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Homologous recombination (HR) is one of themajorDNAdouble-strand break (DSB) repair pathways inmammalian
cells. Defects in HR trigger genomic instability and result in cancer predisposition. The defining step of HR is
homologous strand exchange directed by the protein RAD51, which is recruited to DSBs by BRCA2. However, the
regulation of the BRCA2–RAD51 axis remains unclear. Here we report that ubiquitination of RAD51 hinders
RAD51–BRCA2 interaction, while deubiquitination of RAD51 facilitates RAD51–BRCA2 binding and RAD51
recruitment and thus is critical for proper HR. Mechanistically, in response to DNA damage, the deubiquitinase
UCHL3 is phosphorylated and activated by ATM. UCHL3, in turn, deubiquitinates RAD51 and promotes the
binding between RAD51 and BRCA2. Overexpression of UCHL3 renders breast cancer cells resistant to radiation
and chemotherapy, while depletion of UCHL3 sensitizes cells to these treatments, suggesting a determinant role of
UCHL3 in cancer therapy. Overall, we identify UCHL3 as a novel regulator of DNA repair and reveal a model in
which a phosphorylation–deubiquitination cascade dynamically regulates the BRCA2–RAD51 pathway.
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Genome integrity is under constant attack from exoge-
nous and endogenousDNA-damaging factors such as radi-
ation, carcinogens, reactive radicals, and errors in DNA
replication. To maintain genomic stability, cells have
developed an elaborate DNA damage response (DDR) sys-
tem to detect, signal, and repair the DNA lesions (Downs
et al. 2007; Ciccia and Elledge 2010; Huen and Chen 2010;
Lukas et al. 2011). Defects in the DDR pathway lead to
genome instability syndromes that are associated with
cancer, stem cell exhaustion, developmental defects, in-
fertility, immune deficiency, neurodegenerative disease,
and premature aging (Kastan and Bartek 2004; Jackson
and Bartek 2009).
In cells, double-strand breaks (DSBs) are typically re-

paired by end-joining or homologous recombination
(HR) (Warmerdam and Kanaar 2010; Chapman et al.
2012). DSB end-joining includes classical nonhomologous
end-joining (NHEJ) and alternative NHEJ, which result in

quick but error-prone repair (Critchlow and Jackson 1998;
Lieber et al. 2004; Chiruvella et al. 2013). Unlike end-join-
ing-mediated DNA repair, HR uses an intact sister chro-
matid as the template, which makes HR more accurate
but limited to the S/G2 phases of the cell cycle. The initial
step of HR, DNA resection, is regulated by theMRN com-
plex and CtIP and produces short 3′ overhangs (Paull and
Gellert 1998; Sartori et al. 2007; Takeda et al. 2007). The
3′ overhangs are extended through further resection by
Exo1 and Dna2 nucleases (Zhu et al. 2008; Mimitou and
Symington 2009; Nimonkar et al. 2011). Once ssDNA is
generated, it is rapidly bound by the ssDNA-binding pro-
tein RPA (replication protein A) and subsequently re-
placed by RAD51, leading to strand invasion and
ensuing HR processes (West 2003; San Filippo et al.
2008). Although the process of HR and end-joining are ex-
tensively studied, the regulation of these pathways and
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their coordination to complete the repair of DSBs remain
unclear.

Protein ubiquitination plays an important role in the
DDR pathway (Lukas et al. 2011; Jackson and Durocher
2013). For instance,RNF8/RNF168-dependentubiquitina-
tion promotes the recruitment of DSB repair and signaling
factors on chromatin surrounding the DNA lesion, which
facilitates the DDR process (Huen et al. 2007; Kolas et al.
2007; Mailand et al. 2007; Doil et al. 2009; Mattiroli
et al. 2012),while the SUMOtargeted ubiquitin (Ub) ligase
RNF4 promotes the turnover of MDC1 and RPA from
chromatin during the DSB response (Galanty et al. 2012;
Luo et al. 2012, 2015;Yin et al. 2012).Multiple recent stud-
ies suggest that editing and removal of ubiquitination by
deubiquitinases (DUBs) play important roles in regulating
ubiquitination events. For example, UCHL5 promotes
DNA resection in an EXO-1- and BLM-dependentmanner,
and USP3 and USP16 are associated with negative regula-
tion of the RNF8 pathway through their ability to oppose
H2Aubiquitination (Doil et al. 2009; Shanbhaget al. 2010).

Here we carried out a systematic screen of DUBs for HR
and established that UCHL3 interacts with and deubiqui-
tinates RAD51 and promotes binding between RAD51
and BRCA2. Moreover, overexpression of UCHL3 in
breast cancer is correlated with poor survival of breast
cancer patients and resistance to radiation and chemo-
therapy. Finally, we clarify a dynamic regulation of the
BRCA2–RAD51 axis that is important for HR and may
provide new therapeutic targets for overcoming resistance
in breast cancer.

Results

UCHL3 regulates RAD51 IR-induced focus formation
(IRIF) and HR

We performed a targeted shRNA library screen of DUBs
for their role in HR using PARP inhibitor (PARPi), as
PARPi sensitivity is associated with defective HR (Bryant
et al. 2005; Farmer et al. 2005). We found that depletion of
several DUBs, including UCHL3, resulted in hypersen-
sitivity to olaparib, a PARPi (Fig. 1A). Among them,
USP1, USP4, USP11, and UCHL5 have been associated
with HR (Wiltshire et al. 2010; Murai et al. 2011; Nishi
et al. 2014; Liu et al. 2015; Orthwein et al. 2015; Wijn-
hoven et al. 2015). However, one of the hits, UCHL3,
has not been implicated in DNA repair. UCHL3 is a deu-
biquitination enzyme that is involved in the processing of
both Ub precursors (Grou et al. 2015) and poly-Ub chain
from substrates (Roff et al. 1996; Misaghi et al. 2005;
Kim et al. 2011) and has been implicated in several cellu-
lar processes, such as oocyte maturation, spermato-
genesis, osteoblast differentiation, lipogenesis, retinal
degeneration, and epithelial-to-mesenchymal transition
(Sano et al. 2006; Yi et al. 2007; Suzuki et al. 2009; Kim
et al. 2011; Mtango et al. 2012a,b; van Beekum et al.
2012; Song et al. 2014). However, the mechanism of
UCHL3’s functions remains unclear, as only a limited
number of UCHL3 targets were identified. To confirm
our screening results, we generated UCHL3 knockout

U2OS cells using CRISPR technology and tested cellular
sensitivity to PARPi (Fig. 1B,C). Consistent with our ini-
tial screening results, UCHL3-deficient cells showed hy-
persensitivity to olaparib. Because PARPi sensitivity is
highly associated with defective HR, we next tested the
role of UCHL3 in HR using the well-established DR-
GFP reporter system (Pierce et al. 1999). As shown in Fig-
ure 1D, UCHL3 deficiency resulted in decreased HR. We
did not find significant changes in the cell cycle profile
when we deleted the UCHL3 gene (Supplemental Fig.
S1A), suggesting that the observed effect was not due to
an indirect effect of a change in the cell cycle profile.
These results suggest that UCHL3 is important for HR.

To identify possible targets of UCHL3 in HR, we first
examined focus formation of several DDR factors. Inter-
estingly, we found that UCHL3 deficiency resulted in
compromised RAD51 focus formation (Fig. 1E; Supple-
mental Fig. S1B,C) but did not affect focus formation of up-
stream regulators of RAD51, such as γ-H2AX, MDC1,
RPA, BRCA1, PALB2, and BRCA2 (Fig. 1E; Supplemental
Fig. S1C,D). Since focus formation of BRCA1 and 53BP1
also depends on Ub signaling (Jackson and Durocher
2013), these results also suggest that the overall Ub signal-
ing is not affected by UCHL3 deficiency. In addition, we
found that UCHL3 itself was recruited to DSBs and colo-
calized with RAD51 and γ-H2AX (Supplemental Fig.
S2A,B). Moreover, we observed accumulation of UCHL3
at theDSB by a chromatin immunoprecipitation (ChIP) as-
say in which the DSB was introduced by the exogenously
expressed I-SceI endonuclease (Supplemental Fig. S2C).
Consistent with the immunofluorescence results, ChIP
assays revealed that RAD51 recruitment to DSBs was dra-
matically decreased in UCHL3 knockout cells (Supple-
mental Fig. S2D), suggesting that UCHL3 is important
for RAD51 recruitment to DSBs. Based on these results,
we hypothesized that UCHL3 regulates HR through its
effect on RAD51.

UCHL3 interacts with and deubiquitinates RAD51

To test our hypothesis, we first examined whether
UCHL3 interacts with RAD51. Indeed, we found that en-
dogenous RAD51 coimmunoprecipitated with UCHL3
(Fig. 2A). Reciprocal immunoprecipitation with UCHL3
antibody also brought down RAD51 but failed to do so
in UCHL3 knockout cells (Fig. 2B). In addition, UCHL3
interacted with RAD51 when it formed a nucleoprotein
filament with ssDNA (Supplemental Fig. S3A). These re-
sults suggest a specific interaction between UCHL3 and
RAD51 in cells. To determine whether the UCHL3–
RAD51 interaction is direct, we generated and purified re-
combinant UCHL3 and RAD51. Purified His-RAD51 was
able to interact with GST-UCHL3 under cell-free condi-
tions even with a relatively high salt concentration in
the washing buffer (Fig. 2C), suggesting a direct interac-
tion between UCHL3 and RAD51.

Since UCHL3 is a Ub-specific protease that functions to
cleave Ub from its substrates, we next tested whether
UCHL3 regulates RAD51 ubiquitination. Indeed, we ob-
served increased RAD51 polyubiquitination in UCHL3-
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deficient cells (Fig. 2D; Supplemental Fig. S3B). Interest-
ingly, RAD51 protein stability did not change when we
modulated UCHL3 expression (data not shown). These
results suggest that UCHL3might affect RAD51 function

but not stability through its DUB activity. Reconstituting
wild-type UCHL3 but not catalytically inactive UCHL3
(CA) reversed the increase in RAD51 ubiquitination in-
duced by UCHL3 deficiency (Fig. 2E), suggesting that
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Figure 1. UCHL3 regulates RAD51 IRIF and HR. (A) A panel of DUBs was knocked down in U2OS cells, and cellular response to 1 μM
olaparib was assayed using colony formation assay. Error bars represent SEM from three independent experiments. (B) UCHL3 was
knocked out in U2OS cells by CRISPR, and Western blot was performed with the indicated antibodies. (C ) The sensitivity of control
andUCHL3knockoutU2OS cells to olaparibwas assessed using colony formation assay. Error bars represent SEM from three independent
experiments. (D) The HR-mediated DSB repair capacity of control (Ctrl) and UCHL3 knockout U2OS cells was assessed using a reporter
system. Error bars represent SEM from three independent experiments. Statistical significance was determined by ANOVA. (∗∗) P < 0.01.
(E) Control or UCHL3 knockout U2OS cells were treated with ionizing radiation (IR), and focus formation of the indicated factors was
detected by immunofluorescence. Representative images are shown in the top panel. Quantification of the percentage of cells displaying
foci is shown in the bottom panel. Error bars represent SEM from three independent experiments. Statistical significancewas determined
by two-tailed Student’s t-test. (∗∗) P < 0.01.
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UCHL3 regulates RAD51 ubiquitination through its Ub
protease activity.

To determine whether UCHL3 directly deubiquitinates
RAD51, we performed an in vitro deubiquitination assay.
We purified recombinant wild-type UCHL3 and the
UCHL3 CA mutant from Escherichia coli and ubiquiti-
nated RAD51 from cells expressing Myc-RAD51 and
His-Ub. We then incubated UCHL3 and ubiquitinated
RAD51 in a cell-free system. We found that wild-type
UCHL3 but not theUCHL3CAmutant dramatically deu-
biquitinated RAD51 in vitro (Fig. 2F). Taken together,
these results suggest that UCHL3 deubiquitinates
RAD51 both in vitro and in vivo. Interestingly, we also
found that RAD51 ubiquitination decreased following
DNA damage (Fig. 2G, cf. lanes 1 and 2). In contrast, in
UCHL3-deficient cells, basal RAD51 ubiquitination in-

creased and did not decrease following DNA damage (Fig.
2G). Collectively, these results suggest that UCHL3 pro-
motes RAD51 deubiquitination following DNA damage.

UCHL3 regulates HR and radiosensitivity
in a RAD51-dependent manner

To further confirm that the regulation of HR and DDR by
UCHL3 is dependent on its catalytic activity and RAD51,
we reconstituted UCHL3-deficient cells with wild-type
UCHL3 or UCHL3 CA. As shown in Figure 3, A and B,
knocking out UCHL3 in U2OS cells dramatically de-
creased HR and rendered cells sensitive to ionizing radia-
tion (IR). Reconstitution of wild-type UCHL3 but not the
UCHL3 CAmutant rescued these phenotypes, suggesting
that the catalytic activity of UCHL3 is important for its
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regulation of HR and DDR. Consistent with results from
human cell lines, mouse embryonic fibroblasts (MEFs)
from UCHL3 knockout mice also showed hypersensitivi-
ty to IR treatment (Supplemental Fig. S4A). Furthermore,
knocking out UCHL3 did not further affect HR and radio-
sensitivity in RAD51-depleted cells (Fig. 3C,D), suggest-
ing that UCHL3 regulates HR and DDR in a RAD51-
dependent manner.

Deubiquitination of RAD51 by UCHL3 is important
for HR

We show that UCHL3 is important for RAD51 deubiqui-
tination and recruitment to DSBs but is not important
for BRCA1, PALB2, and BRCA2 recruitment (Figs. 1, 2;
Supplemental Fig. S1). In unstressed cells, we observed
that ∼40% of RAD51 was ubiquitinated (Supplemental
Fig. S5A). Following DNA damage, UCHL3 promotes
RAD51 deubiquitination (Figs. 1, 2). It is possible that
RAD51 deubiquitination by UCHL3 is important for its
recruitment to DSBs. It is well established that the inter-
action between BRCA2 and RAD51 is critical for the re-
cruitment of RAD51 to the DNA damage sites (Mizuta
et al. 1997; Wong et al. 1997; Chen et al. 1998a,b; Moyna-
han et al. 2001; Galkin et al. 2005). We hypothesized that

UCHL3 may regulate the RAD51–BRCA2 interaction. As
shown in Figure 4A, the binding between RAD51 and
BRCA2 increased after IR. Strikingly, in UCHL3-deficient
cells, the basal RAD51–BRCA2 interaction was weak and
could not be induced by IR. To directly test how RAD51
deubiquitination affects its binding to BRCA2, we deubi-
quitinated RAD51 by UCHL3 in vitro and examined its
interaction with the BRCA2-BRC4 fragment. We found
that deubiquitination of RAD51 increased the binding be-
tween RAD51 and BRCA2 (Supplemental Fig. S5B). On
the other hand, knocking out UCHL3 in cells did not af-
fect RAD51/RAD52 interaction (Supplemental Fig.
S5C). These results suggested that deubiquitination of
RAD51 by UCHL3 following DNA damage is important
for the interaction between RAD51 and BRCA2.
We next mapped potential ubiquitination sites of

RAD51 that are regulated by UCHL3. Previous studies
have suggested that RAD51 binds to BRCA2 through its
N-terminal domain (NTD) and the core domain (Pelle-
grini et al. 2002; Subramanyam et al. 2013). After analyz-
ing the RAD51 NTD and the core domain sequences, we
found nine lysine residues that are conserved in verte-
brates, zebrafish, and Xenopus (Supplemental Fig. S6A).
We generated combination mutations of RAD51 (mutant
K to R) and performed a deubiquitination assay. As shown
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Figure 3. UCHL3 regulates HR and radio-
sensitivity through RAD51. (A) The HR-
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porter system. (B) The sensitivity of
control cells, UCHL3 knockout cells, and
UCHL3 knockout cells stably expressing
the indicated constructs to IR was assessed
using colony formation assay. (C ) Control
and UCHL3 knockout U2OS cells stably
expressing control or RAD51 shRNA were
subjected to HR assay. (D) The sensitivity
of control cells and UCHL3 knockout
U2OS cells stably expressing control or
RAD51 shRNA to IR was assessed using
colony formation assay. (A–D) Error bars
represent SEM from three independent ex-
periments. Statistical significance was de-
termined by two-tailed Student’s t-test, (∗)
P < 0.05; (∗∗) P < 0.01; (n.s.) no significant
difference.

UCHL3 deubiquitinates Rad51 and facilitates HR

GENES & DEVELOPMENT 2585

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289439.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289439.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289439.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289439.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289439.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289439.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289439.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.289439.116/-/DC1


in Figure 4B, loss of UCHL3 dramatically increased ubiq-
uitination of wild-type RAD51 but not the 3KR (K56/57/
63R) mutant with three N-terminal lysines mutated.
Combination mutations on other portions of RAD51
had no significant effect on RAD51’s ubiquitination in
UCHL3-deficient cells (Fig. 4B), suggesting that the three
lysines at the N terminus of RAD51 are major ubiquitina-
tion sites that are regulated byUCHL3.Wenext generated
singlemutations at these sites and found that a singlemu-
tation did not significantly affect RAD51 ubiquitination
induced byUCHL3 deficiency (Fig. 4C). These results sug-
gested that all three residues at the N terminus of RAD51
are key deubiquitination sites regulated by UCHL3.

Next, we investigated the functional significance of
RAD51 ubiquitination/deubiquitination using wild-type
RAD51 and the 3KR mutant. As shown in Supplemental
Figure S7A, both wild-type RAD51 and the 3KR mutant

promoted D-loop formation in vitro, suggesting that
RAD51 3KR is still active in vitro. Furthermore, wild-
type RAD51 and the 3KR mutant bound equally with
UCHL3, suggesting that RAD51 deubiquitination does
not affect RAD51/UCHL3 interaction (Supplemental Fig.
S7B). As shown in Figure 4D, compared with wild-type
RAD51, the 3KRmutant showed higher basal binding effi-
ciencywith BRCA2. In addition, unlikewild-typeRAD51,
IR treatment could not further increase the interaction be-
tween the 3KRmutant and BRCA2. Furthermore, the 3KR
mutant enhanced the RAD51/BRCA2 interaction in
UCHL3-deficient cells (Supplemental Fig. S7C). Collec-
tively, these results suggest that RAD51 deubiquitination
is critical for the BRCA2–RAD51 interaction. Next, we
examined whether RAD51 deubiquitination regulates its
focus formation. As shown in Supplemental Figure S8A,
wild-type RAD51 forms foci normally in response to
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Figure 4. Deubiquitination of RAD51 by
UCHL3 is important for HR. (A) Control
or UCHL3 knockoutU2OS cells were treat-
ed with 10 Gy of IR. After 1 h, cells were
lysed, and lysates were subjected to immu-
noprecipitation with control IgG or RAD51
antibodies. Blots were probedwith the indi-
cated antibodies. (B,C ) Control or UCHL3
knockout cells were transfected with the
indicated constructs. After 48 h, cells
were lysed under denaturing conditions,
andMyc-RAD51 was immunoprecipitated.
Blots were probed with the indicated anti-
bodies. The loading of immunoprecipitated
RAD51 was equalized. (D) U2OS cells sta-
bly expressing Myc-RAD51 (wild type or
3KR) constructs were treated with 10 Gy
of IR. One hour later, cell lysates were sub-
jected to immunoprecipitation with Myc-
tagged antibodies. Blots were probed with
the indicated antibodies. (E) Control cells
or UCHL3 knockout U2OS cells stably ex-
pressing RAD51 shRNA together with
shRNA-resistant wild-type or 3KR Myc-
RAD51 were treated with IR, and Myc-
RAD51 focus formation was detected by
immunofluorescence. Representative im-
ages are shown in the top panel. Quantifica-
tion of the percentage of cells displaying
foci is shown in the bottom panel. (F ) The
cells shown in E were subjected to DR-
GFP-based HR assay. (G) The sensitivity
of cells shown in E to IR was assessed using
colony formation assay. (E,G) Error bars
represent SEM from three independent ex-
periments. Statistical significance was de-
termined by two-tailed Student’s t-test.
(∗∗) P < 0.01; (n.s.) no significant difference.
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DNA damage. However, the focus formation of wild-type
RAD51was compromised inUCHL3-deficient cells. In con-
trast, the focus formation of the 3KR mutant was normal
in UCHL3-deficient cells in response to DNA damage (Fig.
4E).TheRAD513KRmutantdidnot formfoci in theabsence
of DNA damage (Supplemental Fig. S8B), suggesting no pre-
matureDDR in the absence ofRAD51ubiquitination. Final-
ly, we found that the 3KRmutant but not wild-type RAD51
was able to rescue HR deficiency and radiosensitivity in-
duced by UCHL3 depletion (Fig. 4F,G). These results sug-
gest that deubiquitination of RAD51 by UCHL3 on
Lys56, Lys57, and Lys63 is important for RAD51–BRCA2
interaction, RAD51’s recruitment to DSB sites, andDDR.

Regulation of UCHL3 by DDR signaling

Because UCHL3 promotes RAD51 deubiquitination fol-
lowing DNA damage, we further investigated whether
and how UCHL3 itself is regulated following DNA
damage. ATM and ATR are critical kinases in the
DDR pathway and regulate DNA damage signaling by
phosphorylating and activating downstream signaling
networks. ATM and ATR substrate protein network pro-
teomic data analysis showed that UCHL3may be a poten-
tial ATM/ATR substrate (Matsuoka et al. 2007). To test
whether UCHL3 could be phosphorylated by ATM/
ATR, we examined UCHL3 phosphorylation using an
antibody against the consensus of ATM/ATR phosphory-
lation sites (anti-phospho-SQ/TQ [anti-pSQ/TQ]) follow-
ing DNA damage. As shown in Figure 5A, UCHL3 was
phosphorylated at the SQ/TQ motif following IR treat-
ment, and this phosphorylation was blocked by an
ATM-specific inhibitor (KU55933) and λ phosphatase
treatment. Furthermore, UCHL3 was phosphorylated at
the SQ/TQ motif in ATM+/+ but not ATM−/− cells (Fig.
5B). These results suggest that UCHL3 is phosphorylated
by ATM following DNA damage. Analysis of UCHL3
protein sequence revealed only one SQ/TQ motif: S75.
Mutation of S75 (S75A) abolished the pSQ/TQ signal, sug-
gesting that S75 is a major ATM phosphorylation site fol-
lowingDNA damage (Supplemental Fig. S9A). To confirm
these results, we generated a site-specific antibody against
p-Ser75. As shown in Figure 5C, S75 was phosphorylated
after DNA damage, while the S75A mutation inhibited
DNA damage-induced UCHL3 phosphorylation. These
results suggest that Ser75 is the physiological phosphory-
lation site for ATM in vivo. To further demonstrate a
potential function of UCHL3 phosphorylation, we recon-
stituted UCHL3-deficient cells with wild-type UCHL3 or
the UCHL3 S75A mutant. Re-expression of wild-type
UCHL3 restored RAD51 IRIF, while expression of the
S75A mutant did not (Fig. 5D; Supplemental Fig. S9B).
Furthermore, reconstitution of wild-type UCHL3 but
not the S75A mutant rescued HR-mediated DNA repair
(Fig. 5E). Finally, re-expression of wild-type UCHL3 but
not the S75Amutant was able to reverse hypersensitivity
to IR induced by UCHL3 deficiency (Fig. 5F). Together,
these results suggest that UCHL3 phosphorylation by
ATM is important for RAD51 focus formation, HR, and
radiosensitivity.

Next,we further investigatedhowUCHL3phosphoryla-
tion affects its function.We found that S75Amutation did
not affect the interaction between UCHL3 and RAD51
(Fig. 5G). Because S75 is located in the catalytic domain
of UCHL3, we next examined whether UCHL3 phosphor-
ylation regulates its activation. Wild-type UCHL3 or the
S75Amutantwas reconstituted inUCHL3-deficient cells,
and UCHL3 activity was examined by detecting RAD51
ubiquitination in cells. As shown in Figure 5H, RAD51
ubiquitination was dramatically decreased following IR
treatment in cells reconstituted with wild-type UCHL3
but not in those reconstituted with the S75Amutant, sug-
gesting that UCHL3 phosphorylation is important for
UCHL3’s deubiquitination of RAD51 following DNA
damage. RAD51 ubiquitination was equivalent in un-
damaged cells expressing either wild-type UCHL3 or the
S75A mutant, suggesting that the basal activity of
UCHL3 is not affected by the S75A mutation. To further
test whether UCHL3 phosphorylation is able to activate
UCHL3, we performed a two-step assay. We performed
an in vitro kinase reaction of UCHL3 by ATM followed
by an in vitro deubiquitination assay. Both wild-type
UCHL3 and the S75A mutant could deubiquitinate
RAD51 in vitro, again suggesting a basal deubiquitination
activity of UCHL3 that is not regulated by UCHL3 phos-
phorylation. This also suggests that the S75 mutation
doesnot abolish theUCHL3catalytic activity. Interesting-
ly, wild-type UCHL3 after ATM phosphorylation showed
increased deubiquitination activity, while the S75A mu-
tant did not have this effect (Fig. 5I). These results demon-
strate that UCHL3 phosphorylation by ATM is important
forUCHL3activation followingDNAdamage.Thismech-
anismcanalso account for increasedRAD51deubiquitina-
tion and BRCA2–RAD51 interaction.

The role of UCHL3 in response to PARP inhibition
and irradiation

The DDR pathway is important for DNA repair. In addi-
tion, many studies suggest that the status of the DDR
pathway affects cancer cells’ response to radiation and
chemotherapy. Deficiency in the HR pathway (i.e.,
BRCA1 mutation) renders cells sensitive to cross-linking
agents and PARPi. In contrast, enhanced DNA repair ca-
pability (e.g., RAD51 overexpression in breast cancer) ren-
ders cells resistant to these treatments (Klein 2008). Since
UCHL3 deubiquitinates RAD51 and regulates HR, we
next investigated the role of UCHL3 in cancer. We blotted
for UCHL3 protein levels in normal breast epithelial and
breast cancer cell lines and found that UCHL3 is overex-
pressed in several breast cancer cell lines (Fig. 6A). To ex-
amine whether UCHL3 overexpression can affect patient
response to cancer therapy, we first explored a public data-
base (Kaplan-Meier Plotter, http://kmplot.com; Gyorffy
et al. 2013). Interestingly, we found that increased expres-
sion of UCHL3 correlates with poor survival of breast can-
cer patients (Fig. 6B). We hypothesized that increased
UCHL3 expression in breast cancer cells would increase
DNA repair capability and render cells resistant to cancer
therapy. To test this hypothesis, we generated UCHL3
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knockout MDA-MB-231 and BT549 cell lines (Fig. 6C;
Supplemental Fig. S10A), which highly express UCHL3.
We found that disruption of the UCHL3 gene rendered
both MDA-MB-231 and BT549 cells sensitive to PARPi
(Fig. 6D; Supplemental Fig. S10B). However, knocking

out UCHL3 in RAD51 knockdown cells did not further
sensitize cells to PARPi (Fig. 6D; Supplemental Fig.
S10B). Furthermore, we examined radiosensitivity of
breast cancer cells, as radiation is used as an adjuvant ther-
apy for breast cancer. As shown in Figure 6E, UCHL3
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deficiency rendered MDA-MB-231 cells more sensitive to
IR in parental MDA-MB-231 cells but not in RAD51-de-
pleted cells. Similar results were obtained when we used
BT549 cells (Supplemental Fig. S10C). These results dem-
onstrate that UCHL3 regulates breast cancer cell response
to radiation and chemotherapy in a RAD51-dependent
manner. Conversely, we overexpressed UCHL3 in
UCHL3-low MCF7 cells (Fig. 6F). As shown in Figure 6,
G and H, overexpression of UCHL3 in MCF7 cells ren-
dered cells resistant to radiation and PARPi treatment.
However, overexpression of UCHL3-mediated resistance
to radiation and PARPi was abolished in RAD51-depleted
cells (Fig. 6G,H). Taken together, our results demonstrate
that UCHL3may be a causal factor of cancer cell response
to radiation and chemotherapy.

Discussion

RAD51, a strand exchange protein, is a central player in
HR (San Filippo et al. 2008). The loading of RAD51 to

ssDNA is a critical step during HR and is regulated by
BRCA2 and RAD51 paralogs (RAD51B, RAD51C,
RAD51D, XRCC2, and XRCC3) (Cromie et al. 2001). Re-
cent studies have provided more mechanisms for how
BRCA2 interacts with and affects RAD51 function (Roy
et al. 2012). BRCA2 interacts with RAD51 through two
domains: the BRC repeat domain and C-terminal domain
(Roy et al. 2012). The BRC repeat domain exhibits multi-
ple capacities for RAD51 interaction (Carreira and
Kowalczykowski 2011). Besides facilitating the recruit-
ment of RAD51 to ssDNAand nucleoprotein filament for-
mation (Pellegrini et al. 2002), the BRC repeat domain of
BRCA2 also accelerates RPA displacement from ssDNA
by RAD51 and blocks RAD51 nucleation at dsDNA
(Wooster et al. 1995; Carreira et al. 2009; Shivji et al.
2009). Besides the BRC domain, BRCA2 also interacts
with RAD51 through its C-terminal domain (Davies and
Pellegrini 2007; Esashi et al. 2007). The binding of
RAD51 by the C terminus of BRCA2 is dependent on
CDK activity in a cell cycle-dependent fashion (Esashi
et al. 2005). However, this interaction appears to be
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important for the rapid focus disassembly of RAD51
complexes and mitotic entry (Ayoub et al. 2009). A previ-
ous study also suggested that the interaction between
BRCA2 and RAD51 is regulated by localization, as DNA
damage can induce redistribution of soluble nucleoplas-
mic BRCA2 available for RAD51 binding (Jeyasekharan
et al. 2010). However, whether and how the BRCA2–
RAD51 interaction is regulated following DDR is still un-
clear. We found that, in unstressed cells, ubiquitination of
RAD51 hinders the interaction between BRCA2 and
RAD51. Following DNA damage, a DUB, UCHL3, deubi-
quitinates RAD51 and promotes binding between RAD51
and BRCA2 and the recruitment of RAD51 to DSBs,
which in turn facilitatesHR. This reveals a new regulatory
mechanism for activating RAD51.

Post-translational modification (PTM) of RAD51 is im-
portant for its function inDNA repair and tumor radiosen-
sitivity (Flott et al. 2011; Krejci et al. 2012). For example,
Chk1-mediated phosphorylation of RAD51 has been
shown to be important for efficient HR (Sorensen et al.
2005), while Mec1-mediated phosphorylation of RAD51
is required for its ATPase and DNA-binding activities
(Flott et al. 2011). Phosphorylation of Tyr315 by BCR/
ABL is important for DSB repair and drug resistance, while
phosphorylation of Tyr54 by c-Abl inhibits RAD51 bind-
ing to DNA and its ATP-dependent DNA strand exchange
reaction (Yuan et al. 1998; Slupianek et al. 2011). FBH1-
mediated RAD51 monoubiquitination influences DNA
replication fork stability and plays an important role in
DNA replication stress (Chu et al. 2015). However, the
role of ubiquitination/deubiquitination of RAD51 in
DSBs is unclear. Here, we identified polyubiquitination
of RAD51 as a negative regulatory mechanism not
through the regulation of protein stability but through
the regulation of its interaction with BRCA2. Ubiquitina-
tion/deubiquitination regulates multiple cellular func-
tions in DDR, such as signaling transduction and
proteasome-mediated protein degradation (Jackson and
Durocher 2013; Brown and Jackson 2015). During signal
transduction, it is generally thought that ubiquitination
acts as a dock to mediate protein–protein interaction.
However, ubiquitination-mediated inhibition of protein–
protein interaction is less studied. Recently, it was report-
ed that PALB2 polyubiquitination blocks its interaction
with BRCA1 (Orthwein et al. 2015). Our study suggests
a parallel mode of regulation for the modulation of
BRCA2–RAD51 interaction. We found that polyubiquiti-
nation of the NTD of RAD51 blocks its interaction with
BRCA2. Previous structural studies suggested that both
the NTD and the core domain of RAD51 bind with the
BRC4 domain of BRCA2 (Pellegrini et al. 2002; Conway
et al. 2004; Spies and Kowalczykowski 2006; Nomme
et al. 2010; Scott et al. 2013; Subramanyam et al. 2013).
This interaction between RAD51 and BRCA2 guides posi-
tioning of the BRC4 peptide within a cavity between the
core domain and the NTD, separates the two domains,
and restricts the internal dynamics of RAD51 protomers.
Three amino acids (E42, E59, and E237) within the NTD
and core domains are critical for RAD51–BRCA2 binding.
Our results suggested that three lysine sites (56, 57, and

63) on RAD51 that are close to E59 are deubiquitinated
by UCHL3. The deubiquitination is important for
RAD51–BRCA2 interaction. These results raise a hypoth-
esis that ubiquitination on the three lysine sites may
physically block RAD51–BRCA2 interaction. Alterna-
tively, the ubiquitination may change the structure of
RAD51 and restrict the position of the BRC4 peptidewith-
in the cavity between the core domain and the NTD. Fur-
ther structural studies and conformational analyses of
RAD51 will be necessary to better understand the precise
mechanism. Given that RAD51 3KR can rescue UCHL3
deficiency-induced DDR phenotypes, it suggested that
RAD51 may be the major DDR substrate for UCHL3.

Previous studies suggested that knockout of RAD51 or
BRCA2 in mice leads to embryonic lethality (Lim and
Hasty 1996; Ludwig et al. 1997; Sharan et al. 1997; Suzuki
et al. 1997); however, UCHL3 knockout mice did not
show such a severe phenotype (Kurihara et al. 2000).
One possibility is the adaptive response inmice during de-
velopment. Other factors, such as UCHL1, might com-
pensate for UCHL3, as suggested by Tilghman and
colleagues (Kurihara et al. 2000). The mouse UCHL3 pro-
tein displays 52% identity to its mouse paralog, UCHL1,
and several studies suggest that UCHL3 and UCHL1
have redundant as well as distinct functions in oocyte
and sperm development (Kwon et al. 2004a,b; Mtango
et al. 2012a,b; Yi et al. 2015). Another complimentary pos-
sibility is that, unlike BRCA2/RAD51 knockout, UCHL3
knockout only decreases Rad51 function. The remaining
Rad51 function might be sufficient for normal develop-
ment ofmicewithout external stress. Our results also sug-
gest thatUCHL3 deficiency causesHR defect but does not
affect cell proliferation (Fig. 1D; Supplemental Fig. S1A).
Importantly, when we used MEFs from UCHL3−/− mice,
we were able to show that these cells have defective
DDR in response to external genotoxic stress (Supplemen-
tal Fig. S4A). In the future, more extensive characteriza-
tion of UCHL3 knockout mice, especially under stress,
would be necessary.

Many studies suggest that HR-based DNA repair affects
the outcome of cancer treatment and drug resistance (Hel-
leday 2010). For instance, better response of primary ovar-
ian cancers to platinum-based therapy is correlated with
decreased expression of HR proteins, such as BRCA1 or
FANCF (Taniguchi et al. 2003; Teodoridis et al. 2005),
and mutations in BRCA1 or BRCA2 (Edwards et al. 2008;
Sakai et al. 2008). However, cisplatin resistance in ovarian
cancer cells is correlated with re-expression of FANCF
(Taniguchi et al. 2003) or genetic reversion of BRCA1 or
BRCA2 mutations (Edwards et al. 2008; Sakai et al. 2008;
Swisher et al. 2008). Similarly, high levels of the HR pro-
teinRAD51 in cancer result in enhancedDNArepair capa-
bility, rendering cells resistant to chemotherapy (Klein
2008). We found that UCHL3 is overexpressed in breast
cancer cell lines. Furthermore, overexpression of UCHL3
in breast cancer is correlated with poor survival of breast
cancer patients. In addition, disruption of the UCHL3
gene renders breast cancer cells sensitive to PARPi and ra-
diotherapy. Taken together, our results suggest that
UCHL3 may be a new therapeutic target for overcoming
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resistance to standard therapy, and therapeutic interven-
tions targetingUCHL3may improveoutcome in combina-
tion with existing therapies.

Materials and methods

Cell culture, plasmids, and antibodies

HEK293T, U2OS, and human breast cancer cell lines MDA-MB-
231, MCF7, MDA-MB-439, T47D, and BT549 were purchased
from American Type Culture Collection, and the identities of
all cell lines were confirmed by the medical genome facility at
the Mayo Clinic Center (Rochester, MN) using short tandem re-
peat profiling on receipt. The cell linesweremaintained in the ap-
propriate media with 10% FBS.
HA-FLAG-UCHL3 was purchased from Addgene (plasmid

#22564, provided by Dr. Wade Harper) and subcloned into
pGEX-4T-2 vector (Clontech). UCHL3C94A and S75A mutants
were generated by site-directed mutagenesis (Stratagene).
pCMV-Myc-RAD51 was a gift from Dr. Junjie Chen (University
of Texas MD Anderson Cancer Center).
Anti-UCHL3 antibody was purchased from ProteinTech

(12384-1-AP). Anti-Ub (P4D1), anti-RPA32 (9H8), and anti-
BRCA1 (D9) antibodies were purchased from Santa Cruz Biotech-
nology. Anti-RAD51 (N1C2) was purchased fromGeneTex. Anti-
γH2AX (05-636), anti-BRCA2 (OP95), and anti-MDC1 (05-1572)
were purchased from Millipore. Anti-BRCA2 (A303-435A) and
anti-γH2AX (A300-081A) were purchased from Bethyl Laborato-
ries. Anti-53BP1 (NB100-304) was purchased fromNovus Biolog-
icals. Anti-Flag (m2), anti-HA, and anti-β-actin antibodies were
purchased from Sigma. Anti-phospho-(Ser/Thr) ATM/ATR sub-
strate antibody (2851) was purchased from Cell Signaling Tech-
nology. Anti-PALB2 was a gift from Dr. Bing Xia (Rutgers, The
State University of New Jersey)

CRISPR/Cas9 knockout

For CRISPR/Cas9 knockout of human UCHL3 in BT-549, U2OS,
and MDA-MB-231 cells, the following small guide RNAs
(sgRNAs) were used: sgUCHL3-1 (5′-GCCGCTGGAGGCCAAT
CCCGAGG-3′) and sgUCHL3-2 (5′-GCCCCGAAGCGCGCCC
ACCTCGG-3′). The gRNA sequenceswere cloned into the vector
LentiCRISPR-V2-puro. Cells were infected with Lenti-UCHL3-
sgRNA-puro followed by extensive selection with 2 μg/mL puro-
mycin, and single colonies were obtained by serial dilution and
amplification. Clones were identified by immunoblotting with
anti-UCHL3 antibody and were verified by DNA sequencing.

Recombinant protein expression and pull-down assay

To construct the plasmids that express His-RAD51 and GST-
UCHL3 proteins, the coding sequences of RAD51 and UCHL3
were subcloned into pET-32a and pGEX-4T-2. To produce recom-
binant proteins, each expression construct was transformed into
E. coli BL21 (DE3). In brief, bacteria were cultured in LB medium
at 37°C to reach 1.2 (OD600) and cooled for 30 min on ice. The
cells were then continuously cultured for 15 h at 18°C after add-
ing 0.8 mM isopropyl-b-D-thiogalactopyranoside (IPTG). Cells
were then harvested and lysed by sonication. The cell lysates
were centrifuged at 16,000g for 30min, and the resulting superna-
tants were incubatedwithHisMag SepharoseNi (GEHealthcare)
to purify His-RAD51 proteins and GSH beads (Promega) to purify
GST or GST-UCHL3 proteins, respectively. The proteins were
then purified according to the manufacturer’s instructions.

For the in vitro GST-UCHL3 pull-down assay, 50 µg of recom-
binant GST and GST-UCHL3 proteins bound to GSH beads was
blocked by 5% BSA for 2 h at 4°C followed by incubation with
50 µg of His-UCHL3 for an additional 2 h at 4°C. The beads
were then washed five times with NETN buffer with different
salt concentration. The bound proteins were eluted by 1× SDS-
PAGE buffer with heating for 10min at 95°C. His-RAD51was de-
tected by amonoclonal anti-His antibody (MBL Life Science), and
GST-UCHL3 was stained by Coomassie blue.

Denatured deubiquitination assay in vivo and deubiquitination
assay in vitro

For the in vivo deubiquitination assay, control U2OS cells,
UCHL3 knockout U2OS cells, or UCHL3 knockout U2OS cells
stably expressing HA-UCHL3 wild-type or mutant Cys95 to Ala
(CA mutant) were lysed in 120 μL of 62.5 mM Tris-HCl (pH
6.8), 2% SDS, 10% glycerol, 20 mM NEM, and 1 mM iodoaceta-
mide; boiled for 15 min; diluted 10 times with NETN buffer
containing protease inhibitors, 20 mMNEM, and 1 mM iodoace-
tamide; and centrifuged to remove cell debris. The cell extracts
were subjected to immunoprecipitation with the indicated anti-
bodies and blotted with anti-Ub antibody.
For the preparation of a large amount of ubiquitinated proteins

as the substrate for the in vitro deubiquitination assay, HEK293T
cells were transfected together with theMyc-RAD51 and His-Ub
expression vectors. Ubiquitinated proteinswere purified from the
cell extracts with His beads in a denatured condition. Next, the
Ub-RAD51 proteins were purified from the cell extracts with
anti-Myc-agarose beads in lysis buffer (50 mM Tris-HCl at pH
7.8, 137 mM NaCl, 10 mM NaF, 1 mM EDTA, 1% Triton X-
100, 0.2% Sarkosyl, 1 mM DTT, 10% glycerol, fresh proteinase
inhibitors). The recombinant GST-UCHL3 and UCHL3 CA
were expressed in BL21 cells and purified following the standard
protocol. For the deubiquitination assay in vitro, ubiquitinated
proteinswere incubatedwith recombinantUCHL3 in a deubiqui-
tination buffer (50 mM Tris-HCl at pH 8.0, 50 mM NaCl, 1 mM
EDTA, 10 mM DTT, 5% glycerol) for 4 h at 30°C.

ChIP

Induction of a single DSB in U2OS DR-GFP cells was performed
through transfection of the I-SceI expression plasmid. Twenty-
four hours after transfection, cells were fixed with 1% formalde-
hyde for 10 min at room temperature to cross-link proteins to
DNA. Glycine (0.125 M) was added for 5 min to stop the cross-
linking. Cells were harvested, and the pellets were resuspended
in cell lysis buffer (5 mM PIPES [KOH] at pH 8.0, 85 mM KCl,
0.5% NP-40) with 1 μg/mL leupeptin, 1 μg/mL aprotinin, and 1
mM PMSF. Nuclei were pelleted by centrifugation at 2,000g for
5 min. Nuclei were then resuspended in nuclear lysis buffer (50
mM Tris at pH 8.1, 10 mM EDTA, 1% SDS with1 μg/mL leupep-
tin, 1 μg/mL aprotinin, 1 mM PMSF) and sonicated to shear chro-
matin to an average size of 0.6 kb. The lysates were precleared
overnight with salmon sperm DNA/protein-A agarose slurry.
Ten percent of each supernatant was used as input control and
processed with the cross-linking reversal step. The rest of the su-
pernatant was incubated with 5 μg of the indicated antibody over-
night at 4°C. The beads werewashed four times: once in high-salt
buffer (50 mM Tris-HCl at pH 8.0, 500 mM NaCl, 0.1% SDS,
0.5% deoxycholate, 1%NP-40, 1 mMEDTA), once in LiCl buffer
(50mMTris-HCl at pH 8.0, 250mMLiCl, 1%NP-40, 0.5% deox-
ycholate, 1 mM EDTA), and twice in TE buffer (10 mM Tris-HCl
at pH 8.0, 1 mM EDTA, pH 8.0). Beads were then resuspended in
elution buffer (1% SDS, 0.1MNaHCO3) and rotated for 20min at
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room temperature. Eluted samples were incubated with 0.2 M
NaCl overnight at 65°C to reverse cross-link. The samples were
incubated with RNase A for 30 min at 37°C followed by protein-
ase K for 1 h at 37°C. DNAwas then purified using PCR Cleanup
kit and used for quantitative PCR analysis. The PCR primers for
ChIP, ∼220 base pairs away from the I-SceI cut site, were as fol-
lows: forward, 5′-GAGCAAGGGCGAGGAGCTGT -3′; and re-
verse, 5′-CCGTAGGTCAGGGTGGTCAC-3′.

HR assay

We generated control or UCHL3 knockout U2OS DR-GFP cell
lines by the CRISPR system using the U2OS DR-GFP cells from
Dr. Maria Jasin (Memorial Sloan Kettering Cancer Center). I-
SceI expression vector (pCBA-I-SceI) was transfected into the
cells. Cells were harvested 2 d after I-SceI transfection and sub-
jected to analysis using flow cytometry to examine recombina-
tion induced by I-SceI digestion. The parallel transfection with
pEGFP-C1 was used to normalize for transfection efficiency.

Statistics

For the cell survival assay and HR assay, data are presented as the
mean ± SEM of three independent experiments. For the focus for-
mation assay, data are presented as themean ± SEMof three inde-
pendent experiments. More than 200 cells were counted per
experiment. Statistical analyses were performed with the Stu-
dent’s t-test, ANOVA, or log-rank test. Statistical significance is
represented in figures by one asterisk for P < 0.05 and two aster-
isks for P < 0.01.
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