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ABSTRACT

DNA replication is tightly regulated to occur once and
only once per cell cycle. How chromatin, the physio-
logical substrate of DNA replication machinery, regu-
lates DNA replication remains largely unknown. Here
we show that histone H3 lysine 9 demethylase Kdm4d
regulates DNA replication in eukaryotic cells. Deple-
tion of Kdm4d results in defects in DNA replication,
which can be rescued by the expression of H3K9M,
a histone H3 mutant transgene that reverses the ef-
fect of Kdm4d on H3K9 methylation. Kdm4d inter-
acts with replication proteins, and its recruitment
to DNA replication origins depends on the two pre-
replicative complex components (origin recognition
complex [ORC] and minichromosome maintenance
[MCM] complex). Depletion of Kdm4d impairs the re-
cruitment of Cdc45, proliferating cell nuclear antigen
(PCNA), and polymerase �, but not ORC and MCM
proteins. These results demonstrate a novel mecha-
nism by which Kdm4d regulates DNA replication by
reducing the H3K9me3 level to facilitate formation of
pre-initiative complex.

INTRODUCTION

DNA replication is tightly regulated to achieve precise du-
plication of genetic information once and only once per cell
cycle. At the molecular level, the origin recognition complex
(ORC) associates with replication origin to recruit Cdc6,
Cdt1 and minichromosome maintenance (MCM) complex
to form the pre-replicative complex (pre-RC) at the M-to-
G1 phase transition. The pre-RC is activated by phospho-
rylation of S phase cyclin-dependent kinase, recruitment of
Cdc45 and GINS complex and other accessory factors in a
stepwise manner to form the pre-licensing complex, which
will initiate DNA replication (1).

It is widely accepted that chromatin, the physiological
substrate of DNA replication machinery, is one of the ma-
jor obstacles for DNA replication (2,3). Several lines of ev-
idence support the idea that the chromatin landscape plays
an important role in the spatial and temporal regulation
of DNA replication. For instance, the lightly packed eu-
chromatin replicates at early S phase, while the more com-
pact heterochromatin domains replicate at late S phase (4–
6). Moreover, chromatin regulators such as histone modi-
fiers play important roles for cells to overcome chromatin
challenge during replication. For instance, acetylation of
histone H4 surrounding the replication origins by HBO1
facilitates the assembly of pre-RC (7,8). In contrast, hy-
poacetylation and hypermethylation are required for main-
taining the delayed replication timing of heterochromatin,
which generally replicates in late S phase (9). Methyla-
tion on H3K27 that reduces the chromatin accessibility is
required to inhibit over-replication of heterochromatin in
Arabidopsis (10,11). On the other hand, it is noteworthy
that mono-methylation of H4K20 by PR-Set7 was shown
to associate with DNA replication origin (12–14). Degra-
dation of PR-Set7 by CUL4(Cdt2) prevents re-replication
(13), while knocking down of PR-Set7 significantly reduced
S phase progression (15,16). Therefore, modifications on hi-
stones are important for the regulation of DNA replication.

Trimethylation of H3K9 (H3K9me3) is a histone
mark associated with transcriptionally silenced chromatin
(17,18). The euchromatin with a low level of H3K9me3
replicates at early S phase, while the heterochromatin do-
mains enriched with H3K9me3 replicate at late S phase (4–
6). Reducing the levels of methyltransferases for H3K9me3
or H3K9me3-binding protein heterochromatin protein
1 accelerates the replication timing of heterochromatin
(19). Moreover, over-expression of KDM4A, one of the
H3K9me3 demethylases, advances S phase entry (20). How-
ever, all the previous studies were focused on the rela-
tionship between H3K9me3 and replication timing. It was
not known whether other members of the KDM4 fam-
ily (KDM4B-D), which are known to play distinct roles in
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DNA damage response (21–24), have any roles in DNA
replication. Here we present a previously unrecognized role
of Kdm4d in DNA replication. We show that Kdm4d in-
teracts with DNA replication proteins and is recruited to
DNA replication origins at G1 and S phases in an ORC-
and MCM-dependent manner. Furthermore, Kdm4d is re-
quired for the chromatin association of Cdc45, proliferat-
ing cell nuclear antigen (PCNA) and polymerases during
S phase of the cell cycle, revealing a mechanism whereby
DNA replication is regulated by the H3K9me3 demethy-
lase.

MATERIALS AND METHODS

Tissue culture, primers and shRNAs

HeLa, HEK293T, HCT116, U2OS and NIH-3T3 cells were
obtained from ATCC and cultured in standard conditions
according to ATCC’s instructions.

For cell synchronizations, HeLa cells were blocked in 1
mM mimosine (G1) or 2 mM thymidine (G1/S) for 24 h, or
50 ng/ml nocodazole (G2/M) for 18 h. To release synchro-
nized cells from G1 arrest, cells were arrested in mimosine
for 20 h before washing and releasing in fresh medium con-
taining 50 ng/ml nocodazole. To release cells from G1/S
arrest, cells were treated with 2 mM thymidine for 20 h be-
fore washing and releasing into fresh medium containing 50
ng/ml nocodazole.

All shRNAs were obtained from Sigma-Aldrich.
sh-h1 (GCCAGAGAGACCTATGATAAT) and sh-
h2 (CAGATTATCCACCCGTCAAAT) target human
KDM4D. sh-m1 (CCACGGTAAGTAACGTTCCTT) and
sh-m2 (ACACAGAGACTATGGTGTCTA) target mouse
KDM4D. shORC2 (GCCGAACTTAAACAACTAAAT)
and shMCM3 (CGGCAGGTATGACCAGTATAA)
target human ORC2 and MCM3, respectively.

Primers used this study are listed in Supplementary Table
S2.

Antibodies

Histone H3 (WB 1:5000), H3K9me1 (WB 1:1000),
H3K9me3 (WB 1:1000) and Mcm3 (WB 1:2000) were gen-
erated in the laboratory and were used previously (25,26).
Anti-GFP (ab6556, WB 1:10 000), Pol� (ab186407, WB
1:1000), Pol� (ab74308, WB 1:1000), KDM4D (ab93694,
WB 1:2000, IF 1:200, ChIP 4 �g per IP), Mcm6 (ab201683,
ChIP 4 �g per IP), Orc2 (ab68348, WB 1:2000), anti-SLD5
(ab139683, WB 1:1000) and anti-CldU (ab6326) were
purchased from Abcam; Orc5 (sc-20635, WB 1:1000),
Cdc45 (sc-20685, WB 1:1000), PCNA (sc-56, WB 1:1000)
and Tubulin (sc-9104, WB 1:5000) were purchased from
Santa Cruz Biotechnology; H3K27me3 (C36B11, WB
1:1000) and H3S10ph (D2C8, WB 1:1000) were purchased
from Cell Signaling Technology.

Fluorescein isothiocyanate (FITC)-conjugated anti-
BrdU (347583) and anti-IdU (347580) antibodies were
purchased from BD Biosciences; FITC goat anti-mouse,
FITC goat anti-rabbit and Cy3 goat anti-rat antibodies
were purchased from Jackson ImmunoResearch.

Flow cytometry and immunofluorescence microscopy

BrdU-PI flow cytometry was performed as described pre-
viously, with minor modification (27). In brief, cells were
incubated with 10 �M BrdU for 20 min before being fixed
with 70% ethanol, denatured in 2 N HCl for 30 min and
stained with FITC-conjugated anti-BrdU antibody accord-
ing to the manufacturer’s instructions. Cells were further
treated with 40 �g/ml RNase A and 200 �g/ml PI at room
temperature for 30 min and analyzed by flow cytometry. The
quantification was done by FlowJo single-cell analysis soft-
ware.

Immunofluorescence microscopy was performed as de-
scribed previously, with minor modification in which cells
were extracted by extraction buffer (10 mM PIPES [pH 6.8],
100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 50 mM NaF,
1 mM PMSF, protease inhibitor cocktail) with 0.5% Trion
X-100 for 10 min on ice before paraformaldehyde fixation
(26).

For 5-ethynyl-2′-deoxyuridine (EdU) staining, cells were
pulsed with 10 �M EdU for 20 min before being fixed in 3%
paraformaldehyde. Fixed cells were permeabilized by CSK
buffer with 0.5% Trion X-100. Cells were stained accord-
ing to the manufacturer’s instructions. ImageJ software was
used for fluorescence intensity quantification.

DNA fiber assay was performed as described previously
(28). Statistics were generated by GraphPad Prism 6. The
Student t-test was used for statistical comparisons.

Subcellular fractionation, chromatin immunoprecipitation
and co-immunoprecipitation

For subcellular fractionation, 3–5 × 105 HeLa cells were
extracted by extraction buffer with 0.5% Trion X-100 for
10 min on ice before being centrifuged at 13k rpm for 10
min. The insoluble material was washed once with extrac-
tion buffer and then subjected to western blot analysis.

Chromatin immunoprecipitation assay was performed as
described previously (26,29). Co-immunoprecipitation as-
say was performed as described previously (30), in which
cells were lysed using the buffer (50 mM HEPES–KOH,
pH 7.4, 200 mM NaCl, 0.5% NP40, 10% glycerol, 1 mM
ethylenediaminetetraacetic acid (EDTA) and proteinase in-
hibitors) and homogenizated for 30 times by dounce ho-
mogenizer. After clarification by centrifugation, 7.5 �l
ethidium-bromide (10 mg/ml) was added to the lysates. Af-
ter incubation for 30 min at 4◦C, the lysates were cleared by
centrifugation and incubated with 20 �l anti-GFP beads at
4◦C for 4 h. The beads were washed using washing buffer (50
mM HEPES–KOH, pH 7.4, 100 mM NaCl, 0.01% NP40,
10% glycerol, 1 mM EDTA and proteinase inhibitors) five
times for 5 min. Proteins bound to beads were eluted with
1× sodium dodecyl sulphate sample buffer and analyzed by
western blot.

RESULTS

Kdm4d is a critical factor for DNA replication

Using an shRNA screen, we previously identified genes in-
volved in deposition of newly synthesized histone variant
H3.3 (Zhang et al., in preparation). Therefore, we decided
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to identify the chromatin factors involved in DNA replica-
tion by screening the same shRNA library, targeting 246
chromatin regulators and a few proteins such as Replica-
tion Protein A3 (Rpa3) known to be involved in DNA repli-
cation as controls (31). We utilized the efficiency of HeLa
cells to incorporate thymidine analog EdU to monitor the
replication process. Briefly, HeLa cells were first infected
with lentivirus expressing a pool of five shRNAs target-
ing each gene. The infected cells were pulse-labeled with
EdU. Cells were immediately fixed and stained by ‘click’
chemistry reaction, and incorporated EdU was measured
by fluorescence microscopy. Depletion of RPA3, a subunit
of the single-stranded DNA binding protein RPA involved
in DNA replication, greatly impaired EdU incorporation
(Supplementary Figure S1A). Fifteen genes were identified
during the first round of screening (data not shown). Af-
ter validation with individual shRNAs, 10 candidate genes
were identified to reduce EdU incorporation by at least
40% in two independent shRNAs (Supplementary Table
S1). Some of these genes, such as DNMT1, are known to
affect DNA replication after depletion (32). KDM4D, the
gene coding for one of the histone H3K9me3 demethylases
Kdm4d, showed most significant reduction in percentage of
EdU-positive cells as well as EdU fluorescence intensity af-
ter depletion (data not shown). Thus, Kdm4d was chosen
for further study to understand how it is involved in DNA
replication.

To confirm that Kdm4d has a role in DNA replica-
tion, we depleted human KDM4D from HeLa cells using 2
shRNAs (Figure 1A). Quantitative polymerase chain reac-
tion (qPCR) on RNA isolated from Kdm4d-depleted cells
showed that the expression of other members of the KDM4
family was not affected by Kdm4d depletion (Supplemen-
tary Figure S1B). As shown in Figure 1B and C, the num-
ber of EdU-positive cells, which represent the S phase cell
population, was significantly reduced in KDM4D-depleted
cells compared to non-target shRNA controls (NT). In ad-
dition, the EdU fluorescence intensity, which measures the
replication efficiency, was also decreased in KDM4D knock-
down cells (Figure 1 B and D). Similar results were ob-
served when human KDM4D was depleted from U2OS and
HCT116 cells (Supplementary Figure S1D–F), and when
mouse KDM4D was depleted in NIH-3T3 cells (Figure 1A–
D). As another independent assay to measure S phase cells,
we performed 5-bromo-2′-deoxyuridine–propidium iodide
(BrdU-PI) flow cytometry and observed that the S phase
population in KDM4D-depleted cells was significantly re-
duced in HeLa, NIH-3T3, U2OS and HCT116 cells com-
pared to their corresponding NT controls (Figure 1E and
Supplementary Figure S1G). Taken together, these results
demonstrate that Kdm4d is required for the S phase pro-
gression of both human and mouse cells.

Kdm4d depletion impairs both DNA replication initiation and
elongation

To further examine how Kdm4d depletion affects S phase
cells, we synchronized cells at G1 by treating cells with
mimosine or at G1/S using thymidine and analyzed how
Kdm4d depletion affects cell cycle progression. As a con-
trol, we also depleted Mcm3, a subunit of the replicative

helicase MCM that is involved in both initiation and elon-
gation of DNA replication. Briefly, cells were infected with
lentivirus expressing shRNAs targeting KDM4D or MCM3
for 24 h after mimosine (G1) or thymidine (G1/S) treat-
ment for 24 h. The arrested cells were then released into
fresh medium, pulsed with BrdU for 20 min at indicated
time points and harvested for flow cytometry analysis (Fig-
ure 2A). Mcm3 depletion dramatically reduced S phase cells
compared to NT controls in cells released from mimosine
(Figure 2B). Similarly, KDM4D depletion also significantly
impaired cells from entering S phase after release from mi-
mosine block (Figure 2B), with five times less BrdU incor-
poration even more than 8 h after release compared to con-
trol cells (Figure 2C).

Compared to mimosine, thymidine synchronizes cells at
G1/S transition or early S phase after replication machinery
is already assembled (33). Therefore, the thymidine-arrested
wild-type cells started DNA replication 2 h earlier than
mimosine-arrested cells after drug removal (compare Fig-
ure 2B and D for NT). Consistent with its helicase function,
depletion of Mcm3 significantly reduced replicating cells
(Figure 2D). KDM4D-depleted cells released from thymi-
dine also showed a slight delay in S phase entry (Figure
2D) and a moderate reduction in BrdU incorporation com-
pared to NT cells (Figure 2E). However, thymidine-arrested
KDM4D-depleted cells started replication 4 h earlier than
mimosine-arrested cells (compare Figure 2B and D for the
S phase cell number) and more efficiently (compare Figure
2C and E for BrdU intensity). These results indicate that
KDM4D has a role in initiation of DNA replication.

We noted that although Kdm4d-depleted cells were able
to start replication after releasing from thymidine, the PI
peak of S phase population was hardly shifted (Figure 2F),
suggesting that DNA replication fork progression was also
slowed in Kdm4d-depleted cells. To test this idea, we mea-
sured the DNA replication fork speed in Kdm4d-depleted
cells using the DNA fiber assay. The replication elongation
speed of Kdm4d-depleted cells was approximately 50% of
control cells (Figure 2G and H), indicating that Kdm4d also
has a role in DNA replication elongation. Collectively, these
results indicate that Kdm4d has a role in both initiation and
elongation of DNA replication.

The effect of Kdm4d depletion on DNA replication is likely
caused by an increase in H3K9me3

While Kdm4a-c also demethylate H3K36me3, Kdm4d
specifically targets trimethylated H3K9 (34,35). We there-
fore tested whether the replication defect in Kdm4d-
depleted cells was due to elevated levels of H3K9me3. To do
this, we first analyzed H3K9me3 levels surrounding repli-
cation start sites using H3K9me3 ChIP-seq and Repli-seq
datasets in HeLa cells from the Encyclopedia of DNA El-
ements (ENCODE) Project (36,37). The H3K9me3 levels
were low at replication start sites compared to adjacent sites
(Figure 3A). H3K9me3 ChIP and qPCR confirmed that
H3K9me3 levels were low at the MYC and MCM4 repli-
cation origins compared to their corresponding distal sites
(Figure 3B). These results indicate that H3K9me3 levels are
low at DNA replication origins.
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Figure 1. Kdm4d is required for DNA replication. (A) Analysis of Kdm4d depletion in HeLa cells and NIH-3T3 cells by western blotting. shRNAs
targeting human KDM4D (sh-h1 and sh-h2), shRNAs targeting mouse KDM4D (sh-m1 and sh-m2) and non-target shRNA (NT) were used for depletion
of human and mouse Kdm4d, and proteins in whole cell extracts were analyzed. (B–D) Depletion of Kdm4d in HeLa and mouse NIH-3T3 cells results
in reduced 5-ethynyl-2′-deoxyuridine (EdU)-positive cells and EdU intensity. Representative images of EdU staining in HeLa and NIH-3T3 cells with and
without Kdm4d are shown in B. Scale bar: 50 �m. Quantification of EdU-positive cell numbers (mean ± SD) from three independent experiments is shown
in C. At least 300 cells were counted. Quantification of the EdU fluorescence intensity (mean ± SD) from three independent experiments is shown in D. At
least 300 cells were counted. (E) Depletion of Kdm4d results in reduced S phase cells. HeLa and NIH-3T3 cells with and without Kdm4d depletion were
stained with 5-bromo-2′-deoxyuridine (BrdU) and propidium iodide (PI) and analyzed by flow cytometry. **P < 0.01; ***P < 0.001.

Next we asked whether reducing the H3K9me3 level
could antagonize the S phase defects caused by KDM4D
depletion by expressing histone lysine to methionine mu-
tants, as we and others have shown recently that cells
expressing the lysine to methionine mutation of histone
H3, such as H3.1 K9M and H3.1 K27M, dramatically re-
duce methylation of corresponding lysine residues on wild-
type and endogenous histones (25,38). Briefly, we generated
HeLa cell lines expressing H3.1 K9M and H3.1 K27M (con-
trol), which lead to reduction in H3K9me3 and H3K27me3
levels, respectively (Figure 3C and Supplementary Figure
S2A). Depletion of KDM4D resulted in an increase in
H3K9me3, but not H3K27me3, in all the stable cell lines
compared to NT controls (Figure 3C), but H3K9me3 lev-
els in Kdm4d-depleted H3.1 K9M cells were still lower
than those in cells expressing wild-type H3 and Kdm4d
(Figure 3C). In contrast, cells expressing H3.1 K27M mu-
tant affected H3K27me3, but not H3K9me3. Importantly,
the S phase defects, as determined by immunofluorescence
(Figure 3D and E) and BrdU-PI staining (Figure 3F and
G), caused by KDM4D depletion were largely rescued by
expressing H3.1 K9M, but not H3.1 K27M (Figure 3D
and E). Similar rescue effects were observed in cells ex-
pressing H3.3 K9M mutant, which also leads to reduc-
tion of H3K9me3 (Supplementary Figure S2). Taken to-
gether, these data indicate that the replication defects in-

duced by Kdm4d depletion are most likely caused by in-
creased H3K9me3 levels in the Kdm4d-depleted cells.

Kdm4d associates with replication proteins

To determine if Kdm4d interacts with replication proteins,
we expressed the green fluorescent protein (GFP)-tagged
Kdm4d in 293T cells, precipitated GFP-Kdm4d proteins
and analyzed co-immunoprecipitated proteins by western
blotting using antibodies against several proteins involved
in DNA replication (Figure 4A). Kdm4d associated with
ORC (represented by Orc2 and Orc5) and MMC complex
(represented by Mcm3 and Mcm4). In addition, Kdm4d in-
teracted with PCNA and DNA polymerases (polymerase �
and polymerase �), but Rfc3, a subunit of the clamp loader
replication factor C, was not detectable in Kdm4d IP. We
noted that Pol� and PCNA were pulled down in with a lower
efficiency compared to other proteins, suggesting that they
may interact with Kdm4d indirectly. These results indicate
that Kdm4d associates with proteins involved in initiation
and elongation of DNA replication.

Kdm4d contains JmjN domain, JmjC domain and a C-
terminal domain (Figure 4B). The JmjN and JmjC do-
mains are required for its demethylase activity, while the C-
terminal domain is essential for its DNA damage response
activity (39). We therefore analyzed which domain is in-
volved in mediating interactions with replication proteins.
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Figure 2. Depletion of Kdm4d impairs DNA replication initiation and elongation. (A) A schematic representation for analysis of G1-to-S phase transition
and S phase progression after cells were treated with mimosine or thymidine. (B) Analysis of cell cycle progression of Mcm3- or Kdm4d-depleted cells
synchronized at G1 using mimosine as described in A by bromo-2′-deoxyuridine (BrdU) and propidium iodide (PI) flow cytometry. (C) Quantification of S
phase cells BrdU signal intensity of non-target (NT) and Kdm4d-depleted cells at 10-hour time point in B. (D) Analysis of cell cycle progression of Mcm3-
or Kdm4d-depleted cells synchronized at G1/S using thymidine by BrdU-PI flow cytometry. (E) Quantification of S phase cells BrdU signal intensity of
NT and Kdm4d-depleted cells at 6-h time point in D. (F) Quantification of S phase cells PI signal intensity of NT and Kdm4d-depleted cells in D. (G and
H) Depletion of Kdm4d affects elongation of DNA replication. Cells transduced with shRNA virus targeting KDM4D or treated with aphidicolin (Aph)
were pulsed with 5-chloro-2′-deoxyuridine (CldU) for 15 min, followed by 5-iodo-2′-deoxyuridine (IdU) for 15 min. Then the DNA fiber was generated
on a glass slide and stained with anti-CldU and anti-IdU. The representative images are shown in G. Scale bar: 2 �m. Quantification of the length of IdU
tracks that follow CldU tracks (mean ± SD) from three independent experiments is shown in H. At least 500 fibers were counted. ***P < 0.001.
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Figure 3. Reduced H3K9me3 levels rescue the replication defect caused by Kdm4d depletion. (A and B) H3K9me3 is depleted from DNA replication
origins. (A) Genome-wide scanning of H3K9me3 ChIP-seq across DNA replication start sites. (B) Chromatin immunoprecipitation (ChIP) and quantitative
polymerase chain reaction (qPCR) analysis of H3K9me3 at two replication origins (MYC and MCM4). H3K9me3 ChIP was performed in HeLa cells,
and ChIP DNA was analyzed by real-time PCR using PCR primers amplifying indicated origins and flanking regions. The ChIP enrichments from three
independent experiments were represented by mean ± SD. (C–G) Expression of H3.1 K9M antagonizes the S phase defects caused by Kdm4d depletion.
HeLa cells stably expressing wild-type (WT) H3.1, H.31 K9M or H3.1 K27M mutant were transduced for shRNAs for Kdm4d depletion. (C) Analysis
of proteins in whole cell lysate by Western blotting using indicated antibodies. (D and E) Analysis of S phase cells using EdU staining. Representative
EdU staining images of cells from C are shown in D. Scale bar: 50 �m. Quantification of EdU-positive cell numbers (mean ± SD) from three independent
experiments is shown in D. At least 300 cells were counted. (F) Analysis of S phase cells in C by bromo-2′-deoxyuridine (BrdU) and propidium iodide (PI)
flow cytometry. (G) Quantification of BrdU-positive cell numbers (mean ± SD) from two independent experiments. n.s P > 0.05; *P < 0.05; ***P < 0.001.
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Figure 4. Kdm4d interacts with proteins involved in DNA replication. (A) Full-length (FL) green fluorescent protein (GFP)-tagged Kdm4d or GFP
alone was expressed in 293T and immunoprecipitated (IP) by anti-GFP antibody. Proteins in whole cell extracts (Input) and IP were analyzed by western
blotting using antibodies against indicated proteins. (B) Schematic diagram shows GFP-tagged Kdm4d and truncation mutants used for IP. (C) Full-length
or truncated GFP-tagged Kdm4d was expressed in 293T and IP by anti-GFP antibody. Proteins in whole cell extracts (Input) and IP were analyzed by
western blotting using antibodies against Mcm3 or Orc2. (D) GFP-tagged JmjC domain of Kdm4d was expressed in 293T and IP by anti-GFP antibody.
(E) Wild-type (WT) and H192A mutant of KDM4D were expressed in 293T and IP by anti-GFP antibody. (F) 293T cells expressing GFP-tagged Kdm4d
were synchronized by mimosine (G1), thymidine arrested and released for 2 h (S1) or 4 h (S2) or nocodazole (G2/M). The lysates were IP with anti-GFP
beads.

Kdm4d was truncated according to the secondary structure
(Figure 4B). Cells expressing truncation mutants or full-
length Kdm4d were subjected to co-immunoprecipitation.
Kdm4d �2 mutant (�aa135-aa312), in which JmjC domain
was truncated, failed to interact with ORC and MCM (Fig-
ure 4C), whereas truncations at Kdm4d C-terminus (�3 and
�4) did not affect the interaction of Kdm4d with MCM and
ORC. In addition, the JmjC domain alone interacted with
Orc2 and Mcm3 in vivo (Figure 4D). These results indicate
that JmjC domain is responsible for mediating the interac-
tion between Kdm4d and replication proteins.

The JmjC domain is essential for the demethylase ac-
tivity of Kdm4d (39). Next we tested whether the in-
teractions between KDM4D and replication proteins de-
pend on Kdm4d’s enzyme activity. An enzymatic-dead mu-
tant (KDM4DH192A) was generated. H3K9me3 level was
reduced dramatically in 293T cells over-expressing wild-
type Kdm4d, but not Kdm4dH192A mutant (Figure 4E). In
contrast, Kdm4dH192A mutant exhibited no obvious effect
on interaction with DNA replication proteins compared
to wild-type Kdm4d (Figure 4E). These results indicated
that the interactions between Kdm4d and replication pro-
teins are dependent on JmjC domain but not on Kdm4d
demethylase activity.

Because most of the replication proteins associate with
chromatin from G1 to S phase (30), we asked whether the
association of Kdm4d and replication proteins is regulated
during the cell cycle. To test this possibility, we examined

the interaction between Kdm4d and replication proteins in
cells synchronized at different phases of the cell cycle. Orc2
and Mcm3 were co-precipitated with GFP-Kdm4d from G1
and S phase (early S phase, S1; late S phase, S2) cells, but not
G2/M phase cells (Figure 4F), suggesting that the interac-
tion between Orc2/Mcm3 and Kdm4d is regulated during
the progression of the cell cycle.

Given the cell cycle-dependent association between
Kdm4d and replication proteins, we speculated that the
chromatin association of Kdm4d might be regulated in
a similar way. To test this hypothesis, we first tested
the localization of Kdm4d using immunofluorescence and
Kdm4d-specific antibody (Supplementary Figure S3A and
B). Kdm4d appeared not co-localize with replication foci
in both human and mouse cell lines (Supplementary Fig-
ure S3B). Kdm4d was excluded from chromosomes in all
mitotic cells (Supplementary Figure S3C). Second, we an-
alyzed the chromatin association of Kdm4d during the cell
cycle using a chromatin fractionation assay. HeLa cells were
synchronized by mimosine at G1 phase and nocodazole at
G2/M phase. In addition, thymidine-arrested cells were re-
leased into fresh medium for 2 h (S1, early S phase) or 4
hours (S2, late S phase; Supplementary Figure S3D). The
synchronized cells were used for the chromatin fraction-
ation assays by separating proteins into soluble fraction
and chromatin fraction. As reported previously, Mcm3 was
dissociated from chromatin at G2/M phase (30,40) and
H3K10ph level increased at G2/M phase (Supplementary
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Figure S3E). Kdm4d associated with chromatin at G1 and
S phases (lanes 7–9), but not at G2/M phase (lane 10, Sup-
plementary Figure S3E). Taken together, these data indicate
that Kdm4d associates with chromatin and interacts with
DNA replication proteins during G1 and S phases but not
G2/M phase of the cell cycle.

Kdm4d associates with replication origins at G1 phase de-
pending on ORC and MCM

Because our results indicate that Kdm4d has a role in initi-
ation of DNA replication and associates with chromatin at
G1 and S phases of the cell cycle, we tested whether Kdm4d
associated with DNA replication origins at G1 phase using
chromatin immunoprecipitation (ChIP) assay. HeLa cells
were synchronized at G1 phase or G2/M phase of the
cell cycle. Kdm4d and Mcm6 ChIP assays were performed,
and ChIP DNAs were analyzed using primers amplifying
three well-studied replication origins (MYC, LMNB2 and
MCM4) by qPCR. Similarly to Mcm6, Kdm4d bound repli-
cation origins only in mimosine-arrested cells (G1) but not
in nocodazole-arrested cells (G2/M; Figure 5A), indicating
that Kdm4d, like MCM proteins, associates with origins
during G1 phase of the cell cycle (Figure 4F and Supple-
mentary Figure S3C and D).

Replication machinery is assembled at replication origins
in an ordered manner, with the association of ORC with ori-
gins first and subsequent loading of MCM replicative heli-
case (41). Therefore, we investigated whether Kdm4d was
recruited to origins by ORC and MCM. The origin associ-
ation of Mcm6 was greatly reduced by depletion of Orc2,
a subunit of ORC (Figure 5B), as well as in cells depleted
of Mcm3. This result is consistent with the fact that MCM
loading depends on ORC. Importantly, depletion of Orc2
and Mcm3 resulted in a marked reduction in the association
of Kdm4d with replication origin (Figure 5B). Together,
these results suggested that Kdm4d bound DNA replica-
tion origins at G1 phase depending on ORC and MCM.

Kdm4d is required for pre-initiative complex formation

Because the association of Kdm4d with DNA replica-
tion origins depends on two pre-RC components (ORC
and MCM), we examined whether the chromatin associa-
tion of ORC and MCM depends on Kdm4d. The associa-
tion of Orc2 and two subunits of MCM complex (Mcm3
and Mcm4) with chromatin was not affected in Kdm4d-
depleted cells (Figure 6A). Mcm6 ChIP assay showed that
Mcm6 was enriched at replication origins in both control
and KDM4D-depleted cells (Figure 6B). These results sug-
gest that the chromatin association of ORC and MCM, 2
key components of pre-RC, is not affected by Kdm4d de-
pletion.

After formation of pre-RC, other proteins, including
Cdc45, GINS and PCNA, are loaded to form pre-initiative
complex (pre-IC) (42,43). We next asked whether the re-
cruitment of these pre-IC proteins was impaired by Kdm4d
depletion. Cells expressing shRNA targeting KDM4D or
MCM3 were arrested in mimosine-containing medium
(G1), released into fresh medium for indicated time points
and collected for chromatin fractionation assays (Figure

6C). As expected, PCNA, Cdc45 and polymerase � failed
to load on chromatin in Mcm3-depleted cells. However,
Kdm4d bound chromatin normally in MCM3 knockdown
cells (Figure 6C), indicating that while depletion of MCM3
affects Kdm4d binding to origins, it does not affect the over-
all Kdm4d chromatin association. It is known that Kdm4d
also binds to heterochromatin, which account for over 90%
chromatin in mammalian cells. In agreement with previous
observation (Figure 5B), KDM4D knockdown did not af-
fect chromatin association of Orc2 and Mcm3 (Figure 6C).
Surprisingly, Kdm4d depletion greatly reduced or delayed
the chromatin binding of PCNA, Cdc45 and polymerase �,
while having no apparent effect on the expression of these
proteins (Figure 6C). These results provide an explanation
for the S phase delay after Kdm4d depletion and suggest
that Kdm4d regulates DNA replication after the formation
of pre-RC, possibly regulating the formation of pre-IC.

DISCUSSION

Here we present the following lines of evidence supporting
the idea that chromatin regulator Kdm4d plays an impor-
tant role in DNA replication. First, we show that deple-
tion of Kdm4d in four different human and mouse cell lines
results in defects in S phase. Second, this S phase defect
is likely due to inability of Kdm4d depleted cells to initi-
ate and elongate DNA synthesis and is linked to increased
H3K9me3. Third, we show that Kdm4d interacts with pro-
teins involved in both initiation and elongation. Fourth,
Kdm4d binds to chromatin and replication origins during
G1 and S phases, and the ability of Kdm4d to bind chro-
matin depends on ORC and MCM, two components of pre-
RC involved in initiation of DNA replication. Finally, we
show that Kdm4d is required for the chromatin association
of Cdc45, a component of active DNA helicase complex
CMG and PCNA. These results support a model whereby
Kdm4d removes H3K9me3 and provides a favorable chro-
matin environment for the assembly of pre-IC involved in
initiation and elongation of DNA replication.

Chromatin, the physiological substrate of DNA replica-
tion machinery, in principle can affect multiple steps of
DNA replication, including formation of pre-RC contain-
ing ORC, Cdc6, Ctd1 and inactive MCM2–7 helicase; for-
mation of pre-IC involved in initiation of DNA replication;
and regulation of elongation of DNA replication. Previ-
ously, various studies have documented different chromatin
regulators in DNA replication. For instance, HBO1, target-
ing the histone H4 Lys5, Lys8 and Lys12, promotes licens-
ing by increasing chromatin accessibility (7,8). ORC and
MCM replication origin recruitment is also regulated by
epigenetic factors such as heterochromatin protein 1 (HP1),
high-mobility group AT-hook protein 1 (HMGA1) and hi-
stone H4K20me1 methlytransferase PR-SET7 (13,44,45).

We have shown that Kdm4d interacts with several pro-
tein components of pre-RC and pre-IC. Moreover, Kdm4d
is loaded on replication origins in an ORC- and MCM-
dependent manner. In addition, Kdm4d is required for the
chromatin association of Cdc45, a key component of pre-
IC. These results indicate that Kdm4d likely functions after
the formation of pre-RC to facilitate the assembly of pre-IC
during DNA replication.
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Figure 5. Kdm4d associates with replication origins depending on components of pre-replicative complex. (A) Kdm4d and Mcm6 bound replication
origins at G1 phase. HeLa cells were synchronized by mimosine (G1) or nocodazole (G2/M). Chromatin immunoprecipitation (ChIP) and quantitative
polymerase chain reaction (qPCR) analysis using antibodies against Kdm4d or Mcm6 was performed. ChIP DNA was analyzed by real-time PCR using
PCR primers amplifying indicated origins and flanking regions. The ChIP enrichments from two independent experiments were represented by mean ±
SD. (B) Depletion of Orc2 or Mcm3 abolished replication origin binding of Kdm4d. ChIP-qPCR analysis using antibodies against Kdm4d or Mcm6
was performed on Orc2- or Mcm3-depleted HeLa cells. ChIP DNA was analyzed by real-time PCR using PCR primers amplifying indicated origins and
flanking regions. The ChIP enrichments from two independent experiments were represented by mean ± SD.

Using candidate origin approaches, we found that
Kdm4d bound to early replication origins, which are closed
to promoters. Since Kdm4d origins binding depends on
ORC and MCM, it is unlikely that Kdm4d origin binding
is due to promoter binding of Kdm4d. However, we can-
not exclude the possibility that promoter binding of Kdm4d
may also contribute to its binding to early replication ori-
gins. H3K9me3 are marks for heterochromatin, it is possi-
ble that Kdm4d also regulates late replication origins. Fu-
ture studies are needed to test this idea. Several recent stud-
ies reveal a complex relationship among ORC binding sites,
promoter and early replication origins. For instance, Martin
et al. reports that replication ignition events are depleted in
highly transcribed regions in two independent cell lines (46).
Using Okazaki fragment mapping, it was found that repli-
cation initiates primarily at non-transcribed regions (47).
Interesting, about 52 000 Orc2 binding sites are largely lo-
cated at open chromatin regions. It was proposed that acti-
vator proteins at promoters and enhancers shape local chro-

matin structure, which in turn facilitates ORC binding and
DNA replication initiations (48).

A growing body of evidence has shown that proper
levels of H3K9me3 are important for DNA replication.
For instance, the replication timing of heterochromatin
is advanced in mouse embryonic fibroblast cells lacking
H3K9 methyltransferases Suv39h1/h2 (6,19,49). Studies
by Black et al. elegantly demonstrated that H3K9me3
demethylase Kdm4a is amplified in ovarian cancer, and
Kdm4a over-expression induces site-specific copy gain and
re-replication of regions amplified in tumors (20,50). We
show that Kdm4d required for efficient DNA replication
globally. Collectively, these reports imply that high levels
of H3K9me3 act as a barrier to DNA replication. Inter-
estingly, Black et al. shows that Kdm4a is not required for
normal DNA replication. Kdm4a was not identified in our
screen. Interestingly, both Kdm4a and Kdm4d interact with
proteins involved in DNA replication. We have shown that
the JmjC domain is responsible for Kdm4d to bind proteins



178 Nucleic Acids Research, 2017, Vol. 45, No. 1

Figure 6. Kdm4d is important for the formation of pre-initiative complex. (A) The whole cell lysates (WCE) and the chromatin fractions (Chr.) of HeLa cells
infected with shRNA targeting KMD4D were analyzed by western blotting with antibodies against indicated proteins. (B) Chromatin immunoprecipitation
(ChIP) and quantitative polymerase chain reaction (qPCR) assays with antibodies targeting Kdm4d or Mcm6 were performed in the Kdm4d-depleted
cells. ChIP DNA was analyzed by real-time PCR using PCR primers amplifying indicated origins and flanking regions. The ChIP enrichment from two
independent experiments was represented by mean ± SD. (C) The whole cell lysate and chromatin fractions from mimosine-released MCM3 or KDM4D
knockdown cells were analyzed by western blotting with antibodies against indicated proteins.

involved in DNA replication. This domain is highly con-
served among members of Kdm4 family demethylases. We
speculate that Kdm4d regulates DNA replication in normal
cell cycle, while Kdm4a, when over-expressed in cancer cell,
might over-ride Kdm4d’s regulatory function (15,40).

In addition to DNA replication, KDM4 family proteins
also actively regulate DNA damage response. For instance,
degradation of Kdm4a triggers 53BP1 recruitment to DNA
damage sites (24). Additionally, recruitment of Kdm4b and
Kdm4d to DNA damage sites is required for DNA double-
strand break response (21,22). However, we present lines of
evidence indicating that the role of Kdm4d in DNA replica-
tion is unlikely induced by defective DNA damage response
for the following reasons. First, we show that Kdm4d binds
proteins involved in DNA replication and associates with
DNA replication origins in G1 and S phases (Figure 4). Sec-

ond, we assessed DNA replication defects immediately after
Kdm4d depletion to avoid accumulation of excessive DNA
damage (Figure 2). Third, Kdm4d is required for activa-
tion of G1 DNA damage checkpoints ATM and Chk2 (22),
which are essential for DNA damage response, suggesting
that the G1 arrest in Kdm4d-depleted cells after release
from G1 block is not due to activation of the DNA dam-
age checkpoint (Figure 2B and D). Therefore, Kdm4d likely
regulates DNA replication and DNA repair separately.

Both transcription and DNA replication are performed
by molecular machinery traveling along the same DNA
molecule; thus, conflicts would arise when the two types
of machinery encounter each other head to head. There-
fore, these two processes need to be tightly coordinated. Re-
cently, Rondinelli et al. reported that H3K4me3 demethy-
lase Kdm5c is also critical for the assembly of pre-IC
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in DNA replication (51). H3K4me3 is an active marker
for transcription start site (52,53). It was proposed that
demethylation of H3K4 may coordinate transcription and
replication initiation to prevent collision between transcrip-
tion machinery and DNA replication machinery (54,55). It
is also possible that H3K4me3 is an active histone mark reg-
ulating early replication origins initiation, while H3K9me3
is an inactive mark regulating late or dormant replica-
tion origins initiation. Alternatively, the crosstalk between
H3K4me3 and H3K9me3 may be critical for DNA repli-
cation initiation regulation. When DNA replication starts,
H3K4me3 around replication origins needs to be removed
to suspend transcription, while trimethylation of H3K9 at
the same chromatin locus is prevented by Kdm4d to main-
tain a favorable chromatin environment of pre-IC formation
and origin firing.
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