
10-Ig, which contains Benzonase and 300 mM
NaCl for stripping tightly chromatin-associated
modified UVSSA. As shown in Figure 8(a), the
UVSSA and its modified species were mostly
undetectable in ~10% Input samples, whereas
dual UVSSA bands were clearly present in Elute
mix with both untreated and UVR-treated cells.
The upper UVSSA-2 band showed greater enrich-
ment. Judging from the molecular sizes, UVSSA-1
represents the native UVSSA with a theoretical
molecular weight of 81 Kd, while UVSSA-2
would be the mono-ubiquitinated UVSSA. Aside
from UVSSA, <250 Kd CSB-Ub conjugates with
visible bands were seen in elute mix from the
UVR-treated cells, while >250 Kd CSB-Ub conju-
gates were detected in flow through but not in
elute mix.

As UVSSA-2 was the dominant form within
soluble chromatin fractions of HeLa#57 cells
(Figure 6(a), L1 and L2), and this specific form
exhibited a decrease from insoluble chromatin
fractions of both HeLa#57 and HeLa-Ub5#32
cells, we examined the possibility that UVSSA
undergoes polyubiquitination. We concentrated
the elute mix for analyzing the lesser abundant
forms. UVSSA-1 and UVSSA-2 forms were dis-
tinctly visible in concentrated elute mix, and
their intensities showed a mild reduction upon
UV irradiation (Figure 8(b), left panel). Under



longer exposure (Figure 8(b), right panel), addi-
tional bands, ie., UVSSA-3 to UVSSA-6 were
resolved as major modified forms along with
other less visible forms. As lysine 414 of
UVSSA has been identified as the sole target of
ubiquitination [34,35], we concluded that the
chromatin-associated UVSSA exists in native,
mono-ubiquitinated form and, to a lesser extent,
in polyubiquitinated forms.

We also conducted an in vitro UVSSA deubi-
quitination assay using purified Ub conjugates. We
did not observe any detectable decrease in poly-
ubiquitinated forms of UVSSA in the presence of
high concentration (0.2 uM) of USP7 (Figure 8
(c)). Thus, USP7 is not a specific DUB for UVSSA-
Ub conjugates in vitro.

USP7 disruption does not affect RNA synthesis
but reduces RRS following UVR-induced DNA
damage

We compared RNA synthesis and recovery of
RNA synthesis (RRS) as a function of cellular
USP7 status. Comparison of RNA synthesis by
Click-iT RNA imaging assay showed that USP7
disruption did not affect the integrated fluorescent
density of newly synthesized RNA (Figure 9(a,b)).
In contrast, UVR decreased the RNA synthesis
within 2 h after UV irradiation. Meanwhile, the
USP7 disruption decreased the level of RRS at 4 to
24 h of UV irradiation. Thus, the USP7 function is
required for full RRS following UVR-induced
DNA damage.

Discussion

USP7 has been described as a UVSSA interacting
partner, which is involved in maintaining CSB level
[19-21]. To gain mechanistic insights into the USP7-
mediated regulation, we investigated the underlying
basis of the biphasic response observed with CSB as
well as UVSSA. We showed that in human cells, USP7
is required for the recovery of CSB protein but not
UVSSA. We also described that USP7 interacts with
CSB and VCP/p97 via its substrate-interacting TRAF
domain, and demonstrated USP7-mediated CSB deu-
biquitination. We outlined the cellular distribution of
CSB-Ub conjugates, showing their association with
chromatin. We further described the impact of CSB
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overexpression on UVSSA, UVSSA-Ub conjugates
and their presence in insoluble chromatin.
Additionally, we characterized the discrete mono-
ubiquitinated and poly-ubiquitinated forms of
UVSSA and revealed that ubiquitinated UVSSA was
not cleavable in vitro by USP7. Lastly, our RRS ima-
ging experiments indicated that USP7 disruption did
not affect overall RNA synthesis but decreased its
recovery following UVR-induced DNA damage.
These interwoven molecular events depict a distinct
role of USP7 in fine-tuning of TC-NER by deubiqui-
tinating chromatin-associated CSB-Ub conjugates
and disengaging them from proteolysis.

Our data show that USP7 interacts with CSB
through its TRAF domain (Figure 4(b)). This is
consistent with the observed deubiquitinating activ-
ity of USP7 for CSB and with the existence of TRAF
recognition motif in CSB. It is peculiar that the USP7
TRAF domain also interacts with UVSSA [34] and
that both UVSSA and USP7 are required for main-
taining cellular CSB levels after UV irradiation (19--
21). Given that UVSSA non-competitively inhibits
USP7 deubiquitinating activity toward artificial sub-
strate [34], it is unlikely that the binding of UVSSA
to USP7 substrate-interacting TRAF domain
enhances USP7 deubiquitinating activity toward
CSB. Recently, UVSSA was found to interact with
CSB through VHS domain located in the N-terminal
of UVSSA [21,36]. A UVSSA mutant, which cannot
be ubiquitinated and unable to bind USP7, was
shown to act in restoring survival and RRS of
UVSSA-deficient cells[34]. Such a UVSSA mutant
can still stabilize CSB after UV irradiation in Kps3
cells [34]. These observations suggest that UVSSA
can regulate CSB in both USP7-dependent and inde-
pendent ways.

VCP/p97 has been shown to act in extracting
ubiquitinated NER damage sensors, XPC, DDB2,
CSB, and RNAPII, from chromatin and present
them to  proteasome  for  degradation
[18,25,37,38]. Among these sensors, XPC, just
like CSB, is a specific substrate of USP7 [25].
Thus, USP7 can deubiquitinate different substrates
to prevent their proteolysis in NER. Our results
showed that USP7 TRAF and UBL1 domains
interact with VCP/p97 and the results are consis-
tent with the USP7-VCP/p97 interaction revealed
by mass spectrometry-based proteomic approaches
[39]. Given the regulatory role of UBL domains in
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USP7 activity [40-42], it is possible that VCP/p97
can modulate USP7 deubiquitinating activity
toward a VCP/p97 client, e.g. CSB. Alternatively,
the USP7-VCP/p97 interaction may also prevent
an effective presentation of CSB-Ub conjugates to
proteasome, allowing CSB to be rescued before
proteolysis. These possibilities need further
exploration.

In summary, the present study established
USP7 as a DUB specific for CSB. The work
also helped characterize the mono- and poly-
ubiquitination of UVSSA. Moreover, the work
suggests a key link between USP7 and VCP/p97
functions, which may allow USP7 to deubiquiti-
nate and rescue a VCP/p97 client before its
proteolysis. More in-depth future studies to
gain informative insights on how CSB, UVSSA,
and USP7, as well as VCP/p97, interact with
each other and function in TC-NER, and how
UVSSA ubiquitination is regulated during TC-
NER would further clarify the mechanistic nat-
ure of these complex interactions in DNA
damage processing.

Material and methods

Chemicals, DNA constructs, antibodies, and cell
lines

VCP/p97 inhibitor, N?, N*-Dibenzylquinazoline
-2,4-diamine (DBeQ), was obtained from Sigma-
Aldrich (St. Louis, MO 63103). Proteasome inhi-
bitor MG132 was purchased from EMB Millipore
(Billerica, MA 01821). USP7 constructs were
acquired from Dr. Yanhui Xu in the Department
of Biochemistry, Fudan University Medical School.
The CSB-expressing constructs were generated by
sub-cloning CSB ¢cDNA into p3xFLAG-Myc-CMV
expression vector from Sigma-Aldrich (St. Louis,
MO 63103).

Anti-CSB (E-18 and BI10) antibodies and
UVSSA/KIAA1530 antibody (P-12) were pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA 95060), while Anti-CSB antibody
A301-345A and UVSSA antibody NIN2 were
from Bethyl laboratories (Montgomery, TX
77356), and GeneTex (Irvine, CA 92606). Anti-
FLAG M2 agarose gels, anti-FLAG M2 antibody,
anti-Myc agarose affinity gels, and anti-Myc

antibody were all obtained from Sigma-Aldrich.
Whereas, anti-VCP/p97, anti-USP7, histone H3,
and anti-SUMO-2/3 (18H8) antibodies were pro-
ducts of Abcam (http://www. abcam.com/), Bethyl
laboratories and Cell Signaling (Danvers, MA
01923), respectively. Recombinant His-USP7
enzyme was obtained from Boston Biochem
(Cambridge, MA 02139).

Cell lines, cell culture, and transfection

HCT116 and HCT116-USP7™" cells, obtained
from Bert Vogelstein’s laboratory [24], were
grown in McCoy’s 5A medium supplemented
with 10% FCS and antibiotics at 37K in
a humidified atmosphere of 5% CO,. HeLa and
its derivative (HeLa-Ub5), which expresses the
6xHistidine-tagged Ub [43], were grown in stan-
dard DMEM medium. The HeLa-Ub5 cell cul-
tures were additionally supplemented with biotin
(0.5 uM, Sigma Aldrich) and puromycin (1.5 ug/
ml, Life technologies), when needed. The HelLa-
derived stable cell lines, expressing epitope-
tagged CSB, were established by transfection of
p3xFLAG-Myc-CMV-CSB expression constructs
into HeLa or HeLa-Ub5 cells. After the selection
of G418 at 0.5 pg/ml, the transfected cells were
sub-cloned and characterized for transgene
expression. For transient transfection, exponen-
tially growing cells were plated at a desired den-
sity. Plasmid DNAs were transfected into HeLa
or HCT116 cell lines using Lipofectamine 2000
reagents according to protocols provided by the
manufacturer (Life Technologies, Grand Island,
NY 14072).

Glutathione S-transferase (GST) pull-down assay

The GST, GST-S5a and GST-USP7 fusion pro-
teins were expressed in E. coli BL21 strain. The
bacterial extracts were made in lysis buffer
(50 mM Tris-HCl [pH 8.0], 150 mM NacCl,
1 mM EDTA, 1 mM DTT, 1% Triton X-100). In
the case of GST-USP7 fusion proteins, which
form an inclusion body in E. coli, the bacterial
extracts were made in lysis buffer containing 1%
sarkosyl, followed by centrifugation to remove
unresolvable debris. For GST pull-down assay,
equal amount of GST fusion proteins was
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immobilized on glutathione Sepharose 4B beads
in binding buffer (50 mM Tris-HCl [pH 8.0],
150 mM NaCl, 0.1% (v/v) Triton X-100). The
GST and GST fusion protein-loaded beads were
incubated with whole-cell extracts (WCE), con-
taining ~1.0 mg proteins, or the indicated amount
of proteins, made in RIPA buffer (50 mM Tris-
HCl [pH 8.0], 150 mM NaCl, 1% NP40, 0.5%
deoxycholate and protease inhibitors). After incu-
bation at 4°C for 16 h, the beads were washed 4
times with RIPA buffer and boiled in SDS sample
buffer. The bound proteins were analyzed by
Western blotting for the presence of XPC, USP7,
CSB, XPD, XPB or VCP/p97 protein.

Cellular fractionation and immunoprecipitation

Protein fractionation and immunoprecipitation
were conducted as previously described [18,38].
In particular, Benzonase nuclease was used to
digest chromatin to obtain nuclease-releasable
/soluble chromatin fractions. These soluble frac-
tions were directly used for immunoprecipitation
in RIPA buffer. Whereas, the insoluble chromatin
fractions were dissolved by boiling in 2% SDS lysis
buffer. For immunoprecipitation, insoluble chro-
matin fractions were diluted 20 times in RIPA
buffer, centrifuged at 15,000xg for 15 min and
then the supernatants used. The immunoprecipita-
tions were done with appropriate antibodies in
RIPA buffer at 4°C overnight. The immuno-
complexes were captured by protein A Plus
G agarose beads. Whereas, the anti-FLAG, or anti-
Myc affinity gels or Ni-NTA agarose were directly
used to capture tagged proteins.

Purification of histidine-tagged Ub conjugates

Protein purifications with Ni-NTA spin column
were carried out under both native and denatur-
ing conditions, according to protocols described
by provider QIAGEN (Germantown, MD
20,874). Briefly, HeLa Ub5#32 cells were rinsed
twice with cold PBS and suspended in Lysis
Buffer = (NPI-10-Ig)  with  freshly added
Benzonase nuclease. After 30 min incubation on
ice, the lysates were centrifuged at 12,000xg for
30 min at 4 °C to collect the supernatant. The
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cleared supernatant was loaded onto the pre-
equilibrated Ni-NTA spin column (twice, ~600
ul each). The loaded Ni-NTA spin columns
were washed twice with Buffer NPI-20 and then
eluted twice with Buffer NPI-500. The pooled
elute mix was used immediately for Western
blotting analysis or kept at —80°C, after adding
25%. Glycerol. For in vitro deubiquitination
assay, the stored elute mix was further processed
with Amicon Ultra Centrifugal Filter Devices to
remove salts, imidazole and to exchange to DUB
buffer. The purifications under denaturing con-
ditions were done according to QIAGEN proto-
col, where Lysis Buffer containing 7 M urea was
used for dissolving HeLa Ub5#32 cells or insolu-
ble chromatin fractions.

In vitro CSB and UVSSA deubiquitination assay

For CSB deubiquitination assay, the anti-FLAG
affinity agarose beads were loaded with FLAG-
tagged CSB and its modified species by incubat-
ing the beads with the soluble chromatin or 20-
fold diluted insoluble chromatin fractions in
RIPA buffer at 4°C overnight. The beads were
washed 3 times with RIPA buffer and twice with
DUB buffer (50 mM Tris-Cl [pH 8.0], 50 mM
NaCl, 1 mM EDTA, 5% glycerol, 10 mM DTT),
followed by 2 h incubation at room temperature
with 0.2 pM USP7 in 50 pl of DUB buffer. After
the reaction, the anti-FLAG beads were washed
twice with DUB buffer and boiling in SDS sam-
ple buffer and Western blotting analyzed for
FLAG-tagged CSB.

The UVSSA deubiquitination assays were car-
ried out with Ub conjugates purified by Ni-NTA
spin column under native conditions. A 50
ul-reaction contained 25 pl of desalted elute mix
in DUB buffer and the reaction was initiated by
mixing the substrates with USP7 at a final concen-
tration of 0.2 uM and incubating at room tem-
perature for 2 h. When HBX 41,108 was used, the
recombinant USP7 was first incubated with HBX
41,108 at room temperature for 30 min before
adding substrates. The deubiquitination reactions
were stopped by boiling in SDS sample buffer and
analyzed by Western blotting for UVSSA.
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Nascent RNA imaging

HCT116 and HCT116-USP7™" cells were seeded
onto glass coverslips and grown for 24 to 48
h. The coverslips were subjected to UV irradiation
at 10 J/m?. The UVR-treated or untreated cells were
allowed to DNA repair for indicated periods and
were then labeled with 1 mM 5-ethynyl uridine
(EU) for 1 h, rinsed with cold PBS and then fixed
with 2% paraformaldehyde. The incorporated EU
was revealed with Click-iT RNA imaging kit
(Invitrogen) according to the manufacturer’s
instruction. The images were captured using
Nikon fluorescence microscope equipped with
NIS software.

Quantitative analysis and statistics

Quantitative analysis was done on digitalized
Western blotting images using Image] software
and the relative protein amounts were calculated
based on gray density. The Image] software was
also used for measuring pixel and intergraded
density of the interested area of Click-iT RNA
fluorescent images. The Student’s ¢-tests for paired
comparison were performed on the data from
experiments repeated >3 times, using SigmaPlot
software.
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