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Ubiquitin-specific protease 7 sustains DNA damage
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Central to the recognition, signaling, and repair of DNA double-strand breaks (DSBs) are the MRE11-RAD50-NBS1 (MRN)
complex and mediator of DNA damage checkpoint protein 1 (MDC1), the interplay of which is essential for initiation and
amplification of the DNA damage response (DDR). The intrinsic rule governing the regulation of the function of this molecular
machinery remains to be investigated. We report here that the ubiquitin-specific protease USP7 was physically associated
with the MRN-MDC1 complex and that the MRN-MDC1 complex acted as a platform for USP7 to efficiently deubiquitinate

and stabilize MDC1, thereby sustaining the DDR. Accordingly, depletion of USP7 impaired the engagement of the MRN-MDC1
complex and the consequent recruitment of the downstream factors p53-binding protein 1 (53BP1) and breast cancer protein
1(BRCA1) at DNA lesions. Significantly, USP7 was overexpressed in cervical cancer, and the level of its expression positively
correlated with that of MDC1and worse survival rates for patients with cervical cancer. We demonstrate that USP7-mediated
MDC1 stabilization promoted cervical cancer cell survival and conferred cellular resistance to genotoxic insults. Together, our
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Introduction

To ensure genome integrity, eukaryotic cells are equipped with
sophisticated molecular machinery to repair various DNA lesions
generated by genotoxic insults from intrinsic and extrinsic sources
(1). DNA double-strand breaks (DSBs) are the most cytotoxic type
of DNA damage, as unrepaired or inappropriate repair of DSBs
will inevitably cause mutations or chromosomal aberrations and
eventually lead to diseases such as cancer (2-4). Therefore, the
ability of cells to maintain genomic stability through a temporally
and spatially orchestrated DNA damage response (DDR) is vital
for cellular homeostasis.

Among the first regulators that initially accumulate at sites
of DSBs in eukaryotic cells is the MRE11-RAD50-NBS1 (MRN)
complex, a conserved and essential DDR factor that controls
DSB repair, checkpoint signaling, and meiotic recombination (5,
6). Specifically, MREI11 is a structure-specific nuclease involved
in the resection of DNA ends to allow homologous recombina-
tion (HR) repair, while RAD50 bears both ATPase and adenylate
kinase activities, together with MRE11, facilitating binding of the
MRN complex to DNA molecules and thus DSB repair (7-9). The
third subunit of the MRN complex, NBS1, belongs to the family of
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study reveals a role for USP7 in regulating the function of the MRN-MDC1 complex and activity of the DDR, supporting the
pursuit of USP7 as a potential therapeutic target for MDC1-proficient cancers.

adaptor and mediator proteins that integrate and coordinate the
DDR through the promotion of protein-protein interactions (10,
11). Another core component in initial DDR signaling is the medi-
ator of DNA damage checkpoint protein 1 (MDC1), which inter-
acts with the MRN complex prior to the detection and signaling of
DNA damage (12-14).

In response to DNA damage, the MRN complex recognizes
DSBs and recruits the central DDR signaling kinase ataxia-
telangiectasia mutated (ATM) to phosphorylate histone H2AX
(5, 15). Subsequently, MDC1 binds to phosphorylated H2AX
(p-yH2AX) and facilitates further accumulation and retention of
the MRN complex as well as the E3 ligases RNF8 and RNF168
to promote the formation of lysine 63-linked (K63-linked) poly-
ubiquitin chains on chromatin and the chromatin binding of p53-
binding protein 1 (53BP1) and breast cancer protein 1 (BRCA1) (14,
16-20), generating microscopically discernible nuclear foci for
efficient repair. Although it is well established that, in damaged
chromatin regions, the YH2AX-MDC1 binding module further
promotes the recruitment of the MRN complex and thus ATM to
amplify and sustain the damage-sensing and repair signal (5, 21),
itis still unclear how this positive feedback loop dictated by MDC1
and the MRN complex is achieved and regulated.

Deficiency or mutation of key components of the DDR pre-
disposes individuals to hereditary cancer (22-25). As such, DDR
activation is considered an inducible barrier to tumorigenesis.
Nevertheless, cancerous cells often carry abnormalities in the
DSB repair machinery and adjust their DDR programs to deal with
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DNA damage loads associated with excessive replication, which is
essential for the survival of these cells and renders cells resistant
to DNA damage-based therapy (1, 26, 27). For example, deregu-
lation of the key players involved in DSB repair is believed to play
an important role in the development and progression of cervical
cancer, the fourth most common cause of malignancy and deaths
from cancer in women worldwide (28, 29). Specifically, a high
level of ATM activation is associated with resistance to ionizing
radiation and disease-specific survival (30), and increased copy
numbers of ataxia-telangiectasia and Rad3-related (ATR) protein
have also been implicated in the pathogenesis of cervical cancer
(31). However, the mechanistic basis and pathological relevance
of the dysregulation of the DDR in cervical carcinogenesis remain
to be investigated.

Accumulating evidence suggests that a multitude of post-
translational protein modifications are involved in the DDR pro-
cess (32-35). In particular, ubiquitination is emerging as a central
player in DSB repairs (17-20, 36). Ubiquitination is constantly
opposed through the action of specific deubiquitinating enzymes
(DUBs), of which ubiquitin-specific proteases (USPs) comprise
the largest subfamily (37). Among all USPs, USP7, also known as
herpesvirus-associated ubiquitin-specific protease (HAUSP) (38),
has attracted the most attention because of'its involvement in mul-
tiple oncogenic pathways (39). Interestingly, USP7 has been reported
to target a panel of DDR proteins, including RNF168 (40), RNF169
(41), CHK1 (42, 43), and claspin (44). Despite this, it remains an open
question as to how USP7 contributes to the response to and repair of
DSBs, especially at the initial step of the DDR.

In this study, we report that USP7 is physically associated
with the MRN-MDC1 complex and recruited to the damage site
of DSBs in an MRN-MDC1 complex-dependant manner. We show
that USP7 facilitates DNA repair by stabilizing MDC1, thereby sus-
taining the MRN-MDC1 complex around DSBs. Importantly, we
found that USP7-promoted deubiquitination and stabilization of
MDCI1 is implicated in cervical carcinogenesis and confers a resis-
tance of cervical cancer cells to genotoxic insults.

Results
USP7 is physically associated with the MRN-MDCI complex. To fur-
ther understand how the MRN-MDC1 complex coordinates the
response to and repair of DSBs, we used affinity purification and
mass spectrometry to interrogate the interactomes of MRE11,
NBS1, and MDCI in vivo. Interestingly, the results indicated
that the ubiquitin-specific protease USP7, among other proteins,
was efficiently copurified with each of these 3 components of
the MRN-MDC1 complex (Figure 1A and Supplemental File 1).
To confirm the in vivo association of USP7 with the MRN-MDC1
complex, we performed co-IP experiments. The results showed
that USP7 was coimmunoprecipitated with each component of
the MRN-MDCI1 complex, and vice versa (Figure 1B). Notably, the
association of USP7 with the MRN-MDC1 complex was indepen-
dent of DNA incorporation, since DNase treatment showed a mar-
ginal effect on the integrity of the whole complex (Supplemental
Figure 1A; supplemental material available online with this article;
https://doi.org/10.1172/JCI120518DS1).

To further validate the in vivo interaction between USP7 and
the MRN-MDC1 complex, we performed protein fractionation
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experiments by fast protein liquid chromatography (FPLC) using
a Superose 6 column and a size-exclusion approach. The results
indicated that native USP7 from HeLa cells was eluted with an
apparent molecular mass much greater than that of the mono-
meric protein, and we detected USP7 in a large molecular mass
peak that coeluted with the MRN-MDCI complex in fractions 17
to 21 (Figure 1C). Furthermore, analysis of the FLAG-USP?7 affin-
ity eluate by FPLC with Superose 6 gel filtration revealed that
the majority of purified FLAG-USP7 existed in a multiprotein
complex, which peaked in fractions 17 to 21 containing the MRN-
MDC1 complex (Figure 1D). Analogously, gel filtration analysis of
the FLAG-MDCI1 affinity eluate showed that USP7 and the MRN
complex were copurified with MDC1 in fractions 17 to 19 (Supple-
mental Figure 1B). In addition, immunofluorescence staining fol-
lowed by confocal microscopic analysis revealed that endogenous
USP7 appeared to be colocalized with all components of the MRN-
MDC1 complex in the nucleus of HeLa cells (Figure 1E).

To further support the interaction between USP7 and the
MRN-MDCI1 complex and to gain molecular insights into this
interaction, we generated GFP-tagged domain deletion mutants
of USP7 and transfected them into HeLa cells. Immunoprecip-
itation (IP) with anti-GFP followed by immunoblotting (IB) with
antibodies against MDC1 indicated that the ubiquitin-like (UBL)
domain in the C terminus of USP7 was responsible for the inter-
action of USP7 with MDC1 (Supplemental Figure 1C). Reciprocal-
ly, domain mapping of the molecular interface of MDC1 required
for USP7 binding revealed that the large central proline-serine-
threonine-rich (PST-rich) repeats domain was required for the
association of MDC1 with USP7 (Supplemental Figure 1D). More-
over, glutathione S-transferase-pulldown (GST-pulldown) exper-
iments with GST-fused PST or the BRCA1 C terminus (BRCT)
domain of MDC1 and full-length or truncations of the recombi-
nant USP7 confirmed that the PST domain of MDC1 specifically
interacts with the UBL domain of USP7 (Supplemental Figure 1E).
Additionally, pulldown experiments with full-length recombinant
USP7 and in vitro-transcribed and -translated MRE11, RAD50,
or NBS1 revealed that USP7 directly interacted with NBS1 (Sup-
plemental Figure 1F, left), and domain mapping analysis with
recombinant proteins further indicated that the meprin and TNF
receptor-associated factor (TRAF) homology (MATH) domains in
the N-terminus of USP7 and the C-terminal unstructured region
of NBS1 were responsible for the association of these 2 molecules
(Supplemental Figure 1F, right; Supplemental Figure 1G). Collec-
tively, these results suggest that USP7 directly interacts with the
MRN-MDC1 complex through distinct molecular surfaces (Sup-
plemental Figure 1H).

USP7 is recruited to damage sites in an MRN-MDCI-
dependent manner. The physical association of USP7 with the
MRN-MDC1 complex implies a role for USP7 in the cellular
response to DNA damage. To test this, we first investigated
whether USP7 is recruited to DSBs using an endonuclease
AsiSI-based system, in which endogenous sequence-specific
DSBs could be generated in the presence of 4-hydroxyl-
tamoxifen (4-OHT) (45). Quantitative ChIP (qChIP) analysis
revealed that, like yH2AX, USP7 was enriched around the break
proximal site, but not the distal region approximately 2 Mb away
from the break site upon AsiSI activation (Figure 2A). In addition,
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Figure 1. USP7 is physically associated with the MRN-MDC1 complex. (A)
Immunopurification and mass spectrometric analysis of MRE11-, NBS1-,

or MDC1-containing protein complexes. Cellular extracts from HeLa cells
stably expressing FLAG-MRET11, FLAG-NBS?1, or FLAG-MDC1 were immuno-
purified with anti-FLAG affinity beads and eluted with FLAG peptide. The
eluates were resolved on SDS/PAGE and silver stained, followed by mass
spectrometric analysis. The percentage of peptide coverage of the indicated
proteins is shown. (B) Co-IP analysis of the association between USP7 and
the MRN-MDC1 complex. Whole-cell lysates from HeLa and MCF-7 cells were
immunoprecipitated and then immunoblotted with antibodies against the
indicated proteins. o, anti-. (C) FPLC analysis of the native protein complex.
Nuclear extracts from HelLa cells were fractionated on Superose 6 size-
exclusion columns with high-salt buffer. Chromatographic elution profiles
and Western blot analysis of the chromatographic fractions with antibodies
against the indicated proteins are shown. Equal volumes from each fraction
were analyzed, and the elution positions of the calibration proteins with
known molecular masses (kDa) are indicated. The boxed area indicates frac-
tions in which endogenous USP7 was coeluted with the MRN-MDC1 complex.
(D) Experiments analogous to those for C were performed with a USP7-con-
taining protein complex purified from FLAG-USP7-expressing HeLa cells. The
boxed area indicates fractions in which FLAG-USP7 was coeluted with the
MRN-MDC1 complex. (E) Confocal microscopic analysis of USP7 and MRN-
MDC1 complex subcellular localization. HelLa cells were fixed and immunos-
tained with antibodies against the indicated proteins. Representative images
from biological triplicate experiments are shown. Scale bars: 10 pm.

USP7 formed discernible, albeit weak, foci at sites of DSBs gen-
erated by 4-OHT-driven AsiSI endonuclease, and the majority
of these foci were colocalized with MDCI1 foci (Figure 2B, top).
Meanwhile, a higher dose of x-ray irradiation (IR) also induced
foci formation by USP7, and these foci were colocalized with
yH2AX (Figure 2B, bottom). Additionally, confocal microscopy
and live-cell imaging analysis showed that GFP-tagged USP7 was
recruited to damaged sites rapidly after laser micro-irradiation
(micro-IR), manifested by fast accumulation of GFP signal around
the break sites (Figure 2C and Supplemental Figure 2A). Further-
more, immunofluorescence staining followed by confocal micro-
scopic analysis indicated that endogenous USP7 was accumulated
and colocalized with yH2AX and MDC1 at UVA laser microdissec-
tion-induced DNA lesions (Figure 2D and Supplemental Figure
2B). Together, these results suggest that USP7 is mobilized and
recruited to DSB sites upon DNA damage.

To examine whether the involvement of USP7 in DSBs is
through its association with the MRN-MDCI complex, native
HeLa cells or HeLa cells stably expressing GFP-USP7 were
transfected with control siRNA or siRNA targeting MREILI,
RAD50, NBS1, or MDCL1. Microscopic analysis showed that DNA
damage-induced recruitment of either endogenous USP7 (Fig-
ure 2E and Supplemental Figure 2C) or GFP-USP7 (Figure 2F and
Supplemental Figure 2D) was severely impaired in cells deficient
in each component of the MRN-MDCI1 complex, while the expres-
sion of endogenous USP7 or GFP-USP7 was essentially unchanged
(Supplemental Figure 2, E and F), suggesting that USP7 is recruited
to DNA damage sites inan MRN-MDC1 complex-dependent man-
ner. In support of this, examination of the distribution of nuclear
localized GFP-tagged USP7 deletion mutants demonstrated that
either MATH or UBL, which is responsible for the association
of USP7 with NBS1 or MDC1, respectively, could accumulate at
DNA damage sites, although with lower efficiency than WT USP7
(Supplemental Figure 2G). Additionally, we also examined the
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effect of 53BP1, BRCAI, or RNF168 depletion on the recruitment
of USP7. Microscopic analysis revealed that loss of function of any
of these factors had a marginal effect on laser-induced USP7 stripe
formation, indicating that USP7 acts upstream of these repair pro-
teins (Supplemental Figure 3, A-D). Collectively, these data sup-
port the notion that the recruitment of USP7 to DNA lesions occurs
through its interaction with the MRN-MDC1 complex.

USP7 is functionally linked to the stability of MDCI. To explore
the functional significance of the physical interaction and spatial
colocalization of USP7 and the MRN-MDCI1 complex, we first
examined the influence of USP7 on expression of the components
of the MRN-MDC1 complex. Western blot analysis showed that
knockdown of USP7 in MCF-7 cells had little effect on the pro-
tein levels of MRE11, RAD50, NBS1, BRCA1, and 53BP1 (Figure
3A). However, depletion of USP7 resulted in a marked decrease in
MDC1 protein levels (Figure 3A). We made a similar observation
in HeLa cells (Figure 3B). Meanwhile, quantitative reverse tran-
scription PCR (qQRT-PCR) analysis indicated that MDCI mRNA
expression was not affected upon USP7 depletion (Figure 3, A
and B). Moreover, KO of USP7 using the CRISPR/Cas9 system
revealed that the protein, but not mRNA, levels of MDC1 were sig-
nificantly reduced (Figure 3C), and this effect could be reversed
by overexpression of full-length, but not UBL domain-deleted
(USP7/AUBL), USP7 (Figure 3D). These observations indicate that
MDCl is a potential substrate of USP7.

To gain further support for the observation that MDC1 is a
substrate of USP7, we performed cycloheximide (CHX) chase
assays and found that USP7 depletion was associated with a
decreased MDC1 half-life (Figure 3E). Moreover, the reduction in
MDCI protein levels associated with USP7 depletion was proba-
bly a result of proteasome-mediated protein degradation, as the
effect could be effectively blocked by the proteasome-specific
inhibitor MG132 (Figure 3F).

Since the MRN complex also directly associates with USP7
through the molecular surface of NBS1 and the MATH domain
of USP7, we wondered whether this interaction has an impact on
USP7-promoted MDC1 stabilization. We found that knockdown
of NBS1 not only impaired the association of USP7 with MDC1
(Figure 3G), but also led to a measurable decrease in MDC1 pro-
tein levels (Figure 3H), suggesting that the integrity of the MRN-
MDCI1 complex is required for USP7-promoted MDCI stabiliza-
tion. Furthermore, we showed that, in USP7-KO cells, full-length,
but not MATH domain-deleted (USP7/AMATH), USP7 could
efficiently restore MDC1 levels (Figure 3I). Consistently, co-IP
analysis revealed that only a minimal amount of MDC1 could be
coimmunoprecipitated by USP7/AMATH (Figure 3]), although
this mutant showed higher affinity for MDC1 than did USP7/
AUBL (Figure 3]). These observations support the notion that the
association of USP7 with the MRN complex, in particular, with
NBS1, is functionally linked to the control of MDC1 stability.

USP7 deubiquitinates MDCI. To determine whether USP7-
promoted MDC1 stabilization is dependent on the enzymatic
activity of USP7, we created 2 stable HeLa cell lines with doxycy-
cline-inducible (Dox-inducible) expression of WT USP7 (USP7/
WT) and the catalytically inactive mutant of USP7 (USP7/C223S)
(46), respectively. Western blot analysis showed that downregula-
tion of MDC1 under USP7-depleted conditions could be reverted
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Figure 2. USP7 is recruited to DSB sites. (A) qChlP analysis of USP7 recruitment around sites of DSBs. HeLa cells stably expressing HA-ER-AsiS| were cul-
tured in the absence or presence of 0.5 pM 4-0HT. gChIP experiments were performed using anti-USP7 or anti-yH2AX antibodies with primers that covered
the DNA sequences flanking the AsiSI cutting site and the distal region of the break. yH2AX was used as a positive control. Data represent the mean + SD of
biological triplicate experiments. **P < 0.01, by 2-tailed unpaired Student’s t test. (B) Confocal microscopic analysis of USP7 foci formation upon DSBs. Cells
used in A (top) or U20S cells under x-ray-induced IR (10 Gy, bottom) were preextracted with CSK buffer and then fixed and immunostained with antibodies
against USP7 and MDC1 or yH2AX. Scale bars: 10 um. (C) HeLa cells stably expressing GFP-USP7 were subjected to laser micro-IR and live-cell imaging at the
indicated time points. Scale bar: 10 pm. (D) HeLa cells subjected to UVA laser microdissection were fixed and immunostained with antibodies against USP7
and yH2AX or USP7 and MDC1, followed by confocal microscopic analysis. Images are higher-magnification cropped versions of those shown in Supplemen-
tal Figure 2B. Scale bars: 10 um. (E) HelLa cells were transfected with the indicated siRNAs and subjected to UVA laser microdissection. Then, cells were fixed
and immunostained with antibodies against yH2AX or USP7, followed by confocal microscopic analysis. Images are higher-magnification cropped versions of
those shown in Supplemental Figure 2C. Scale bars: 10 um. (F) HeLa cells stably expressing GFP-USP7 were transfected with the indicated siRNAs, and cells
were then subjected to laser micro-IR and live-cell imaging. Scale bars: 10 um. (B-F) Representative images from biological triplicate experiments are shown.
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Figure 3. USP7 promotes MDC1 stabilization. (A) MCF-7 cells transfected with control siRNA or different sets of USP7 siRNAs were collected and analyzed
by Western blotting and qRT-PCR, respectively. (B) Experiments analogous to the data in A were performed using HeLa cells. (C) Cellular lysates or total
RNA from WT and USP7-KO Hela cells were analyzed by Western blotting and gRT-PCR, respectively. (D) USP7-KO Hela cells were transfected with con-
trol vector, WT USP7 (USP7/WT), or UBL domain-deficient USP7 (USP7/AUBL) cells. Cellular extracts were prepared and analyzed by Western blotting. (E)
MCF-7 cells were transfected with control siRNA or USP7 siRNA, followed by treatment with CHX (50 pug/ml), and harvested at the indicated time points,
followed by Western blotting. (F) MCF-7 cells (left) or U20S cells (right) transfected with control siRNA or USP7 siRNAs were treated with DMSO or the
proteasome inhibitor MG132 (10 uM). Cellular extracts were prepared and analyzed by Western blotting. (G) HeLa cells stably expressing FLAG-MDC1 were
transfected with control siRNA or NBS1siRNAs, and whole-cell lysates were collected for co-IP analysis. (H) HeLa cells transfected with control siRNA or
different sets of NBS1siRNAs were collected and analyzed by Western blotting and gRT-PCR, respectively. (I) USP7-KO HelLa cells were transfected with
control vector, USP7/WT, or MATH domain-deficient USP7 (USP7/AMATH). Cellular extracts were prepared and analyzed by Western blotting. (J) HeLa
cells stably expressing GFP-MDC1 were transfected with FLAG-tagged USP7/WT, USP7/AUBL, or USP7/AMATH. Whole-cell lysates were collected for co-IP
analysis. In A-C and H, data represent the mean + SD of biological triplicate experiments. **P < 0.01, by 1-way ANOVA (A, B and H) and 2-tailed unpaired

Student’s t test (C).
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by forced expression of USP7/WT, but not USP7/C223S (Figure
4A). Moreover, treatment of cells with HBX 41,108, a deubiquiti-
nase inhibitor reported to inhibit USP7 at low micromolar con-
centrations (47), resulted in a dose-dependent reduction in the
protein, but not mRNA, levels of MDC1 (Figure 4B). We obtained
similar results with the recently developed USP7 inhibitors GNE-
6640 and GNE-6776 (Supplemental Figure 4, A and B), which
were reported to inhibit USP7 with greater efficacy (48). Together,
these results indicate that USP7 regulates the stability of MDC1
through its deubiquitinase activity.

Given our observation that USP7 promotes the stabilization
of MDC1 and the report that MDCI1 is a ubiquitinated protein
(49), we next asked whether USP7 functions to deubiquitinate
MDCL. To this end, HeLa cells stably expressing FLAG-MDC1
were cotransfected with control siRNA or different sets of USP7
siRNAs, together with HA-tagged WT ubiquitin (Ub/WT). IP
of cellular lysates with anti-FLAG followed by IB with anti-HA
showed that knockdown of USP7 resulted in increased levels of
ubiquitinated MDCI1 species (Figure 4C). Meanwhile, treatment
of HeLa cells with USP7 inhibitors led to a marked increase in
the level of ubiquitinated MDCI species (Figure 4D and Supple-
mental Figure 4C). Moreover, cotransfection of HeLa cells stably
expressing FLAG-MDC1 with different amounts of USP7/WT or
USP7/C223S together with HA-Ub or a ubiquitin mutant (Ub/mt)
with all lysine residues replaced by arginine (50), followed by IP of
cellular lysates with anti-FLAG and IB with anti-HA, showed that
the levels of ubiquitinated MDCI1 species decreased in USP7/WT-
expressing cells (Figure 4E), but not USP7/C223S-expressing cells
(Figure 4F). Furthermore, we found that USP7/AUBL failed to
remove polyubiquitin conjugates on MDC1, while USP7/AMATH
had only a moderate effect on the levels of ubiquitinated MDC1
species (Figure 4G), supporting the idea that the molecular inter-
faces involved in USP7 binding to the MRN-MDC1 complex act as
a platform for USP7 to efficiently deubiquitinate MDCI.

Then, we used a ubiquitin mutant with all lysine residues
replaced by arginine except K48 (K48-only) or K63 (K63-only)
to differentiate ubiquitin species opposed by USP7 on poly-
ubiquitinated MDCI. The results indicated that K48-linked ubiq-
uitin species conjugated on MDC1 were the major form of ubiq-
uitin moieties opposed by USP7 (Figure 4H). In addition, in vitro
deubiquitination assays with HA-Ub-conjugated FLAG-MDCl1
purified from HeLa cells using high-salt and detergent buffer and
His-USP7/WT or His-USP7/C223S purified from Sf9 cells revealed
that USP7/WT was capable of deubiquitinating MDC1, whereas
USP7/C223S was not (Figure 4I). According to the molecular orga-
nization mode of the whole complex, we deduced that addition
of the MRN proteins to this in vitro system might promote USP7-
catalyzed MDC1 deubiquitination, however, phosphorylation-
dependent assembly of the MRN-MDC1 complex was difficult to
reconstitute, thus impeding further investigation. Moreover, we
showed that overexpression of USP7 had no evident effect on the
ubiquitination levels of MRE11, RAD50, or NBS1 (Supplemental
Figure 4, D-F). Together, these results indicate that USP7 targets
MDC1 for deubiquitination and that MDCl is a bona fide substrate
of the deubiquitinase USP7.

USP7-promoted MDCI stabilization is potentiated by DNA dam-
age. Since MDC1 is an essential player in the sensing and repair
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of DSBs, we were interested in whether genotoxic insults could
have any influence on USP7-promoted stabilization of MDCI.
To this end, HeLa cells were first exposed to IR, and the cellular
extracts were collected at different time points. Remarkably, the
protein, but not mRNA, levels of MDC1 increased at earlier time
points after IR treatment (Figure 5, A and B). Likewise, the radio-
mimetic DNA damage agent neocarzinostatin (NCS) also resulted
in elevated protein levels of MDC1 (Figure 5, A and B). Notably,
we found that IR-induced MDC1 upregulation was abrogated
upon USP7 depletion (Figure 5C). These results indicated that
the abundance of MDC1 is regulated by USP7 upon exposure of
cells to DNA damage. To support this observation, we found that
the interaction between USP7 and the MRN-MDCI1 complex was
markedly enhanced upon IR treatment (Figure 5D). UV or mito-
mycin C (MMC) treatment also showed similar effects (Figure 5E).
These results suggest that the physical association between USP7
and the MRN-MDC1 complex is augmented by DNA damage.

Next, we tested whether USP7 acts to remove MDCI poly-
ubiquitination chains upon DNA damage. To this end, HeLa cells
stably expressing FLAG-MDC1 were cotransfected with HA-Ub/
WT and USP7 siRNA or Myc-USP7 followed by IR exposure. IP
of cellular lysates with anti-FLAG followed by IB with anti-HA
showed that IR exposure resulted in decreased levels of polyubig-
uitinated MDCI species, and this effect was compromised upon
USP7 knockdown (Figure 5F, left) and enhanced upon USP7 over-
expression (Figure 5F, right). Together, these experiments indicate
that the physical interaction and functional connection between
USP7 and MDCl1 are strengthened by DNA damage.

Since a series of hierarchically organized protein phosphor-
ylation events is the principal feature that fuels the genome
surveillance in the DDR (35), we hypothesized that a damage-
induced increase in the binding affinity of USP7 to the MRN-
MDC1 complex could be phosphorylation dependent. To test this
idea, we exposed cells stably expressing FLAG-USP7 to IR and
purified FLAG-USP7 in the presence of phosphatase inhibitors.
Mass spectrometric analysis revealed that S18, S49, T54, and S963
are potential phosphorylation sites of USP7 (Supplemental Figure
5A and Supplemental File 2). However, none of these mutants
with each of these residues replaced by alanine was able to inter-
rupt the enhanced association of USP7 with the MRN-MDC1 com-
plex under DNA damage (Supplemental Figure 5B). Taking this
with our observations that neither the phospho-binding module
forkhead-associated (FHA) nor the BRCT of NBS1 and/or MDC1
is involved in the association of the MRN-MDCI1 complex with
USP7, we infer that this augmentation is probably not depen-
dent on phosphorylation-mediated protein-protein interaction.
Whether other types of posttranslational modifications like
poly ADP-ribosylation (PARylation) or ubiquitination might be
involved in this process and how the assembly of the USP7-MRN-
MDC1 protein complex is spatially and temporally regulated
remain to be determined in the future.

MDCI is an essential mediator in the USP7-regulated DDR. To
further support the functional significance of USP7-promoted
MDCI1 stabilization, we next asked whether USP7 could influ-
ence the recruitment of the MRN-MDC1 complex to the break
compartment. 4-OHT-driven AsiSI endonuclease experiments
demonstrated that, while MDC1 and USP7 displayed colocalized



The Journal of Clinical Investigation RESEARCH ARTICLE

A B
For A HBX 41,108/uM 2.5 1¢ Vehicle
LSLLL LLLL TT Z 50D o [*2mM
PO P ICIOX 0 1 2 5 10 20 2 L10 M
S LSS o o IRE11 g 27+20uM
3 A°A% A% A S AP A% A% A = P>005  P>005
&L LR &L L — — — — — —RAD50 <
SRINGINCINCIN G ISININCINCING Z1.5
— — + — + Dox — — + — + Dox S —— T TY | %
£ 2lms = = MDC1 11 s }
tles o mwvDC1 B .
: e o oo — sy WEmmmeuc g i1s
— — ——— B-ACtln (g - [S-ACtIn lS'ACtin o
MDC1 USP7
C D E F
+ + + + FLAG-MDC1
AR Scs",‘atﬂ,?q'mﬁ _HBX 41,108/uM + + + + + FLAG-MDC1 + + + + + + FLAG g/IDC1
~ = 4+ — USP7siRNA-2 0 2 5 10 © ~ e Myc-USP7/WT S0 2 D § MycUSPT/WT
- — — + USP7siRNA-3 + + + + FLAG-MDC1 -+ + + + HA-Ub/WT - - Myc-USP7/C223S
ot + + HA-UD/WT oyt Tt RAUDWT e - - - - HAUbmt - + HA-Ub/WT
< < # - q kDa
: HIl L . él""
< 260 £ 260 kDa & 260 kDa & ~260 kDa

-260 -260 kDa -260 kDa -260 kDa

5 | === o= FLAG 5 | I FLAG 3| 4= # == = FLAG Bl == == = o= = FLAG
= | - — USP7 | ——— - SP7 ~ e USP7 — e Iy C
e s s e B AN S — (3 - ACtin ~— (3-ACtiN e e s (3- AC1iN
G + + & + GFP-MDCH H
_ 4+ — _ FLAG-USPT/WT
_ _ 4+ _ FLAG-USP7/AUBL
_ _ . 4 FLAG-USP7/AMATH
Y r 4 T HA-UBIWT + + + FLAG-MDC1 + + + FLAG-MDC1
o -+ MXCULIJ)/SHS | -+ ++ Myc-USP7
-0n! - -
él"u-HA 0 + + y o +  +_ +_ HA-Ub/K63-only
& -260 kDa @ ..l T
o - o —260 kDa
3|58 &2 = =2 MDC1 260 kDa —260 kDa
= —_— - 5| - - FLAG | - - - FLAG
FLAG 2 2
- — wmw USP7 = e USP7
c— ﬁ_ACtin i —— B-Actin L — [S-Actin
| qg?
o S
@ g0 Q“\
- + ++ USP7/ - + ++ USP7/C223S 'b 2
- 4 FLAGH Nibc + ' FLAGHDCH kDa & &
260
Q
LUV | | R
T -260 kDa T —260 kDa o5
Ol we e FLAG o .q . FLAG 72
~ 55
H g 43
£ -260 kDa £ —260 kDa byt
== JSP7/WT = JSP7/C223S 26

Figure 4. USP7 deubiquitinates MDC1. (A) HeLa cells with Dox-inducible expression of FLAG-USP7/WT or FLAG-USP7/C223S were transfected with control
siRNA or different sets of USP7 5'-UTR siRNAs in the absence or presence of Dox. Cellular extracts were collected and analyzed by Western blotting. (B)
Hela cells were cultured in the absence or presence of increasing amounts of HBX 41,108 for 2 hours as indicated. Cellular extracts and total RNA were
collected for Western blot and gRT-PCR analysis, respectively. Data represent the mean + SD of biological triplicate experiments. P values were calculated
by 1-way ANQOVA. (C) HeLa cells stably expressing FLAG-MDC1 were cotransfected with control siRNA or USP7 siRNAs and HA-Ub/WT as indicated. Cellular
extracts were immunoprecipitated with anti-FLAG followed by IB with anti-HA antibody. (D) HeLa cells stably expressing FLAG-MDC1 were transfected
with HA-Ub/WT and cultured in the presence or absence of HBX 41,108. Cellular extracts were immunoprecipitated with anti-FLAG followed by IB with
anti-HA antibody. (E) HelLa cells stably expressing FLAG-MDC1 were cotransfected with HA-Ub/WT or HA-Ub/mt and different amounts of Myc-USP7/

WT. Cellular extracts were immunoprecipitated with anti-FLAG followed by IB with anti-HA antibody. (F) HeLa cells stably expressing FLAG-MDC1 were
cotransfected with HA-Ub/WT and Myc-USP7/WT or different amounts of Myc-USP7/C223S as indicated. Cellular extracts were immunoprecipitated with
anti-FLAG antibody followed by IB with anti-HA antibody. (G) HeLa cells stably expressing GFP-MDC1 were cotransfected with HA-Ub/WT and FLAG-
USP7/WT, FLAG-USP7/AMATH, or FLAG-USP7/AUBL. Cellular extracts were immunoprecipitated with anti-GFP antibody followed by IB with anti-HA
antibody. (H) HeLa cells stably expressing FLAG-MDC1 were cotransfected with different amounts of Myc-USP7/WT and HA-Ub/K48-only or HA-Ub/K63
only followed by IP analysis. (I) In vitro deubiquitination assays were performed with HA-Ub-conjugated MDC1 purified from Hela cells using high-salt and
detergent buffer and USP7/WT or USP7/C223S purified from baculovirus-infected insect cells.
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Figure 5. USP7-promoted MDC1 stabilization is potentiated by DNA damage. (A) Hela cells exposed to IR (6 Gy) or NCS (0.5 ug/ml) were collected at the
indicated time points and analyzed by Western blotting with YH2AX as a positive control. (B) Total RNA was collected from HeLa cells exposed to IR or NCS
followed by gRT-PCR analysis of MDC7 expression. Data represent the mean + SD of biological triplicate experiments. P values were calculated by 1-way
ANOQVA. (C) HeLa cells transfected with control siRNA or USP7 siRNA were exposed to IR and collected at the indicated time points. Expression of the
indicated proteins was assessed by Western blotting. (D) HeLa cells or MCF-7 cells were exposed to IR. One hour after IR, cellular extracts were immuno-
precipitated and then immunoblotted with antibodies against the indicated proteins. (E) HeLa cells were exposed to UVA (800 kJ/m?) or cultured in the
alkylating agent MMC (0.5 pug/ml, 2 h). Cellular extracts were immunoprecipitated and then immunoblotted with antibodies against the indicated proteins.
(F) HeLa cells stably expressing FLAG-MDC1 were cotransfected with HA-Ub/WT and USP7 siRNA or Myc-USP7 followed by IR treatment. Cellular extracts
were immunoprecipitated with anti-FLAG antibody and then immunoblotted with anti-HA antibody.

foci in USP7-proficient cells, USP7 deficiency led to a dramatic
loss of MDC1 foci formation at DSB sites (Figure 6A). Meanwhile,
microscopy and live-cell imaging analysis indicated that USP7
depletion resulted in impaired recruitment of GFP-tagged MRE11,
RAD50, or NBS1 at DSB sites, the effect of which could be largely
reverted by MDC1 overexpression (Figure 6B and Supplemental
Figure 6A; Figure 6C and Supplemental Figure 6B; and Figure 6D,
and Supplemental Figure 6C). We assessed protein expression by
Western blotting (Supplemental Figure 6, A-C). Taken together,
these observations suggest that USP7-promoted MDC1 stabili-
zation is required for efficient accumulation of the MRN-MDC1
complex and thus the cellular response to DNA damage.

To further understand the role of USP7-promoted MDC1 sta-
bilization in signal transduction of the DDR, we examined the
effect of USP7 on foci formation of BRCA1 and 53BP1, both of
which act downstream of the MRN-MDC1 complex and play key
roles in DDR signaling (51-53). Consistent with the impairment of
MRN-MDC1 complex accumulation in USP7-depleted cells, the
number of either BRCA1 or 53BP1 foci dramatically decreased
upon USP7 knockdown (Figure 6, E and F), the effect of which
could be largely restored by MDC1 overexpression, albeit to a vari-
able extent for BRCA1 and 53BP1, whereas overexpression of the
E3 ligase RNF168 (Figure 6, E and F), a key regulator that bridg-
es MDCI1 and BRCA1/53BP1 through ubiquitin-dependent DNA
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damage signaling (18), showed a limited effect on the restoration
of BRCA1 and 53BP1 foci formation. We assessed protein expres-
sion levels by Western blotting (Figure 6G).

Given that RNF168 is also reported to be a substrate of USP7
and stabilized by USP7 (40), it seems impossible that MDC1 would
be able to restore the USP7 depletion-associated effect in condi-
tions of low abundance of RNF168. To address this, we transfected
control or HeLa cells stably expressing MDC1 with USP7 siRNAs.
Western blot analysis showed, surprisingly, that RNF168 downreg-
ulation resulting from USP7 depletion could be reverted by MDC1
overexpression (Supplemental Figure 7A). Consistent with this
finding, MDC1 knockdown led to the downregulation of RNF168
at the protein, but not mRNA, level (Supplemental Figure 7B).
These observations suggest that MDC1 might function to facilitate
USP7-promoted RNF168 stabilization or protect it from degrada-
tion. Although how MDCI affects RNF168 stabilization remains to
be elucidated, our results provide at least a partial explanation for
how MDC1 might rescue USP7 depletion-associated DDR defects.

Previous report also suggested that USP7 acts to remove his-
tone H2B lysine 120 monoubiquitination (H2BK120ubl) (54).
Therefore, it is possible that USP7 coordinates the response to and
repair of DNA damage through deubiquitination of H2BK120ubl.
To test this hypothesis, we subjected HeLa cells with Dox-
inducible expression of FLAG-USP7 to UVA laser-induced DNA



The Journal of Clinical Investigation

RESEARCH ARTICLE

Time after micro-IR

A B
USP7 MDC1 DAPI Merge s
£25
: 1
* N
&L N
- 000 O%Q
- RSs
#® Swvoct  BES
—_ USP7 ?
- - (-Actin

siRNA
FLAG-MDC1

UsSP7

0

Time after micro-IR
2 min 4 min

Merge

o

1 min 6 min 8 min

Control
siRNA

usp7
SiRNA
vector

GFP-RAD50

USP7
SiRNA
FLAG-MDC1

USP7 DAPI 53BP1

siRNA

Control

[N o] [N o]
[ [
N o N o
o5 > o5 >
~<C
oz
wr
=

USP7
siRNA

Figure 6. MDC1 is an essential mediator in the USP7-regulated DDR. (

-
Q
o
=
= O
<
—
s
©
©
-
L
=z
o
4
>
=

0
D

USP7

Merge
K <
SELS
.... b

A) Hela cells stably expressing HA-ER-AsiSI were transfected with USP7 siRNA

1 min 2 min 4 min 6 min 8 min

GFP-MRE11

Time after micro-IR
2 min 4 min

6 min 8 min

Control
siRNA

usp7
SiRNA
vector

GFP-NBS1

g
<
523
55 <
-
w

DAPI

== = = = BRCA1
USP7
FLAG

— B-Actin

and cultured in the presence of 0.5 uM 4-0OHT for 4 hours. Then, cells were fixed and immunostained with the indicated antibodies followed by confocal
microscopic analysis. White arrows indicate cells with different amounts of USP7 depletion. Representative images from biological triplicate experiments
are shown. Scale bars: 10 um. (B) HeLa cells stably expressing control vector or FLAG-MDC1 were cotransfected with the indicated siRNAs and GFP-MRET1.
Then, cells were subjected to UV laser micro-IR and live-cell imaging at the indicated time points. Representative images from biological triplicate exper-
iments are shown. Scale bars: 10 um. (C) Images shown are analogous to those in B, but for GFP-RAD50. Scale bars: 10 pm. (D) Images shown are analo-
gous to those B, but for GFP-NBS1. Scale bars: 10 um. (E) HeLa cells stably expressing HA-ER-AsiS| were transfected with the indicated siRNAs and control
vector, FLAG-MDC1, or Myc-RNF168. Cells were then treated with 0.5 pM 4-0HT, fixed, and immunostained with antibodies against BRCAT and USP7
followed by confocal microscopic analysis. Representative images from biological triplicate experiments are shown. Scale bars: 10 um. (F) Images shown
are analogous to those in E, but for 53BP1and USP7. Scale bars: 10 um. (G) Cellular extracts were collected from cells used in E and F, and expression of the

indicated proteins was assessed by Western blotting.

lesions. Immunofluorescence staining and confocal microscopic
analysis indicated that, while the levels of H2BK120ubl increased
at break sites as reported previously (55), USP7 overexpression
had a marginal effect on this mark in laser stripe formation (Sup-
plemental Figure 7C), although the amount of bulk monoubiquiti-
nated H2BK120 was reduced, as determined by Western blotting
(Supplemental Figure 7C), suggesting that H2BK120ubl is not a
relevant substrate of USP7 at DNA lesions.

To address the biological significance of USP7-promoted
MDCI stabilization in the DDR, we next studied how a defect
in MDCI1 stabilization would affect the repair of DSBs. Using a
reporter assay for HR, we found that USP7 depletion resulted in
compromised HR and that this effect could be largely restored by
forced expression of MDC1, but not BRCA1 (Supplemental Figure
7D). Analogously, we found that MDC1 overexpression was able
to counteract non-homologous end-joining (NHE]) defects associ-
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Figure 7. USP7 is implicated in cervical carcinogenesis and patient survival. (A) Human tissues containing cervical carcinoma with different grades and
tumor-adjacent cervical samples were analyzed by IHC staining. Representative images (original magnification, x200) are shown. Scale bars: 50 pm. (B)
Values for the stainings from A were determined by ImagePro Plus software and are presented with box plots. Boxes represent the 25th and 75th per-
centiles, lines represent the median, and whiskers show the minimum and maximum points. *P < 0.05 and **P < 0.01, by 1-way ANOVA. The correlation
coefficient and P values were analyzed as indicated. (C) Analysis of Pyeon cervix (left) or Biewenga cervix (right) from Oncomine for the expression of USP7
in normal human cervical tissues and cervical carcinoma samples. Data are presented with box plots (**P < 0.01, by unpaired, 2-tailed Student’s t test).
(D) Bioinformatics analysis of TCGA data set (downloaded from https://portal.gdc.cancer.gov/projects/TCGA-CESC) for the gene copy numbers of USP7

in cervical paracancerous tissue and cervical carcinoma samples. Data are presented with box plots (**P < 0.01, by unpaired, 2-tailed Student’s t test). (E)
Kaplan-Meier survival analysis for the relationship between the survival cervical cancer patients and expression levels of USP7 mRNA, with survival pack-
ages from TCFA (https://tcga-data.nci.nih.gov/docs/publications/tcga/). (F) Kaplan-Meier survival analysis of the relationship between the survival of
cervical cancer patients and gene copy number status of USP7, with survival packages from TCGA (https://tcga-data.nci.nih.gov/docs/publications/tcga/).

ated with USP7 knockdown, while 53BP1 overexpression failed to
do so (Supplemental Figure 7E). These findings are in agreement
with the role of MDC1 in promoting both HR and NHE]J (56, 57).
Meanwhile, comet assays showed that USP7 depletion led to sig-
nificantly more residual damage after IR exposure, as evidenced
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by the increase in comet tail lengths, and that MDC1 overexpres-
sion decreased tail formations in the USP7-deficient cells (Supple-
mental Figure 7F). Consistent with the role of MDC1 in regulating
the G,/M cell-cycle checkpoint in response to DNA damage (14,
21), we found that, after IR exposure, USP7 knockdown resulted
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in an increase in cells with histone H3 phosphorylation on serine
10 (p-H3 [S10]) and that this checkpoint defect could be reverted,
to a certain extent, by MDC1 overexpression (Supplemental Fig-
ure 7G). In line with these findings, USP7 depletion significantly
compromised cell survival after IR or camptothecin (CPT) treat-
ment (Supplemental Figure 7H), and forced expression of MDC1
was capable of reducing the cellular sensitivity associated with
USP7 knockdown (Supplemental Figure 7H). Collectively, these
data support the notion that MDC1 is a critical mediator in the
USP7-regulated DDR process.

USP7 is implicated in cervical carcinogenesis and patient sur-
vival. In light of the observations that dysregulation of the DDR is
involved in promoting tumorigenesis (53) and of the implication
of USP7 in the development and progression of multiple malig-
nancies (58-60), it is reasonable to postulate that USP7-promoted
MDCI1 stabilization plays a role in tumorigenesis. To this end, we
first analyzed USP7 and MDCI1 protein levels in human tissues
including in series of tumor samples from stomach, liver, pancreas,
prostate, cervix, lung, ovary, rectum, kidney, and colon, with each
type of cancer having 3 paired samples of adjacent normal tissue.
IHC staining showed an upregulation of USP7 and MDCl in carci-
nomas derived from ovary and cervix in at least 2 of the 3 paired
samples (Supplemental Figure 8). To exclude the possibility that
the observed IHC signal was derived from antibody nonspecific
binding, the tissue sections were stained with isotype IgG or anti-
bodies against USP7 or MDC1 (Supplemental Figure 9A).

Since cervical cancer is a type of malignancy that has a defec-
tive G,/S-phase checkpoint stemming from mutational or func-
tional inactivation of p53 or retinoblastoma protein (pRb) and dis-
plays an addiction to repairing proteins to correct replication- or
damage-induced DNA lesions (61), we next performed IHC stain-
ings to analyze the expression profiles of USP7 and MDC1 in sam-
ples from cervical carcinomas of different grades and histologi-
cally normal cervix tissues in tumor-adjacent regions (Figure 7A).
Quantitation analysis of the stainings showed that USP7 and MDC1
were highly expressed in cervical carcinoma samples and that their
expression levels positively correlated with each other and the histo-
logical grades of cervical cancer (Figure 7B). In addition, analysis of
the integrated cancer microarray database Oncomine (62) revealed
that USP7 mRNA levels are markedly upregulated in cervical car-
cinoma samples (Figure 7C), and copy number variation (CNV)
analysis of The Cancer Genome Atlas (TCGA) data set revealed
that USP7 is amplified in cervical cancer (Figure 7D). Important-
ly, Kaplan-Meier survival analysis from TCGA data sets indicates
that either elevated USP7 expression or increased copy numbers
positively correlates with poor survival in patients with cervical
carcinoma (Figure 7, E and F). Together, these findings point to a
tumor-promoting role for USP7 in cervical cancer.

Next, we examined IHC stainings for expression of USP7 in
genital warts and cervical intraepithelial neoplasia (CIN) lesions.
The results indicated that expressions level of USP7 were upreg-
ulated in CINs, while limited changes were detected in genital
warts (Supplemental Figure 9B). Since low-risk HPVs are most
frequently detected in genital warts and high-risk HPVs exist in a
substantial proportion of precancerous lesions and cervical cancer
(29, 63), we speculate that the upregulation of USP7 is potential-
ly linked to high-risk HPV infection in CINs and cervical cancer.
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In parallel with USP7, we also examined the expression profile of
MDC1 in genital warts and CINs, and the results showed that its
expression level correlates with that of USP7 (Supplemental Figure
9B), suggesting that USP7-promoted MDC1 stabilization is poten-
tially associated with cervical carcinogenesis.

To further understand whether HPV is a causal agent of the
elevated expression of USP7 in cervical cancer, we tested whether
HPV oncoproteins are able to drive USP7 upregulation. However,
neither overexpression of E1, E2, E6, or E7 from HPV-11 (low-risk
HPV), HPV-16 (high-risk HPV), or HPV-18 (high-risk HPV) in HPV-
negative cervical cancer cells, nor knockdown of E6 or E7 of HPV-
16 or HPV-18 in HPV-positive cervical cancer cells had a detectable
effect on the expression of USP7 (Supplemental Figure 9, C and D),
suggesting that, unlike p53 or pRb, the upregulation of USP7 could
not be directly attributed to these oncogenic HPV proteins.

Considering that high-risk HPV infection and integration could
result in chromosomal rearrangements and genomic instability
through either inactivating checkpoint proteins or promotion of
DNA re-replication of infected cells (29, 64, 65), we hypothesized
that dysregulated USP7 could be a consequence of persistent high-
risk HPV infection-induced genome amplification. To test this idea,
we performed DNA FISH assays with a USP7 FISH probe (16p13.2)
to determine the copy numbers of USP7 in normal human cervical
epithelial cells (HCerEpiC) and cervical cancer cells including C33A
(HPV-negative), DoTc2 4510 (HPV-negative), SiHa (HPV-16-
positive), CaSki (HPV-16- and HPV-18-positive), HeLa (HPV-18-
positive), and MS-751 (HPV-18-and HPV-45-positive) cells. Confocal
microscopic analysis showed that high-risk HPV-positive cells, but not
normal cervix cells or HPV-negative cells, had an overt gain of USP7
copies (Supplemental Figure 9E). Normalization with the signal from
chromosome 16 centromeric probe (CCP16) hybridizing to the same
cellindicated that the increase in USP7-hybridizing loci was not due to
polyploidy of chromosome 16 (Supplemental Figure 9E). Meanwhile,
we demonstrated that expression levels of USP7 were substantially
elevated in HPV-infected cancer cells, while no evident changes were
observed in HPV-negative cancer cells (Supplemental Figure 9F). We
also showed that the expression profile of MDC1 in these cells had
a pattern similar to that of USP7. These observations suggest that
high-risk HPV infection is possibly associated with the acquisition of
extra USP7 copies and that the elevated expression of USP7 in HPV-
positive tumors is probably a result of USP7 amplification.

In support of the argument that the amplification of USP7 con-
tributes to its upregulation, CNV analysis of a data set from TCGA
revealed that USP7 is amplified in cervical cancer (Figure 7D)
and that its copy numbers correlate with mRNA expression levels
(Supplemental Figure 9G). Collectively, we propose that a gain of
USP7 copy numbers is at least one of the candidate drivers that
induces USP7 upregulation in cervical cancer, although the causal
link between HPV infection and USP7 amplification or its elevated
expression remains to be established.

USP7 promotes cervical carcinogenesis through stabilization of
MDCI. To test whether USP7-promoted MDC1 stabilization is
linked to cervical carcinogenesis, we developed cervical cancer
cells with stable depletion of USP7 by specific shRNAs. Colony
formation assays showed that knockdown of USP7 severely
impeded the colony formation of HeLa cells (cervical adeno-
carcinoma) and that overexpression of MDC1 could offset the

jci.org  Volume128  Number10  October 2018

4291



ion

igat

| Invest

inica

The Journal of Cl

RESEARCH ARTICLE

S—a 1 DAN-d49/
A= €-YNYUS ZdsSn
« s 10j00A 449/
iy € VNS s
S—a LOAN-d49/ B
iy °VNyUS Zdsn ey
« # 10j100A 449/ &
o oo Z-VNYUS ZdsSn &
8 s I ¥
S S LOAN-d49/ 3
T L-VNYUS ZdSN 3
% : X% % X6 X% = @] Bvoan-ddor
P 10j00A 449/ . Z-YNHUS /dSn
* [} L-VNYUs 2dSN W .mlm * +HI/101087/
H LOAN-dH9/ L2, &0 | Z-YNHUS 2dSn
" WNYUS [03U0D exSese  HHTHD [~ ~H110P8A/
L oBo g -
0 L33 oj08n 119 §ibash HER e foaod
2 Loy 4 \VNYUS [0liUoD ESRESD) HI/LOAN-d49/
o o T © ° 22s24< _H_f? - Z-YNYUS ZdSN
© 4 A mRRmmm N *
T - o X < _ -dipopey
%) [ ssaull oAle|eY EENENN A_.m._ C-VNYUs Zdsn
) ) 3883353 X _Y1/101097/ e
wmh LOAN-d4D)/ Slefalefcla < HEd " YNYUs [ojuod S
A ! T T T T T ~ f -
A A _ Ny £VNaIUS Zasn Sz s ah s e 3
‘_0~o®>w “_0~o®>w_‘0m“__>_.n_n_w0 ‘_Qom> S _‘Om“__z.n_u_ww * = L] 10J09A 449/ m m MM [ce] < o ©o o o .m
@ NNHUS /1-NBUS TL-YNNUS /- NBUS e YN “*m. .m-<zm_:m Idsn LWW/GWN|OA Jown Bybiem Jown| IS
wm L LOAN-d49/ o
o @ ' [C-VNYUS Zdsn e i e 1S T - =
@ +y 10)09A Ly s U 3
E R ZINSS 24Sn e gt E
3 8 - Q  whe o = 888 #haM 2 = z
2 S LOAW-d49/ 889 -5 §s¢S s
N o L-YNYUS Zdsn 228 2 220 =
2 - l0100n 445/ 553 2 333 © X
o * I - et - ©
s e L-YNYUS ZdSn e 8 T °s g
3 L L
T et LOAN-dH9D/ z z 3
" YN&US [03U0D it L P L— =
L BE 10J00A d49/ o
: Loy " VNYUS [05U0D E
] A ...ﬂwt i r.O a.l r.D ——1Tt+O0 ———t0 m,
e e o o e ooy e 100 ey
< |onuo) 2dsn 2dsn /dsn dsn (&) SSaullj dAle|Y W Auigein (190 aAneey AjIgeln 190 aAneley
A
~N
<

JCI




The Journal of Clinical Investigation

Figure 8. USP7-promoted MDC1 stabilization is required for the growth
of cervical cancer cells. (A) HeLa cells stably expressing the indicated
shRNAs and genes were irradiated with different doses of x-ray IR. Colony
formation assays were conducted, and representative images from
biological triplicate experiments are shown. (B) Experiments analogous to
those for A were performed using SiHa cells. Representative images from
biological triplicate experiments are shown. (C) HeLa cells stably express-
ing the indicated shRNAs and GFP vector or GFP-MDC1 were cocultured
with equivalent native HelLa cells. The mixed cells were then irradiated
with different doses of x-ray IR and analyzed by FACS 10 days later. The
percentage of GFP-positive cells relative to GFP-negative cells under

IR treatment was normalized to percentages in the untreated control
mixture. The ratio reflects cellular fitness. Data represent the mean +

SD from biological triplicate experiments. *P < 0.05 and **P < 0.01, by
1-way ANOVA. (D) Experiments analogous to those for C were performed
using SiHa cells. Data represent the mean + SD from biological triplicate
experiments. *P < 0.05 and **P < 0.01, by 1-way ANOVA. (E) Cell viability
analysis was performed with SiHa cells stably expressing vector or FLAG-
MDC1. Cells were cultured in increasing amounts of GNE-6640 or GNE-6776
followed by x-ray IR (2 Gy). Data represent the mean + SD from biological
triplicate experiments. **P < 0.01, by 2-way ANOVA. (F) SiHa tumors stably
expressing shRNAs and the indicated genes were transplanted into athy-
mic mice (n = 12), and half of the mice in each group were randomly chosen
and subjected to 10 Gy x-ray IR 1 week after tumor transplantation. Tumor
volumes were measured weekly, and tumors were harvested and weighed
when mice were sacrificed. Data represent the mean + SD. *P < 0.05 and
**P < 0.01, by 2-way ANOVA for tumor volume analysis and 1-way ANOVA
for tumor weight analysis. Images of representative tumors and sacrificed
mice are shown.

growth defect induced by USP7 knockdown (Figure 8A). Further
exposure of these cells to different doses of x-ray-generated IR
followed by colony formation assays revealed that USP7-depleted
cells were more vulnerable to IR (Figure 8A), which could be
offset by MDC1 overexpression (Figure 8A). We made similar
observations when conducting these experiments with SiHa cells
(cervix squamous cell carcinoma) (Figure 8B), in which we con-
sistently found that MDC1 was physically associated with and sta-
bilized by USP7 (Supplemental Figure 10, A and B). Meanwhile,
multicolor competition assays (MCAs) revealed that the cellular
fitness of cells with USP7 deficiency was further compromised by
IR exposure, while overexpression of MDC1 was able to desensi-
tize USP7-deficient cells to genotoxic insults (Figure 8, C and D).
Furthermore, cell viability analysis demonstrated that cervical
cancer cells cultured in the presence of GNE-6640 or GNE-6776
had dose-dependent growth defects and that IR made these cells
more vulnerable. Importantly, we showed that this sensitization
could be ameliorated by MDC1 overexpression (Figure 8E). We
obtained similar results in colony formation assays using these
inhibitors (Supplemental Figure 10C).

To further establish the role of USP7-promoted MDCI1 stabiliza-
tion in cervical carcinogenesis and tumor sensitivity to DNA dam-
age, we ectopically transplanted 3 types of cervical tumors developed
from SiHa cells infected with control lentivirus, lentivirus carrying
USP7 shRNA, or lentivirus carrying USP7 shRNA and GFP-MDCI,
into athymic mice (BALB/c; Charles River Laboratories). After 1
week of inoculation, the tumors were subjected to 10 Gy IR exposure
for half of the mice in each group. We then monitored tumor growth
and mouse weights over the next 3 weeks. The results showed that in
athymic mice that received a USP7-depleted tumor transplant, the
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tumor growth was greatly suppressed, and overexpression of MDC1
could alleviate, to some extent, USP7 deficiency-associated growth
inhibition (Figure 8F). Notably, USP7 depletion resulted in increased
sensitivity of the tumors to IR exposure, the effect of which was
largely alleviated by MDC1 overexpression. Western blotting and
IHC analysis of the harvested tumors indicated that MDC1 levels
in USP7-depleted tumors were markedly decreased (Supplemen-
tal Figure 10D). Collectively, these findings support the notion that
USP7-promoted MDC1 stabilization protects cervical tumor cells
from genotoxic insults, which in turn contributes to cervical tumor
survival and, eventually, cervical tumorigenesis.

Discussion

In this study, we identified the protein deubiquitinase USP7
as a key regulator of an early DDR and revealed that it plays an
important role in regulating the assembly of the MRN-MDCl1
complex at damage sites. We showed that USP7 physically inter-
acts with the MRN-MDC1 complex, leading to stabilization
of MDC1 and accumulation of the MRN-MDCI1 complex and
recruitment of 53BP1 and BRCA1 to DSBs. We found that USP7
was amplified in cervical cancer cells and that the abundance
of USP7 was positively correlated with that of MDC1 in clinical
tumor samples and inversely correlated with the survival of cer-
vical cancer patients, pointing to USP7 and MDCI1 as potential
targets for cervical cancer therapy.

In eukaryotic cells, ubiquitination is believed to play a key role
in the assembly as well as disassembly of DDR factors at break sites
(17, 20, 66, 67). In these processes, it appears that both nondeg-
radation- and degradation-associated ubiquitinations come into
play. MDC1 is an early and essential mediator of the DSB response
pathway. However, little is known about the factors that regulate
MDCI1 stability. In the current study, we identified USP7 as a bona
fide protein deubiquitinase of MDCI, and, consistent with pre-
vious studies (68, 69), we revealed that MDC1 abundance was
elevated at earlier time points after IR treatment, an effect that was
dramatically impaired upon USP7 depletion. These observations
favor a scheme in which USP7 plays a key regulatory role by stabi-
lizing MDCI at the early phase of the DDR. Specifically, the joining
of USP7 in the MRN-MDC1 complex maintains the abundance of
MDC1 and possibly acts as a rheostat to allow an appropriate level of
MRN-MDC1 complex accumulation at sites of DNA damage. It has
been reported that the C-terminal UBL domain of USP7 positively
regulates its deubiquitinating activity and that this effect can be
further allosterically enhanced by the metabolic enzyme GMP-
synthetase (GMPS) (54, 70). In light of our observation that the UBL
domain is responsible for the association of USP7 with MDC1, it is
tempting to speculate that MDC1 might play a role similar to that
of GMPS. Interestingly, the E3 ligase MDM2, another key substrate
of USP7, is reported to be stabilized by MDC1 (71), supporting our
deduction that MDCI1 could possibly allosterically promote USP7
catalytic activity against other substrates or even MDC1 itself. This
could explain why the expression of RNF168 is subjected to MDC1
control, even in the presence of a small amount of USP7. Another
pertinent interpretation of this phenomenon is that MDC1 may
shield RNF168 from degradation through competitive interaction
with UBR5 and/or TRIP12, both of which are E3 ubiquitin ligases
reported to target RNF168 for destabilization (72). In favor of this
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interpretation, we identified both UBR5 and TRIP12 as potential
interactors of MDCI, as revealed by mass spectrometric analy-
sis of MDCI1 interaction proteins. Consistent with the role of USP7
reported here, we and others have revealed that USP7 is involved in
the DDR and repair through regulation of distinct protein substrates
(40, 60, 73). Thus, it will be worthwhile to study the molecular
mechanisms that determine the selectivity and coordination of
USP7 substrates in the response to and repair of DSBs.

Underlining the physiological relevance of our findings,
both USP7 and MDCI1 were significantly overexpressed in a
subset of patients with cervical cancer, and the levels of these
2 factors positively correlated with each other. It is known that
99% of cervical cancers are associated with HPV infection,
the incorporation of which results in a defective G,/S check-
point (28, 61). The activation of the repair machinery and G,/M
checkpoint thus becomes essential for protecting cancer cells
from both endogenous replication stress and exogenous geno-
toxic insults. These features enable cervical cancer to be more
clinically sensitive to DNA-damaging agents. However, resis-
tance to DNA-damaging therapy alone exists, as evidenced by
the poor survival rates among patients with advanced HPV-
positive cervical cancer (28, 61). Therefore, therapeutic modula-
tion of the DDR is an attractive strategy to increase the response
to chemotherapy or radiotherapy of patients suffering from
cervical cancer. Targeting USP7 may thus provide an effec-
tive treatment for patients with cervical cancer who undergo
DNA-damaging therapy, particularly in light of recent efforts to
develop a specific small-molecule antagonist toward the cata-
lytic activity of USP7 (47, 74) or attenuate ubiquitin binding (48,
75). Indeed, we reveal that GNE-6640 and GNE-6776, which
preferentially compete with K48-linked ubiquitin chains for
binding to USP7, destabilize MDCI1, thereby rendering cervical
cancer cells more vulnerable to IR. In a way, this provides direct
evidence for the idea that USP7 and MDCI are viable therapeu-
tic targets for the treatment of cervical cancer. In support of this,
a recent study indicated that USP7 inhibition sensitizes p53-
defective, chemotherapy-resistant chronic lymphocytic leuke-
mia (CLL) cells to clinically achievable doses of chemotherapeu-
tic agents in a murine xenograft model (76). Thus, USP7 could
be a promising therapeutic target, at least for the treatment of
malignancies with DDR defects in which the p53-dependent
apoptosis pathway is compromised. In support of the patholog-
ical significance of MDC1 dysregulation as well as our current
work, recent studies suggest that silencing MDC1 enhances the
radiosensitivity of human nasopharyngeal cancer in xenograft
models (77) and that patients with oral squamous cell carcinoma
with weak expression of MDCI1 protein benefit significantly
when treated with surgery followed by radiation therapy (78).

Given the complex biological heterogeneity of cervical cancer,
it will be important to determine to what extent USP7-promoted
MDC1 stabilization affects tumor sensitivity to DNA damage
across genetically distinct subgroups of cervical cancer. Also,
the contribution of USP7-promoted MDC1 stabilization at the
posttranscriptional level to increased MDC1 expression in cer-
vical carcinoma remains to be investigated, since MDCI mRNA
expression levels were also reported to increase in cervical cancer
tissues compared with levels in case-matched normal tissues (79).
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In agreement with a protective role for MDCI in counteracting
excessive, replication-associated DNA damage (14, 69, 80), we
also demonstrated that, in the absence of exogenous DNA dam-
age, USP7-promoted MDCI stabilization is required for cervical
cancer survival. However, we cannot exclude the possibility that
the role of MDC1 in the restoration of USP7 deficiency-associated
growth defects is due to molecular mechanisms other than the
response to and repair of DNA damage, as MDC1 itself has been
reported to play a crucial role in mitotic progression (81).

It is believed that the DDR is required for productive HPV rep-
lication (82, 83). However, it seems unlikely that USP7 is involved
in DDR-activated virus genome amplification of low-risk HPV
types in genital warts, as the expression level of USP7 in these
benign lesions is similar to that in normal cervical tissue. Interest-
ingly, we found that in CIN samples, the expression level of USP7
was elevated in the mid- and upper-epithelial layers, implying that
high-risk HPVs might be a causal agent of USP7 upregulation and
that, in turn, the USP7-regulated response to and repair of DNA
damage may drive the overreplication of the viral genome.

The extraordinary level of substrate diversity and the magni-
tude of its involvement in fundamental cellular and developmen-
tal processes define USP7 as a molecule of great importance. It
will also be important to investigate other mechanisms controlling
USP7 dysregulation in cervical cancer and the role of USP7-
promoted MDC1 stabilization in cellular processes including
mitosis and meiosis. Furthermore, it will be interesting to explore
the relationship between substrate diversity and the distinct cel-
lular activities of USP7. Nevertheless, our study identifies USP7
as an essential regulatory subunit of the MRN-MDC1 complex in
the early DDR. Our findings indicate that USP7-promoted MDC1
stabilization is critically involved in cervical carcinogenesis and
support the pursuit of these molecules as potential targets for cer-
vical cancer intervention.

Methods
For a detailed description of all methods, see the Supplemental
Methods.

siRNA, shRNA, and primer sequences. Sequences of siRNAs, shRNAs,
and qPCR primers are provided in Supplemental File 3.

Immunofluorescence. Cells on glass coverslips (BD Biosciences)
were fixed with 4% paraformaldehyde and permeabilized with 0.2%
Triton X-100 in PBS. Samples were then blocked in 5% donkey serum
in the presence of 0.1% Triton X-100 and stained with the appropri-
ate primary and secondary antibodies coupled to Alexa Fluor 488 or
594 (Invitrogen, Thermo Fisher Scientific). Confocal images were
captured on an Olympus FluoView 1000 microscope using a x100 oil
objective. To avoid bleed-through effects in double-staining experi-
ments, each dye was scanned independently in a multitracking mode.
To pre-extract nonchromatin-associated proteins, cells were treated
with CSK buffer (10 mM HEPES, pH 7.0, 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl,, 0.7% Triton X-100) twice for 3 minutes each at
room temperature before fixation.

IR and laser micro-IR. IR was delivered by an x-ray generator (RS
2000 Pro, Rad Source Technologies; 160 kV, 25 mA). Micro-IR was
performed with a Leica microscope equipped with a 37°C heating
stage and a 365-nm laser diode (Andor Technology). A laser setting
of 50% of full power was chosen to generate a detectable laser path.
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Laser microdissection. Cells were grown on LabTek II chamber
slides (Thermo Fisher Scientific) in the presence of phenol red-free
medium (Invitrogen, Thermo Fisher Scientific) before induction of
DNA damage by a UVA laser ( = 355 nm, 40% energy) using a Zeiss
Observer.Z1 inverted microscope with a PALM MicroBeam laser
microdissection workstation under a x40 objective lens. After IR, the
cells were incubated at 37°C for 2, 10, 20, or 30 minutes and processed
for immunostaining.

Statistics. Data from biological triplicate experiments are presented,
and data represent the mean * SD. An unpaired, 2-tailed Student’s ¢ test
was used for 2-group comparisons. ANOVA with Bonferroni’s correction
was used to compare multiple groups. Values that were less than or equal to
the first quartile minus 1.5 times the interquartile range or that were greater
than or equal to the third quartile plus 1.5 times the interquartile range were
defined as outliers and indicated with a circle. A P value of less than 0.05
was considered statistically significant. All statistical results were deter-
mined using SPSS software (IBM). Before statistical analysis, variations
within each group and the assumptions of the tests were checked.

Study approval. All procedures involving animals were
approved by the ethics committee of the Tianjin Medical Univer-
sity and followed the NIH’s Guide for the Care and Use of Labora-
tory Animals (8th ed., National Academies Press, 2011). All stud-
ies associated with patients’ samples were approved by the ethics
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committee of the Tianjin Medical University, and informed con-
sent was obtained from all patients.
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