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How chromatin shapes pathways that promote genome–epigenome integrity in response to DNA damage is an
issue of crucial importance. We report that human bromodomain (BRD)-containing proteins, the primary
‘‘readers’’ of acetylated chromatin, are vital for the DNA damage response (DDR). We discovered that more than
one-third of all human BRD proteins change localization in response to DNA damage. We identified ZMYND8
(zinc finger and MYND [myeloid, Nervy, and DEAF-1] domain containing 8) as a novel DDR factor that recruits
the nucleosome remodeling and histone deacetylation (NuRD) complex to damaged chromatin. Our data define
a transcription-associated DDR pathway mediated by ZMYND8 and the NuRD complex that targets DNA
damage, including when it occurs within transcriptionally active chromatin, to repress transcription and promote
repair by homologous recombination. Thus, our data identify human BRD proteins as key chromatin modulators
of the DDR and provide novel insights into how DNA damage within actively transcribed regions requires
chromatin-binding proteins to orchestrate the appropriate response in concordance with the damage-associated
chromatin context.
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Endogenous and exogenous factors are constantly threat-
ening genome integrity (Jackson and Bartek 2009). DNA
double-strand breaks (DSBs) are particularly dangerous
and can promote genome instability, a hallmark of cancer
(Aguilera and Garcia-Muse 2013). Cells respond to these
genetic insults by mounting the DNA damage response
(DDR), which includes a network of proteins that func-
tion collectively to detect, signal, and repair the lesion
(Jackson and Bartek 2009; Ciccia and Elledge 2010;
Aguilera and Garcia-Muse 2013). Many DDR activities
take place within chromatin, the protein–DNA complex
that organizes the eukaryotic nuclear genome and regu-
lates both epigenome and genome functions (Miller and
Jackson 2012; Aguilera and Garcia-Muse 2013). Upon

DNA damage, the DDR must coordinate responses to
repair damage regardless of the genome or epigenome
context. For example, the repair of DSBs by the two main
pathways—homologous recombination (HR) and nonho-
mologous end-joining (NHEJ)—do not act stochastically
across the genome (Chapman et al. 2012). Indeed, DSBs
within active genes are preferentially repaired by HR
(Aymard et al. 2014). Genes near DSBs are transcription-
ally silenced by the DDR kinases ATM (Shanbhag et al.
2010) andDNA-PK (Pankotai et al. 2012). Thus, chromatin
and DDR factors must cooperate to mount the requisite
response for repairing DSBs within any chromatin setting,
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which can be highly variable throughout the genome.
Understanding chromatin-based mechanisms that promote
the DDR remains a critical question, as genome and
epigenome alterations can severely compromise nor-
mal cell homeostasis.
Histone post-translational modifications (PTMs) are

integral chromatin components of DNA damage signal-
ing and repair (Miller and Jackson 2012). For example,
gH2AX (i.e., phosphorylated H2AX on Ser139), is induced
at DSBs and recruits the DDR protein MDC1 to damaged
chromatin. This event promotes accumulation of many
DDR factors at DSBs that orchestrate several DDR func-
tions (Polo and Jackson 2011; Chen et al. 2013). Transcrip-
tion-associated H3K36 methylation promotes DNA repair
(Aymard et al. 2014; Carvalho et al. 2014; Jha and Strahl
2014; Pai et al. 2014; Pfister et al. 2014). PTMs can act
together, as both methylated H4K20 and H2A ubiquiti-
nation are bound by the DDR factor 53BP1 at damaged
chromatin (Fradet-Turcotte et al. 2013).
Acetylated histones are implicated in theDDR, as several

histone acetyltransferases (HATs) and histone deacetylases
(HDACs) are recruited to DNA damage and promote DNA
damage signaling and repair (Gong and Miller 2013). His-
tone acetylation can alter DNA and histone binding, which
is exemplified by H4K16 acetylation, which interferes with
histone interactions to promote chromatin relaxation
(Shogren-Knaak et al. 2006). TIP60 promotes HR by acety-
lating H4K16, which interferes with 53BP1 chromatin
binding, which reduces NHEJ, a pathway antagonized by
HDAC1 and HDAC2 (Miller et al. 2010; Tang et al. 2013).
PTMs are recognized by ‘‘reader’’ domains that bind specific
histone marks (Musselman et al. 2012). The primary reader
domain for acetyl-lysines is the bromodomain (BRD). There
are 42 human BRD-containing proteins (Filippakopoulos
et al. 2012). Generally classified as transcriptional regula-
tors, several BRD proteins (e.g., p300, TRIM28, BAZ1B, and
BRD4) are involved in the DDR (Barnett and Krebs 2011;
Iyengar and Farnham 2011; Ogiwara et al. 2011; Floyd et al.
2013). BRD proteins are potential candidates for reading
DDR-specific acetylation changes occurring at DNA dam-
age sites. This notion, along with the therapeutic success of
inhibitors targeting the BRD of the BET family (e.g., BRD4)
(Dawson et al. 2012; Filippakopoulos and Knapp 2014) and
the development of DDR-targeting anti-cancer therapies
(Helleday et al. 2008), warrants a detailed analysis of BRD
proteins in the DDR.
As DDR factors often change localization upon DNA

damage, we surveyed the mobilization of BRD proteins in
response to DNA damage by laser microirradiation. We
identified 14 BRD proteins that respond to DNA damage,
including 12 that are recruited toDNAdamage.We identify
and provide mechanistic insights into the function of
a novel DDR factor, ZMYND8 (zinc finger and MYND
[myeloid, Nervy, and DEAF-1] domain containing 8). Our
data revealed that ZMYND8 binds acetylated damaged
chromatin, including actively transcribed regions, as
a means of recruiting the nucleosome remodeling and
histone deacetylation (NuRD) chromatin remodeling com-
plex for transcriptional repression and DSB repair by HR.
Collectively, these findings provide a comprehensive survey

of BRD proteins in the DDR and demonstrate the
functional importance of this protein family in reading
chromatin signals to mediate chromatin-based responses
to DNA damage in human cells.

Results

Dynamics of BRD proteins upon DNA damage

Human BRD proteins are involved in several nuclear
functions, including transcription (Fig. 1A). DDR factors
often exhibit dynamic mobilization following DNA dam-
age. Therefore, we used laser microirradiation to study
BRD protein localization in response to DNA damage.
Laser microirradiation creates localized tracks of DNA
damage in cells where protein dynamics can be moni-
tored in live or fixed cells by fluorescence microscopy
(Fig. 1B). We cloned 32 full-length GFP-tagged BRD pro-
teins and acquired eight specific antibodies against other
BRD proteins when cloning was unsuccessful. These
reagents covered nearly all human BRD proteins, allow-
ing us to analyze the response of this family to DNA
damage (Fig. 1B).
Our screen identified three categories of responses to

DNA damage (categories I–III). Category I contained 26
BRD proteins that did not respond to DNA damage (Fig.
1C). This analysis provided information about the normal
subcellular localization of these proteins and acted as
a negative control. Indeed, 25 out of 26 BRD proteins in
category I were nuclear, and, although several exhibited
focal nuclear accumulations, these were unresponsive to
laser damage (e.g., BRD1, BRD3, BRPF1, and SP100) (Fig.
1C). We conclude from our results that most BRD pro-
teins do not relocalize upon DNA damage.
Category II contained 12 BRD proteins that were

recruited to DNA damage (Fig. 1D). These results con-
firmed studies identifying DNA damage recruitment of
GCN5 (Guo et al. 2011), p300 (Ogiwara et al. 2011), BAZ1A
(Lan et al. 2010), SMARCA2 (Ogiwara et al. 2011),
SMARCA4 (Park et al. 2006), TRIM28 (Ziv et al. 2006),
and TRIM33 (Kulkarni et al. 2013). Validation of these
studies corroborated our method for identifying DNA
damage recruitment of BRD proteins. However, there were
some BRD proteins, including CBP and PBRM1, that are
recruited to DNA damage but were not identified in our
screen (Ogiwara et al. 2011; Kakarougkas et al. 2014). We
also note that we identified SMARCA4 in our screen but
not BRD7 or PBRM1, two proteins that are alsomembers of
complexes that contain SMARCA4 (Wilson and Roberts
2011). There are several explanations for these discrep-
ancies, including the use of different experimental condi-
tions and/or reagents. Many chromatin proteins reside in
multiple complexes, which can complicate the conclusions
gained from these results. Regardless, we identified five
new BRD proteins (PCAF, BPTF, BAZ1B, TRIM24, and
ZMYND8) that accrued at damage sites (Fig. 1D).
While DDR factors are often recruited to DNA damage,

some are disassembled from damage, including the RNA
processing factor THRAP3 (Beli et al. 2012). Interestingly,
we identified ATAD2 and SP140 as BRD proteins excluded
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from laser damage (Fig. 1E). In summary, we found 14 DNA
damage-responsive BRD proteins, including 12 that were
recruited to DNA damage, and two that were excluded
(Fig. 1F). Taken together, our screen revealed a large
collection of BRD proteins that responded to DNA
damage, suggesting an important involvement of this
protein family in the DDR.

ZMYND8 DNA damage recruitment is BRD-
dependent

Although several BRD proteins accumulate at damage, the
requirement of the BRD in this response is poorly un-
derstood. We sought to identify proteins that required the
BRD for recruitment to damaged chromatin. After testing
several candidates, we found that ZMYND8 required the
BRD for damage recruitment (Fig. 2A,B; Supplemental Fig.
S1A,B). Little is known about the function of ZMYND8,
but it has been linked to transcription regulation (Zeng
et al. 2010; Malovannaya et al. 2011). ZMYND8 contains
a plant homeodomain (PHD), a BRD, a Pro–Trp–Trp–Pro

(PWWP) chromatin-binding domain, and a protein–protein
interactionMYNDdomain (Fig. 2A). Ectopically expressed
GFP-ZMYND8 rapidly accumulated at laser damage,
which was dependent on the BRD (Fig. 2B; Supplemental
Fig. S1C). These results were corroborated with another
method, as endogenous or GFP-tagged ZMYND8 in-
creased chromatin association following DSB induction
by ionizing radiation (IR) (Fig. 2C,D). Consistent with live-
cell imaging, deletion of the ZMYND8 BRD decreased its
chromatin association following IR (Fig. 2D). Thus, these
results put forward ZMYND8 as a new DDR factor reliant
on its BRD for binding damaged chromatin.

The ZMYND8 BRD binds TIP60-mediated acetylated
H4 (H4Ac) for DNA damage recruitment

Since ZMYND8 required the BRD for damage associa-
tion, we set out to identify the molecular determinants of
ZMYND8 chromatin binding. Tandem PHD and BRD
configurations are observed in chromatin proteins and can
contribute to cooperative recognition of histone PTMs

Figure 1. Comprehensive screening of human
BRD protein relocalization following DNA dam-
age. (A) Human BRD protein family, organized by
known functions and the classifications from
Filippakopoulos et al. (2012). (B) DNA damage
relocalization screen for BRD proteins. (C–E)
Screening results were sorted into three cate-
gories. (C) Category I: no relocalization following
DNA damage. (D) Category II: recruited to DNA
damage. (E) Category III: excluded from DNA
damage. (F) Summary of screen results. (NA)
Not analyzed.
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Figure 2. TIP60-mediated H4 acetylation recruits ZMYND8 to damaged chromatin through BRD recognition. (A) ZMYND8 domain
organization, including the PHD, BRD, PWWP domain, andMYND domain. (B) Laser damage recruitment of GFP-tagged full-length (FL) but
not BRD-deleted (DBRD) ZMYND8. The dotted line indicates the laser path. (C) Endogenous ZMYND8 accumulates on chromatin
following DNA damage by IR. Cells treated and analyzed as inDwith the indicated antibodies. (D) Chromatin association of GFP-ZMYND8
following IR is BRD-dependent. Whole-cell extract (WCE) and chromatin (C) fractions obtained from untreated or IR-treated cells and
analyzed by Western blotting. (E) Recombinant ZMYND8 PHD–BRD (GST-PB-His) binds H4Ac. Binding assays with the histone peptide
arrays were performed as described in theMaterials and Methods. Highly bound peptides are indicated. (Blue box) Modified H3K36 peptides.
(F) Validation of the H4Ac interaction from E by peptide pull-down assay. Pull-down of recombinant ZMYND8 by the indicated peptides. (G)
Coomassie staining of the loading control for H4 peptides. (H) Endogenous ZMYND8 from HeLa nuclear extracts binds H4Ac peptides.
Extracts from siRNA-treated cells serves as control for ZMYND8 antibody specificity. b-Tubulin acted as a loading control. (I) GFP-
ZMYND8 H4Ac binding requires the BRD. Experiments performed as in H using HEK293T cell extracts. A single N248A mutation within
a conserved BRD acetyl-lysine-binding site reduces H4Ac interactions. (J) TIP60 depletion impairs ZMYND8 damage associations. U2OS
cells stably expressing GFP-ZMYND8 and treated with siControl or siTIP60 were damaged within the dotted circles and imaged by live-cell
microscopy. (K) Quantification of J. The difference in average fluorescence intensity of GFP-ZMYND8 in damaged versus undamaged regions
is plotted at each time point. Error bars indicate SEM; n > 10. (L) TIP60 depletion reduces H4Ac. Extracts from siControl and siTIP60 cells
were analyzed by Western blotting with the indicated antibodies. (H4 tetra-Ac) Acetylation of H4 at K5, K8, K12, and K16.
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(Tsai et al. 2010; Ruthenburg et al. 2011). Using modified
histone peptide arrays, we analyzed recombinant ZMYND8
PHD–BRD binding to histone modifications (Fig. 2E). This
analysis identified ZMYND8 PHD–BRD-binding H4Ac.
Pull-down assays with unmodified or H4Ac peptides
confirmed these interactions and revealed a binding pref-
erence for H4Ac (Fig. 2F). We obtained identical results
for full-length endogenous and GFP-tagged ZMYND8
using peptide pull-down assays with HeLa nuclear ex-
tracts and cells expressing GFP-ZMYND8, respectively
(Fig. 2G–I). The observed interaction between ZMYND8
and H4Ac prompted us to ask whether this interaction
was BRD-dependent. BRDs contain several key conserved
residues thatmediate acetyl-lysine binding (Filippakopoulos
et al. 2012). Mutation of one of these residues in the BRD
of ZMYND8, N248A, reduced binding to H4Ac peptides
(Fig. 2I). Several BRD proteins also contain a PHD that is
organized similarly to ZMYND8 (Fig. 2A; Filippakopoulos
et al. 2012). However, the presence of a PHD–BRD structure
does not predict the involvement of a protein in the DDR
or a binding preference for H4Ac. For example, TRIM28
and BAZ1B both contain PHD–BRDs that are dispensable
for DNA damage recruitment (Supplemental Fig. 1A,B).
ZMYND11, a paralog of ZMYND8 that regulates tran-
scription and impacts tumor suppression, also contains
a PHD–BRD (Wen et al. 2014). Our analysis did not detect
its recruitment to DNA damage or binding to H4Ac
(Fig. 1C; Supplemental Fig. S2A). Taken together, we
conclude that ZMYND8 binds H4Ac via a BRD-dependent
interaction.
Acetylation of H4, including H4K16Ac, functions within

the DDR (Gong and Miller 2013). The HAT TIP60 acety-
lates all N-terminal H4 lysine residues and plays diverse
roles in both transcriptional regulation and the DDR (Ikura
et al. 2000). Since TIP60 and ZMYND8 are both damage-
recruited and TIP60 acetylates H4, a potential binding
substrate for ZMYND8, we examined the role of TIP60
in ZMYND8 mobilization at damage sites by live-cell
imaging. The rapid recruitment of ZMYND8 at damage
sites was significantly reduced in TIP60-depleted cells
(Fig. 2J, quantified in K; siRNA knockdown efficiency in
Supplemental Fig. S2B), as were H4K16Ac and H4 tetra-
Ac (acetylation ofH4 at K5, K8, K12, andK16.) levels (Fig. 2L;
Supplemental Fig. S2C). As a control, we depleted the HAT
MOF, which targets histone H4 and is involved in the DDR
(Sharma et al. 2010; Gong and Miller 2013). Depletion of
MOF, unlikeTIP60, did not reduceZMYND8 recruitment to
DNA damage (Supplemental Fig. S2D–G). Thus, ZMYND8
association with damaged chromatin specifically requires
TIP60. The binding of ZMYND8 to H4Ac is consistent with
this mark mediating the damage association of ZMYND8
with chromatin, although additional TIP60 targets could
contribute to these effects.

ZMYND8 interacts with chromatin and chromatin-
modifying complexes

Proteomic studies have reported interactions between
ZMYND8 and transcriptional regulators, including the
estrogen receptor, but the functions of these interactions

are unclear (Malovannaya et al. 2011; Eberl et al. 2013). To
extend these analyses, we identified ZMYND8 interactors
by mass spectrometry (MS) (Fig. 3A). Several independent
experiments revealed an overlapping set of 38 ZMYND8-
interacting proteins (Fig. 3C; Supplemental Table S1).
These included members of the NuRD chromatin remod-
eling complex and the BRAF–HDAC (BHC) complex
(Fig. 3A), confirming previous large-scale proteomic screens
(Malovannaya et al. 2011; Eberl et al. 2013). We validated
the NuRD interaction with reciprocal coimmunoprecipita-
tion (co-IP) analysis of endogenous ZMYND8 and CHD4,
a core catalytic component of NuRD (Fig. 3B). We also
performed MS analysis on purified ZMYND8 lacking its
chromatin interaction domains. In these purified complexes,
histone, but not NuRD and BHC, interactions were lost
(Fig. 3A,C). These findings demonstrate that while the
PHD–BRD–PWWP chromatin-binding modules are respon-
sible for ZMYND8 chromatin association, these domains
are dispensable for interactions with the NuRD and BHC
chromatin-modifying complexes. These results suggested
that ZMYND8 could link chromatin-modifying complexes
(e.g.,NuRDandBHC) to chromatin, including in response to
DNA damage.
To address this question, we mapped ZMYND8 regions

that interactedwithNuRD and BHC complexes.We created
and expressed a series of ZMYND8 deletion mutants for
immunoprecipitation interaction studies in cells (Fig. 3D).
The NuRD and BHC complex members, including CHD4
and LSD1, respectively, coimmunoprecipitated with
ZMYND8 (Fig. 3E). Consistent with MS analysis, de-
letions of PHD–BRD–PWWP abolished interactions with
chromatin (i.e., H3 and H4) while having little effect on
NuRD and BHC associations (Fig. 3E). Conversely, de-
letions within the C terminus that included the MYND
domain reduced ZMYND8 interactions with chromatin-
modifying complexes but not chromatin (Fig. 3E). Deletion
of the MYND domain of ZMYND8 abolished interactions
with the NuRD and BHC complexes (Fig. 3F). Thus, these
findings identify the MYND domain as the region of
ZMYND8 that interacts with the NuRD and BHC com-
plexes, while ZMYND8 PHD–BRD–PWWP domains are
responsible for chromatin binding.

ZMYND8 recruits CHD4 to damaged chromatin

To further explore the functional relationship between
ZMYND8, NuRD, and BHC complexes in the DDR, we
analyzed these interactions after DNA damage. We iden-
tified these complexes in ZMYND8 immunoprecipita-
tions following DNA damage by MS, along with several
other DNA damage-specific interactors (Supplemental
Fig. S3). Additional co-IP analysis revealed that CHD4,
but not LSD1, increased their association with ZMYND8
following DNA damage (Fig. 4A). Given our validated
ZMYND8 interactions with the NuRD component CHD4
and the BHC complex member LSD1, we focused on
exploring these interactions in the DDR.
Our identification of ZMYND8 as a factor that accu-

mulated on damaged chromatin suggested an involve-
ment in the DDR. Consistent with this idea, depletion of
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ZMYND8 caused hypersensitivity to the DSB-inducing
agent IR (Fig. 4B; Supplemental Fig. S4A). Furthermore,
while IR induced the phosphorylation of several DSB

markers—including gH2AX, p53-S15, and CHK2-T68
(Fig. 4C)—these were sustained in ZMYND8-depleted
cells, suggesting DSB repair deficiencies in these cells.

Figure 3. ZMYND8 interacts with chromatin and chromatin-modifying complexes NuRD and BHC. (A) Identification of ZMYND8-
interacting factors by MS. Purification scheme of full-length (FL) and PHD–BRD–PWWP-deleted (DPBP) SFB-tagged ZMYND8. (SBP)
Streptavidin-binding peptide. The table represents ZMYND8 interactors identified in mass spectrum from the indicated experiments.
(B) Endogenous ZMYND8 interacts with CHD4, a core component of the NuRD complex. Western blotting analysis of reciprocal co-IPs
with the indicated antibodies from HEK293T cells. (C) ZMYND8 MS data. Overlap of full-length (n = 2) and DPBP ZMYND8
interactors. (Bottom) Individual interactions based on literature and our MS results. (D–F) The BRD of ZMYND8 interacts with
chromatin, and the MYND domain interacts with the NuRD and BHC complexes. (D) Full-length and mutant SFB-ZMYND8
constructs. (E,F) Mapping ZMYND8 interaction domains with interactors. ZMYND8 constructs were transfected into HEK293T and
analyzed by co-IP. Full-length and mutant SFB-ZMYND8 were purified using streptavidin beads. (input) Whole-cell extracts. Purified
complexes and input were analyzed by Western blotting.
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Figure 4. ZMYND8 participates in the DDR and recruits CHD4 to damaged chromatin. (A) ZMYND8 interacts with CHD4 upon IR
treatment. Experiments were performed as in Figure 3E with IR. (B) Clonogenic assays reveal hypersensitivity of ZMYND8-depleted
cells to IR. U2OS cells were treated with control or ZMYND8 siRNAs and damaged with various doses of IR. Graphs are mean 6 SEM;
n = 2. (C) ZMYND8-depleted cells are defective in DNA damage signaling. siControl and siZMYND8 U2OS cells were IR-treated and
analyzed at the indicated time points by Western blotting. Several phosphorylated DNA damage markers were analyzed with
unmodified antibodies acting as loading controls. (D) Cells depleted of ZMYND8 and CHD4, but not LSD1, are defective in HR. DR-
GFP reporter assays were performed after depletion of the indicated proteins by siRNAs. Depletion of CtIP was used as a positive
control. Error bars indicate SEM; n = 3. (E–G) Recruitment of CHD4 to laser damage requires ZMYND8. siControl and siZMYND8
U2OS cells were laser-damaged, and endogenous CHD4 accumulation was analyzed by immunofluorescence. (F) Quantification of E.
Data were obtained from >50 cells from three independent experiments. Error bars indicate mean6 SEM. (G) The same results obtained
as in E using an independent siRNA targeting the 39 untranslated region (UTR) of ZMYND8. (H–J) Ectopically expressed GFP-
ZMYND8 rescues defective CHD4 damage accrual in ZMYND8-depleted cells. U2OS cells stably expressing GFP-ZMYND8 were
treated with si39 UTR targeting endogenous but not GFP-tagged ZMYND8, which lacks the 39 UTR. (I) Quantification of G and H

performed as in F. n = 2. (J) Western blot analysis of samples from G andHwith the indicated antibodies. Note: 39UTR siRNA targeting
ZMYND8 depletes endogenous but not GFP-tagged ZMYND8.
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Interestingly, these are similar to defects observed in CHD4-
deficient cells (Larsen et al. 2010; Smeenk et al. 2010).
Conversely, CHK1 phosphorylation, a modification linked
withDNAend resection andHR,was reduced inZMYND8-
deficient cells (Fig. 4C). These resultswere notmerely due to
lower CHK1 transcription or CHK1 protein levels, which
were not significantly different between siControl and
siZMYND8 cells (Supplemental Fig. 4B,C). Collectively,
these data pointed toward a function for ZMYND8 in the
DDR and furthermore suggested that these effects could
be mediated through CHD4.
AsCHD4 is involved inDSB repair byHR (Pan et al. 2012),

we used a HR reporter assay to test the role of ZMYND8 in
HR (Pierce et al. 1999). ZMYND8 depletion reduced HR
using this assay (Fig. 4D; Supplemental Fig. S4D). We also
confirmed results from previous studies, as depletion of
CHD4 but not LSD1 reduced HR (Fig. 4D; Pan et al. 2012;
Mosammaparast et al. 2013). Flow cytometry, EdU incor-
poration, and proliferation analyses revealed little change in
cell cycle distribution or growth rates in siZMYND8 cells
comparedwith siControl cells, thus ruling out any potential
impact of cell cycle changes on these results (Supplemental
Fig. S5A–E). These findings strongly indicated ZMYND8
in DSB repair by HR. We considered that ZYMDN8 and
CHD4 could act in the same pathway for HR, as we
observed increased interactions between these factors after
DNA damage, and they exhibited similar DNA damage
signaling and repair phenotypes upon their depletion. To
explore this possibility, ZMYND8 recruitment to laser
damage was studied in CHD4- and LSD1-depleted cells.
Depletion of either CHD4 or LSD1 did not affect
ZMYND8 accumulation at damage (Supplemental Fig.
S6A–C). CHD4 and LSD1 are recruited to DNA damage
(Chou et al. 2010; Larsen et al. 2010; Polo et al. 2010;
Smeenk et al. 2010; Mosammaparast et al. 2013). To
address whether ZMYND8 could act upstream or in-
dependently of these factors, CHD4 and LSD1 recruit-
ment to damage sites was analyzed in ZMYND8-depleted
cells. Strikingly, CHD4 accumulation at damage sites
was reduced in ZMYND8 knockdown cells, while LSD1
was unaffected (Fig. 4E,F; Supplemental Fig. 6C,D). We
confirmed ZMYND8-dependent CHD4 DNA damage
recruitment using an independent siRNA targeting the
39 untranslated region (UTR) of ZMYND8 (Fig. 4G).
Furthermore, CHD4 recruitment defects in ZMYND8-
depleted cells were rescued in cells stably expressing
a siRNA-resistant GFP-tagged ZMYND8 (Fig. 4H, quan-
tified in I, note that ZMYND8 but not GFP-ZMYND8
protein levels are reduced by ZMYND8 39 UTR siRNA,
as shown in J). Collectively, these results rule out that our
observations were due to siRNA off-target effects. Thus,
these findings demonstrate a role for ZMYND8 in DNA
damage signaling and repair by recruiting the NuRD
complex to damaged chromatin.

ZMYND8 requires active transcription for damage
recruitment to promote HR

We next addressed how ZMYND8 accrued on damaged
chromatin. We speculated that active transcription could

control this event, as ZMYND8 bound H4Ac, a mark
associated with active transcription and DSBs (Price
and D’Andrea 2013). Strikingly, transcription inhibition
by the RNA polymerase II (RNAP II) inhibitor DRB
(5,6-dichlorobenzimidazole riboside) abolished the accu-
mulation of ZMYND8 at DNA damage sites (Fig. 5A,
quantified in B). CHD4 recruitment to damage was also
reduced by transcriptional inhibition (Fig. 5C; quantified
in Supplemental Fig. S7G). This effect appeared relatively
specific for ZMYND8 and CHD4, as recruitment of other
BRD proteins were unaffected by DRB treatment (Sup-
plemental Fig. S7A–F). Inhibition of nascent transcription
was confirmed, as 5-ethynyl uridine (EU) labeling was
impeded by DRB treatment (Supplemental Fig. S7H; Beli
et al. 2012; Adam et al. 2013). We conclude from these
data that ZMYND8 and NuRD require transcriptionally
active chromatin to mediate their recruitment to DNA
damage.
DSBs within transcriptionally active chromatin are

preferentially repaired by HR, and transcription inhibi-
tion reduces HR factor loading at such sites (Aymard et al.
2014). ZMYND8 was a good candidate for promoting HR
within transcriptionally active loci, as ZMYND8 deple-
tion reduced HR (Fig. 4D), and its damage recruitment
required active transcription (Fig. 5A). To explore this
possibility, we used a system developed by the Legube
laboratory (Aymard et al. 2014) in which sequence-
specific DSBs are induced at transcriptionally active and
inactive loci by the AsiSI restriction enzyme. At those
breaks, repair factor loading of RAD51 or XRCC4 strongly
correlates with repair by HR or NHEJ, respectively (Aymard
et al. 2014). As expected, chromatin immunoprecipitation
(ChIP) analysis revealed an increased recruitment of RAD51
at HR-prone DSBs within transcriptionally active loci
compared with non-HR-prone DSBs induced in transcrip-
tionally inactive regions (Fig. 5D). Remarkably, ZMYND8
depletion impaired RAD51 recruitment at HR-prone DSBs
but not at non-HR-prone DSBs, while reduced ZMYND8
levels had no effect on XRCC4 (i.e., NHEJ) loading at either
DSB site category (Fig. 5D). Accordingly, ZMYND8 de-
pletion led to a strong decrease of the RAD51/XRCC4
enrichment ratio at HR-prone DSBs, indicative of an
impaired use of HR at DSBs induced in transcriptionally
active regions (Fig. 5E). These results are consistentwith the
depletion of ZMYND8 reducing HR repair (Fig. 4D) but not
affecting NHEJ (Supplemental Fig. S8A,B). Taken together,
we conclude that ZMYND8 promotes HR, including
within transcriptionally active chromatin.

ZMYND8 mediates transcriptional silencing
within damaged chromatin

DNAdamage inhibits transcription locally (Chou et al. 2010;
Iacovoni et al. 2010; Shanbhag et al. 2010; Pankotai et al.
2012; Soria et al. 2012; Adam et al. 2013), and the DDR
regulates this event to avoid conflicts between transcrip-
tion and repair activities, which can threaten genome–
epigenome integrity (Svejstrup 2010; Adam and Polo
2014). Since ZMYND8 was damage-recruited and pro-
moted HR at transcriptionally active damaged sites, we
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tested whether ZMYND8 repressed transcription after
damage. Using EU labeling to monitor nascent transcrip-
tion (Fig. 6A), we found that ZMYND8-depleted cells
exhibited reduced transcriptional silencing at damaged
sites (Fig. 6B, quantified in C). These results were con-
firmed using an independent ZMYND8 siRNA and by
rescuing this defect in cells expressing a siRNA-resistant
ZMYND8, which ruled out any siRNA off-target effects
(Supplemental Fig. S9A–D). We also observed that TIP60
was required for transcriptional repression following DNA
damage, consistent with our observation that ZMYND8
recruitment to damage sites is reliant on TIP60 (Supple-
mental Fig. S10A,B). Consistent with ZMYND8 damage
recruitment of CHD4, depletion of CHD4 but not LSD1
resulted in defective transcriptional repression after DNA

damage (Fig. 6D, quantified in E). Thus, ZMYND8 and
the NuRD complex promote transcriptional repression
after DNA damage, extending previous results implicat-
ing NuRD in this process (Chou et al. 2010). Consistent
with transcriptional repression inhibiting ZMYND8 re-
cruitment, we observed transient ZMYND8 association
with DNA damage. Indeed, ZMYND8 accumulation
at laser damage was observed at 15 min but was nearly
undetectable 25 min after DNA damage (Supplemental
Fig. S10E). The DNA damage recruitment dynamics of
ZMYND8 are similar to those reported for the NuRD
complex (i.e., CHD4) (Polo et al. 2010). Using a system
developed by the Greenberg laboratory (Tang et al. 2013) to
monitor transcriptional repression specifically at DSBs,
we observed that the depletion of ZMYND8 or CHD4

Figure 5. ZMYND8 identifies damage within transcriptionally active chromatin to promote HR. (A) Recruitment of ZMYND8 to
damaged chromatin requires active transcription. Cells were analyzed as in Figure 2J with or without treatment with the
transcriptional inhibitor DRB. (B) Quantification of A. Error bars indicate SEM; n > 10. (C) Recruitment of CHD4 to damaged
chromatin requires active transcription. Cells were analyzed as in Figure 4E with or without DRB treatment. (D,E) ZMYND8 promotes
RAD51 loading at HR-prone DSB sites within active chromatin. Samples from DlvA cells containing site-specific AsiSI-induced DSBs
were analyzed by ChIP analysis for the HR factor RAD51 or NHEJ factor XRCC4 as described previously (Aymard et al. 2014). DSB I and
DSB III represent HR-prone DSB sites, while DSB 1 and DSB 2 represent Non-HR-prone DSB sites. ChIP efficiency was measured by
percentage of input, and mock versus antibody-containing data are graphed for each DSB from siControl and siZMYND8 #1 samples.
(E) RAD51/XRCC4 ratios of data obtained in D.
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Figure 6. ZMYND8 and CHD4mediate transcriptional repression upon DNA damage. (A) Scheme of nascent transcription analysis by
5-ethynyl uridine (5-EU) monitoring following laser damage. (B) ZMYND8 promotes transcriptional repression following laser damage.
Cells treated with control or ZMYND8 siRNAs were subjected to the scheme shown in A and analyzed by immunofluorescence.
gH2AX marks DNA damage. (C) Quantification of 5-EU and gH2AX fluorescence intensity from B. Measurements of fluorescent
intensity along lines perpendicular to the laser damage, which contained both damaged and undamaged regions, were obtained. Values
were normalized to undamaged regions. Error bars indicate SEM; n > 10. (D) CHD4 but not LSD1 is required for transcriptional
repression following laser damage. Experiments performed as in B. (E) Quantification of D as in C. (F) Scheme of U2OS DSB reporter
cells adapted by permission from Macmillan Publishers Ltd. from Tang et al. (2013), � 2013. Shield-1 and 4-OHT regulate the Fok1
nuclease, which induces DSBs upstream of reporter genes within LacO repeats. Doxycycline induces transcription of the reporter gene,
allowing transcriptional repression upon DSB induction to be measured by quantitative PCR (qPCR). (G) ZMYND8 and CHD4, but not
LSD1, regulate transcriptional repression at DSBs. The system from F was analyzed in cells treated with the indicated siRNAs. Error
bars indicate SEM; n = 4. P-values were calculated using Student’s t-test. (H) ZMYND8 and CHD4 promote RAD51 loading at DSBs.
RAD51 loading by immunofluorescence in siControl, siZMYND8, and siCHD4 cells was analyzed 3 h after DSB induction using
a FokI-inducible DSB system (Tang et al. 2013). (I) Quantification of H. Error bars indicate SEM; n = 3. siRNA #1 was used for
siZMYND8 treatments.
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resulted in defective transcriptional repression upon DSB
induction (Fig. 6F,G). Consistent with our findings that
ZMYND8 and CHD4 were required for optimal RAD51
loading and HR using several experimental systems, we
observed similar results using the FokI-induced DSB
system (Shanbhag et al. 2010; Tang et al. 2013). Indeed,
depletion of either ZMYND8 or CHD4 reduced RAD51
loading at FokI-mediated DSBs (Fig. 6H, quantified in I).
Taken together, these results demonstrate that ZMYND8
and the NuRD complex promote transcriptional silenc-
ing at DSBs as well as facilitate HR within these DNA
damage sites.

Discussion

Our survey of BRD protein localization dynamics in
response to DNA damage provides a cell-biological and
broad examination of BRD chromatin reader proteins in
the DDR (Fig. 1). Indeed, we identified 14 BRD proteins
that assemble/disassemble at DNA damage sites. Among
these DNA damage-recruited BRD proteins was ZMYND8,
a new DDR factor that our mechanistic studies revealed is
responsible for recruiting the NuRD chromatin remodeling
complex to damaged chromatin to repress transcription and
facilitate DNA repair by HR (Fig. 7).

BRD proteins as mediators of the DDR

Chromatin greatly impacts the DDR, since the detection,
signaling, and repair of damaged DNA occur within the
context of chromatin. Histone PTMs regulate chromatin
structure and function in response to DNA damage. Indeed,
several HAT and HDAC enzymes that regulate histone
acetylation are recruited to DNA damage to modify chro-
matin to facilitate DDR activities (Gong and Miller 2013).
Despite extensive studies of acetylation signaling in the
DDR, a comprehensive view of how acetylated chromatin
impacts the association of proteins within damaged chro-
matin to promote the DDR has remained incomplete.
BRD proteins are the primary readers of acetylated

chromatin, and several studies as well as our data reported

here suggest the importance of this protein family in the
DDR (Park et al. 2006; Lan et al. 2010; Ogiwara et al. 2011;
Lee et al. 2012; Floyd et al. 2013; Kulkarni et al. 2013).
Our screen identified damage-associated BRD proteins
representing four general classes of proteins: (1) HATs, (2)
chromatin remodelers, (3) TRIMproteins, and (4) ZMYND8.
In most cases, we identified multiple BRD proteins in
each category. Different BRD proteins could interact with
nonoverlapping DNA lesions across the genome or target
different substrates at the same damage site. It will also
be important to examine thenature of the damage recognition
of these factors (i.e., BRD-dependent or BRD-independent, its
acetylation targets, etc.) as well as DNA damage-induced
interactions with other proteins. The identification of
damage-associated BRD proteins provides a useful guide
for delineating the role of BRD proteins in the DDR in
human cells. Additional studies are needed to provide
a clearer understanding of the specific contribution that the
BRD provides for these proteins for their DDR functions.
This remains an important but unanswered question that
the results from our screen have begun to address.
We observed exclusion from DNA damage sites for the

BRD proteins ATAD2 and SP140. Similar observations for
the RNA processing factor THRAP3 upon DNA damage
have been reported (Beli et al. 2012). HDACs are recruited
to damage sites and are involved in the DDR (Miller et al.
2010; Gong andMiller 2013). Thus, histone deacetylation
could signal the disassembly of BRD proteins by remov-
ing their requisite chromatin-binding site. For ATAD2
and SP140, exclusion from damage sites could promote
transcriptional repression, since these proteins can acti-
vate transcription (Bloch et al. 1999; Ciro et al. 2009). The
function of protein removal from damaged chromatin is
poorly understood, but our results suggest that acetyla-
tion signaling could be involved.
Our study has broad implications for deciphering chro-

matin-based mechanisms that maintain genome integrity.
Successful small molecule inhibitors against BRD4 in
oncology have garnered immense enthusiasm for drug
development targeting BRD proteins (Dawson et al. 2012;
Filippakopoulos and Knapp 2014). DDR factors are also
actively pursued as therapeutic targets (Helleday et al.
2008). Given our identification of many BRD proteins as
damage-recruited factors, a better understanding of the
relationship between BRD proteins and theDDRwill assist
in guiding these therapeutic strategies.

The role of ZMYND8 in the DDR

Our findings define a DDR pathway involving ZMYND8
that identifies damaged chromatin to promote transcrip-
tional repression and repair by HR by recruiting the
NuRD complex to DNA damage. In support of this idea,
ZMYND8 and NuRD depletion result in similar defects
in DNA damage signaling, transcriptional repression, and
HR repair, further highlighting the functional relation-
ship between ZMYND8 and the NuRD chromatin remodel-
ing complex. We also demonstrate the requirement for the
HAT TIP60 in promoting ZMYND8 recruitment to DNA
damage. Furthermore, DNA damage-induced transcriptional

Figure 7. Model of DNA damage recognition pathway by
ZMYND8. Upon DNA damage, ZMYND8 interacts with the
NuRD complex. ZMYND8 recognizes TIP60-dependent acety-
lations (e.g., H4Ac) with its BRD, including within actively
transcribing damaged chromatin, resulting in recruitment of the
NuRD complex to these damage sites. The TIP60-dependent
recruitment of the NuRD complex promotes transcriptional
silencing that facilitates repair by HR, including within tran-
scriptionally active damaged chromatin.
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repression required TIP60. Previous work demonstrated
that the TIP60 HAT activity is stimulated by trimethyla-
tion of H3K9 by a complex containing the SUV39h1
methyltransferase along with KAP1 and HP1. (Sun et al.
2009; Ayrapetov et al. 2014). Although this histone mark
is normally associated with heterochromatin, the finding
that this mark is induced in damaged euchromatin ex-
plained howTIP60 could be activated in both euchromatin
and heterochromatin. Thus, our data are consistent with
a model in which the observed TIP60 damage-induced
acetylation of chromatin, including H4K16 (Tang et al.
2013), promotes NuRD recruitment to DNA damage
through acetylation recognition by ZMYND8 (Fig. 7).
The activity of the NuRD complex would then repress
transcription and promote HR. Although H3K9me3 is
associated with transcriptionally inactive chromatin re-
gions, its role in repressing transcription upon DNA
damage has not been explored. It is interesting to note
that the recruitment of SUV39H1 and the NuRD com-
plex, including ZMYND8, is transient, and both of these
complexes require PARP (Supplemental Fig. S10E; Polo
et al. 2010; Ayrapetov et al. 2014). Further studies are
needed to fully delineate the regulation and potential
interactions between these chromatin-repressive com-
plexes that function at DNA damage sites to regulate
transcription and repair. Based on our data, we propose
a model in which, upon DNA damage, TIP60 activation
results in chromatin acetylation at DNA damage that is
recognized by ZMYND8 to recruit the NuRD complex
(Fig. 7). These complexes further modify chromatin and
potentially other DDR and/or chromatin-associated fac-
tors to repress transcription and promote DNA repair by
HR. This work highlights the vital role that chromatin
plays in orchestrating the DDR within the context of
chromatin.
DNA damage-induced transcriptional silencing, a criti-

cal process for maintaining genome–epigenome integrity,
is a poorly understood response to DNA damage. Discov-
ery of the chromatin factors mediating DSB repair choice
and transcriptional silencing is paramount for under-
standing how these processes cooperate to promote the
DDR within complex chromatin states throughout the
genome. Our identification of TIP60-dependent ZMYND8
and NuRD complex functions within these processes
extends our understanding of how HR repair is promoted
at transcription-associated damage. Although multiple
chromatin remodeling complexes are recruited to DNA
damage sites (Fig. 1; Lans et al. 2012), the NuRD complex
is the only chromatin remodeling complex that contains
HDACs that can silence transcription (Lai and Wade
2011). The NuRD complex normally represses transcrip-
tion through specific interactions with methylated DNA,
transcription factors, or histones (Lai and Wade 2011). In
the context of DNA damage, ZMYND8 provides a new
DNA damage recruitment mechanism for the NuRD com-
plex. This allows the NuRD complex to identify damaged
acetylated chromatin to mediate its recruitment and sub-
sequent transcriptional silencing. Interestingly, NuRD was
shown to interact with the zinc finger protein ZNF827 to
target this complex to telomeres in alternative lengthening

of telomeres (ALT) cells to promote HR (Conomos et al.
2014). Taken together, chromatin-modifying enzymes
can target damaged DNA within varied chromatin land-
scapes, a property essential for the DDR, as DSBs can
occur anywhere within diverse genome and epigenome
landscapes.
Our data are consistent with the need to have transcrip-

tion-dependent DNA damage surveillance systems that
identify damage within transcribing chromatin to repress
active transcription and promote repair by HR, a pathway
that we identified as being mediated by TIP60, ZMYND8,
and the NuRD complex. However, transcriptional silenc-
ing by RNAP II inhibition alone is not sufficient to
promote HR at actively transcribed damaged chromatin
(Aymard et al. 2014). Conversely, we observed that de-
fective DNA end resection, a process required for HR
repair, did not affect DNA damage-induced transcrip-
tional repression (Supplemental Fig. S10C,D). These
findings suggest that transcriptional repression occurs
independently of HR initiation. Therefore, the chroma-
tin remodeling and HDAC activities of NuRD appear to
be required for twomechanistically distinct responses at
damaged chromatin, including silencing transcription
and remodeling chromatin, both of which contribute to
HR repair.
ZMYND8 has been implicated in cancer as a cutaneous

T-cell lymphoma-associated antigen, as a fusion protein
with the oncogene RELA in acute erythroid leukemia and
with CEP250 in breast cancer (Eichmuller et al. 2001;
Panagopoulos et al. 2013; Wada et al. 2014). Both of the
ZMYND8 fusions reported remove the MYND domain,
the NuRD complex interaction region that we identified
in ZMYND8, suggesting that defective CHD4 chromatin
recruitment could contribute to these pathologies. Addi-
tionally, high-frequency mutations in CHD4 have been
identified in several cancers, including endometrial tu-
mors in which 17% contained CHD4 mutations (Lai and
Wade 2011; Le Gallo et al. 2012). In light of our work, it
will be worth studying ZMYND8 and its interaction with
NuRD in cancer. Our demonstration that ZMYND8
promotes HR and transcriptional silencing within ac-
tively transcribed chromatin suggests that defects in this
pathway, including those in CHD4, could result in
mutations or aberrant transcriptional responses within
active genes. The success of targeting HR-defective tu-
mors (for example, BRCA1 and BRCA2 mutations) with
PARP inhibitors (Helleday et al. 2008) should be analyzed
in NuRD-deficient settings, based on our findings that
ZMYND8 and CHD4 promote HR.
Our study suggests a widespread involvement of BRD

proteins in orchestrating chromatin-based mechanisms
of the DDR to promote genome maintenance. Our
findings also provide insights into therapeutic applica-
tions for this disease-relevant protein family. As the BRD
represents the major reader domain for acetyl-lysine
modifications, our characterization of the involvement
of the BRD proteins in associating with damaged chro-
matin will aid in elucidating the function of acetylation-
dependent signaling in the DDR and in human diseases,
including cancer.
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Materials and methods

Cell culture conditions and treatments

Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin. Cells stably expressing GFP-tagged BRD proteins
were established and maintained in medium with 10 mg/mL
blasticidin. IR treatments were by a Faxitron X-ray. DRB was
used at 100 mM 2 h prior to damage.

The U2OS-DSB reporter cell line developed by the Greenberg
laboratory (Tang et al. 2013) was used to monitor transcriptional
repression specifically at DSBs. After 72 h of siRNA treatment,
cells were left undamaged or damaged by the addition of Shield-1
(Clontech) and 1 mM4-OHT for >3 h to induce site-specific DSBs.
Both undamaged and damaged samples were treated with 1 mg/mL
doxycycline to induce nascent transcription of the reporter gene.
Cells were then incubated for >2 h and collected for RT-qPCR
analyses using primers described in Tang et al. (2013). The
transcription levels of the reporter gene from both undamaged
and damaged transcription-induced samples were normalized to
the undamaged transcription-induced sample for each treatment
with the indicated siRNAs. This provided a comparison of the
level of transcription of the reporter gene in the undamaged sample
compared with the damaged sample. To analyze the recruitment of
RAD51 to the FokI-mediated DSBs upon different siRNA treat-
ments, a DSB reporter cell line without the tetracycline response
elements (TREs) was used (Tang et al. 2013). DSBs were induced by
adding Shield-1 and 4-OHT followed by analysis of the cells 3 h
after damage using immunofluorescence with RAD51 antibodies.
Nascent transcription detection by 5-ethynyl uridine (5-EU) mon-
itoring was performed with 1 mM 5-EU added 1 h after treatment.
5-EU was detected by Click-iT RNA imaging kit (Invitrogen).
Plasmid and siRNA transfections are described in the Supplemen-
tal Material.

Laser microirradiation and microscopy analysis

Laser microirradiation was carried out with a FluoView 1000
confocal microscope (Olympus) as described (Shee et al. 2013).
Briefly, cells were grown on glass-bottomed dishes (Willco Wells)
and presensitized with 10 mM 5-bromo-29-deoxyuridine (BrdU)
for 24 h at 37°C. A 405-nm solid-state laser was used to generate
BrdU-dependent DNA damage along the laser path. Following
damage, cells were analyzed by live confocal fluorescent micros-
copy or immunofluorescence analysis as indicated in the Sup-
plemental Material.

Histone modification binding assays

Purified recombinant ZMYND8 (PHD–BRD) binding to modified
histone peptide arrays (Active Motif) was performed. Modified
histone H4 peptides were used to pull down ZMYND8 in various
conditions. Details are described in the Supplemental Material.

ZMYND8 analysis by MS

ZMYND8was purified by tandem affinity purification (TAP) and
analyzed by MS as described in the Supplemental Material.

ChIP

ChIP assays were performed as previously described (Aymard
et al. 2014). Briefly, AsiSI-induced DSB sites were as described
before: DSB-I (Chr9) and DSB-III (Chr17) represent transcription-
ally active and HR-prone regions, while DSB-1 (Chr18) and DSB-2

(Chr21) correspond to transcriptionally inactive and non-HR-
prone regions. Antibodies, primers, and full details of ChIP
analysis are described in the Supplemental Material.
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