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Members of the lysine (K)-specific demethylase 4 (KDM4) A-D fam-
ily of histone demethylases are dysregulated in several types of
cancer. Here, we reveal a previously unrecognized role of KDM4D
in the DNA damage response (DDR). We show that the C-terminal
region of KDM4D mediates its rapid recruitment to DNA damage
sites. Interestingly, this recruitment is independent of the DDR sen-
sor ataxia telangiectasia mutated (ATM), but dependent on poly
(ADP-ribose) polymerase 1 (PARP1), which ADP ribosylates KDM4D
after damage. We demonstrate that KDM4D is required for efficient
phosphorylation of a subset of ATM substrates. We note that KDM4D
depletion impairs the DNA damage-induced association of ATM with
chromatin, explaining its effect on ATM substrate phosphorylation.
Consistent with an upstream role in DDR, KDM4D knockdown dis-
rupts the damage-induced recombinase Rad51 and tumor protein P53
binding protein foci formation. Consequently, the integrity of homol-
ogy-directed repair and nonhomologous end joining of DNA breaks
is impaired in KDM4D-deficient cells. Altogether, our findings impli-
cate KDM4D in DDR, furthering the links between the cancer-relevant
networks of epigenetic regulation and genome stability.

histone demethylation | chromosome instability | PARylation

Our genome is constantly attacked by intracellular and ex-
ternal mutagens; therefore, failure to sense and/or accu-
rately repair DNA damage could lead to the accumulation of
mutations and genetic instability that fuel tumorigenesis (1).
Vertebrate cells use at least two distinct pathways for the repair
of double-strand breaks (DSBs). The first is nonhomologous end
joining (NHEYJ), which is an error-prone process. The second is
homology-directed repair (HDR), an error-free process that
functions only in S and G2 phases of the cell cycle (2).

DNA damage induces rapid and highly orchestrated changes
in chromatin structure that initiate the DNA damage response
(DDR) and promotes the accumulation of various DNA repair
proteins at sites of damage (3). Such chromatin changes are reg-
ulated by several mechanisms, including posttranslational mod-
ifications (PTMs) of histones and histone-binding proteins (4-6).
For instance, lysine methylation of both histone and nonhistone
proteins has been implicated in DDR (7-11). Histones are mono,
di-, or trimethylated on their lysine residues, which generates
binding sites for different histone-binding proteins, usually trig-
gering either condensation or decondensation of chromatin.
Differential methylation patterns of histones mark distinct regions
and transcriptional states in the genome (12-14). Trimethylation of
histone H3 on lysine 9 (H3K9me3) is enriched in condensed
pericentric heterochromatin whereas di- and monomethylation of
H3K9 (H3K9me2/1) are associated with transcriptionally silent
domains within euchromatin (13, 15). An entirely new family of
JmjC domain-containing histone demethylases, which can deme-
thylate di- and trimethylated lysines, has been recently discovered
(16, 17). The lysine (K)-specific demethylase 4 (KDM4) family
(KDM4A to -D; also known as JMJD2A to -D) members spe-
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cifically demethylate H3K9me2/me3 and H3K36me2/me3 (16-21).
KDMA4A, -B, and -C encode proteins consisting of a JmjN, a JmjC,
two PHD, and two Tudor domains whereas KDM4D encodes a
shorter protein (523 aa) consisting only of JmjN and JmjC domains
(16). The JmjC domain forms a pocket, which coordinates Fe**
and a-ketoglutarate (a-KG), and catalyzes the removal of a methyl
group from lysine by a hydroxylation reaction (17). Remarkably,
members of the KDM4 family are up-regulated in different types of
human cancer, and, importantly, their depletion impairs cancer-cell
proliferation and tumor formation (18-20, 22-27). Moreover, sev-
eral observations implicating histone demethylation in DDR
have been recently reported (19, 28, 29). Of particular interest, it
was recently shown that, in response to DNA damage, KDM4A
and KDM4B undergo rapid degradation that facilitates foci
formation of tumor protein P53 binding protein (53BP1) (30).
Here, we present a previously unrecognized role of KDM4D
in HDR and NHEJ of DSBs. We show that KDM4D is rapidly
recruited to sites of DNA damage independent of its demethy-
lase activity. This recruitment is regulated by PARP1-mediated
poly-ADP ribosylation (PARylation) of the C terminus of KDM4D.
Moreover, we found that KDM4D knockdown sensitizes cells to
DNA damage, inhibits the DNA damage-induced accumulation of
ataxia telangiectasia mutated (ATM) at chromatin, and impairs the
phosphorylation of ATM substrates H2AX, Kriippel associated
box-associated protein 1 (KAP1), and checkpoint kinase 2 (Chk2).

Significance

Sophisticated DNA damage repair mechanisms are required to
fix DNA lesions and preserve the integrity of the genome. This
manuscript provides characterization of KDM4D role in pro-
moting the repair of double-strand breaks (DSBs). Our findings
show that KDM4D lysine demethylase is swiftly recruited to
DNA breakage sites via its C-terminal region in a PARP1-de-
pendent manner. Further, we have uncovered an exciting
function of KDM4D in regulating the association of the DNA
damage response master kinase, ATM, with chromatin, thus
explaining the defective phosphorylation of ATM substrates
found in KDM4D-depleted cells. Altogether, this study advan-
ces our understanding of the molecular mechanisms that reg-
ulate the repair of DSBs, a critical pathway that is essential for
maintaining genome integrity.
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Also, KDM4D depletion affects the timely formation of damage-
induced foci of recombinase Rad51 and 53BP1 proteins and the
integrity of HDR and NHEJ of DSBs in cells. Altogether, this study
advances our understanding of the molecular mechanisms that
regulate DSB repair, a critical pathway that is essential for main-
taining genome integrity.

Results

EGFP-KDM4D Is Rapidly Recruited to Laser-Microirradiated Regions.
We sought to determine whether DNA damage influences the
cellular localization of KDM4D protein. Toward this end, we
established a stable U20S-TetON cell line that conditionally
expresses functional EGFP-KDMA4D fusion (Tables S1 and S2).
Western blot and immunofluorescence (IF) analyses reveal that
EGFP-KDM4D expression is induced only upon the addition of
doxycycline and causes a significant decrease in the levels of
H3K9me3 mark (Fig. S1). We then set up a laser-microirradiation
assay to induce targeted DNA damage as evident by the formation
of the phosphorylated form of histone H2AX (yH2AX) and the
recruitment of MDC1 repair protein (Fig. S2 4 and B).

Time-lapse imaging shows that laser microirradiation leads to
a rapid accumulation (within 15 s) of EGFP-KDM4D at sites of
DNA damage. This result demonstrates that EGFP-KDM4D
recruitment is an early event in the DNA damage-signaling
cascade (Fig. 14). Similarly, recruitment of KDM4D to laser-
irradiated regions was also observed in WI-38 cells (normal
human diploid cells) and immortalized mouse embryonic fibro-
blasts (MEFs), transiently expressing EGFP-KDMA4D (Fig. 1 B
and C). Quantitative measurements of the fluorescence intensity
at DNA damage sites reveal that EGFP-KDM4D is rapidly ac-
cumulated, reaching maximum levels around 60 s after laser
microirradiation, except in WI-38 cells, which show slightly slower
accumulation kinetics (Fig. 1 A-C, Right). The fold increase in the
intensity of EGFP-KDM4D at laser-microirradiated sites is com-
parable with that of EGFP-MDCI1 (Fig. S2B) and to other known
DDR proteins (31, 32). Interestingly, EGFP-KDM4D accumulation
at laser-microirradiated sites is transient. Time-lapse images show
dispersal of KDM4D from DNA breakage sites within 30 min after
damage induction (Fig. S2C). U20S-TetON cells expressing nu-
clear EGFP (EGFP fused to a nuclear localization signal) were used
as a control and show no discernible changes in the abundance of
EGFP at laser-microirradiated regions (Fig. S2D). Altogether, these
results provide a firm evidence that the rapid accumulation of
KDMA4D at sites of DNA damage is a widespread biological
event, and not specific to a particular cell line. In addition, our
results show that the recruitment of KDM4D to sites of damage
is conserved between human and mouse cells.

Next, we wanted to assess whether, similar to EGFP-KDM4D
fusion, the endogenous KDM4D protein is recruited to laser-
microirradiated sites. To do so, we first confirmed the specificity
and the suitability of KDM4D antibody (Ab-93694; Abcam) for
Western blot and IF analyses (Fig. S3, Table S3, and SI Materials
and Methods). U20S and A172 cells (human glioblastoma cell
lines that show high expression level of KDM4D protein) were
seeded on a dish with a gridded coverslip, subjected to laser mi-
croirradiation, fixed, and costained for yH2AX and KDM4D.
Results demonstrate that laser-irradiated regions, which are pos-
itive for yH2AX, show accumulation of the endogenous KDM4D
protein in both U20S and A172 cell lines (Fig. 1D). In agreement
with these findings, chromatin fractionation shows that the amount
of KDM4D protein in the chromatin-bound fraction increases after
exposing cells to etoposide, which primarily generates DSBs (Fig.
1E). Importantly, the accumulation of KDM4D at the chromatin
fraction is not due to an increase in overall protein levels of
KDM4D after etoposide treatment (Fig. S3E). Similarly, the
overall levels of KDM4D remain constant after DNA damage
inflicted by ionizing radiation (IR) (Fig. S3F). Therefore, we
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Fig. 1. KDM4D Protein is rapidly recruited to sites of DNA damage. (A-C)
Time-lapse images show the localization of EGFP-KDM4D fusion at the in-
dicated time points after the induction of laser DNA damage to a single
region, marked by a red arrow. Graphs (Right) show fold increase in the
relative fluorescence intensity of EGFP-KDMA4D at laser-microirradiated sites.
Each measurement is representative of at least 10 cells. Error bars indicate
SD. (A) U20S-TetON cells expressing EGFP-KDM4D fusion following the ad-
dition of doxycycline. Movie S1 shows the accumulation of full-length EGFP-
KDMA4D at the laser-microirradiated site. (B and C) WI-38 cells and MEFs
transfected with expression vector encoding EGFP-KDMA4D fusion. Results
shown in A-C are typical of three independent experiments and represent at
least 15 different cells each. (D) Recruitment of the endogenous KDM4D to
laser-microirradiation sites. U20S cells (Upper) and A172 cells (Lower) were
fixed within 5 min after laser microirradiation and subjected to immuno-
fluorescence analysis using antibodies against yH2AX (red) and KDM4D
(green). (E) DNA damage-dependent increase in the levels of KDM4D pro-
tein in the chromatin-bound fraction. U20S cells were exposed to 40 uM
etoposide for 40 min and subjected to cellular fractionation as described in
Materials and Methods. Chromatin-bound fractions from undamaged and
DNA damaged cells were immunoblotted with KDM4D antibody. H3 is used
as a loading control. (F) Representative pictures showing the recruitment of
the endogenous KDM4D to a single DSB. A plasmid encoding for I-Sce-I
endonuclease was transfected into HCA-2 fibroblast cells that contained
a single recognition site for I-Sce-I endonuclease. Cells were fixed at 24 h
(Upper) and 48 h (Lower) posttransfection and immunostained with yH2AX
(red) and KDM4D (gray) antibodies. Results shown are typical of three in-
dependent experiments and represent at least 15 different cells. (G) ChIP
analysis shows the binding of 6xmyc-KDM4D at DNA near DSBs induced by
I-Sec-1 endonuclease. U20S-HR-ind cells were transfected with an expression
vector encoding 6xmyc-KDMA4D or with an empty vector that served as
a negative control. Bars show the enrichment of KDM4D around the I-Sce-I
recognition site. The cells were then treated for 30 min with Dex to allow the
migration of I-Sce-I to the nucleus and the generation of DSBs at its recog-
nition site. Cell lysates were then prepared and subjected to anti-myc ChIP
followed by real-time PCR with primers adjacent to the I-Sce-I recognition
site. The occupancy of 6xmyc-KDM4D adjacent to I-Scel-induced DSB was
determined by quantitative real-time PCR analysis and normalized to
GAPDH input DNA. Error bars represent SD from two independent experi-
ments. Dex, dexamethasone; RF, relative fluorescence.
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concluded that KDM4D accumulation at sites of DNA damage is
not associated with an increase in its cellular levels.

Endogenous KDM4D Accumulates at a Single Double-Strand Break
Site. To extend our observations, we sought to determine
whether KDM4D is recruited to a single DSB. To do so, we took
advantage of the immortalized human HCA-2 cell line, in which
a single recognition site for I-Sce-I endonuclease is integrated
(33). To induce a defined DNA break, HCA-2 cells were trans-
fected with an expression vector encoding I-Sce-I endonuclease
and stained for yH2AX and KDM4D. We observed that 64%
and 80% of the cells (n = 50) that show a single YH2AX
focus show also a colocalized accumulation of the endogenous
KDM4D at 24 and 48 h after transfection, respectively (Fig. 1F).
One reason that not all yH2AX foci also show accumulation of
KDM4D could result from a different kinetics in the formation
and dissolution of yH2AX and KDM4D at sites of DNA damage.

To further validate the recruitment of KDM4D to DSB sites,
we performed KDM4D chromatin immunoprecipitation assay
(ChIP), followed by quantitative real-time PCR using primers
adjacent to the I-Sce-I recognition site. Because ChIP-grade
KDM4D antibody is not available, we monitored the recruitment
of KDM4D fused to six copies of myc epitope (6xmyc) in U20S-
HR-ind cells. One distinctive feature of U20S-HR-ind cells is
that they constitutively express a recombinant [-Sce-I endonu-
clease fused to the ligand-binding domain of the glucocorticoid
receptor to ensure its cytoplasmic localization. Therefore, addi-
tion of dexamethasone (Dex) induces rapid migration of the
recombinant I-Sce-I nuclease into the nucleus and rapid induction
of DSB at its recognition site within the GFP expression cassette
(34). Mock and Dex-treated U20S-HR-ind cells expressing ei-
ther empty vector or vector encoding 6xmyc-KDM4D were
subjected to ChIP using myc antibody. Results show that addition
of Dex to U20S-HR-ind cells expressing 6xmyc-KDM4D leads to
~4.8-fold induction in the abundance of the sequences surround-
ing the I-Sce-I sites compared with Dex-untreated cells and after
normalization with GAPDH. Such increase is absent in cells
transfected with an empty vector (Fig. 1G). Altogether, our data
show that the endogenous KDM4D is recruited to a single DSB
and that this recruitment is not specific to the laser-microirradiation
type of DNA damage.

The Demethylase Activity of KDM4D Is Dispensable for Its Recruitment
to Sites of DNA Damage. We sought to determine whether KDM4D
demethylase activity is involved in its recruitment to DNA break-
age sites. Toward this end, we generated a KDM4D “demethylase-
dead” mutant. Computational modeling of the crystal structure
of the JmjC domain from KDM4A (PDB ID code, 2P5B) pre-
dicts that the Ser196Met mutation is expected to abolish an
existing hydrogen-bond network, disrupting the coordination of
a-KG within the catalytic site and consequently abrogating the
demethylase activity. Given the strong conservation of the JmjC
domain among the KDM4 members, we anticipated that mu-
tating the corresponding serine residue in KDM4D, Ser200, to
methionine would generate a demethylase-dead mutant (Fig. S44).
Indeed, Western blot and IF analysis reveal that overexpression
of the KDM4D-S200M mutant in U20S cells has no detectable
effect on H3K9me3 levels whereas overexpression of wild-type
KDMA4D leads to a dramatic decrease in the levels of H3K9me3
mark (Fig. S4 B and C). Next, we microirradiated U20S cells
expressing EGFP-KDM4D-S200M mutant and found that it is
rapidly recruited to sites of DNA damage (Fig. 24). Quantitative
measurements show that the accumulation kinetics and the fold
increase in the relative fluorescence intensity of EGFP-KDM4D-
S200M fusion (Fig. 24, Right) are comparable with the wild-type
EGFP-KDM4D (Fig. 14, Right). Moreover, we found that
KDM4D-S200M accumulation at laser-microirradiated sites is
transient as it disperses from DNA breakage sites within 30 min
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Fig. 2. The C-terminal, but not the demethylase activity, of KDM4D is es-
sential and sufficient for its recruitment to DNA breakage sites. (A) A rep-
resentative picture showing transient recruitment of the demethylase-dead
mutant, KDM4D-5200M, to laser-microirradiated regions (marked with red
arrowhead). Shown are time-lapse images of U20S cells transfected with
EGFP-KDM4D-S200M and subjected to laser-microirradiation. The graph
shows the increase in the relative fluorescence intensity of EGFP-KDM4D-WT
and EGFP-KDMA4D-S200M at laser-microirradiated sites. Error bars represent
SD of 10 different cells. (B) Deletion-mapping analysis showing that the
C-terminal region of KDMA4D is essential and sufficient for KDM4D recruitment
to sites of DNA damage. U20S cells were transfected with expression vector
encoding EGFP fused to full-length or to the indicated fragments of KDM4D.
Laser microirradiation was then applied, and the ability of the deletion
mutants to accumulate at DNA breakage sites was assessed. (C) A repre-
sentative picture showing the rapid recruitment of the C-terminal region of
KDM4D (KDM4D3'3523) to |aser-microirradiated regions. Results shown are
typical of at least five independent experiments and represent more than 50
different cells. The graph shows the increase in the relative fluorescence
intensity of EGFP-KDM4D-WT and EGFP- KDM4D*'35% at laser-micro-
irradiated sites. Error bars represent SD of 10 different cells for each fusion.
Movie S2 shows the accumulation of EGFP-KDMA4D3'3523 at the laser-
microirradiated site. RF, relative fluorescence.

after damage induction. We therefore concluded that the deme-
thylase activity of KDM4D is dispensable for both accumulation
and dispersal from sites of DNA damage.

The C-Terminal Region of KDM4D Is Essential and Sufficient for Its
Accumulation at Sites of DNA Damage. We performed deletion-
mapping analysis to identify the region of KDM4D that regulates
its recruitment to sites of DNA damage. Deletion mutants of
KDM4D were tagged with EGFP and tested for recruitment to
laser-microirradiated sites of DNA (Fig. 2B). Results show that
the N-terminal and the middle region of KDM4D are unable to
accumulate at laser-microirradiated sites. In contrast, we found that
the C-terminal region encoding residues 313-523 aa of the KDM4D
is essential and sufficient for its recruitment to DNA-damage
sites (Fig. 2 B and C). Interestingly, EGFP-KDM4D?'3% shows
much faster and stronger accumulation at laser-microirradiated sites
than the full-length EGFP-KDM4D fusion. EGFP-KDM4D?!352%2
accumulation at damaged sites can be clearly visualized within
5 s after laser microirradiation (Fig. 2C, Right). Further deletions
of the C-terminal region into smaller overlapping fragments
abrogates the ability to undergo recruitment to sites of DNA
damage (Fig. 2B). These results imply either that several motifs
across the KDM4D?'352%4% region are required for recruiting
KDM4D to DNA breakage sites or that the integrity of the
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domain is important and further deletions of the domain
disturb its secondary structure.

ATM Kinase Is Not Essential for KDM4D Recruitment to DNA Damage
Sites. Phosphatidylinositol 3-kinase—related kinases (PIKKs), such
as ATM and ATR, regulate both the activity and recruitment of
various DDR proteins to DNA damage sites (4). We sought
therefore to assess whether ATM or ATR regulates KDM4D
recruitment. To do so, cells were pretreated with caffeine, which
blocks the activation of ATM/ATR, before laser microirradiation.
Results show no detectable effect on the recruitment of KDM4D
to laser-microirradiated sites (Fig. S54). Next, we chemically
inhibited ATM kinase activity using a highly specific inhibitor,
KU-55933. As expected, KU-55933-treated cells show defective
induction of ATM and H2AX phosphorylation after damage,
compared with untreated cells (Fig. S5B). Similar to caffeine-
treated cells, KDM4D recruitment is not impaired by ATM in-
hibition (Fig. S5C). Collectively, we concluded that PIKK family
members ATM and ATR are not critical for the recruitment of
KDM4D to sites of DNA damage.

PARP1 Activity Controls the Recruitment of KDM4D to Sites of DNA
Damage. To determine whether PARPI1, another key DDR
protein (35), is involved in regulating the recruitment of KDM4D
to DNA breakage sites, we devised two different approaches.
First, we monitored the accumulation of KDM4D at DNA dam-
age sites in PARP1-depleted cells. To deplete PARP1, U20S-
TetON-EGFP-KDMA4D cells were transfected with PARP1 siRNA
(Ambion), and maximal depletion of PARP1 protein was observed
at 72 h after transfection (Fig. S5D). PARP1-depleted cells (n = 50)
were subjected to laser microirradiation. As shown in Fig. 34,
PARP1 depletion leads to a striking decrease in the number of
cells that show KDM4D accumulation at DNA damage sites,
comparing to mock transfected cells. Second, we chemically
inhibited PARP1/2 using Ku-0059436 inhibitor (PARPi). Results
show that pretreating cells with PARPi was sufficient to severely
abrogate the recruitment of both the full-length and the C-terminal
region of KDM4D to sites of damage (Fig. 3 B and C). Similarly,
PARPi treatment inhibits the recruitment of the endogenous
KDM4D to DSBs induced by I-Sce-I endonuclease activity (Fig.
3D). These results altogether confirm that PARP1 activity is
critical for KDM4D recruitment to DNA damage sites.

PARP1 ADP Ribosylates KDM4D in a DNA Damage-Dependent Manner.
How does PARP1 mediate the recruitment of KDM4D to sites
of DNA damage? Based on the aforementioned results (Fig. 3),
we hypothesized that PARP1 ADP ribosylates (PARylates)
KDM4D in response to DNA damage. To explore this hypothesis,
we set up an in vitro PARylation assay and showed that 6xHis-
KDM4D fusion undergoes PARylation in the presence of PARP1
and NAD™ that serves as a donor of the ADP-ribose moiety (Fig.
4A4). Next, we tested the ability of different parts of KDM4D to
undergo PARylation. The first 350 aa fused to 6xHis tag (6xHis-
KDM4D'33%2) show a low level of PARylation, which can be
detected only following long exposure time (Fig. 4B). This
result is consistent with a recent paper showing PARylation of
the N-terminal reglon of KDM4D (36). On the other hand,
the C-terminal region fused to GST (GST-KDM4D?*- 523212‘)
undergoes massive PARylation whereas the GST is not PARylated
(expressing the C-terminal of KDM4D fused to 6xHis tag proved
unsuccessful), suggesting that KDM4D is primarily PARylated at
its C-terminal region, in vitro (Fig. 4C).

On this basis, we hypothesize that KDM4D undergoes in vivo
PARylation in response to DNA damage. To assess this hy-
pothesis, U20S-TetON cells expressing either EGFP-KDM4D
or EGFP only were pretreated with either etoposide or camp-
tothecin (CPT), which generates mainly single-strand breaks.
Next, EGFP and EGFP-KDM4D fusion were purified using
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Fig. 3. PARP1-dependent recruitment of KDM4D to laser-microirradiated
sites. (A) The effect of PARP1 siRNA knockdown on the recruitment of KDM4D
to DNA damage sites. Representative time-lapse images show the recruitment
of EGFP-KDM4D after laser microirradiation of mock and PARP1-depleted cells
(marked by red arrow) (Left). The intensity of EGFP-KDM4D signal at the
damaged area was measured using Carl Zeiss Zen software. The graph displays
the percentage of PARP1-depleted cells that show accumulation of EGFP-
KDM4D to laser-microirradiated regions, compared with mock transfected
cells at 72 h after transfection (Right). Error bars represent the SEM from two
independent experiments. (B and C) Chemical inhibition of PARP1/2 suppresses
the recruitment of EGFP-KDM4D (B) and EGFP-KDMA4D*'3%23 (C) fusions to
laser-microirradiated sites. U20S-TetON cells expressing EGFP-KDM4D or EGFP-
KDM4D3"3>2 fysions were treated for 1 h with 5 uM PARP1/2 inhibitor, Ku-
0059436. Representative time-lapse images show the localization of fusion
proteins at the indicated times after laser microirradiation of a single region
(marked by arrow). Results shown are typical of three independent experi-
ments and represent at least 30 different cells. Graphs (Right) show fold
increase in the relative fluorescence intensity of EGFP-KDM4D at laser-
microirradiated sites. (D) PARP-dependent recruitment of the endogenous
KDM4D to single-DSBs induced by I-Sce-l endonuclease, as described in Fig. 1F.
Mock and PARPi-treated HR-ind cells were immunostained with yH2AX (red)
and KDM4D (gray) antibodies. Results shown represent 15 different cells.

GFP-TRAP beads, and the immunoprecipitates were immuno-
blotted with PAR and GFP antibodies. Results show that DNA
damage, triggered by either etoposide or CPT, induces PARylation
of EGFP-KDM4D fusion whereas untreated cells show a basal
level of EGFP-KDM4D PARylation (Fig. 4D). To further validate
the in vivo PARYylation of KDM4D, U20S-TetON-EGFP-KDM4D
cells were incubated with PARPi for 3 h before etoposide treat-
ment. Results show that the DNA damage-induced PARylation
of EGFP-KDM4D is severely suppressed in PARP-inhibited cells
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(Fig. 4E). Altogether, these observations demonstrate that EGFP-
KDM4D undergoes in vivo PARylation in response to DNA
damage, a modification that might regulate KDM4D recruitment
to DNA breakage sites.

PARylation of KDM4D Is Essential for Its Recruitment to Sites of DNA
Damage. We sought to map KDM4D PARylation sites and to
assess their effect on the accumulation of KDM4D at DNA
damage regions. Given that KDM4D PARylation occurs mainly
at its C terminus (Fig. 4C), we restricted our search for PARylated
residues within this region. We performed multiple sequence
alignments of the C-terminal region of KDM4D from several
species and revealed seven evolutionary conserved residues
(E357, R450, R451, R455, E464, K472, and R473) that can po-
tentially undergo PARylation (Fig. S64). Next, we substituted
each of the conserved residues with alanine and tested their
effect on the recruitment of EGFP-KDM4D?!35233% t¢ [aser-
microirradiated sites. The EGFP-KDM4D*'*%% mutants K472A-
R473A, R455A, or E357A show inefficient recruitment to sites
of damage as evident by a significant reduction in the fluores-
cence intensity at the site of damage, compared with the wild-
type (Fig. S6D). Interestingly, EGFP-KDM4D?!3%%% muytant,
including the four mutations R450A, R451A, E357A, and R455A
(hereafter called KDM4D-4M), fails to accumulate at laser-
microirradiated sites (Fig. 54). Similarly, full-length EGFP-
KDM4D-4M mutant lost its ability to accumulate at laser-
microirradiated region (Fig. 5B). On the other hand, E464A
mutation has no detectable effect on the recruitment of EGFP-
KDMA4D??3%% 19 sites of DNA damage (Fig. S6D). Collectively,
our analysis shows that R450A, R451A, E357A, and R455A
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poside treatment.

residues are critical for EGFP-KDM4D?'3-3233 and the full-
length EGFP-KDM4D recruitment whereas K472, R473, and
E464 show a milder disruption of the recruitment of EGFP-
KDM4D?13-52334 14 sites of DNA damage.

Driven by these observations, we hypothesize that KDM4D-
4M mutant failed to accumulate at DNA breakage sites be-
cause they are unable to undergo PARylation. To test this
hypothesis, full-length KDM4D-4M fused to 6xHis tag was
subjected to in vitro PARylation assay. Western blotting analysis
shows that KDM4D-4M mutant lost its ability to undergo PAR-
ylation compared with the wild-type KDMA4D protein (Fig. 5C).
These observations altogether provide strong evidence that E357,
R450, R451, and R455 residues are required for KDM4D PAR-
ylation and recruitment to sites of DNA damage.

Next, we sought to address whether the demethylase activity of
KDM4D-4M mutant, which is defective in recruitment to DNA
damage sites, was affected. Toward this end, we set up an in vitro
demethylation assay where the recombinant His-KDM4D-WT
and His-KDM4D-4M protein were incubated with bulk histones
and the efficiency of the demethylase activity was assessed by
measuring the level of H3K9me3 using specific antibody. Results
clearly show that the demethylase activity of KDM4D-4M is
indistinguishable from that of the wild-type KDM4D protein
(Fig. S6B). Moreover, transfecting U20S cells with a construct
expressing KDM4D-4M fused to DsRed-Monomer (MR-KDM4D-
4M) revealed that the nuclear localization and the in vivo deme-
thylase activity of KDM4D-4M remain intact (Fig. S6C). These
results argue against improper folding of KDM4D-4M mutant.
Collectively, we genetically uncoupled the two functional domains
of KDM4D: the first includes the JnjC domain that catalyzes
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Fig. 5. KDMA4D PARylation is essential for its recruitment to sites of DNA damage. (A and B) Alanine substitution of R450, R451, R455, and E357 (KDM4D-4M)
abrogates the recruitment of EGFP-KDM4D3'3-52332 and full-length EGFP-KDMA4D to laser-microirradiated sites. U20S cells were transfected with expression
vectors encoding either EGFP-KDM4D3'3-52322_4\ (A, Upper), EGFP-KDMA4D3'35233\WT (A, Lower), full-length EGFP-KDMA4D-4M (B, Upper), or full-length
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least 30 different cells. (C) In vitro PARylation shows that PARylation of KDM4D-4M lost its ability to undergo PARylation, compared with the wild-type
KDMA4D protein. The reaction mixtures were either immunoblotted using PAR antibody (Upper) or stained with Coomassie (Lower).

the demethylation reaction and the second domain undergoes
PARylation in response to DNA damage and targets KDM4D
to DNA damage sites.

KDM4D Depletion Sensitizes Cells to lonizing Radiation. A funda-
mental feature of any protein that functions in DDR is that its
presence is required for cellular resistance to exogenous DNA
damage. Thus, we sought to determine the effect of KDM4D
depletion on cellular sensitivity to IR. Control and KDM4D-
depleted cells (Fig. 64) were subjected to increasing doses of IR,
and cell survival was assessed using a clonogenic assay. We made
two interesting observations. The first was that, irrespective of
DNA damage, the viability of KDM4D-depleted cells was re-
duced by ~55% compared with cells transfected with control
siRNA (308 + 47 colonies per dish compared with control cells at
141 + 15 colonies per dish). The second observation was that, in
response to IR, the ability of KDM4D-depleted cells to form
colonies was significantly decreased compared with cells trans-
fected with control siRNA (Fig. 6B). These results suggest that
KDM4D-depleted cells are pronouncedly more sensitive to
DNA damage induced by IR.

KDMA4D Depletion Impairs the DNA Damage-Induced Phosphorylation
of a Subset of ATM Substrates. To gain molecular insights into the
mechanism by which KDM4D affects cellular sensitivity to DNA
damage, we looked at the phosphorylation kinetics of early DNA
damage markers. First, we assessed the autophosphorylation of
ATM kinase on Ser-1981, which is known to be essential for
intact DNA damage response (37). Results show that the levels
of ATM-Ser1981 phosphorylation in KDM4D-depleted cells
were indistinguishable from control cells. In contrast, we found
that the phosphorylation levels of three well-characterized ATM
substrates, H2AX-Ser139, KAP1-Ser824, and Chk2-Thr68, were
profoundly reduced in KDM4D-depleted cells compared with
control cells (Fig. 6 D and E). It should be noted that this re-
duction in the phosphorylation levels of ATM substrates is not
due to a decrease in the total amount of ATM or its substrates
(Fig. 6 C-E). Moreover, our results suggest that KDM4D de-
pletion does not inhibit the kinase activity of ATM (Fig. 6C), but
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it inhibits the phosphorylation of a subset of ATM substrates.
Altogether, these results are in agreement with the rapid re-
cruitment of KDM4D to DNA breakage sites and suggest that
KDM4D is involved in the initiation of the DNA damage-
signaling cascade by facilitating the phosphorylation of the early
markers of DNA damage.

KDM4D Promotes ATM Association with Chromatin. How does
KDM4D affect ATM substrate phosphorylation? It has been
reported that the levels of ATM protein at the chromatin-bound
fraction increase in response to DNA damage (38). On this basis,
we sought to address whether KDM4D affects the association of
ATM with chromatin. To do so, control and KDM4D siRNA-
treated U20S cells were exposed to IR and subjected to bio-
chemical fractionation followed by Western blot. Interestingly,
KDM4D depletion leads to a severe reduction in the levels
of ATM at the chromatin-bound fraction regardless of DNA
damage. Also, KDM4D depletion inhibits the DNA damage-
induced accumulation of ATM at chromatin. On the other hand,
U20S cells transfected with control siRNA show significant
increase in the levels of ATM protein at the chromatin-bound
fraction after IR treatment (Fig. 6F). Consistent with a pre-
vious report (38), we observe that the chromatin-bound frac-
tion of ATM is phosphorylated on Ser1981 after exposure to
IR (Fig. 6F). Notably, the decrease in ATM levels at the
chromatin fraction in KDM4D-depleted cells is not due to
changes in the overall levels of ATM protein (Fig. 6C). Sim-
ilar reduction in ATM levels at the chromatin-bound fraction
was also observed in KDM4D-depleted cells treated with
etoposide (Fig. 6G). Altogether, our data suggest that the
defective association of ATM with chromatin in KDM4D-
depleted cells could contribute to inefficient phosphorylation
of a subset of ATM substrates.

KDM4D Affects the IR-Induced Foci Formation of Rad51 and 53BP1
Proteins. KDM4D depletion impairs the phosphorylation of
KAP1-Ser824, which is known to facilitate DSB repair (6, 39,
40). On this basis, we decided to investigate foci formation of
Rad51, a central protein involved in homology-directed repair
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Fig. 6. KDM4D promotes cell survival and facilitates the DNA damage-
induced phosphorylation of a subset of ATM substrates. (A) Nearly 85%
KDM4D knockdown as confirmed using TagMan real-time PCR. (B) Clono-
genic assay shows that KDM4D depletion sensitizes cells to IR. Control and
KDM4D-depleted cells were seeded at a density of 600 cells per 6-cm plate
and exposed to increasing doses of IR. Plates were stained with crystal violet,
and the numbers of surviving colonies were evaluated 12 d after irradiation.
The averages of total colony numbers were done in triplicate and are rep-
resentative of two independent experiments. The numbers of colonies were
normalized to the percentage of undamaged cells and plotted as a function
of IR dosage. Error bars represent the SEM in two independent experiments.
(C-E) KDM4D knockdown impairs the phosphorylation of H2AX-5139, KAP1-
$824, and Chk2-T68 but has no detectable effect on the phosphorylation
of ATM-51981 protein. Control and KDM4D-depleted U20S cells were
exposed to IR (5 Gy), and protein extracts were prepared at the indicated
time points using a hot-lysis procedure and subjected to Western blotting
using antibodies against the indicated proteins. Next, the membranes
were stripped and reacted with anti-H3, ATM, KAP1, and actin for loading
controls. These results are representative of two independent experi-
ments. (F) KDM4D depletion impairs the association of ATM with chro-
matin. Control and KDM4D siRNA-transfected U20S cells were exposed to
IR (5 Gy) and subjected to cellular fractionation. Chromatin-bound frac-
tions were immunoblotted using the indicated antibodies. (G) As in F,
except that the cells were exposed to either DMSO or etoposide before
cellular fractionation. Results shown in F and G are representative of at
least two independent experiments.

(HDR) of DSBs, and 53BP1 foci formation that facilitates DSB
repair by NHEJ. To do so, KDM4D was knocked down using
two different siRNA sequences, sequences 23 and 24. Mock and
KDM4D-depleted cells were seeded in 96-well plates and ex-
posed to 3 Gys IR. Next, cells were fixed at the indicated time
points after IR and stained for yH2AX, Rad51, and 53BP1.
Automatic acquisition of 500 cells from each time point was
carried out using a high-content screening microscope. Results
show that KDM4D knockdown leads to a significant reduction in
the intensity of YH2AX (Fig. 74). These observations are con-
sistent with the decrease in H2AX phosphorylation that was
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evident by Western blot analysis following KDM4D depletion
(Fig. 6D). Interestingly, KDM4D depletion also leads to a dra-
matic decrease in the percentage of cells showing more than
three Rad51 foci (Fig. 7B). Similarly, KDM4D depletion reduces
the DNA damage-induced 53BP1 foci (Fig. 7C). Collectively,
these observations indicate that KDM4D promotes Rad51 and
53BP1 foci formation and implicate KDM4D in DSB repair.

The Demethylase Activity and the Recruitment of KDM4D to Sites of
DNA Damage Are both Required for Intact HDR of DSBs. The de-
fective formation of Rad51 foci after damage prompted us to
investigate the integrity of HDR of DSB in vivo. Toward this
end, we used U20S-HR-ind cells that form DSB at the I-Sce-I
site within the GFP expression cassette following the addition of
Dex. Repairing the DSBs by HDR restores the integrity of the
GFP gene and leads to the appearance of GFP-positive cells
(34). Control and KDM4D-siRNA-transfected HR-ind cells
were treated with 0.1 pM Dex for 48 h, and the percentage of
GFP-positive cells was determined by flow cytometry. Results
show that depletion of KDM4D using two different siRNAs
leads to a decrease of 29-34% in GFP-positive cells compared
with control siRNA-treated cells. In addition, ATM kinase was
used as a positive control for this assay, and its inhibition results
in 61% decrease in the GFP-positive cells (Fig. 7D). Given that
HDR functions only in the S and G2 phases of the cell cycle (2),
we sought to test whether the decrease in the efficiency of HDR
in KDM4D-depleted cells did not result from changes in cell-
cycle distribution. Flow-cytometric analysis reveals that the de-
pletion of KDM4D has no significant effect on cell-cycle distri-
bution (Fig. 7E). We concluded therefore that the defective HDR
of I-Sce-I-induced DSBs in KDM4D-depleted cells is not a con-
sequence of cell accumulation at the G1 phase of the cell cycle.

To gain more insight into how KDM4D affects HDR of
DSBs, we complemented KDM4D-depleted cells with constructs
expressing DsRed-Monomere fused to siRNA-resistant forms of
KDM4D-WT, KDM4D-S200M, or KDM4D-4M. Next, Dex was
added to induce DSB, and the percentage of green cells out of
red cells was determined using a flow cytometer. Strikingly,
whereas the defect in DSB repair in KDM4D-deficient cells was
mended by expressing wild-type KDM4D, both the KDM4D-
S200M and KDM4D-4M mutants fail to restore the integrity of
HDR (Fig. 7F). Altogether, these observations provide evi-
dence that both the demethylase activity and the recruitment
of KDM4D are required for intact HDR of DSBs.

The requirement of the demethylase activity of KDM4D for
HDR was also established following the inhibition of KDM4
activity using the 8-hydroxyquinoline (8-HQ) molecule, which
has been recently shown to inhibit the demethylase activity of the
KDM4 family (41). We first validated that the 8-HQ compound
can inhibit the demethylase activity of the KDM4D isoform. To
do so, 8-HQ was added to doxycycline-treated U20S-TetON-
EGFP-KDMA4D cells, and the levels of H3K9me3 were assessed
by Western blotting. Results show that overexpression of EGFP-
KDM4D leads to a decrease in the overall level of H3K9me3,
which was inhibited in cells treated with 8-HQ molecules (Fig.
7G). We thus concluded that 8-HQ can effectively inhibit the
demethylase activity of KDM4D. Next, U20S-HR-ind cells were
treated with increasing concentrations (50-100 pM) of 8-HQ,
and the percentage of GFP-positive cells was determined by flow
cytometery at 48 h following the addition of 0.1 pM Dex. In-
terestingly, we found that the percentage of GFP-positive cells
decreases in a dose-dependent manner of 8-HQ inhibitor (be-
tween 31% and 73%) (Fig. 7H). This result suggests that the
demethylase activity of KDM4 facilitates HDR of DSBs. Alto-
gether; these data imply that normal HDR of DSBs requires
intact demethylase activity of KDM4D protein.
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Fig. 7. KDM4D depletion affects double-strand break repair. (A-C) KDM4D
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treated with 40 pM etoposide for 20 min. The drug was then removed,
and cells were fixed at the indicated time points after DNA damage and
immunostained with yH2AX, Rad51, and 53BP1. A high-content screening
microscope (In Cell Analyzer 2000; GE Healthcare) was used for automatic
acquisition of at least 500 cells at each time point. (A) The nuclear intensity
of yH2AX was calculated using the IN Cell Analyzer Workstation 3.7. (B) The
percentage of cells with more than three Rad51 foci. Results are typical of
two independent experiments. Error bars show SDs from the mean. (C) The
percentage of cells with more than three 53BP1 foci. (D) KDM4D depletion
impairs HDR of DSBs induced by I-Sce-l endonuclease. A decrease of 29-34%
in the GFP-positive cells was observed following the depletion of KDM4D in
HR-ind cells. Results shown are typical of three independent experiments.
For positive control, ATM was inhibited using 20 pM KU-55933. Two in-
dependent experiments show that ATM inhibition leads to 61% reduction in
the GFP-positive cells. Error bars represent the SD. (E) Flow-cytometric
analysis shows that KDM4D depletion or ATM inhibition has no significant
effect on cell-cycle distribution. (F) The defects in HDR in KDM4D-deficient
cells were mended by expressing wild-type KDM4D, but not KDM4D-5200M
or KDM4D-4M mutants. Control and KDM4D-siRNA transfected HR-ind cells
were transfected with constructs expressing the indicated forms of KDM4D
and treated with 0.1 uM Dex for 48 h, and the percentage of GFP-positive
cells from the total number of red cells was determined by flow cytometry.
Results shown are typical of two independent experiments. Error bars rep-
resent SD. (G) The 8-hydroxyquinoline (8-HQ) molecule inhibits the deme-
thylase activity of KDM4D. U20S-TetON cells expressing EGFP-KDM4D cells
were treated with 50 pM 8-HQ inhibitor for 12 h, and protein extracts were
prepared using a hot-lysis procedure and subjected for Western blotting
using GFP, H3K9me3, and H3 antibodies. (H) Chemical inhibition of KDM4
proteins impairs HDR of DSBs in a dose-dependent manner of 8-HQ. U20S-
HR-ind cells were incubated with increasing concentrations of 8-HQ for 2 h
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KDM4D Promotes NHEJ of DSB. We have shown that KDM4D
enhances the timely formation of 53BP1 foci upon DNA damage
(Fig. 7C). Knowing that 53BP1 facilitates DSB repair by the
NHE]J pathway (42, 43), we reasoned that KDM4D might also
affect NHEJ of DSBs. To assess this possibility, HeLa cells con-
taining the plasmid pEJSSA stably integrated into their genome
were used to monitor the efficiency of NHEJ in vivo. This plasmid
contains a recognition site for I-Sce-I endonucleases, and the repair
of the DSB by NHEJ leads to the appearance of green fluorescent
cells (44). Control and KDM4D siRNA-treated cells were
cotransfected with vectors expressing I-Scel endonuclease and
RedMonomer tag as a control for transfection efficiency. Cells
were left for 48 h, and then the ratio of GFP-positive cells out of
the RedMonomer-positive cells was determined using a BD
LSRII flow cytometer. Results show that KDM4D depletion
leads to an ~65% decrease in the efficiency of NHEJ of DSBs
(Fig. 7I). Collectively, our results suggest that KDM4D regu-
lates the integrity of HDR and NHEJ of DSBs.

In summary, this study shows that the PARP1-dependent re-
cruitment of KDM4D to sites of DNA damage promotes the
phosphorylation of particular ATM substrates and facilitates the
formation of Rad51 and 53BP1 foci. Moreover, we have shown
that KDM4D promotes the association of ATM with chromatin,
thus providing mechanistic insight into the mechanism by which
KDM4D ablation impairs the repair of DSBs.

Discussion

KDM4D belongs to the KDM4 family that demethylates
H3K9me2/me3 marks and consists of evolutionarily conserved
JmjN and JmjC domains at its N terminus whereas the overall
sequence of C-terminal region contains no obvious charac-
terized domains (16). This study revealed that KDM4D is swiftly
recruited to sites of damage in a PARP1-dependent manner.
Moreover, we show that KDM4D promotes the phosphorylation
of early DNA damage markers and also facilitates the formation
of Rad51 and 53BP1 foci. Consequently, KDM4D depletion
affects the integrity of HDR and NHEJ of DSBs. These results
uncover an unprecedented role of KDM4D lysine demethylase
in DNA damage repair of DSBs.

Our data implicate KDM4D in the early events of DDR, as it
promotes the phosphorylation H2AX, the earliest known marker
of DNA damage (Figs. 6D and 74). How does KDM4D in-
fluence H2AX phosphorylation? ATM levels at chromatin are
known to increase in response to DNA damage (38). Here, we
show that KDM4D inhibits the DNA damage-dependent in-
crease in ATM at chromatin (Fig. 6F), thereby impeding the
accessibility of ATM kinase to its chromatin substrates, providing
a possible explanation for the impairment of H2AX phosphor-
ylation. Subsequently, the reduction in KAP1 and Chk2 phos-
phorylation and the impairment of Rad51 and 53BP1 foci
formation in KDM4D-depleted cells can be a consequence of
the inefficient phosphorylation of H2AX. Alternatively, KDM4D

and then treated with 0.1 pM Dex for 48 h to induce the formation of |-Sce1
DSBs. To evaluate the integrity of HDR, cells were harvested, and the per-
centages of GFP-positive cells were determined using flow-cytometric anal-
ysis. Results shown are typical of two independent experiments. Error bars
represent SD. (/) KDM4D depletion disrupts the integrity of NHEJ in vivo. A
decrease of 65% in the GFP-positive cells was observed following the de-
pletion of KDM4D in Hela cells containing the NHEJ reporter, pEJSSA.
Control and KDM4D siRNA-treated cells were cotransfected with constructs
expressing |-Sce-1 endonuclease and Red-Monomer (MR) tag. To evaluate the
integrity of NHEJ, cells were harvested, and the percentage of GFP-positive
cells from the total number of red cells was determined by flow cytometry.
Results shown are typical of two independent experiments. Error bars rep-
resent the SD. The P values were calculated using two-tailed paired tests,
compared with control of each time point. *, **, and *** indicate signifi-
cance at P < 0.05, 0.01, and 0.001, respectively.
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activity can directly promote the phosphorylation and the foci for-
mation of these downstream targets of DNA damage.

A key question is how KDM4D facilitates the localization of
ATM at chromatin. One possibility is that KDM4D-dependent
demethylation of ATM is involved in its retention at chromatin.
Second is that KDM4D might serve as a scaffold protein for
recruiting ATM to chromatin. However, immunoprecipitation
experiments show that KDM4D does not interact with ATM
kinase, indicating that the alleged ATM-KDMA4D interaction is
either weak or transient and is likely lost during pull-down
assays. Third is that the demethylase activity of KDM4D facili-
tates the accessibility of ATM kinase to its substrates, which can
be achieved by relaxing the chromatin structure through local
demethylation of H3K9me?2/me3 surrounding the DNA damage
sites. Indeed, it was shown that the levels of H3K9me2/3 in
yH2AX-positive regions decrease after damage (29, 45).

Our results show that PARP1 regulates KDM4D recruitment
to sites of DNA damage (Figs. 3-5), suggesting that both pro-
teins might act in the same pathway of DDR. However, whereas
KDM4D depletion reduces HDR of DSB, PARP1 inhibition
results in hyper recombination (46). These apparently contro-
versial observations can be due to the fact that KDM4D and
PARP1 have distinct functions that are independent of each
other. Therefore, we do not necessarily anticipate that PARP1
depletion phenotype phenocopies the phenotype of KDM4D
depletion. Indeed, PARP1 depletion does not phenocopy depletion
of meiotic recombination 11 homolog (MRE11), another pro-
tein in the DNA damage response that depends on PARylation
for recruitment (47). Interestingly, our results are consistent
with recent evidence showing that the depletion of MREI11,
Nijmegen breakage syndrome 1, and chromodomain helicase
DNA binding protein 4 (CHD4) proteins, whose recruitment to
sites of DNA damage is regulated by PARP1, disrupts the HDR
of DSB (47-49). Moreover, the rapid and transient recruitment
of KDM4D to sites of DNA damage is in line with the increasing
numbers of DDR proteins that show transient recruitment, but
long lasting effect on repair and/or DNA damage-induced foci
formation (49-55).

PARP1 is known to modulate chromatin structure at DNA
damage sites by PARylating histones (56) and nonhistone pro-
teins (57-60). Here, we suggest that PARP1 modifies chromatin
structure also through recruiting KDM4D histone demethylase
to sites of DNA damage. Similarly, it was recently shown that
PARP1 and Really Interesting New Gene finger protein (RNF)8
ubiquitin ligase regulate the recruitment of the catalytic subunit
of the NuRD repressor complex, CHD4, to DNA-breakage sites
(49, 61). CHD4 recruitment to sites of DNA damage is much
slower (5 min) compared with KDM4D recruitment (15 s),
suggesting that KDM4D may function upstream of CHD4.

Many of the DNA damage repair proteins form immunoflu-
orescence-detectable foci in response to DNA damage. Interest-
ingly, no such foci of KDM4D were formed in response to IR or
after exposing cells to genotoxic agents. This observation is similar
to the behavior of other known DDR proteins, such as CHD4 (49),
Lupus Ku autoantigen protein P70 (Ku70), Lupus Ku autoantigen
protein P86 (Ku86) (62), RNF4 (63), and heterochromatin protein
1 (HP1) (5, 64), that remain diffuse throughout the nucleus in re-
sponse to IR. Nevertheless, we were able to convincingly show
KDM4D recruitment to a single double strand break generated by
I-Sce-I endonuclease.

Many of the DNA damage repair proteins form immuno-
fluorescence-detectable foci in response to DNA damage. In-
terestingly, no such foci of KDM4D were formed in response to
IR or after exposing cells to genotoxic agents, such as etoposide.
Nevertheless, we were able to convincingly show that KDM4D
accumulates at etoposide-damaged chromatin (Fig. 1F) and is
recruited to DSBs generated by I-Sce-I endonuclease (Fig. 1G).
This behavior is similar to other known DDR proteins, such as
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CHD4 (49), Ku70, Ku86 (62), RNF4 (63), and HP1 (5, 64), that
remain diffuse throughout the nucleus in response to IR or gen-
otoxic treatments but show accumulation at damaged chromatin
(49, 65, 66) and are recruited to I-Sce-I-induced DSBs (67). The
inability to visualize DNA damage-induced foci by conventional
immunofluorescence could be therefore due to technical obstacles
rather than lack of recruitment to damaged chromatin.

How does KDMA4D facilitate DSBs repair? Our data suggest that
the defective HDR and NHEJ in KDM4D-depleted cells is likely
to be caused by the inefficient formation of Rad51 and 53BP1 foci.
In support of this suggestion, several published reports show that
inhibition of Rad51 foci formation disrupts the HDR integrity of
DSB (68-70) and that knockdown of 53BP1 impairs NHEJ (42, 43).

In summary, here, we present previously unidentified evidence
linking KDM4D histone demethylase to the initiation of the DNA
damage-signaling cascade and to the repair of DSBs. Importantly,
we demonstrate that KDM4D is critical for the association of
ATM with chromatin, thus providing a possible explanation for
the impaired phosphorylation of ATM substrates. Identifying
KDM4D histone demethylase as an additional player in DSB
repair will help us to better understand the molecular mecha-
nisms that ensure efficient repair of DNA lesions to maintain
genomic stability.

Materials and Methods

In Vitro PARylation Assay. His-tagged wild-type, N-terminal, C-terminal, and
different mutants of KDM4D (0.125 mg) were subjected to in vitro PARylation
at room temperature for 20 min in a reaction buffer (50 mM Tris-HCI, pH 8,
25 mM MgCl,, 50 mM NaCl) supplemented with 200 uM NAD*, activated
DNA, and PARP1 enzyme (Trevigen). The reaction was stopped by adding 5x
SDS/PAGE sample buffer and subjected to Western blot analysis.

In Vitro Histone Demethylation Assay. The histone demethylation assay was
performed as previously described (19). Briefly, 5 pg of bulk histones (Sigma)
were incubated with 5 pg of purified His-tagged KDM4D proteins in a
demethylation buffer (20 mM Tris, pH 7.3, 150 mM Nadl, 1 mM o-ketoglutarate,
50 pM FeSO,4, 2 mM ascorbic acid) at 37 °C overnight. Reaction mixtures were
resolved in gel and analyzed by Western blotting using H3K9me3 and H3
specific antibodies.

Homology-Directed Repair Assay. The efficiency of homology-directed repair
of DSBs was performed as previously described (34). In brief, U20S-HR-ind
cells, which stably express cytoplasmic mCherry-I-Sce-l enzyme fused to
glucocorticoid receptor (I-Sce-I-GR), were treated with 0.1 uM dexametha-
sone (Dex) for 48 h. This treatment induced rapid entry of I-Sce-I-GR into the
nucleus and generation of DSB at its recognition sequence within the re-
porter construct expressing GFP. Repairing the DSB by HDR restored the
integrity of the GFP gene. To measure the GFP-positive cells, U20S-HR-ind
cells were trypsinized and washed once with PBSx1 and then resuspended in
PBSx1 containing 7% FBS. The number of GFP-positive cells was determined
using a BD LSRIIl. Data analysis was performed using FCS-Express software
and was based on at least 50,000 events. Because the I-Sce-I-GR is stably
expressed, no normalization was required.

Laser Microirradiation. Cells were presensitized with 10 pM Hoechst 3334 dye
for 15 min at 37 °C. Then, laser microirradiation was performed using an
inverted confocal microscope (LSM-700; Zeiss) equipped with a CO, module
and a 37 °C heating chamber. A preselected spot within the nucleus was
microirradiated with 10 iterations of a 405-nm laser with 100% power to
generate localized DNA damage. Then, either cells were fixed for immu-
nofluorescence, or time-lapse images were acquired using a 488-nm laser at
15-s time intervals. The fluorescence intensity of EGFP signals at laser-
microirradiated sites was measured using Zen 2009 software (Carl Zeiss).
Data obtained were corrected for the loss of total fluorescence and nor-
malized to the initial intensity.
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