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Chromatin connects DNA damage response factors to sites of damaged DNA to promote the signaling and repair of
DNA lesions. The histone H2A variants H2AX, H2AZ, and macroH2A represent key chromatin constituents that
facilitate DNA repair. Through proteomic screening of these variants, we identified ZMYM3 (zinc finger, myelo-
proliferative, and mental retardation-type 3) as a chromatin-interacting protein that promotes DNA repair by ho-
mologous recombination (HR). ZMYM3 is recruited to DNA double-strand breaks through bivalent interactions
with both histone and DNA components of the nucleosome. We show that ZMYM3 links the HR factor BRCA1 to
damaged chromatin through specific interactions with components of the BRCA1-A subcomplex, including ABRA1
andRAP80. By regulatingABRA1 recruitment to damaged chromatin, ZMYM3 facilitates the fine-tuning of BRCA1
interactions with DNA damage sites and chromatin. Consistent with a role in regulating BRCA1 function, ZMYM3
deficiency results in impaired HR repair and genome instability. Thus, our work identifies a critical chromatin-
binding DNA damage response factor, ZMYM3, whichmodulates BRCA1 functions within chromatin to ensure the
maintenance of genome integrity.

[Keywords: ZMYM3; chromatin; BRCA1-A complex; homologous recombination; DNA repair; DNA damage response]

Supplemental material is available for this article.

Received October 21, 2016; revised version accepted January 30, 2017.

Our genetic information is vulnerable to DNA damage,
including by replication and exogenous agents. An inabil-
ity to repair DNA lesions can lead to mutations, chromo-
some rearrangements, and DNA double-strand breaks
(DSBs) that can threaten cellular homeostasis due to ge-
nome instability and oncogenic transformation (Aplan
2006; Jackson and Bartek 2009; Ciccia and Elledge 2010).
Cells combat these genomic insults through the use of
DNA damage response (DDR) pathways (Ciccia and
Elledge 2010). For example, DNA DSBs, one of the most
deleterious forms of DNA damage, trigger a cascade of
events, including localization of DDR factors to sites of
lesions, signaling that activates cell cycle checkpoints,
and regulation of DNA repair activities. DNA DSBs are
primarily repaired by two major pathways: homologous
recombination (HR) and nonhomologous end-joining
(NHEJ) (Jackson and Bartek 2009). HR preferentially re-

pairs DSBs in S and G2 phases of the cell cycle, as it
uses a template for repair to ensure genome integrity. Al-
ternatively,NHEJ is a process bywhich twoDNAends are
ligated directly at the site of DNA breakage without the
engagement of a template, making the process potentially
mutagenic (Lieber et al. 2010).

DNA damage recognition, signaling, and repair occur
within chromatin (Kim et al. 2007b; Polo and Jackson
2011). Chromatin is composed of nucleosomes con-
sisting of DNA wrapped around histone octamers (Luger
et al. 1997). Chromatin structure and dynamics regulate
DNA templated cellular processes, including transcrip-
tion, replication, and DNA repair (Kouzarides 2007).
Chromatin structure and function can be modulated by
several mechanisms, including histone post-translational

Corresponding author: kyle.miller@austin.utexas.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.292516.116.

© 2017 Leung et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After
six months, it is available under a Creative Commons License (At-
tribution-NonCommercial 4.0 International), as described at http://creati-
vecommons.org/licenses/by-nc/4.0/.

260 GENES & DEVELOPMENT 31:260–274 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/17; www.genesdev.org

mailto:kyle.miller@austin.utexas.edu
mailto:kyle.miller@austin.utexas.edu
mailto:kyle.miller@austin.utexas.edu
mailto:kyle.miller@austin.utexas.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.292516.116
http://www.genesdev.org/cgi/doi/10.1101/gad.292516.116
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml


modifications (PTMs), to promote DSB repair. UponDNA
damage, core histones become modified by several types
of PTMs, including phosphorylation, acetylation, methyl-
ation, and ubiquitylation (Miller and Jackson 2012). DSB
repair uses modifications within chromatin to both pro-
mote repair and regulate DSB repair pathway choice. For
example, the E3 ubiquitin (Ub) ligase RNF168 ubiquity-
lates H2A on Lys15 after DNA damage. 53BP1, a repair
factor that inhibits HR by antagonizing DNA end resec-
tion, binds to both H4K20me2 and H2A-Ub at damaged
chromatin (Wilson et al. 2016). On the other hand, the
E3 Ub ligase BRCA1 ubiquitylates H2A on K127 and
K129 to promote HR repair (Kalb et al. 2014). At least
four BRCA1-containing complexes have been identified to
form ionizing radiation (IR)-induced foci (IRIFs), including
BRCA1-A (RAP80/UIMC1, ABRA1/Abraxas/CCDC98,
BRCC36, MERIT40/ NBA1, and BRE/BRCC45), whose
IRIF formation is regulated by histone ubiquitylation bind-
ing by RAP80 (Wu et al. 2009; Li and Greenberg 2012).
Tight regulation of these BRCA1 complexes maintains op-
timal levels ofHR-mediatedDSB repair. Imbalance of these
complexes leads to chromosomal instability and tumori-
genesis, including breast and ovarian cancer. The biological
importance of the interplay between these pathways in
both the DDR and cellular function is highlighted by the
finding that deletion of 53BP1 rescues embryonic lethality
in BRCA1-deficient mice (Cao et al. 2009; Bouwman et al.
2010; Bunting et al. 2010). Thus, modified chromatin is
an integral component of DSB repair that maintains a
critical balance between different DSB repair pathways
that inhibit cancer and promote genome integrity.
Variants of histone H2A also act as key epigenetic com-

ponents of chromatin that impact mechanisms that gov-
ern both genome and epigenome stability. For example,
the histone H2A variant H2AX is phosphorylated on
Ser139 (γH2AX) in response to DNA damage, including
IR. γH2AX flanks chromosomal DSBs and forms micro-
scopically visible IRIFs (Rogakou et al. 1998, 1999; Stucki
and Jackson 2006), which generally serve as beacons to
signal the presence of DSBs. A number of DNA repair fac-
tors have been shown to form IRIFs and colocalize with
γH2AX. Many of them act downstream from H2AX, in-
cluding MDC1, 53BP1, the MRN complex (MRE11,
RAD50 and NBS1), and BRCA1 (Paull et al. 2000; Celeste
et al. 2002, 2003). H2AX participates in both NHEJ and
HR (Celeste et al. 2002; Xie et al. 2004; Sonoda et al.
2007; Helmink et al. 2011; Zha et al. 2011), and H2AX
knockoutmice and human cells lacking H2AX exhibit ge-
nomic instability and defects in the DDR pathway (Ce-
leste et al. 2002, 2003; Bassing et al. 2003; Bogliolo et al.
2007; Chen et al. 2013). Thus, H2AX serves as a principal
example for how histone modifications and variants play
essential roles in attracting histone modification reader
proteins to chromatin to facilitate DNA repair (Kouzar-
ides 2007; Taverna et al. 2007). In addition to H2AX, re-
cent reports have also shown that other H2A variants,
including H2AZ and macroH2A, are involved in regulat-
ing DNA repair (Xu et al. 2012a, b; Khurana et al. 2014).
MacroH2A is recruited to DNA damage, where it com-
pacts chromatin and promotes BRCA1 recruitment and

DSB repair by HR (Xu et al. 2012a; Khurana et al. 2014).
Thus, H2Avariants represent criticalmediators of DSB re-
pair within chromatin.
To identify novel chromatin-interacting DDR factors,

we purified histone H2A variant complexes and identified
their interacting proteins by mass spectrometry (MS).
DNA damage localization and repair screens identified
several new DNA damage factors, including ZMYM3
(zinc finger [ZNF],myeloproliferative, andmental retarda-
tion-type 3), a novel histone- and DNA-binding protein
that uses these bivalent chromatin interactions to associ-
ate with DNA damage to facilitate the repair of DSBs. The
recruitment of ZMYM3 requires the BRCA1-A complex,
which together regulate BRCA1 localization on damaged
chromatin to promote DNA repair by HR. Consistent
with a role in HR repair, cells deficient for ZMYM3 exhib-
it genome instability, PARP inhibitor sensitivity, and an
inability to survive in the presence of DSBs. Taken togeth-
er, our data identified ZMYM3 as a new chromatin-inter-
acting DDR factor that links the BRCA1-A complex to
BRCA1 on chromatin, which acts to regulate the opposing
activities of these factors to coordinate productive HR re-
pair of DSBs.

Results

Identification of ZMYM3 as a chromatin-interacting
factor involved in DSB repair

Histone H2A variants play a central role in orchestrating
DDR activities within chromatin. Consistent with this
notion, we observed a reduced ability of cells to perform
DSB repair by HR in H2AX- andmacroH2A-depleted cells
(Supplemental Fig. S1A, siRNA knockdown efficiency
and cell cycle profiles shown in B,C), which is consistent
with previous reports (Xie et al. 2004, 2007; Khurana et al.
2014). To better understand how HR repair occurs within
chromatin, we sought to identify new chromatin-interact-
ing factors that participate in theDDR.Given that histone
H2A variants are keymodulators of DNA repair and chro-
matin components, we performed tandem affinity purifi-
cations (TAPs) followed by MS for H2AX, H2AZ, and
macroH2A histone H2A variants as a means to identify
DDR factors that function within chromatin. From these
data, we eliminated general contaminants as well as any
protein identified in all three samples to remove general
chromatin-bound proteins. We then compiled a list of
the top 10 putative protein interactors for each H2A vari-
ant (Fig. 1A; Supplemental Fig. S1D; Supplemental Table
1). These results identified a number of known H2A vari-
ant-interacting proteins. For instance, MDC1 and 53BP1
were the top hits in our MS data for H2AX, which con-
firms the reported interactions between H2AX and these
DDR factors (Lee et al. 2005; Stucki et al. 2005; Fradet-
Turcotte et al. 2013). In addition, analysis of these puta-
tive interacting proteins by Search Tool for the Retrieval
of InteractingGenes/Proteins (STRING) database analysis
(http://string.embl.de) revealed direct protein interaction
networks for each of the three histone H2A variants (Sup-
plemental Fig. S1E). Collectively, these results validated
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our approach for identifying chromatin-interacting fac-
tors, including those previously reported to act through
these histone H2A variants.

Considering that depletion of H2AX or macroH2A re-
sulted in deficient HR, we performed a secondary screen
of all putative chromatin-interacting proteins using the
DR-GFP HR assay. From this screen, we detected a subset
of genes that displayed defects in HR efficiency when de-
pleted by siRNA (Fig. 1B; Supplemental Table 2). For can-
didates with the most prominent HR deficiencies, we
analyzed the expression of the HR factor RAD51 to rule
out siRNA off-target effects, which can occur following
siRNA treatments (Supplemental Fig. S1F; Adamson
et al. 2012). Since RAD51 levels were not reduced under
these conditions, we next performed an additional assay
on these positive hits to test their DNA damage recruit-
ment, an ability shared by many DDR factors. We exclud-
ed well-studied DDR factors, including MDC1, 53BP1,
and SRCAP, as well as several proteins that we were un-

able to tag with GFP (e.g., ARID1A, ARID1B, EP400, and
KDM2A). This analysis from 19 putative hits revealed
thatmost proteins tested were not recruited to DNA dam-
age (Supplemental Fig. S1G). However, in addition to the
previously reported DDR protein RSF1 (Adamson et al.
2012; Helfricht et al. 2013), we identified two previously
unreported proteins, ZMYM3 and ARID5B, which are re-
cruited to DNA damage sites (Fig. 1C). From streptavidin
pull-down assays, we detected a robust interaction be-
tween chromatin and stably expressed SFB-ZMYM3
(Fig. 1D). We did not detect any interaction between
ZMYM3 and H2AZ or H2A.Bbd, suggesting that
ZMYM3 may interact specifically with the histone
H2A/H2AX and moremodestly with macroH2A-contain-
ing chromatin (Fig. 1D). These results demonstrated that
ZMYM3 is a chromatin-associated factor that promotes
repair of DSBs by HR.

ZMYM3 promotes genome stability

Our initial characterization of ZMYM3 showing that it
interacts with chromatin, is DNA damage-associated,
and is required for efficient HR repair led us to focus our
analysis on ZMYM3. ZMYM3 is reported to associate
with a histone deacetylase complex and is found as a chro-
mosomal translocation partner implicated in X-linked
mental retardation (van der Maarel et al. 1996; Hakimi
et al. 2003). Our results suggested that ZMYM3 is also
involved in the DDR. Indeed, we observed rapid recruit-
ment of GFP-tagged and endogenous ZMYM3 to
γH2AX-marked laser-induced DSB sites (Figs. 1C, 2A,B).
To investigate further the involvement of ZMYM3 in
the DDR, we generated ZMYM3 knockout cells in
U2OS cells by CRISPR–Cas9 (Supplemental Fig. S2A,B).
ZMYM3 knockout cells have normal cell cycle profiles
compared with parental cells containing ZMYM3 (Sup-
plemental Fig. S2C). In response to DNA damage, cells
activate checkpoints to halt cell cycle progression and
promote repair of the damaged DNA. ZMYM3 knockout
cells failed to regulate the cell cycle checkpoints, as an
increase in mitotic cells after DNA damage was observed
in cells lacking ZMYM3 compared with control cells
(Fig. 2C; Supplemental Fig. S2C). Consistent with the
notion of ZMYM3 functioning in the DDR, ZMYM3
knockout cells exhibited persistent γH2AX signaling
and a preponderance of chromosome breaks and aberra-
tions in mitosis after DNA damage (Fig. 2D–F). To further
investigate the involvement of ZMYM3 in DNA damage
signaling, we treated ZMYM3 knockout cells with camp-
tothecin (CPT), a TOP I inhibitor that results in DSBs in
S phase. In ZMYM3 knockout cells, we observed reduced
Chk1 and RPA2 phosphorylation compared with wild-
type cells after CPT treatment (Fig. 2G). Given that these
signaling events are triggered by ssDNA production at
DSBs, these results suggested that ZMYM3 might partic-
ipate in DNA end resection. Taken together, our data
demonstrated a requirement of ZMYM3 in maintaining
genome integrity, which further highlighted its relevance
in the DDR.

Figure 1. Identification of chromatin proteins involved in DNA
DSB repair via HR. (A) Table of the top 10 proteins by peptide
counts identified from histone H2AX variant TAP-MS samples.
Proteins in red indicate known interactors. (B) HR screen of puta-
tive H2A variant-interacting proteins from A and Supplemental
Figure S1D. HR efficiencies were obtained in cells transfected
with siRNAs targeting all individual genes from B and analyzed
as in A. CtIP and BRCA1 acted as positive controls. Data repre-
sent mean ± SD. n = 3. (C ) Recruitment of GFP-tagged proteins
to laser damage. Cells expressing the indicated GFP-tagged pro-
teins were damaged and analyzed 15 min after damage by confo-
cal microscopy. Dotted red lines indicate the laser path. (D)
ZMYM3 interactions with H2A and its variants. Streptavidin
pull-down of SFB-ZMYM3 was performed in HEK293T cells fol-
lowed by Western blotting analysis. Flag detected SFB-ZMYM3,
and endogenous core histone H2A and its variants were detected
with specific antibodies. (∗) P < 0.05; (∗∗) P < 0.01 versus the same
treatment with control cells, Student’s t-test.
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ZMYM3 recruitment is H2AX-dependent

Since we observed an interaction between ZMYM3 and
H2AX and noted that DNA damage-related defects were
similar in cells lacking either ZMYM3 or H2AX, we hy-
pothesized that H2AX could directly regulate ZMYM3
damage recruitment. We first confirmed that ZMYM3 in-
teracts with chromatin and that endogenous ZMYM3
is exclusively in the chromatin fraction (Fig. 3A; Supple-
mental Fig. S3A), although its chromatin association ap-
peared to be DNA damage-independent (Fig. 3B). To
better understand ZMYM3 interactions with chromatin,
we generated a series of ZMYM3deletionmutants accord-
ing to its domain organization. ZMYM3 is a 1370-amino-
acid protein containing 10 tandem ZNF domains along
with a domain of unknown function, DUF3504 (Fig. 3C).
N-terminal deletion of ZMYM3 abolished its interaction
with chromatin and H2A/H2AX, while other deletions,
including ZNF or DUF3504, did not alter this interaction
(Fig. 3D). TheN-terminal 300 amino acids (i.e., N-term) of
ZMYM3 were sufficient for interactions with chromatin
andH2A/H2AX (Fig. 3E). These results identify the region
of ZMYM3 responsible for its interactions with chroma-
tin. We next sought to test the functional importance of
the ZMYM3 N terminus in the DDR. Deletion of this re-
gion greatly reducedZMYM3 accumulation toDNAdam-

age (Fig. 3F). These data suggested that chromatin binding
via interactions with H2A/H2AX could facilitate
ZMYM3 interactions with damaged chromatin. To fur-
ther analyze the involvement of H2AX in ZMYM3 re-
cruitment to DSBs, we generated U2OS cells devoid of
H2AX (Supplemental Fig. S3B). Consistent with the iden-
tification of ZMYM3 as a chromatin-interacting protein,
ZMYM3 recruitment to DNA damage was greatly re-
duced in H2AX knockout cells (Fig. 3G, quantified in H).
These effects were specific to H2AX, as reconstitution
of these cells with H2AX rescued ZMYM3 accumulation
at damage sites. Reintroduction of H2AX-S139A, unlike
wild-type H2AX, in H2AX knockout cells (Supplemental
Fig. 3C) did not restore the ability of ZMYM3 to associate
with damage sites, suggesting that DDR signaling as well
as chromatin binding are required to promote ZMYM3 re-
cruitment to damage sites (Fig. 3G, quantified in H).

ZMYM3 binds to dsDNA

To evaluate any potential biological activity associated
with ZMYM3, we performed a protein domain analysis
using the protein homology/analogy recognition engine
(Phyre2; http://www.sbg.bio.ic.ac.uk/phyre2). This analy-
sis identified an evolutionarily conserved sequence with-
in amino acids 300–330 of ZMYM3 that resembled a

Figure 2. ZMYM3 localizes to DNA damage and pro-
motes genome stability. (A) ZMYM3 localizes to DNA
damage. Live imaging by confocal microscopy of GFP-
tagged ZMYM3 following laser-induced DNA damage.
(B) Endogenous ZMYM3 accrual at DNA damage sites.
Cells were damaged as inA and analyzed by immunoflu-
orescence 1 h after damage with anti-ZMYM3 antibod-
ies. γH2AX marks DNA damage sites. (C,D) ZMYM3
knockout cells exhibit defective checkpoint activation
and signaling following DNA damage. Cells were dam-
aged with IR followed by FACS analysis with anti-H3
pS10 and propidium iodide to identify mitotic cells.
Data represent mean ± SD. n = 3. For D, cells were IR-
treated with the indicated dose and analyzed by Western
blotting with the indicated antibodies 3 h after IR. (E,F )
ZMYM3 knockout cells exhibit chromosome defects fol-
lowing DNA damage. Cells were either untreated or
treated with IR and analyzed by metaphase spreads. Ex-
amples of chromosome aberrations are shown in E.
Quantification of data from E in F. Data were the average
of three independent experiments. Mean ± SD. n = 3. (G)
ZMYM3 knockout cells displayed DNA damage signal-
ing defects following CPT treatment. Samples from
CPT treatments were analyzed by Western blotting
with the indicated antibodies 1 h after treatment. (∗∗) P
< 0.01; (∗∗∗) P < 0.001 versus same treatment with control
cells, Student’s t-test.
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potential DNA-binding motif (Fig. 4A). To test whether
ZMYM3 binds to DNA, we purified bacterially expressed
MBP-tagged ZMYM3 N-terminal fragments (amino ac-
ids 1–300 and amino acids 1–330) and performed electro-
mobility shift assays (EMSAs). The ZMYM3 amino
acids 1–330, unlike the amino acids 1–300 fragment,
readily bound dsDNA and, to a lesser extent, ssDNA
(Fig. 4B; Supplemental Fig. S3D). These results mapped
the dsDNA-binding capabilities of ZMYM3 to amino ac-
ids 300–330. ZMYM3 showed a high binding affinity to-
ward dsDNA regardless of whether the target DNA was
linear or circular, revealing a lack of binding preference to-
ward DNA ends (Fig. 4B). We noted that the chromatin-
binding region in ZMYM3 is adjacent to this DNA-bind-
ing domain (Fig. 4C). This region also showed binding to
H2A/H2AX but not H2AZ reconstituted nucleosomes
(Fig. 4D; Supplemental Fig. S3E). Interestingly, ZMYM3
did not show binding to free histones (Supplemental Fig.
S3F). These results revealed that ZMYM3 interacts with
H2A/H2AX in the context of the nucleosome.

Wenext investigatedwhetherZMYM3chromatin- and/
or DNA-binding regions are required for its recruitment to
DNA damage. Deletion of the DNA-binding domain
(Δ300–330) of ZMYM3 reduced its ability to accumulate
at DNA damage sites (Fig. 4E, quantified in F). Deletion
of the ZMYM3 DNA-binding, chromatin, and H2A/
H2AX-interacting region (Δ270–330) further reduced
ZMYM3 recruitment to DNA damage sites. These data
suggest that ZMYM3 uses both chromatin and DNA
binding to achieve maximal associations with damaged
chromatin (Fig. 4E,F).

ZMYM3 interacts with the BRCA1-A subcomplex

To gain further insights into the function of ZMYM3 in
the context of theDDR,we performed a proteomic screen.
From our MS results of tandem affinity-purified SFB-
tagged ZMYM3, we copurified several known ZMYM3-
interacting complexes, including NuRD, BHC, ZMYM2,
and ZMYM4 (Fig. 5A; Hakimi et al. 2003). Consistent
with our identification of ZMYM3 as a chromatin-inter-
acting protein, we observed H2A, H2AX, and macroH2A
in our MS results for ZMYM3. We also identified RAP80
and BRE, which belong to the BRCA1-A DNA repair com-
plex associated with ZMYM3 (Fig. 5A). These MS results
were validated, as ZMYM3 interacted with RAP80, BRE,
and ABRA1 in streptavidin pull-down experiments (Fig.
5B). Interactions between ZMYM3 and other members
of the BRCA1-A complex, including MERIT40 and
BRCC36, were not observed, suggesting that ZMYM3 as-
sociated specifically with a BRCA1-A subcomplex. To
rule out overexpression effects, we confirmed these inter-
actions with endogenous ZMYM3, RAP80, and ABRA1
(Fig. 5C). Nevertheless, these interactions were DNA
damage-independent (Supplemental Fig. S4A).

We next sought to map these interactions within
ZMYM3 and the BRCA1-A complex. Using deletion mu-
tants of ZMYM3, we identified the C terminus of
ZMYM3 as the interaction region for RAP80 and
ABRA1, while the N terminus is required to interact
with BRE (Fig. 5D,E; Supplemental Fig. S4B). The C termi-
nus of ZMYM3 contains a DUF3504 domain, which is
found in only six eukaryotic genes, including ZMYM2

Figure 3. H2AX is required for ZMYM3 recruit-
ment to DSBs. (A,B) Endogenous H2AX and
ZMYM3 interact independently from DNA dam-
age. Interactions of endogenous proteins were per-
formed by immunoprecipitation and Western
blotting, as indicated. IR treatment (10 Gy for 3
h). (C ) Schematic diagram of ZMYM3 domain or-
ganization and deletion constructs. (D,E) The N
terminus of ZMYM3 is necessary and sufficient
for chromatin binding. Interactions between
H2AX and ZMYM3were analyzed by streptavidin
pull-down assays in HEK293T cells. Detection of
endogenous H2AX was performed by Western
blotting. (F ) The N terminus of ZMYM3 is re-
quired for damage recruitment. Quantification of
ZMYM3 andN-terminal deletionGFP-tagged pro-
tein recruitment to laser-induced DSBs were per-
formed. Data represent mean ± SEM. n≥ 10. (G)
H2AX promotes ZMYM3 accumulation at dam-
age sites. Representative images of GFP-ZMYM3
laser-induced DSB recruitment in U2OS and
H2AX knockout were analyzed. Note that expres-
sion ofH2AXwild type, but notH2AX-S139A, res-
cues ZMYM3 recruitment to DNA damage in
H2AX knockout cells. (H) Quantification of G.
Mean ± SEM. n≥ 6. (∗∗∗) P < 0.001 versus same
treatment with control cells, Student’s t-test.
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and ZMYM4, which belong to the same family as
ZMYM3 and share the same domain organization (Sup-
plemental Fig. S4C; Kojima and Jurka 2011). Based on
these findings, we tested whether ZMYM2 or ZMYM4 in-
teracts with the BRCA1-A complex but did not observe
any interaction with RAP80, suggesting unique ZMYM3
binding to this complex (Fig. 5F). Consistentwith these re-
sults, the RAP80-binding region of ZMYM3 is not well
conserved in ZMYM2 or ZMYM4 (Supplemental Fig.
S4D). We identified a single nucleotide mutation, nucleo-
tide 3821 G >A p.R1274Q of ZMYM3, in COSMIC (Cata-
logue Of Somatic Mutations in Cancer), which falls
within the RAP80 interaction domain within the highly
evolutionarily conserved DUF3504 domain (Supplemen-
tal Fig. S4E). Recapitulation of this ZMYM3 mutation
completely abolished its interaction with RAP80, which
highlights the potential importance of this region in the
DDR (Supplemental Fig. S4F). GFP-ZMYM3 R1274Q dis-
played increased cytoplasmic staining while still retain-
ing its normal nuclear localization (Supplemental Fig.
S4G). We observed that the damage recruitment of GFP-
ZMYM3 R1274Q was greatly reduced (Supplemental
Fig. S4G,H). We further mapped the ZMYM3-binding re-
gion of RAP80 to its ABRA1-interacting region (AIR),

which was specifically required for ZMYM3 binding,
while the Ub interaction motif (UIM) and ZNF regions
were dispensable (Fig. 5G,H). These interactions appeared
to be direct, as the purified bacterially expressed ZMYM3
C terminus interacted with the RAP80 AIR domain and
ABRA1 as determined by in vitro protein interaction as-
says (Supplemental Fig. S4I). In addition to the ΔN (Fig.
3F), Δ300–330 (DNA-binding domain), and Δ270–330
(chromatin-binding domain deletion) (Fig. 4E,F), other
ZMYM3 deletionmutants also showed reduction in dam-
age recruitment (Fig. 5I,J). Of these mutants, deletion of
the C terminus exhibited the most severe defect in re-
cruitment to the DNA damage site (Fig. 5I,J). Taken to-
gether, these data suggest that ZMYM3 contains several
domains important for its DDR functions and that this
protein interacts with the BRCA1-A subcomplex, includ-
ing RAP80, ABRA1, and BRE (interactions summarized in
Supplemental Fig. S4J).

ZMYM3 regulates ABRA1 and BRCA1 recruitment to
DSBs

Since ZMYM3 binds several factors within the BRCA1-A
complex, we considered that ZMYM3 participates in the

Figure 4. ZMYM3 binds histones and
DNA to facilitate damage recruitment. (A)
The ZMYM3 DNA-binding domain and
its conserved alignment across various spe-
cies. Schematic diagram of the ZMYM3
domain structure; the deletion mutants
used are indicated. (B) ZMYM3 binds
dsDNA independently from DNA ends.
MBP-ZMYM3 fragments were expressed,
purified, and analyzed by EMSA on dsDNA
probes with (left panel) and without (right
panel) DNA ends (see the Materials and
Methods). (C ) ZMYM3 interactions with
chromatin and DNA occur through sepa-
rate, independent domains. Streptavidin
pull-down assay of SFB-ZMYM3 N-termi-
nal fragments stably expressed in
HEK293T were performed followed by
Western blot analysis of endogenous
H2AX. (D) ZMYM3 interacts with H2A- or
H2AX-containing nucleosomes. In vitro re-
constituted nucleosomes were incubated
with MBP-ZMYM3 fragments followed by
Western blot analysis. (E,F ) ZMYM3 chro-
matin and DNA-binding domains contrib-
ute to DNA damage interactions.
Representative images of damage recruit-
ment analysis of GFP-tagged ZMYM3 and
derivativemutants inU2OScells.Accumu-
lation ofZMYM3atdamage sites fromE are
quantified in F. (∗∗∗) P < 0.001 versus same
treatment with control cells, Student’s t-
test.
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DDR via these interactions. RAP80 is recruited to DNA
damage and regulates the accumulation of BRCA1 and
other BRCA1-A factors at damaged DNA (Kim et al.
2007a; Sobhian et al. 2007; Wang et al. 2007). We did not
observe a significant difference in the ability of RAP80

to form IRIFs in ZMYM3 knockout cells (Fig. 6A; Supple-
mental Fig. S5A). In contrast, ABRA1 accumulation at
damage sites was reduced in ZMYM3 knockout cells
and abolished in both RAP80 and H2AX knockout cells
(Fig. 6B; Supplemental Fig. S5B, knockout of RAP80

Figure 5. ZMYM3 interacts with components of the BRCA1-A complex. (A) TAP and MS analysis of ZMYM3. ZMYM3 was purified
from HEK293T cells, and purified complexes were analyzed by MS. ZMYM3-associated proteins are listed. (B) ZMYM3 interacts with
BRCA1-A subcomplex members RAP80, ABRA1, and BRE. SFB-ZMYM3- and MYC-tagged protein was transiently expressed, purified
with streptavidin, and analyzed by Western blotting. (C ) Endogenous ZMYM3 interacts with RAP80 and ABRA1. RAP80 and ABRA1
were immunoprecipitated fromHEK293T cells using specific antibodies followed byWestern blottingwith anti-ZMYM3 to detect protein
associations. (D) ZMYM3 interaction domain mapping with the BRCA1-A subcomplex. SFB-ZMYM3 and mutants were cotransfected
withmyc-tagged RAP80, ABRA1, or BRE. Complexes were purified with streptavidin pull-down, and interactions were analyzed byWest-
ern blotting. (E) Detailed domainmapping of ZMYM3–RAP80 interactions. Streptavidin pull-down of SFB-ZMYM3 and deletionmutants
was performed in cells expressing Myc-RAP80. (F ) ZMYM3 specifically interacts with RAP80. Individual ZMYM proteins and RAP80
were cotransfected, and interactions were analyzed by streptavidin pull-down andWestern blotting. (G) RAP80 domain structure andmu-
tants. (H) Identification of the RAP80 domain required for ZMYM3 binding. Streptavidin pull-down of SFB-ZMYM3 was performed in
cells expressing Myc-RAP80 or deletion derivatives. Interactions were determined by Western blotting with Flag and Myc to identify
ZMYM3 and RAP80, respectively. (I,J) Damage recruitment of ZMYM3 mutants. GFP-tagged ZMYM3 wild type and variants were an-
alyzed by laser damage in I and quantified in J. Mean ± SEM. n≥ 6. (∗∗∗) P < 0.001 versus same treatmentwith control cells, Student’s t-test.
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confirmed in C) (Kim et al. 2007b; Liu et al. 2007). Al-
though we observed that ABRA1 still forms some
γH2AX-positive IRIFs in ZMYM3 knockout cells, the to-
tal number of foci per cell was greatly decreased compared
with wild-type cells (Fig. 6B). For ZMYM3, its damage re-
cruitment was reduced in RAP80 knockout cells (Fig. 6C),
suggesting that RAP80may influence ZMYM3 accumula-
tion at DNA damage sites. Since ABRA1 is required for
BRCA1 DSB recruitment through the BRCA1 BRCT
domain (Kim et al. 2007b; Liu et al. 2007), we examined
endogenous BRCA1 IRIFs and laser-induced damage re-
cruitment of GFP-BRCT. We observed that BRCA1 accru-
al at damage sites is severely compromised in ZMYM3,
RAP80, and H2AX knockout cells and that GFP-BRCT re-
cruitment is defective in ZMYM3knockout cells (Fig. 6D;
Supplemental Fig. S5D). A previous study had reported
that MERIT40 deficiency results in reduced BRCA1-A
complex levels (Shao et al. 2009). To determine whether
ZMYM3 could regulate BRCA1 and ABRA1 recruitment

through protein stability of the complex, we analyzed pro-
tein levels of BRCA1-A complex members in wild-type
and ZMYM3 knockout cells. Protein levels of individual
components of the BRCA1-A complex were unaffected
in ZMYM3 knockout cells, suggesting that the defects
of ABRA1 and BRCA1 accumulation at damage sites
upon ZMYM3 loss are not due to a reduction in protein
levels of the BRCA1-A complex (Supplemental Fig. S5E).
In addition, ZMYM3 loss did not affect the interaction be-
tween RAP80 and ABRA1–BRCA1 (Supplemental Fig.
S5F). The effect of ZMYM3 on the BRCA1-A complex ap-
peared to be specific and not a general DDR defect, as oth-
er RNF168 downstream repair proteins, including 53BP1
and RAD18, displayed normal DSB accrual in ZMYM3
knockout cells (Supplemental Fig. S5G,H). Collectively,
our genetic and biochemical analyses indicate that
ZMYM3 functions together with RAP80 and ABRA1 to
transduce a requisite signaling event to regulate the accu-
mulation of ABRA1 and BRCA1 at DSBs.

Figure 6. ZMYM3 promotes the recruit-
ment of BRCA1 and its associated factor,
ABRA1, to DSBs. (A) Analysis of endoge-
nous RAP80 and γH2AX focus formation
after 10Gyof IR treatment for 3 h by immu-
nofluorescence was performed in U2OS
cells. Focus formation of RAP80 and
γH2AX was analyzed in wild-type U2OS
and compared with cells deleted for
ZMYM3, RAP80, or H2AX. (Top panel)
RAP80 foci after IR at the indicated time
points were quantified from experiments
performed in A (bottom panel). (B) ABRA1
and γH2AX damage-induced foci were ana-
lyzed as in A. (Bottom panel) Quantifica-
tion of the total number of ABRA1 foci
per cell in the indicated cell background af-
ter IR treatment. (C, bottom panel) U2OS
and RAP80 knockout cells stably express-
ing GFP-ZMYM3 were subjected to laser-
induced irradiation and quantified. (D)
BRCA1 focus formation was analyzed by
immunofluorescence after IR treatment.
Experimentswere performed as inA. (Right
panel) Quantification of BRCA1 IRIFs as
the percentage of cells with more than
five foci. All quantification data are pre-
sented as mean ± SD. n = 2. (E) Analysis of
RAD51 foci following IR by immunofluo-
rescence. Parental and ZMYM3 knockout
U2OS cells were costained with cyclin A,
and RAD51 foci were quantified only in cy-
clin A-positive cells. (∗) P < 0.05; (∗∗∗) P <
0.001 versus same treatment in control
cells, Student’s t-test.
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ZMYM3 regulates HR repair via the BRCA1-A complex

Our primary screen identified ZMYM3 as a regulator of
HR. In support of these findings, we observed a reduction
of RAD51 at site-specific FokI endonuclease-generated
DSBs and IRIFs (Supplemental Fig. S6A, quantified in B,
E). Note that, for RAD51 IRIF analysis, we performed cos-
taining with the S/G2 Cyclin Amarker to ensure that our
analysis took into account only those cells where HR oc-
curs. Taken together, these data are consistent with
ZMYM3 being involved in HR repair of DSBs. As reported
previously, we also observed that depletion of RAP80 or
ABRA1 increased HR repair (Fig. 7A,B; Coleman and
Greenberg 2011; Hu et al. 2011b). While depletion of
ZMYM3 reduced HR similarly to knockdown of
BRCA1, codepletion of ZMYM3 with RAP80 or ABRA1,
unlike BRCA1, resulted in wild-type levels of HR repair
(Fig. 7A,B). Consistent with these results, we also ob-
served that depletion of RAP80 inZMYM3knockout cells

rescued RAD51 focus formation and DNA damage signal-
ing following CPT treatment (Supplemental Fig. S6B,E).
These data support the notion that ZMYM3 and RAP80
antagonize each other in the context of regulating
HR, potentially through DNA end resection (Fig. 7A).
Codepletion of ZMYM3 and BRCA1 resulted in HR defi-
ciencies similar to single knockdown of either gene,
which supported the involvement of ZMYM3 in this path-
way (Fig. 7A,B). We also ensured that the siRNAs did not
deplete RAD51 nonspecifically or affect cell cycle progres-
sion, thus ruling out these potential off-target effects (Fig.
7B; Supplemental Fig. S6C). Collectively, these data sug-
gest that the BRCA1-A complex and ZMYM3 regulate
BRCA1 jointly to ensure that the requisite levels of HR ac-
tivities are engaged at DSBs for their repair.

HR defects occurring in BRCA1-deficient cells result
in part from the inhibition of end resection by 53BP1
(Bunting et al. 2010). We observed that, similar to an abil-
ity of 53BP1 depletion to rescue BRCA1 HR deficiency,

Figure 7. ZMYM3 antagonizes the
BRCA1-A complex to promote HR. (A)
ZMYM3 promotes HR and opposes
RAP80 and ABRA1 inhibition of HR. DR-
GFP reporter assays were performed after
depletion or codepletion of the indicated
proteins by siRNAs. Data represent mean
± SD. n = 3. (B) Confirmation of knockdown
efficiency by Western blotting from experi-
ments performed in A. (C ) 53BP1 depletion
rescues HR defects in ZMYM3-depleted
cells. Experiments were performed as in A.
(D) ZMYM3 knockout cells are sensitive
to IR and PARP inhibitors compared with
parental U2OS cells. Cells were challenged
with IR or PARP inhibitor as indicated and
were analyzed by colony formation assays.
Data represent mean ± SD. n = 3. (E) West-
ern blotting analysis of knockdown effi-
ciency in cells transfected with BRCA1
siRNA. (F ) Epistasis analysis of ZMYM3
and BRCA1.Wild-type andZMYM3knock-
out cells either alone or in combination
with siBRCA1 were challenged with IR
and PARP inhibitor followed by colony for-
mation assays. (G) Chromosome aberration
analyses in ZMYM3 knockout and BRCA1
knockdown cells. Experiments were per-
formed as in Figure 2E. (H) Complementa-
tion assay of ZMYM3 knockout cells.
ZMYM3 knockout cells with empty vector
or wild-type ZMYM3 were analyzed as in
D. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001
versus same treatment with control cells,
Student’s t-test.
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depletion of 53BP1 restored HR efficiency in ZMYM3-
deficient cells (Fig. 7C). Consistent with defects in HR re-
pair, ZMYM3 knockout cells also display hypersensitivi-
ty to DNA damage by IR and PARP inhibitor, which are
phenotypes that are well established to occur in BRCA1-
deficient cells (Fig. 7D). Knockdown of ZMYM3did not af-
fect NHEJ, suggesting that its role in DSB repair occurs
primarily through HR (Supplemental Fig. S6D). Interest-
ingly, while knockdown of BRCA1 severely sensitized
cells to X-ray and olaparib, while also showing increased
chromosome aberration, these phenotypes were not
increased in ZMYM3 knockout cells, suggesting that
ZMYM3 and BRCA1 act in the same pathway (Fig. 7E–G).
We next attempted to investigate whether the chroma-

tin-binding, DNA-binding, and BRCA1-A complex-bind-
ing regions of ZMYM3 that we identified were required
for its recruitment and/or DDR functions. To this end,
we stably re-expressed ZMYM3 wild-type and mutants
in ZMYM3 knockout cells (Supplemental Fig. S7A,B). In
these complementation assays, wild-type and, to a lesser
extent, Δlinker, but not the other various mutants, were
able to rescue IR and olaparib sensitivity, BRCA1 focus
formation, and checkpoint defects as well as chromosome
aberrations (Fig. 7H; Supplemental Fig. S7C–I). These re-
sults confirm that these phenotypes observed in ZMYM3
knockout cells were specific to ZMYM3. In addition, they
also suggest thatZMYM3requiresmultivalent interactions
with DNA damage sites, including with chromatin, DNA,
and the BRCA1-A complex, to fully promote its DDR func-
tions. Taken together, our work identified ZMYM3 as a
new BRCA1-A complex-interacting factor that facilitates
BRCA1 accumulation within damaged chromatin to pro-
mote HR repair of DSBs (Supplemental Fig. S7J).

Discussion

In this study, we performed a proteomic and DNA repair
screen to identify chromatin-associated proteins that
promote repair of DSBs by HR. Our results identified
ZMYM3, a new interactor and mediator of the BRCA1-
A complex. We determined that ZMYM3 is a bivalent
chromatin-interacting protein that binds both dsDNA
and H2A/H2AX histone proteins within the nucleosome.
ZMYM3 accumulates at DNA damage sites, promotes
survival to DSB-inducing agents, and regulates DSB repair
by HR. Depletion of the BRCA1-A complex members
RAP80, ABRA1, and BRCC36 leads to hyperresection, in-
creased HR efficiency (Coleman and Greenberg 2011; Hu
et al. 2011b; Ng et al. 2016), and defective BRCA1 IRIF for-
mation (Chen et al. 2006; Kim et al. 2007b; Liu et al. 2007;
Feng et al. 2009; Shao et al. 2009; Wang et al. 2009; Hu
et al. 2011a). The loss of ZMYM3 also reduces BRCA1
IRIFs but, unlike other BRCA1-A complex members, re-
duces HR repair. Our observation that ZMYM3 directly
binds to the BRCA1-A complex members RAP80,
ABRA1, and BRE and is required for ABRA1 and BRCA1
damage recruitment suggests that ZMYM3 mediates the
function of this complex atDNAdamage sites on chroma-
tin to facilitate DNA repair byHR (Supplemental Fig. S7J).

DNA damage signaling often necessitates the integra-
tion of both positive and negative inputs to modulate
DDR activities to deliver the appropriate response. This
concept is exemplified by the BRCA1-A complex, which
restrains the HR-promoting activities of BRCA1 for HR
repair. While deficiencies of RAP80, ABRA1, or BRCC36
increaseHR, these conditions also decrease the accumula-
tion of theHR-promoting factor BRCA1. These somewhat
counterintuitive results have led to the proposal that the
BRCA1-A complex acts to restrain DNA end resection
and DNA repair activities (Coleman and Greenberg
2011; Hu et al. 2011b). Deletion of ZMYM3, on the other
hand, results in decreased HR, a phenotype observed only
by the deficiencies of BRCA1 within the BRCA1-A com-
plex. As the HR inhibitory factors RAP80 and ABRA1
are recruited to DNA damage sites, it raises the question
of how BRCA1 facilitates HR repair in the presence of
these inhibitory BRCA1-A complex members. Our data
are in line with the idea that ZMYM3 acts to harness
the HR-suppressive properties of the BRCA1-A complex.
ZMYM3 directly binds RAP80 and ABRA1, which could
represent the physical interactions that link ZMYM3 to
the BRCA1-A complex. ZMYM3 also facilitates BRCA1
accumulation atDSBs, which ensures its requisite loading
for HR repair. In support of this model, depletion of
ZMYM3 as well as BRCA1 reduces the excessive HR ob-
served in RAP80- and ABRA1-depleted cells (Fig. 7A; Sup-
plemental Fig. S6B). Conversely, loss of ZMYM3, BRCA1,
or both factors results in defects in HR efficiencies, IR and
PARP inhibitor sensitivities, and chromosomal aberra-
tions (Fig. 7). While BRCA1-deficient cells exhibit more
severe DDR defects than ZMYM3 knockout cells, loss
of both of these factors does not further exacerbate their
DDR defects when compared with those observed in
BRCA1-depleted cells (Fig. 7F,G). Like BRCA1 deficiency,
depletion of 53BP1 restores HR levels in ZMYM3-deplet-
ed cells (Fig. 7C; Bunting et al. 2010). These findings pro-
vide additional evidence that ZMYM3 functions within
the BRCA1pathway to promoteDDRactivities, including
HR repair.
Lys63-linkedUb chains (K63-Ub) are induced at damage

sites, which are bound by the UIMs of RAP80 to facilitate
the initial recruitment of the BRCA1-A complex to dam-
aged chromatin (Kim et al. 2007a; Sobhian et al. 2007;
Wang et al. 2007). In addition to K63-Ub, our data revealed
ZMYM3 as an additional mediator of BRCA1-A complex
accumulation at damage sites. ZMYM3 binds chromatin
and is recruited to DNA damage sites. Deletion mapping
identified anH2A/H2AX-binding region and aDNA-bind-
ing domain in the N terminus of ZMYM3 (Fig. 4B,D; Sup-
plemental Fig. S3D). These two domains are required for
maximal interactions between ZMYM3 and DNA dam-
age sites (Fig. 4E,F), suggesting that they could act to sta-
bilize ZMYM3 and the BRCA1-A complex on damaged
chromatin. RAP80 contains both Ub- and histone-binding
capabilities. Indeed, the two CCHC ZNF domains of
RAP80 have been shown to bind histone H2B (Wu et al.
2012). It is worth investigating whether this region of
RAP80 also binds DNA, a function previously ascribed
to these types of ZNFs. These multivalent interactions
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between RAP80, Ub, and chromatin could explain the
ability of RAP80 to bindDNAdamage sites in the absence
of ZMYM3 (Fig. 6A). In addition to chromatin binding,
ZMYM3 required H2AX phosphorylation (i.e., γH2AX)
for its accumulation at DNA breaks (Fig. 3H; Kim et al.
2007a; Sobhian et al. 2007). Deletion of the ZMYM3 C-
terminal DUF3504 domain, which is responsible for
RAP80–ABRA1 interaction, greatly reduced its DSB accu-
mulation. In addition, given that ZMYM3 recruitment is
partially RAP80-dependent, the requirement of γH2AX
for ZMYM3 recruitment is likely explained by the inabil-
ity to recruit RAP80 in H2AX- and MDC1-deficient cells
(Fig. 6C; Kim et al. 2007a; Sobhian et al. 2007). Taken to-
gether, the identification of ZMYM3 as a chromatin-bind-
ing factor that interacts with the BRCA1-A complex
reveals mechanistic insights into how this multiprotein
complex accumulates on chromatin at DNA damage sites
to facilitate DDR activities required for HR repair and ge-
nome stability.

In addition to the well-established tumor suppression
functions of BRCA1 and the prevalence of its deficiency
in breast and ovarian cancer, other members of the
BRCA1-A complex have also been implicated in cancer.
For example, mutations in RAP80 have been identified
in familial breast and ovarian cancers (Nikkila et al.
2009; Bian et al. 2012), and RAP80−/−mice are prone to tu-
morigenesis (Wu et al. 2012). Interestingly, several meta-
analyses reported ZMYM3 as highly mutated in different
types of cancer, including chronic lymphocytic leukemia
(Wang et al. 2011; Puente et al. 2015; Amin et al. 2016),
medulloblastoma (Robinson et al. 2012), Ewing sarcoma
(Tirode et al. 2014), and pediatric cancer (Huether et al.
2014). Most ZMYM3 mutations identified in cancer ge-
nomes are predicted to be loss-of-function mutations
(COSMIC) (Huether et al. 2014). In support of the DDR
function of ZMYM3 impacting tumorigenesis, we found
that the ZMYM3mutation identified in COSMIC (nucle-
otide 3821 G >A p.R1274Q) disrupted its interaction with
RAP80 (Supplemental Fig. S4F). Defects inDDRpathways
represent attractive targets for cancer treatment, includ-
ing by DNA-damaging agents and a number of other suc-
cessful examples of pharmacological inhibition of target
proteins, leading to synthetic lethality against DDR-defi-
cient cancer cells (Curtin 2012). These include the use of
PARP inhibitors to treat HR-deficient cancers such as
those with mutations in BRCA1 and BRCA2. Given our
data demonstrating the involvement of ZMYM3 in regu-
lating BRCA1 and HR repair as well as its sensitivity to
IR and PARP inhibitors, future studies are warranted to
explore the therapeutic benefit of these treatments in can-
cers deficient for ZMYM3.

Materials and methods

Cell culture, transfection, and retroviral infection

HEK293T and U2OS cells were purchased from American Type
Culture Collection and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum supplemented
with 100 U/mL penicillin and 100 µg/mL streptomycin at 37°C

in the presence of 5% of CO2. U2OS FokI reporter cells were cul-
tured in 100 µg/mL hygromycin B. Transfection of HEK293T and
U2OS was carried out using Lipofectamine 2000 (Thermo Fisher
Scientific) and Fugene (Promega), respectively, according to the
manufacturer’s instructions. For all reconstitution experiments,
we used N-terminal HA-Flag-tagged retroviral infection. Viruses
were generated using BOSC23 cells by transfection with packag-
ing vector pCLampho. Viruseswere harvested 48–96 h after trans-
fection and used to infect cells together with polybrene. Cells
were selected with puromycin and analyzed by Western blotting
and immunofluorescence. The U2OS-DSB reporter cell line was
used to quantify RAD51 recruitment to DSBs. Cells were treated
with Shield-1 and 4-OHT for 3 h to induce site-specific DSBs
(Tang et al. 2013).

Plasmids and RNAi

Human ZMYM3 was amplified by PCR from HEK293T cDNA.
RAP80, ABRA1, BRE, and BRCC36 pDONR vectors were gener-
ously provided by Dr. Lin Feng (Sun Yat-sen University Cancer
Center). The cDNAs were cloned into pDONR201 vector using
gateway cloning (Invitrogen). All cDNAs were verified by se-
quencing and subcloned into pDEST (S-protein, Flag, and strepta-
vidin binding; GFP; myc; MBP; GST; and HA-Flag) vectors using
gatewayLR reactions.Mutationswere created usingQuikChange
site-directedmutagenesis kit (AgilentGenomics) according to the
manufacturer’s instructions. The library of siRNA pools used in
screening was purchased from Dharmacon. Specific siRNA se-
quences were used for targeting RAP80 (5′-CCAGUUGGAGG
UUUAUCAA-3′), ABRA1 (5′-ACACAAGACAAACGAUCUAU
U-3′), BRCA1 (SiGenome SMARTpool M-003461-02-0005), CtIP
(5′-GCUAAAACAGGAACGAAUC-3′), and 53BP1 (5′-GAGAG
CAGAUGAUGAUCCUUUA-3′). Nontargeting siRNA pools
were used as controls. siRNA transfections were performed using
Lipofectamine RNAiMax (Invitrogen) according to the manufac-
turer’s instructions.

Antibodies

Primary antibodies used in this study were Flag M2 (Sigma,
F1804),Myc (SantaCruzBiotechnology, SC-40),H2AX (Millipore,
07-627),γH2AX (Millipore, 05-636),H2AZ (Cell Signaling, 2718S),
macroH2A (Abcam, AB37264), H2A.Bbd (Millipore, 06-1319),
ZMYM3 (Abcam, AB106626), ATM (Santa Cruz Biotechnology,
SC-135663), pATM S1981 (Abcam, AB81292), β-tubulin (Abcam,
AB6046),RAD51 (Abcam,AB88572), RAP80 (Bethyl Laboratories,
A300-763A), ABRA1 (Abcam, AB139191), BRCA1 (Santa Cruz
Biotechnology, SC-6954), HRP-linked anti-GST (Sigma, A7340),
MBP (Abcam, AB9084), phospho-H3 S10 (Cell Signaling, 3377),
53BP1 (Novus Biologicals, NB100-304), RAD18 (Cell Signaling,
9040), RPA2 (Abcam, AB2175), pRPA2 S33 (Bethyl Laboratories,
A300-246), pRPA2 S4/S8 (Bethyl Laboratories, A300-245), Chk1
(Santa Cruz Biotechnology, SC-8408), and pChk1 (Cell Signaling,
2348). For Western blotting analysis, secondary antibodies HRP-
linked anti-rabbit IgG and HRP-linked anti-mouse IgG were pur-
chased fromCell Signaling. For immunofluorescence, Alexa fluor
488 goat anti-rabbit and Alexa fluor 594 goat anti-mouse were
used (Invitrogen).

Coimmunoprecipitation, pull-down, and Western blotting

Cells were lysed in NETN buffer (150 mMNaCl, 0.5 mM EDTA,
20 mMTris-HCl at pH 7.5, 0.5%NP-40) with protease inhibitors
and TurboNuclease (Accelagen). For immunoprecipitation of en-
dogenous proteins, cell lysates were incubated with protein-A
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beads and the indicated antibodies for 2 h at 4°C. For precipitation
of SFB-tagged proteins, cell lysates were incubated with strepta-
vidin beads (GE Healthcare) for 2 h at 4°C. For GST pull-down
assays, full-length ABRA1 protein and fragments (RAP80-AIR:
amino acids 227-346; ZMYM3 CT: amino acids 1000–1370)
harboring N-terminal GST or MBP tags (pDEST-GST and
pDEST-MBP) were expressed in the BL21 bacterial strain and
immobilized and purified using glutathione sepharose (GE
Healthcare) or amylose resin (GE Healthcare), respectively.
MBP fusion proteins were eluted with 10 mM maltose for GST
pull-down assay. Immunocomplexes or pull-down complexes
werewashed withNETNbuffer three times and eluted by boiling
in 1× laemmli buffer. Sampleswere resolved by SDS-PAGE, trans-
ferred to nylon membranes, and immunoblotted with antibodies
as indicated.

HR and NHEJ assay

U2OS cells containingDR-GFP reporter (U2OS-DR) or aNHEJ re-
porter (EJ-5) were transfected with the indicated siRNAs 24 h af-
ter seeding followed by transfection with I-SceI-expressing vector
(pCAG-I-SceI) or control vector (pCAG) (Gunn et al. 2011). Cells
were harvested 72 h after siRNA transfection and analyzed by
flow cytometry for GFP-positive cells with a BD Accuri flow cy-
tometer (BD biosciences). Data were normalized to control
siRNA cells transfected with I-Sce1-expressing vector.

Laser microirradiation

Laser damagewas created using a FluoView 1000 confocal micro-
scope (Olympus) as described previously (Gong et al. 2015). Cells
were seeded onto glass coverslips or glass-bottomed dishes
(Willco Wells) and incubated with 10 µM BrdU for 24 h. For
immunostaining, cells were subjected to laser-induced damage
with a fixed-wavelength 405-nm laser using a 60× objective at
60% power on an inverted FluoView 1000 confocal microscope
(Olympus). For live-cell imaging for GFP recruitment studies,
cells stably expressing GFP-tagged proteins were subjected to la-
ser-induced damage, and live images were captured in 60-sec in-
tervals. The fluorescence intensity of the GFP-tagged protein in
the damaged region was normalized with an equivalent undam-
aged area in the same cell.

Immunofluorescence and confocal microscopy

Immunofluorescence was performed as described previously
(Leung et al. 2014). Briefly, cells were cultured on poly-L-lysine
coverslips (BD Biosciences) before analysis. Coverslips were
washed in PBS and pre-extracted with CSK buffer for 10 min fol-
lowed by fixing in 5% paraformaldehyde for 15 min at room tem-
perature. Samples were incubated with the indicated primary
antibodies overnight at 4°C, washed, and incubated with second-
ary antibodies for 30min. Sampleswere then counterstainedwith
DAPI and mounted onto glass slides with anti-fade solution
(0.02% p-phenylenediamine [Sigma, P6001] in 90% glycerol in
PBS). Samples were visualized using an inverted FluoView 1000
confocal microscope (Olympus). Z-stacked images were obtained
for images and focus counting, which was performed with Fluo-
View 3.1 software. Data were analyzed using GraphPad Prism
6.0. To quantify the recruitment of RAD51 to the FokI-mediated
site-specific DSBs upon ZMYM3 knockdown, we used a DSBs re-
porter cell line as described previously (Tang et al. 2013). DSBs
were induced by incubating with shield-1 and 4-OHT for 3
h. Cells were then stained with RAD51 antibody and analyzed
with immunofluorescence using confocal microscopy.

EMSA

MBP-fused ZMYM3 N-terminal fragments were expressed in
BL21 bacteria, purified, and eluted from amylose resin. EMSAs
in the Figure 4B were performed using unlabeled DNA substrate
(circular DNA and restriction enzyme linearized DNA). DNA
substrates were incubated with MBP-ZMYM3 for 30 min on ice
and resolved on a 1% agarose gel using 0.5× TBE running buffer,
stained with SYBR Green, and visualized in Chemidoc (Bio-
Rad). EMSAs in Supplemental Figure S3C were performed as de-
scribed previously (Makharashvili et al. 2014). Briefly, [32Pcordy-
cepin]-labeled oligonucleotides TP2622 (ssDNA) or TP2622
annealed to TP124 (dsDNA) were used as DNA substrates.
DNA substrates (0.125 nM) were incubated with MBP-ZMYM3
fragments in DNA-binding buffer for 30 min on ice and resolved
in native acrylamide gelswith 0.5× TBE running buffer. Gelswere
dried, exposed to phosphoscreen, and analyzed with a phosphor-
imager (GE).

Colony formation survival assays

Cells were seeded at a density of 750 cells per well in a six-well
plate in triplicate. Cells were treated with IR or olaparib as indi-
cated 24 h after seeding. After 10–14 d, cells were fixed and
stainedwith 0.5%crystal violet in 20% ethanol followed byman-
ual counting of visible colonies.

Metaphase spread and chromosome aberration analysis

Metaphase spreads were performed as described previously with
minor modifications (Leung et al. 2012). Cells were plated in 6-
mm dishes for 24 h. After seeding, cells were irradiated with 2
Gy (Faxitron X-ray system, RX650) followed by incubation with
colcemid for 6 h. Samples were swollen with hypotonic solution
(0.075MKCl/PBS) for 10min at room temperature and then fixed
with 3:1 methanol:acetic acid overnight at 4°C. Suspensions of
cells in 3:1 methanol:acetic acid were dropped onto slides and al-
lowed to dry. Slides were stained with Giemsa, and 50metaphase
spreads were scored for chromosome breaks in two independent
experiments.

TAP and liquid chromatography-tandem MS (LC-MS/MS)

H2A variants and ZMYM3 were cloned into N-terminal-tagged
SFB (S-protein, Flag, and streptavidin-binding protein) vectors
and stably expressed in HEK293T. For ZMYM3, cells were har-
vested with NETN buffer with Turbo-Nuclease for 1 h at 4°C.
For H2A variant purification, cells were extracted with NETN
for 20min at 4°C. The pellets were then digested with Turbo-Nu-
clease for 1 h at 4°C and collected as the chromatin fraction. The
chromatin fraction was incubated with streptavidin beads for 1 h
followed by washing with NETN buffer three times and eluted
with 2 mM biotin at 4°C. The eluent was then incubated with
S-protein beads overnight at 4°C. The immunocomplexes were
then washed and eluted with SDS-PAGE sample buffer. Samples
were subjected to SDS-PAGE, stained, excised, and stored at−20°
C before performing MS (Shevchenko et al. 2006).
LC-MS/MS analysis was performed with a Dionex Ultimate

3000 NSLC nano-HPLC interfaced to a Velos Promass spectrom-
eter (Thermo Scientific Instruments). Approximately 2 µg of the
in-gel protein digest was injected and preconcentrated using a
100-µm ID trap column (New Objective IntegraFrit) packed to 5
cm with 5 µm Michrom Magic C18 AQ. Preconcentration oc-
curred for 10 min using 2% acetonitrile/0.1% formic acid at a
flow rate of 5 µL/min. The column was then switched in-line
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with a 75-µm ID × 15-cm-long analytical column (NewObjective
PicoFrit) packed with 3.5 µm of Waters Xbridge C18 resin. Sepa-
rationwas performedwithmobile phase A consisting of 0.1% for-
mic acid in water, and mobile phase B consisting of 0.1% formic
acid in acetonitrile was applied as a 150-min linear gradient from
2% to 45% eluent B at a flow rate of 300 nL/min.MS/MS analysis
was performed using a normalized collision energy of 35% on the
top 10 most abundant precursor ions. Proteome Discoverer
Sequest was used for proteomic analysis of the immunoprecipi-
tated samples. The resulting LC-MS/MS runs were searched
against the reviewed human database from Universal Protein Re-
source (UniProt) with the following settings. The peptide mass
tolerance was set to ±1.20 Da with a fragment ion tolerance of ±
0.8 Da. The peptide lengthwas constrained by aminimum length
of five amino acids. Threemissed cleavageswere allowed for tryp-
sin. Peptides were filtered against a 1% false discovery rate for
positive identification, and protein identifications were con-
firmed by at least two unique peptides. UniProt accession num-
bers were then used for further analysis.

Genome editing with CRISPR–Cas9

CRISPR–Cas9 technology was used to generate gene knockout
cell lines in U2OS cells. Two individual guide RNAs (gRNAs)
were designed for H2AX (5′-GGTGGCCTTCTTGCCGCCCG-
3′ and 5′-CGCCAACGCGCTCGGCGTAG-3′), ZMYM3 (5′-GG
TACAGGTCTTTTTGCCCG-3′ and 5′-AGGCAGCCCCTTGC
GCTGAT-3′), and RAP80 (5′-ATTGTGATATCCGATAGTG
AT-3′ and 5′-GTTCTGTCAGTGTGAAGAGG-3′) and cloned
into pSpCas9(BB)-2A-Puro (PX459, a gift from Feng Zhang [Addg-
ene plasmid no. 48139]), and genome editing was performed sim-
ilarly to that previously published (Ran et al. 2013). Briefly, cells
were transfected with mammalian expression vectors containing
gRNAs using Fugene according to the manufacturer’s instruc-
tions. The cells were then allowed to recover for 2 d and diluted
into 96-well plates. Single colonies were isolated after 2–3wk, ex-
panded, and screened by Western blotting and immunofluores-
cence analyses to detect gene knockouts.

Mitotic index and cell cycle

Cells were treated with IR with the indicated dose and harvested
at each given time point. Cells were trypsinized and fixed in 80%
ethanol overnight at 4°C. For mitotic index, cells were stained
with H3 S10-P for 2 h followed by Alexa fluor 488 for 1 h at
room temperature. Cell cycle was analyzed by staining with 4
µg/mL propidium iodide followed by treatment with 2 µg/mL
RNase for 30 min at room temperature. Cells were analyzed by
flow cytometry, and data were processed with FlowJo software.
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