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During DNA damage response (DDR), histone ubiquitination by RNF168 is a critical event, which orchestrates the
recruitment of downstream DDR factors, e.g. BRCA1 and 53BP1. Here, we report USP7 deubiquitinase regulates the
stability of RNF168. We showed that USP7 disruption impairs H2A and ultraviolet radiation (UVR)-induced gH2AX
monoubiquitination, and decreases the levels of pBmi1, Bmi1, RNF168 and BRCA1. The effect of USP7 disruption was
recapitulated by siRNA-mediated USP7 depletion. The USP7 disruption also compromises the formation of UVR-induced
foci (UVRIF) and ionizing radiation-induced foci (IRIF) of monoubiquitinated H2A (uH2A) and polyubiquitinated H2AX/A,
and subsequently affects UVRIF and IRIF of BRCA1 as well as the IRIF of 53BP1. USP7 was shown to physically bind
RNF168 in vitro and in vivo. Overexpression of wild-type USP7, but not its interaction-defective mutant, prevents UVR-
induced RNF168 degradation. The USP7 mutant is unable to cleave Ub-conjugates of RNF168 in vivo. Importantly,
ectopic expression of RNF168, or both RNF8 and RNF168 together in USP7-disrupted cells, significantly rescue the
formation of UVRIF and IRIF of polyubiquitinated H2A and BRCA1. Taken together, these findings reveal an important
role of USP7 in regulating ubiquitin-dependent signaling via stabilization of RNF168.

Introduction

Eukaryotic cells evoke a sophisticated DNA damage response
(DDR) to preserve the integrity of the genome. DDR is responsi-
ble for transiently arresting the cell cycle and allowing faithful
DNA repair. In DDR, DNA damage induces a re-localization of
damage sensing, signaling and repair factors into distinct foci at
damage sites. Phosphorylation of variant H2A (H2AX) at the
sites of DNA breaks by Ataxia telangiectasia mutated (ATM),
ATM and Rad3-related (ATR) and DNA-dependent protein
kinase (DNA-PK) is an early and well characterized event.1,2 The
phosphorylated H2AX (gH2AX) mark can spread to megabase
DNA segments of chromatin.

Accumulation of gH2AX in the vicinity of DNA double-/sin-
gle-strand breaks (DSBs/SSBs) is instrumental for the recruit-
ment and retention of mediators and repair factors, such as
MDC1, BRCA1 and 53BP1.3-5 The mediator MDC1 is
recruited to DSBs/SSBs and serves as a platform for recruiting 2
RING-type ubiquitin (Ub) ligases, RNF8 and RNF168, to mod-
ify gH2AX and H2A.6-8 Ubiquitination of H2A and gH2AX by
the concerted action of RNF168 and RNF8 generates not only
the monoubiquitinated H2A and gH2AX, but also the

polyubiquitin conjugates with lysine 63 (K63)-linked Ub
chains.7-10 More rigorous experimentation has revealed that
lysine 13 and 15 (K13/15) in H2A/X are ubiquitinated by
RNF168 and the K63-Ub chains are then extended by RNF8.11

H2A and gH2AX ubiquitination is considered to be important
in DDR,12-14 because this foremost ubiquitination event allows
accumulation of the key repair factors BRCA1 and 53BP1,11

which respectively determine the choice between homologous
recombination (HR) and non-homologous end joining (NHEJ)
repair pathways.15-17 When BRCA1 function is lost, RNF168
becomes a crucial determinant of the repair pathway choice,
channelling DNA damage through NHEJ.18 In essence, the
sequentially coordinated ubiquitination activities of RNF168
and RNF8 are pivotal for proper DSB repair.8,9,19

Besides RNF168 and RNF8, Polycomb repressive complex 1
(PRC1) is also known to participate in histone ubiquitination.
The PRC1-mediated ubiquitination generates monoubiquiti-
nated H2A at K119 (uH2A).20 This prevalent modification can
constitute up to 10% of cellular H2A in chromatin as a result of
ubiquitination by E3 ligase Ring1B present in PRC1, which
plays a key role in transcription silencing.21-23 The Polycomb
proteins Ring1B and Bmi1 form an active heterodimeric Ub
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ligase in which Bmi1 acts as an activator for Ring1B. Ubiquitina-
tion of H2A at K119 also occurs locally at sites of UV lesions
and DSBs.24-27 It has been shown that Ring1B is required for
UV-induced H2A K119-ubiquitination.24 Recently, emerging
evidence shows that Ring1B/Bmi1 E3 ligase also regulates H2AX
K118/119 monoubiquitination at DSBs.28-31 Both Ring1B and
Bmi1 are recruited to DSBs and, the Bmi1 recruitment requires
its RING domain.30,31 Loss or ablation of Bmi1 function by
knockout or siRNA-mediated depletion decreases H2AX K118/
119 monoubiquitination,28,30 and in functional terms leads to
impaired repair of DSBs31 as well as decreased cell survival after
ionizing radiation (IR).30,31 Nevertheless, how H2AX K118/119
monoubiquitination by Ring1B/Bmi1 regulates H2AX polyubi-
quitination and subsequent recruitment of repair factor BRCA1
and 53BP1 is still unclear and being debated.30,31

Despite the importance of RNF8, RNF168 and Ring1B/
Bmi1 E3 ligases in DDR, cellular regulation of these potent E3
ligases is poorly understood. Ub specific peptidase 7 (USP7), a
known p53 and mdm2 deubiquitinating enzyme,32-34 was identi-
fied as a regulator for Ring1B.35 USP7 associates with Polycomb
proteins and disassembles K48-linked Ub chain from ubiquiti-
nated Ring1B in regulation of Ring1B stability. Similarly, USP7
was shown to co-purify with PRC1 complex, interact with Bmi1
and regulate ubiquitination status of Bmi1.36 Computational
modeling predicts a bistable switch and oscillation in Ring1B/
Bmi1 ubiquitination systems and, USP7 underexpression confers
the ubiquitination system more prone to be bistable, which can
lead to all-or-none histone H2A monoubiquitination.37

In this study, we have extensively built on our previous find-
ing that USP7 disruption severely compromises the formation of
UV radiation (UVR)-induced foci (UVRIF) of polyubiquitinated
H2A/X.38 We examined the potential role of USP7 in regulation
of H2A/X ubiquitination and factor recruitment driven by Ub-
dependent signaling. Our observations reveal that USP7 plays an
important role in regulating H2A/X ubiquitination via monitor-
ing the stability of RNF168, in addition to Ring1B and Bmi1.

Results

USP7 regulates H2A and gH2AX monoubiquitination
We previously found that the formation of UVR-induced pol-

yubiquitinated H2A/X foci is unexpectedly compromised by
USP7 disruption.38 Since polyubiquititination of H2A/X is a
critical event in Ub-dependent signaling, we further compared
the H2A and gH2AX monoubiquitination in HCT116 vs.
HCT116-USP7¡/¡ cells post-UVR exposure. The results
showed that UVR leads to a decrease in global levels of uH2A
but not H2A in parental HCT116 cells (Fig. 1A). USP7 disrup-
tion affected the H2A level only slightly but quite noticeably
reduced the inherent cellular uH2A levels, which was further
abolished upon exposure to UVR. In contrast, gH2AX monou-
biquitination in the presence of USP7 was induced by UVR
from 2 to 24 h post-UVR time periods. However, the induction
of gH2AX monoubiquitination was diminished by USP7 disrup-
tion despite a robust H2AX phosphorylation in the absence of

USP7. Given that USP7 is a deubiquitinating enzyme and
monoubiquitination does not drive the substrate proteolysis,
these results suggested that uH2A and monoubiquitinated
gH2AX may not be the direct substrates of USP7. Thus, we next
probed the changes in Ring1B/Bmi1 E3 ligases of PRC1 which
play a major role in maintaining the cellular uH2A abundance.39

UVR did not affect Ring1B levels in HCT116 and, USP7 dis-
ruption led only to a slight, if any, decrease in Ring1B in
HCT116-USP7¡/¡ cells (Fig. 1B). On the contrary, USP7 dis-
ruption led to a clear decrease in both the native and phosphory-
lated form of Bmi1. The latter was induced by UVR in
HCT116, but the induction appeared to be compromised in
HCT116-USP7¡/¡ cells. It is noteworthy that phosphorylation
enhances Bmi1/Ring1B E3 activity and stimulates H2A monou-
biquitination.40 As predicted by computational modeling, under-
expression of USP7 confers Ring1B/Bmi1 ubiquitination system
more prone to be bistable, which may lead to an all-or-none
behavior of H2A monoubiquitination.37 Thus, the decrease in
both native and phosphorylated Bmi1 may explain the extremely
low levels of uH2A in HCT116-USP7¡/¡ cells.

While global reduction of uH2A may be due to compromised
Bmi1/Ring1B E3 activity, it is uncertain how USP7 deficiency
could contribute to the decrease of gH2AX monoubiquitination.
So, we closely examined the cellular status of RNF168, RNF8,
BRCA1 and other DDR specific factors (Fig. 1C). In HCT116,
UVR led to a decreased RNF168 level that was restored by pro-
teasome inhibitor MG132 treatment. Surprisingly, in HCT116-
USP7¡/¡ cells, RNF168 level was very low and unresponsive to
UVR exposure. MG132 treatment partially restored the
RNF168 level. Nevertheless, due to Ub pool depletion caused by
proteasome inhibition, MG132 treatment further diminished
the remaining traces of gH2AX monoubiquitination in
HCT116-USP7¡/¡ cells, which could only be detected upon
film overexposures (Fig. 1D), and confirming that gH2AX ubiq-
uitination is sensitive to Ub stress. USP7 disruption, however,
caused a slight decrease of cellular RNF8 levels. As expected,
USP7 disruption stabilized p53, and led to a consequent increase
in p53-downstream target proteins p21, which in turn affected
the levels of pChk1 in HCT116-USP7¡/¡ cells. These results are
in accord with the known regulatory circuit of p53-mdm2 by
USP7.32-34 Interestingly, the results further showed that BRCA1
levels were reduced over time following UVR and the reduction
was prevented upon proteasome inhibition (Fig. 1C). Like
RNF168, BRCA1 levels were very low in HCT116-USP7¡/¡

cells but were to some extent stabilized by UVR and MG132.
These results suggested that UVR induces RNF168 and BRCA1
degradation in USP7-proficient cells, whereas USP7 disruption
destabilizes and diminishes RNF168 and BRCA1 in HCT116-
USP7¡/¡ cells.

Next, we utilized RNAi approach to knockdown USP7 in
HeLa cells to test whether USP7 depletion has similar effect on
RNF168, BRCA1 and other DDR factors in a different cell
type and also rule out the possibility that chronic USP7 defi-
ciency may lead to uncharacteristic cellular changes. The
USP7 depletion was achieved by 2 rounds of siRNA
transfection (Fig. 1E). Consistent with the observations in
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HCT116-USP7¡/¡ cells, the USP7 depletion decreased UVR-
induced gH2AX monoubiquitination without any significant
impact on the UV-induced gH2AX levels. However, the USP7
depletion reduced the levels of uH2A, BRCA1, RNF168,
Ring1B and Bmi1. Notably, 53BP1 levels fairly decreased over
time following UVR in parental HCT116 cells. The USP7
depletion had moderately reduced 53BP1 levels. In conclusion,
siRNA-mediated USP7 depletion, recapitulated the effects of

chronic USP7 deficiency on the regulation of H2A and H2AX
monoubiquitination. Next, we checked the effect of USP7-spe-
cific inhibitor HBX 41108 on gH2AX ubiquitination
(Fig. 1F). As expected, the inhibitor treatment of HCT116 cells
led to a dose-dependent decrease in gH2AX ubiquitination.
Based on the combined results of 3 different approaches, we
concluded that USP7 regulates the cellular H2A and gH2AX
monoubiquitination upon UVR.

Figure 1. USP7 regulates H2A and gH2AX ubiquitination in DNA damage response. (A) HCT116 and HCT116-USP7¡/¡ cells were exposed to 20-J/m2 UV
and the cell extracts were prepared at indicated time points following UVR. The uH2A and ubiquitinated gH2AX were examined by Western blotting
using anti-uH2A and gH2AX antibodies. (B) The cells were treated as in Figure 1A. Ring1B and Bmi1 were examined by Western blotting. (C) The cells
were subjected to UVR and then treated with or without proteasome inhibitor MG132 and the cell extracts were examined by Western blotting. “Long
Exp." indicates longer exposure for chemiluminescent detection (D) Anti-gH2AX blots were overexposed to show low level of gH2AX ubiquitination in
HCT116-USP7¡/¡ cells. (E) HeLa cells were transfected with USP7 siRNA or control siRNA for 2 rounds. The transfected cells were irradiated with UV and
processed as in Figure 1B. Ubiquitinated gH2AX, uH2A, USP7 and other DDR factors were examined by Western blotting. (F) HCT116 cells were exposed
to UVR, and then incubated with USP7 inhibitor HBX 411108 at indicated concentration for 8 h. The Ub-gH2AX/gH2AX ratio is calculated based on gray
scale of the blots examined by ImageJ.

www.tandfonline.com 1415Cell Cycle



USP7 disruption compromises focus formation of uH2A and
FK2, thereby affecting recruitment of BRCA1 and 53BP1

Upon invoking DDR, accumulation of H2A/X Ub-conju-
gates and DDR factors form characteristic UVRIF or IRIF at the
sites of DNA damage. For example, micropore UV irradiation
induced UVRIF of uH2A are formed due to H2A ubiquitina-
tion.24 Whereas, IRIF of H2A/X polyubiquititination (as
detected by anti-Ub FK2 antibody, also called FK2 foci) are
formed at the sites of DNA breaks.7-10 It is noteworthy that
although FK2 antibody recognizes both mono- and poly-Ub,
detection of FK2 foci depends on gH2A/X polyubiquititination,
MDC1, RNF8 and RNF168.7,8,10,11 Therefore, we examined
UVRIF and IRIF of uH2A and FK2 to further characterize the
monoubiquitination of H2A and polyubiquititination of gH2A/
X in HCT116 vs. HCT116-USP7¡/¡ cells. Upon micropore
UV irradiation, which generates localized DNA damage in dis-
tinct sub-nuclear areas, gH2AX foci were distinctly formed and
colocalized with uH2A foci in HCT116 cells at 0.5 and 2 h. In
HCT116-USP7¡/¡ cells, formation of gH2AX foci was delayed
as seen at 0.5 h but appeared as distinct foci at 2 h. Nevertheless,
uH2A foci were almost undetectable at any time, although UV-
induced cyclobutane pyrimidine dimers (CPD), marking the
sites of damage, were present at all the time points (Fig. 2A and
D). Similarly, HCT116-USP7¡/¡ cells also failed to form FK2
foci (Fig. 2B and D), indicating that polyubiquititination of
gH2A/X are compromised in the absence of USP7. Interestingly,
the results showed that the formation of UVRIF of BRCA1 was
severely compromised in HCT116-USP7¡/¡ cells. For example,
at 2 h, UVRIF of BRCA1 appeared in »20% of HCT116-
USP7¡/¡ cells but showed in »45% of parental cells (Fig. 2C
and D).

Since both BRCA1 and 53BP1 are attracted to the sites of
DNA strand breaks by polyubiquitinated gH2AX/A, and are
involved in strand break repair, we further confirmed the effect
of USP7 deficiency on IRIF upon IR exposures. The results
showed that IR at 10 Gy induced the formation of uH2A, FK2
and BRCA1 foci in »42%, 75%, and 50% of gH2AX positive
HCT116 cells, respectively (Fig. 3A-E). In comparison, the for-
mation of uH2A, FK2, and BRCA1 in HCT116-USP7¡/¡ cells
was reduced to »20%, 10% and 10%, respectively (Fig. 3D and
E). The formation of 53BP1 foci occurred at a high efficiency of
97% in parental HCT116 cells. Moreover, the overall 53BP1
focus formation rate was not significantly affected by USP7 dis-
ruption. However, a closer look at 53BP1 IRIF indicated that the
53BP1 foci in most cells were smaller, diffuse and often indistin-
guishable from the strong background signals (Fig. 3E and F).
We further examined IRIF at 2 Gy IR. Again, 53BP1 foci were
seen to be smaller in size with diffuse background signals in
»30% HCT116-USP7¡/¡ cells (Fig. S1). It was recently dem-
onstrated that RNF168 ubiquitinates 53BP1 with K63 linkage
and controls 53BP1 recruitment.41 Thus, USP7 disruption
might affect 53BP1 recruitment through both down regulation
of RNF168 and RNF168-mediated H2A/X ubiquitination.
Taken together, we concluded that USP7 function is required for
the efficient monoubiquitination of H2A and polyubiquititina-
tion of gH2A/X, The insufficient gH2A/X polyubiquititination

resulting from USP7 deficiency affects the recruitment of
BRCA1 and, to a lesser extent, the recruitment of 53BP1.

USP7 deubiquitinates RNF168
Decrease in the steady-state level of RNF168 by USP7 disrup-

tion and siRNA-mediated depletion suggests that USP7 might
possibly regulate cellular level of RNF168, whose function is
required for polyubiquititination of gH2A/X. To follow this
thinking, we first examined the physical interaction between
USP7 and RNF168. We performed an in vitro GST pull-down
assay using GST fusion proteins containing various USP7 struc-
tural domains (Fig. 4A). Consistent with the presence of MIUs
(motif interacting with Ub, MIU) in RNF168,42 GST fusion
protein containing a single UBL domain (UBL1, spanning from
560 to 664 amino acid) was able to bind RNF168 (Fig. 4B, L1–
3). Moreover, GST fusion proteins containing UBL1 and cata-
lytic domains, or UBL2 to UBL5 domains, bind RNF168 with
much higher efficiency (Fig. 4B, L1’-6). To discern the contribu-
tion of UBL domains for RNF168 binding in vivo, we used
FLAG-tagged wild-type (WT) and M1 mutant USP7.43 The M1
mutant contains the tryptophan (W) and phenylalanine (F) to
serine (S) substitutions in UBL1 domain at amino acids 623 and
661 (W623S/F661S), respectively. Co-immunoprecipitation
assay showed that WT USP7 interacted with RNF168. However,
M1 mutation abrogated the USP7 interaction with RNF168
(Fig. 4C). Together, these experiments demonstrated that USP7
directly interacts with RNF168.

In HCT116 cells, UVR induced the proteasome-mediated
degradation of RNF168 (Fig. 1C). Based on this distinctive
response, we explored whether ectopic expression of USP7 pro-
tects RNF168 from UV-induced proteolysis. The results showed
that ectopic expression of WT USP7 indeed prevented the
endogenous RNF168 from UVR-induced proteolysis (Fig. 4D).
In contrast, endogenous RNF168 was not protected by M1
mutant (Fig. 4E). We do not yet understand how the M1 (UBL1
domain) mutation affects in vivo USP7-RNF168 interaction,
when other UBL domains are still intact. It is known that cata-
lytic domain of USP7 alone is maintained in a nonfunctional
state.44 The binding of UBL4–5 to catalytic domain activates
USP7 catalytic activity toward p53, while binding of UBL1–3
domains to GMP-synthetase allows allosteric regulation (activa-
tion) of USP7 in vivo.45 Perhaps, the UBL1 domain is more
important for in vivo interaction, when UBL4–5 domains are
occupied by catalytic domain for catalytic activation.

Since RNF168 level was dramatically lowered by USP7 dis-
ruption as well as siRNA-mediated depletion without any expo-
sure to UVR (Fig. 1C), we next investigated whether USP7
deubiquitinates Ub-conjugates of RNF168 in the absence of cel-
lular DNA damage. Thus, epitope-tagged RNF168, Ub and
USP7 were ectopically expressed through various combinations
of transfections of HCT116 cells with and without the protea-
some inhibition. The RNF168 and USP7 were then detected by
Western blotting, while RNF168 Ub-conjugates were examined
by immunoprecipitation followed by Western blotting (Fig. 4F).
In detecting Myc-tagged RNF168, an extra band migrating
slower than RNF168 appeared only in transfection combinations
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of HA-Ub plus Myc-tagged
RNF168 (Fig. 4F, L3, 5–8),
indicating the occurrence
of ubiquitinated-RNF168
forms. Interestingly, these
RNF168 species decreased
significantly upon ectopic
expression of USP7 but not
CS or M1 mutant (Fig. 4F,
L5 vs. L6–8), suggesting that
USP7 specifically deubiquiti-
nates these RNF168 forms.
Indeed, immunoprecipita-
tion experiments showed
that RNF168 Ub-conjugates
in higher molecular sizes
were clearly detectable after
immunoprecipitation and
higher levels of RNF168
Ub-conjugates accumulated
upon proteasome inhibition
(Fig. 4F, L3 and 5). Ectopi-
cally expressed WT USP7
decreased RNF168 Ub-con-
jugates, but CS and M1
mutant lost this function
(Fig. 4F, L5 vs. L6–8). This
data is consistent with the
inability of M1 mutant pro-
teins to protect RNF168
from UVR-induced proteol-
ysis (Fig. 4D and E). Taken
together, these results indi-
cate that USP7 directly binds
RNF168 and protects it
from proteolytic turnover via
deubiquitination.

Enforced expression of
RNF8 and RNF168
bypasses USP7 deficiency

As mentioned above, E3
Ub ligases RNF8,
RNF168, Ring1B and
Bmi1 all function in the
ubiquitination of H2A and
gH2AX. The complexities
and inter-relationship
between monoubiquitina-
tion and polyubiquitina-
tion of H2A/X make it
challenging to dissect the
contributions of USP7-
mediated RNF168 regulation to Ub-dependent signaling. Here,
we undertook a functional bypass approach to experimentally
address this quandary. We utilized an adenoviral expression

system to deliver RNF8 and RNF168 to HCT116-USP7¡/¡

cells, which are resistant to transfection presumably due to their
slow growth from elevated cellular p53 and p21 protein levels.

Figure 2. USP7 disruption compromises the formation of UVRIF of uH2A, FK2 and BRCA1 (A) HCT116 and HCT116-
USP7¡/¡ cells were exposed to micropore UV irradiation at 100 J/m2. Sub-nuclear spot accumulations of indicated
DDR factors were visualized by immunofluorescence using specific antibodies. Calibration bar is 10 mm. Left panel:
UVRIF of uH2A and gH2AX; right panel: UVRIF of CPD and gH2AX. (B) UVRIF of FK2 and gH2AX. (C) UVRIF of BRCA1
and gH2AX. (D) The quantitative data of gH2AX, uH2A, FK2 and BRCA1 foci from HCT116 and HCT116-USP7¡/¡ cells.
Mean § SD were calculated from 4–6 microscopic fields of 3 independent experiments.
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Upon adenoviral infection at the similar MOIs, HA-tagged
RNF8 and RNF168 were readily detected in HCT116-USP7¡/¡

cells (Fig. 5A) and, RNF8 and RNF168 appeared to stabilize
each other when expressed together. In comparison to GFP-
expressing control, expression of RNF8, RNF168 or RNF8 plus

RNF168 increasingly
enhanced the UV-induced
gH2AX monoubiquitina-
tion (Fig. 5B). Also, RNF8
and RNF168 caused the
stabilization of BRCA1 and
elevated its levels upon
UVR exposure.

We next explored
whether delivery of RNF8
or RNF168 rescues the for-
mation of UVRIF of
uH2A, FK2 and BRCA1
(Fig. 5C-E). The results
showed that RNF168 alone
moderately increased the
formation of UVRIF of
uH2A. Whereas, RNF8

and RNF168 E3 ligases together significantly increased the for-
mation of UVRIF of uH2A from »20 to 60%. More impor-
tantly, RNF168 alone significantly increased the formation of
UVRIF of FK2 and BRCA1, which is further enhanced by joint
expression of RNF8 and RNF168. It is noteworthy that the

Figure 3. USP7 disruption
compromises the formation
of IRIF of uH2A and FK2,
thereby affecting the BRCA1
and to a lesser extent the
53BP1 recruitment to DNA
strand breaks. HCT116 and
HCT116-USP7¡/¡ cells were
exposed to IR at 10 Gy.
Nuclear accumulations of
uH2A, gH2AX, FK2, BRCA1
and 53BP1 were visualized
by immunofluorescence
using specific antibodies. Cal-
ibration bar is 10 mm. (A) IRIF
of uH2A and gH2AX. (B) IRIF
of FK2 and gH2AX. (C) IRIF of
BRCA1 and gH2AX. (D) IRIF of
53BP1 and gH2AX. (E) The
quantitative data of IRIF of
gH2AX, uH2A, FK2, BRCA1
and 53BP1 from HCT116 and
HCT116-USP7¡/¡ cells. Only
the cells with 10 or more dis-
tinctive IRIF were considered
IRIF positive and scored for
quantitation. Mean § SD of
IRIF vs. gH2AX positive cell
ratio was calculated from 4–6
microscopic fields of 3 inde-
pendent experiments. (F)
Magnified views of IRIF of
53BP1 in HCT116 and
HCT116-USP7¡/¡ cells
exposed to IR at 10 Gy.
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rescue of BRCA1 UVRIF
by RNF168 alone or
RNF8 and RNF168
together is in concurrence
with stabilization of
BRCA1 by these E3 ligases
upon UVR exposure. Per-
haps, the BRCA1 is stabi-
lized due to its
recruitment/binding to
DNA strand breaks in
chromatin; while non-
chromatin bound BRCA1
is degraded in nucleo-
plasm. Similar phenome-
non seems to exist for
53BP1, where 53BP1 is
degraded upon IR except
when bound to damage
sites.46

We noticed that forma-
tion of UVRIF of uH2A
and FK2 was not fully
restored to the levels in
parental HCT116 cells,
even when RNF8 and
RNF168 were co-
expressed. Given the func-
tion of Ring1B/Bmi1 in
H2A/X monoubiquitina-
tion, we speculated that
this is partially due to the
regulatory effect of USP7
on Ring1B/Bmi1. None-
theless, we cannot rule out
the possibility that other
regulatory components
may also be involved.
Thus, we concluded that
in the absence of USP7
function, RNF168
becomes a limiting factor
for the formation of
gH2A/X polyubiquitina-
tion and subsequent
BRCA1 recruitment.

We further addressed
whether delivery of RNF8
or RNF168 would also res-
cue the formation of IRIF.
The results showed that
expression of RNF8,
RNF168 or RNF8 and
RNF168 together increasingly promoted the formation of IRIF
of uH2A, with a more significant boost in IRIF seen after co-
expression of RNF8 and RNF168. Similarly, IRIF of FK2 and

BRCA1 were also significantly increased by expression of
RNF168 (Fig. 6A-D). RNF168 expression alone elevated the
IRIF of FK2 and BRCA1 to the levels comparable to that of joint

Figure 4. USP7 binds to RNF168, deubiquitinates RNF168 ubiquitin (Ub)-conjugates and protects RNF168 from UV-
induced degradation. (A) Diagram of structural domains of USP7. TRAF represents tumor necrosis factor-receptor
associated factor (TRAF) domain. UBL represents Ub-like domain. (B) USP7 interacts with RNF168 in vitro. GST pull-
down assay were conducted using whole cell lysates of HCT 116 in RIPA buffer. The GST fusion proteins loaded on
beads were verified as described in materials and methods. (C) Interaction between RNF168 and USP7 in vivo. FLAG-
tagged USP7 and M1 mutant were transiently expressed in HCT116 cells. Immunoprecipitation was performed using
anti-FLAG agarose gels and cells lysates made in E1A buffer, followed by Western blot analysis for presence of
RNF168. Non-transfected HCT116 cells were used as control. (D) Overexpression of WT-USP7 protects RNF168 from
UV-induced degradation. Construct for expressing FLAG-tagged USP7 was transfected into HCT116 cells for 48 h. The
transfected cells were UV irradiated at 20 J/m2 and allowed to repair DNA for 2 h. RNF168 and USP7 were detected
by Western blotting. Anti-Lamin B blots served as loading control. (E) Overexpression of M1 mutant USP7. (G) USP7
deubiquitinates RNF168 Ub-conjugates in vivo. HCT116 cells were transfected with expressing constructs for RNF168,
HA-tagged Ub and FLAG-tagged USP7 in combination as illustrated in the figure. The transfected cells were treated
with proteasome inhibitor MG132 or vehicle DMSO for 8 h. Expression of transfected RNF168 and USP7 was exam-
ined by Western blotting (Input); RNF168 Ub-conjugates were examined by immunoprecipitation followed by West-
ern blotting.
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expression of RNF8 and
RNF168. Again, we
observed that formation of
the IRIF of uH2A, FK2
and BRCA1 was not fully
restored to the levels in
parental HCT116 cells
(Fig. 6D). Taken together,
we concluded that expres-
sion of RNF168 or RNF8
and RNF168 partially
bypass the USP7 deficiency
in generating Ub-depen-
dent signaling.

Discussion

In this report, we have
uncovered a novel role of
USP7 in regulation of
H2A/X ubiquitination in
DDR. Our data reveal that
USP7 is involved in the reg-
ulation of H2A monoubi-
quitination and H2A/X
polyubiquitination via its
action on RNF168 in addi-
tion to Ring1B/Bmi1 Ub
ligases. Mechanistically,
USP7 directly interacts
with RNF168 and deubi-
quitinates RNF168 Ub-
conjugates. Although we do
not rule out the possibility
that other regulatory com-
ponents in DDR may be
subjected to USP7-medi-
ated regulation, our func-
tional bypass experiments
support the hypothesis that
USP7 plays an important
role in generating H2A/X
polyubiquitination signal.
Previously, we and others
demonstrated that deubi-
quitinating enzymes USP3
and USP44 counteract
RNF168 via deubiquitinat-
ing H2A and gH2AX.47,48

Thus, different deubiquiti-
nating enzyme can regulate
Ub-dependent signaling
along divergent regulatory
axis.

Figure 5. Adenovirus-mediated expression of RNF168 and RNF8 or168 partially rescues the formation of UVRIF of
uH2A, FK2 and BRCA1 in HCT116-USP7¡/¡ cells. (A) HCT116-USP7¡/¡ cells were infected with the indicated adenovi-
ral vectors expressing HA-tagged RNF8 and RNF168. Expression of RNF8 and RNF168 was examined by anti-HA West-
ern blotting. (B) HCT116-USP7¡/¡ cells were infected with indicated adenoviral vector or vector combination. The
infected cells were harvested 2 h after UV exposure. The cell lysates from infected cells were examined by Western
blotting for gH2AX and BRCA1 with anti-Actin blot as loading control. (C) The adenoviral vector infected cells were
exposed to micropore UV irradiation at 100 J/m2. Two hour after UV irradiation, UVRIF of uH2A and gH2AX were visu-
alized by immunofluorescence using specific antibodies. (D) UVRIF of FK2 and gH2AX. (E) UVRIF of BRCA1 and
gH2AX. (F) Bar graph illustrates quantitative data of UVRIF. Mean § SD of UVRIF vs. gH2AX positive cell ratio was cal-
culated from 4–6 microscopic fields of 3 independent experiments. The p values were results from Student’s t-test.
Symbol * indicates P � 0.05; Symbol ** indicates P � 0.01. Calibration bar is 10 mm.
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The regulation of Ring1B
and Bmi1 Ub ligases by
USP7 has been documented
by previous studies.35,36

USP7 directly deubiquiti-
nates Ring1BUb-conjugates,
but it does not discriminate
between the activating and
proteolysis-target modes of
ubiquitination.35 Similarly,
USP7 has been shown to reg-
ulate the ubiquitination sta-
tus of Bmi1.36 Knockdown
of USP7 resulted in a reduc-
tion of total Bmi1 and caused
a substantial decrease in the
chromatin-associated Bmi1.
Interestingly, ablation of
USP7 resulted in de-repres-
sion of the INK4a tumor
suppressor accompanied by
loss of PRC1 occupancy at
the INK4a locus, suggesting
that USP7 plays a role in reg-
ulation of PRC1-mediated
gene silencing. In this study,
we found that this regulatory
pathway affects global H2A
ubiquitination and damage-
inducedH2Amonoubiquiti-
nation as indicated by uH2A
level as well as the formation
of UVRIF and IRIF of
uH2A. We like to suggest
that USP7-mediated regula-
tion of Ring1B/Bmi1 has a
broader impact on cellular
processes than its docu-
mented impact on gene
silencing.

Here, we have identified
RNF168 as a new target of
USP7-mediated regulation.
The defect in gH2AX
monoubiquitination and
H2A/X polyubiquitination
in HCT116-USP7¡/¡ cells
may be readily explained by
the reduction of RNF168.
Nevertheless, the tangled
relationship between
Ring1B/Bmi1-mediated
H2A/X ubiquitination and
RNF8/RNF168-mediated
H2A/X ubiquitination pro-
hibits us to consider

Figure 6. Adenovirus-mediated expression of RNF168 and RNF8 or168 partially rescues the formation of IRIF of uH2A,
FK2 and BRCA1 in HCT116-USP7¡/¡ cells. (A) HCT116-USP7¡/¡ cells were infected with the indicated adenoviral vec-
tors as in Figure 5. The infected cells were exposed to IR at 10 Gy. One hour after IR, sub-nuclear foci formations as IRIF
of uH2A, gH2AX, FK2 and BRCA1 were visualized by immunofluorescence using specific antibodies. (A) IRIF of uH2A
and gH2AX. (B) IRIF of FK2 and gH2AX. (C) IRIF of BRCA1 and gH2AX. (D) Bar graph illustrates quantitative data of IRIF
of gH2AX, uH2A, FK2 and BRCA1. Mean § SD of IRIF vs. gH2AX positive cell ratio was calculated from 4–6 microscopic
fields of 3 independent experiments. Symbol * indicates P � 0.05; Symbol ** indicates P � 0.01. Calibration bar is
10 mm. (E) Graphic illustration of regulation of DDR by USP7. Upon DNA damage, phosphorylation of H2AX is triggered
by DNA strand-breaks and accumulated at damage sites. gH2AX is subsequently ubiquitinated by the concerted action
of RNF168 and RNF8. The ubiquitinated gH2AX in turn facilitates the accumulation of repair factor BRCA1 and 53BP1.
USP7 (green hue) regulates polyubiquitination of gH2AX,mono-ubiquitination of gH2AX and H2A throughmodulating
the stability of RNF168, Ring1B and Bmi1 E3 ligases (red hue). USP7may also directly regulate stability of BRCA1.
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RNF168 as a single contributing factor. In several recent studies,
it has been demonstrated that Bmi1-mediated histone ubiquiti-
nation promotes DSB repair. Yet, whether Bmi1-mediated his-
tone ubiquitination contributes to gH2A/X polyubiquitination
is a matter of debate. It was reported that Bmi1 knockout severely
affected the formation of uH2A but not FK2 stripes when Bmi1
knockout MEFs were treated with laser scissors.31 However, it
was also reported that Bmi1 knockout MEF not only decreased
the H2AX monoubiquitination but also reduced the FK2
IRIF.30 In this study, both UVRIF and IRIF of uH2A and FK2
were severely compromised by USP7 deficiency. Adenovirus-
mediated delivery of RNF168 or joint delivery of RNF8 and
RNF168 into HCT116-USP7¡/¡ cells partially restored the for-
mation of uH2A and FK2 foci. Thus, the results support the
hypothesis that Ring1B/Bmi1 contributes to H2A/X
polyubiquitination.

Although H2A/X polyubiquitination drives the recruitment
of both 53BP1 and BRCA1, we found that the recruitment of
BRCA1 was more severely affected by USP7 deficiency than that
of 53BP1. It was recently reported that 53BP1 contains a
methyl-lysine-binding Tudor domain and ubiquitination-depen-
dent recruitment (UDR) motif.49 These structural features
enable 53BP1 to recognize both dimethylated H4K20 and Ub
mark in chromatin. It may be speculated that 53BP1 reads H2A/
X polyubiquitination in chromatin with high efficiency. In sup-
port of this notion, we observed that formation of UVRIF and
IRIF of 53BP1 was consistently high in HCT116 cells. In the
case of BRCA1, besides the recruitment defect caused by com-
promised H2A/X polyubiquitination, we also found that
BRCA1 abundance was dramatically reduced in HCT116-
USP7¡/¡ cells. Consistent with this, siRNA-mediated ablation
of USP7 also decreased BRCA1 level. Although adenovirus-
mediated expression of RNF8 or RNF168 or joint expression of
RNF8 and RNF168 stabilizes the endogenous BRCA1 in the
presence of DNA damage, but once again, expression of RNF8
and RNF168 only partially restored the UVRIF and IRIF of
BRCA1. Given that UVR (Fig. 1C) and IR both induce BRCA1
degradation50 and USP7 disrupted or depleted cells have low
level of BRCA1, it is possible that USP7 also regulates BRCA1
stability through a direct mechanism (Fig. 6E). The dual regula-
tion of BRCA1 stability and recruitment by USP7 is a very likely
the reason for the more severely defective foci formation of
UVRIF and IRIF of BRCA1 in HCT116-USP7¡/¡ cells.

In summary, our results describe a unique role of USP7 in regula-
tion of Ub-dependent signaling in DDR by regulating Ring1B/
Bmi1 and by monitoring RNF168 via deubiquitination (Fig. 6E).
These molecular mechanisms offer another regulatory layer in the
control of Ub-dependent signaling besides the canonical function of
disassembling theH2A/X polyubiquitination chains.

Materials and Methods

DNA constructs and antibodies
USP7 and its mutant constructs for both eukaryotic and bac-

terial expression were obtained from Dr. Yanhui Xu, Department

of Biochemistry, Fudan University Medical School (Shanghai,
China). Expression constructs for RNF168 were provided by Dr
Junjie Chen in Department of Experimental Oncology, the Uni-
versity of Texas MD Anderson Cancer Center (Houston, Texas
77030). Rabbit anti-CPD antibodies were as previously
described.51,52 Anti-gH2A, BRCA1, 53BP1, Chk1, pChk1, p53,
p21 and Bmi1 antibodies were purchased from Cell Signaling
(Danvers, MA 01923). Anti-FLAG M2 agarose beads, anti-
FLAG M2 and Anti-Myc antibodies were purchased from
Sigma-Aldrich (St. Louis, MO 63103). Monoclonal FK2, anti-
uH2A clone E6C5, RNF168 antibodies were from EMB Milli-
pore (Billerica, MA 01821). RNF8 antibody and anti-USP7 anti-
bodies were purchased from Epitomics/Abcam (http://www.
abcam.com/). Ring1B antibody was from MBL international
(Woburn, MA 01801).

Cell culture and transfection
HCT116 and HCT116-USP7¡/¡ cells were obtained from

Bert Vogelstein’s laboratory, grown in McCoy’s 5A medium sup-
plemented with 10% FCS and antibiotics at 37�C in a humidi-
fied atmosphere of 5% CO2. HeLa cells were maintained in
DMEM with 10% FCS. For transfection, exponentially growing
cells were plated at a desired seeding density. Plasmid DNAs
were transfected into HeLa or HCT116 cells lines using Fugene
6 transfection reagents (Promega Corporation, Madison, WI
53711).

RNA interference
USP7 siRNA (50-ACCCUUGGACAAUAUUCCUdTdT-30)

and control siRNA (50-UUCUCCGAACGUGUCACGUdT-30)
were synthesized by Thermo Scientific (Lafayette, CO 80026).
The siRNA was transfected at final concentration of 100 nM
into cells with Lipofectamine 2000 transfection reagent from
Invitrogen (Life Technologies, Grand Island, NY 14072),
according to manufacturer’s instructions. HeLa cells were seeded
at a proper density and grown overnight. For cell transfection,
Lipofectamine2000 reagent was diluted with proper amount of
Opti-MEM medium. The gene specific or control siRNA was
added to the diluted reagent, incubated at room temperature
(RT) for 20 min and then the Lipofectamine–small interfering
RNA (siRNA) complex mix was added to the cells and incuba-
tion continued for 48 h. Second round siRNA transfection was
carried out for 24-h.

GST pull-down assays
The GST and its fusion proteins were expressed in E. coli

BL21 strain. The bacterial extracts were made in lysis buffer
(50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA,
1 mM DTT, 1% Triton X-100) with or without 1% sarkosyl.
Equal amount of GST fusion proteins was immobilized on gluta-
thione sepharose 4B beads in binding buffer (50 mM Tris-HCl
[pH 8.0], 150 mM NaCl, 0.1% (v/v) Triton X-100) and exam-
ined by Coomassie Blue staining.38 The loaded beads were incu-
bated with whole cell extracts containing »1.0 mg proteins
made from control or 20 J/m2 UV-treated HCT116 cells in
RIPA buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1%
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NP40, 0.5% deoxycholate and protease inhibitors). After incuba-
tion at 4 �C for 16 h, the beads were washed with RIPA and
boiled in SDS sample buffer. The bound proteins were analyzed
by Western blotting.

Immunoprecipitation
The FLAG-tagged WT-USP7 and M1 mutants were tran-

siently expressed in HCT116 cells by 48 h-transfection using
Fugene 6 reagents. The transfected cells were UV-irradiated at
20 J/m2 or left untreated and maintained for indicated time
period. The cells were lysed in RIPA buffer in presence of prote-
ase inhibitors. The cell lysates were incubated with the anti-
FLAG-M2 beads at 4�C overnight. The beads were washed
4 times with RIPA buffer and the bound proteins were released
by boiling in SDS sample buffer and examined by Western blot-
ting. For detecting Ub-conjugates of RNF168, the FLAG-tagged
WT and mutant USP7 constructs were transfected into
HCT116 cells in various combinations with expression vectors
for Myc-tagged RNF168 and/or HA-tagged Ub. The transfected
cells were treated with MG132 or its vehicle DMSO for addi-
tional 8 h and then lysed in RIPA buffer. The immunoprecipita-
tion was done with anti-Myc antibody and the immuno-
complexes were captured by protein A Plus G agarose beads and
analyzed by Western blotting.

Adenovirus-mediated gene expression
Recombinant adenoviruses expression GFP, HA-tagged

RNF8 or RNF168 were purchased from Applied Biological
Materials (ABM) (Richmond, BC Canada). The adenoviruses
were propagated and the multiplicity of infection (MOI) was
assayed on HEK 293 cell line. To infect target cells, adenoviruses
at desired MOI were incubated with the cells for 4 h to allow
infection. The adenoviruses were then removed and the cell cul-
ture continued for 48 h. The infected cells were further processed
for western blotting or immunofluorescence analysis.

Immunofluorescence
Immunofluorescent staining was conducted according to the

method described previously.27,51,53,54 For micropore UV irradi-
ation, the cells or adenoviruses-infected cells were washed once
with PBS and a 5-mm isopore polycarbonate filter was placed on

top of cell monolayer, followed by 100-J/m2 UV irradiation. For
IR, the cells or adenoviruses-infected cells were exposed to
gamma ray source at 2 or 10 Gy. The UV or IR irradiated cells
were maintained in a suitable medium for indicated time periods.
The cells were then washed twice with cold PBS, permeabilized
with 0.5% Triton X-100/PBS for about 8 min on ice as needed,
and/or fixed with 2% paraformaldehyde in 0.5% Triton X-100
at 4�C for 30 min. The fixed cells were rinsed with twice with
cold PBS and blocked with 20% normal goat serum in 0.1% Tri-
ton X-100/PBS, and stained with an appropriate primary anti-
body as well as fluorescein isothiocyanate (FITC) or Alexa Fluor
488 or Texas Red-conjugated secondary antibodies. The cover-
slips were mounted in Vectashield mounting medium with
DAPI. The fluorescence images were obtained with a Nikon fluo-
rescence microscope E80i (Tokyo, Japan) and processed with
SPOT software and ImageJ software.
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