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SUMMARY

The KDM4/JMJD2 family of histone demethylases is
amplified in human cancers. However, little is known
about their physiologic or tumorigenic roles. We
have identified a conserved and unappreciated role
for the JMJUD2A/KDM4A H3K9/36 tridemethylase in
cell cycle progression. We demonstrate that JMJD2A
protein levels are regulated in a cell cycle-dependent
manner and that JMJD2A overexpression increased
chromatin accessibility, S phase progression, and
altered replication timing of specific genomic loci.
These phenotypes depended on JMJD2A enzymatic
activity. Strikingly, depletion of the only C. elegans
homolog, JMJD-2, slowed DNA replication and
increased ATR/p53-dependent apoptosis. Impor-
tantly, overexpression of HP1y antagonized JMJD2A-
dependent progression through S phase, and deple-
tion of HPL-2 rescued the DNA replication-related
phenotypes in jmjd-2~/~ animals. Our findings
describe a highly conserved model whereby JMJD2A
regulates DNA replication by antagonizing HP1y and
controlling chromatin accessibility.

INTRODUCTION

In eukaryotes, DNA is packed into a highly ordered chromatin
structure composed of DNA, histones, and other chromosomal
proteins. Posttranslational modification (PTM) of histones plays
an instrumental role in integrating extra- and intracellular signals
to regulate DNA-dependent processes. The dynamics associ-
ated with histone PTMs are critical determinants of stem cell
fate and maintenance, tissue patterning, and the inhibition of
tumor growth (Bernstein et al., 2007; Fraga and Esteller, 2005;
Moss and Wallrath, 2007). Multiple lysine (K) residues on the tails
of histone H3 and H4 have been shown to be sites for methyla-
tion. The site and degree of methylation (mono-, di-, or tri-) are

critical for heterochromatin formation and maintenance, replica-
tion timing, and gene expression (Chen et al., 2008; Grewal and
Jia, 2007; Maison et al., 2002; Wu et al., 2005). Moreover, aber-
rant methylation can result in human diseases such as cancer
(Fraga and Esteller, 2005; Moss and Wallrath, 2007).

The FAD-dependent amine oxidases and the JmjC-containing
histone demethylases regulate methylation balance with speci-
ficity for particular lysines, and for the degree of methylation
(Cloos et al., 2008; Klose et al., 2006; Lan et al., 2008; Whetstine
et al., 2006). For example, the JMJD2/KDM4 family demethy-
lates trimethylated H3K9, H3K36, and H1.4K26 (Fodor et al.,
2006; Klose et al., 2006; Trojer et al., 2009; Whetstine et al.,
2006). There are four JMJD2 family members in humans,
JMJUD2A-D, and one in C. elegans, JMJD-2 (Whetstine et al.,
2006). We previously demonstrated that the depletion of
JMJD-2 increased DNA double-strand breaks (DSBs) in the adult
germline, which resulted in p53-dependent apoptosis (Whetstine
et al., 2006). These observations underscore the importance of
balancing methylation levels so that DNA damage and p53-
dependent apoptosis are avoided.

At least part of the function of histone methylation is mediated
through recruitment of Heterochromatin Protein 1 (HP1) family
members. There are three mammalian HP1 proteins, HP1q,
HP1B, and HP1y, which are recruited to H3K9me3 and
H1.4K26me3 (Bannister et al., 2001; Daujat et al., 2005; Lachner
etal., 2001; Trojer et al., 2009). While HP1a. and HP18 are gener-
ally localized to heterochromatin, HP1+y is present in both hetero-
chromatic and euchromatic domains (Kwon and Workman,
2008; Vakoc et al., 2005).

Emerging evidence suggests HP1 proteins are important
regulators of DNA replication, which is exemplified through regu-
lation of pericentric heterochromatin. Pericentric heterochro-
matin is the region that surrounds the centromere and is highly
condensed and H3K9me3 enriched (Chen et al., 2008; Grewal
and Jia, 2007; Weidtkamp-Peters et al., 2006; Wu et al., 2005).
Deletions of the yeast H3K9me3 methyltransferase (CLR4) and
SWI6 (yeast HP1 homolog) result in altered S phase progression
and replication stress (Biswas et al., 2008; Grewal and Jia, 2007;
Kim et al., 2008). Additionally, SWI6 localizes to pericentric
regions and heterochromatin foci in a Chromatin Assembly
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Factor-1 (CAF-1, a chaperone important for histone assembly
during replication)-dependent manner (Dohke et al., 2008).
SWI6 is also required for proper replication timing of pericentric
heterochromatin in fission yeast (Hayashi et al., 2009).

Similarly, in mammalian cells, HP1a, HP1B, and H3K9me3 are
important for condensing pericentric regions to maintain tran-
scriptional repression and to prevent this region from being aber-
rantly replicated (Bannister et al., 2001; Czvitkovich et al., 2001;
Nakayama et al., 2001; Quivy et al., 2008). Mammalian HP1« and
HP1+y also directly interact with components of the replication
fork, including CAF-1 (Huang et al., 1998; Quivy et al., 2008).
The HP1a. and CAF-1 association is critical for maintaining the
late replication of pericentric heterochromatin during S phase
(Quivy et al., 2008). Interestingly, no role has been ascribed to
HP1y in DNA replication.

Heterochromatin and H3K9me3-enriched regions tend to
replicate late during S phase (e.g., satellites), which has been
confirmed by genome-wide and locus-specific analyses (Men-
dez, 2009). Additional studies have further demonstrated that
chromatin accessibility is a critical determinant of DNA replica-
tion timing (Hansen et al., 2010; Karnani et al., 2010; MacAlpine
et al., 2004, 2010). For example, active gene expression and
DNase | hypersensitivity are associated with earlier DNA replica-
tion. However, active transcription is not required to replicate
earlier as altering histone acetylation at specific loci changes
replication timing without altering transcription (Cimbora et al.,
2000; Schubeler et al., 2000). These observations strongly
suggest that an open chromatin configuration is a strong indi-
cator of whether a region will replicate in early or late S phase.

In this study, we demonstrate that the histone tridemethylase
JMJD2A regulates cell cycle progression by increasing chro-
matin accessibility and antagonizing HP1y occupancy. Overex-
pression of catalytically active JMJD2A resulted in faster
S phase progression, corresponding to a more open chroma-
tin state, increased single-strand DNA (ssDNA) generation,
increased BrdU incorporation, and loss of HP1vy at target loci.
Strikingly, HP1y overexpression, but not HP1a or HP1p, abro-
gated JMJD2A-dependent replication changes at both a cellular
and locus-specific level. Antagonism by HP1y was dependent
on both the chromodomain and the chromo shadow domain.
Consistent with our observations in human cell culture, loss of
JMJD-2 in C. elegans results in increased DNA damage, slower
DNA replication, and ATR/p53-dependent apoptosis. Further-
more, the loss of the C. elegans HP1 homolog HPL-2 rescued
the increased DNA damage, the impaired DNA replication, and
the ATR/p53-dependent apoptosis observed upon JMJD-2
depletion. Taken together, the data in both human cell culture
and C. elegans demonstrate a highly conserved and unappreci-
ated role for JIMUD2A/JMJD-2 in DNA replication and S phase
progression by altering chromatin accessibility and antagonizing
HP1y/HPL-2.

RESULTS

JMJD2A Protein Levels Are Regulated over Cell Cycle

To determine if JMUD2A/KDM4A was regulated throughout the
cell cycle, we immunoblotted whole-cell extracts from asynchro-
nous cells, cells synchronized at G1/S and S with hydroxyurea

(HU) arrest and release and cells in G2/M (nocodazole arrest)
(Figure 1A). Flow cytometry confirmed the cell cycle profiles
(see Figures S1A and S1B available online). JMJD2A peaked
during G1/S with a decrease during S phase reaching the lowest
levels during G2/M (Figure 1A). JMJD2A transcript levels re-
mained comparable over the cell cycle (Figures S1C and S1D),
which suggests JMJD2A protein levels are posttranscriptionally
regulated. JMJUD2A expression was similar following nocodazole
release (peaking after 6-7 hr, G1/S), demonstrating that HU-
related DNA damage did not result in the JMJD2A protein
changes (Figure 1B).

JMJD2A Overexpression Alters Cell Cycle Progression
We ectopically expressed JMJD2A to determine its effect on
cell cycle progression (Figure 1B). We created stable HEK293T
cells expressing control, JMJD2A, or catalytically inactive
JMJD2AM88A (Whetstine et al., 2006). These cell lines exhibited
modest 2- to 3-fold overexpression of both JMJD2A and
JMJD2AM88A (Figure 1B and Figure S1E) that did not result in
decreased global levels of H1.4K26me3 or H3K9/36me3 (Fig-
ure S1F). Interestingly, ectopic expression of JMJD2A resulted
in stabilization of both endogenous and exogenous JMJD2A
throughout the cell cycle (Figure 1B). JMJD2A overexpression,
but not JMJD2AH188A resulted in faster S phase progression
(Figure 1C; note red arrow at 10 and 12 hr postnocodazole).
A graphical representation of the average percentage of cells
reaching late S phase is shown in Figure 1D.

To gain insight into JMJD2A-dependent faster S phase
progression, we analyzed the amount of ssDNA generated fol-
lowing release from nocodazole, which indicates if additional
replication forks are present (Jasencakova et al., 2010). At 6
and 10 hr postnocodazole release, we observed an increase in
ssDNA in JMJD2A but not JMJD2AM188A overexpressing cells
(Figures 1E and 1F). These data are consistent with an increase
in replication forks in JMJD2A cells, which promote faster
S phase progression, at least in part, by increasing replication
initiation.

We further tested the relationship between JMJD2A and DNA
replication by conducting BrdU immunoprecipitations of specific
genomic loci in asynchronous cells. JMJD2A overexpression,
but not JMJD2A™88A  resulted in increased BrdU incorporation
at chromosome 1 satellite 2 (Chr1 sat2), a region enriched for
H3K9me3 and HP1y (Hansen et al., 2010; Zeng et al., 2009) (Fig-
ure 1G, p = 0.0218). Similar results were obtained with a region
near the X centromere (designated X cen, Figure S1G). In
contrast, an ALU repeat on chromosome 19 with minimal
H3K9me3 was not regulated by JMJD2A (Figure S1H) (Zeng
et al., 2009).

Since JMJD2A-overexpressing cells progressed through
S phase faster, had increased replication forks, and increased
BrdU incorporation at Chr1 sat2, we reasoned that JMJD2A
could be impacting the timing of replication of specific regions.
To determine if JMJD2A altered replication timing, we sorted
live cells labeled with BrdU by flow cytometry, collected multiple
S phase fractions (Figure S1l), and conducted BrdU IPs. As pre-
dicted, ectopic expression of JMUD2A resulted in earlier replica-
tion of Chr1 sat2 (Figure 1H) without impacting the replication
timing of the B-actin locus (Figure S1l).
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Figure 1. Overexpression of JMJD2A Allows Faster Progression through S Phase

(A) JMJD2A protein levels are regulated during cell cycle in whole-cell extracts from HU-arrested cells.

(B) JMJD2A protein levels are regulated during cell cycle in whole-cell extracts from nocodazole release.

(C) JMJUD2A overexpression results in faster S phase progression using flow cytometry. The red arrow highlights the faster accumulation in late S phase.
(D) Graphical summary of the average percentage of control, JMJD2A, or catalytically inactive JMJD2AH 8 cells in late S phase.

(E) JMJUD2A cells have increased ssDNA (indicative of replication forks) 6 and 10 hr post nocodazole release.

(F) Quantitation of (E). Error bars represent the SEM of biological replicates analyzed in duplicate.
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JMJD2A Levels Impact the Cellular Response

to Replication Stress

Factors involved in DNA replication often modulate response
to replication stress (e.g., sensitivity to HU; Biswas et al,
2008; Kim et al., 2008). Therefore, we tested whether alter-
ations in JMJD2A protein levels would affect the cellular
response to HU. We treated control, JMJD2A-expressing, or
JMJD2AM88A_axpressing cells with or without 1 mM HU for
24 hr before being released into fresh media (Figures 2A and
2B). Even though ectopic expression of JMJD2A leads to
faster S phase progression, JMJD2A-overexpressing cells
have similar growth curves when compared to control cells,

Figures S2A and S2B). Since JMJD2A
depletion mimics the increased HU
sensitivity of JMJD2AH18A cells, we
hypothesize that catalytically inactive JMJUD2A acts as a domi-
nant negative.

JMJD2 Proteins Impact DNA Replication in C. elegans

Since JMJD2A altered cell cycle progression, DNA replication,
and sensitivity to DNA replication stress in human cells, we
determined if these processes were regulated in vivo by evalu-
ating the jmjd-2(tm2966) loss-of-function allele in C. elegans
(referred to as jmjd-2~/7). This allele has a 672 base pair deletion
that is followed by an 18 base pair insertion, resulting in a frame-
shift that truncates the protein 25 amino acids into the JmjC
domain, which eliminates enzymatic activity (Figure S3A).

(G) JMJUD2A overexpression drives replication at chromosome 1 satellite 2 as measured using BrdU DNA IP. Error bars represent the SEM of four independent
experiments. JMJD2A cells were statistically significantly different from control (p = 0.0218) while JMJD2AH 8 were not (p = 0.4009) using a two-tailed Student’s

t test.

(H) Overexpression of JMUD2A leads to earlier replication of Chr1 sat2 (compare control to JMJD2A cells: for early S, p = 0.004; for mid-S, p = 0.005). The graph
shows the fraction of Chr1 sat2 replicated in each fraction compared to total across all fractions (BrdU incorporation of each fraction compared to input). Error

bars represent the SEM.
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We determined whether jmjd-2~/~ or jmjd-2 (RNAi)-treated
worms had increased sensitivity to replication stress like the
JMJD2A-depleted cells. As expected, both the jmjd-2~/~ and
the jmjd-2 (RNAi)-treated worms were more sensitive than
wild-type worms to a dose range of HU (Figures 2E and 2F).

Similar to the jmjd-2 (RNAJ), jmjd-2~/~ worms also had
increased H3K9me3 and H3K36me3 levels and increased
meiotic DSBs as determined by the number of RAD-51 foci per
nucleus in midpachytene nuclei (Figures S3B-S3D; Whetstine
et al.,, 2006). We also observed an increase in the number of
RAD-51 foci in the mitotic zone, which likely reflects stalled or
collapsed replication forks (Figure 3A; Garcia-Muse and Boulton,
2005). The increased RAD-51 foci in the mitotic zone were
accompanied by larger, morphologically distinct nuclei that
were phenotypically similar to HU-treated nuclei (Figure S3E;
Garcia-Muse and Boulton, 2005). These nuclei were greater
than 4.2 microns in diameter, which is significantly larger than
the 3.5 micron average of wild-type nuclei. Often, these HU-like
nuclei had increased RAD-51 foci (Figures S3E and S3F).
Furthermore, jmjd-2~/~ worms had less nuclei in the mitotic
zone when compared to wild-type worms (Figure 3B, 175 + 3
nuclei versus 209 + 2 nuclei, respectively; p < 1 x 107'%). The
number of nuclear diameters between the distal tip cell and the
transition zone was unchanged when compared to wild-type
worms (20.4 + 0.4 versus 20.8 + 0.3, p > 0.3), suggesting
impaired proliferation of a structurally normal mitotic zone.

To directly measure DNA replication in the jmjd-2~/~ and wild-
type adult C. elegans germline, we injected Cy3-dUTP and
scored the number of nuclei that incorporated Cy3-dUTP in the
first ten nuclear diameters. This region most likely reflects the
germ cell nuclei in mitotic S phase (Figure S4A; Jaramillo-
Lambert et al., 2007). The jmjd-2~'~ worms had reduced Cy3-
dUTP incorporation in the first ten nuclear diameters of the
mitotic zone (Figures 3C and 3D and Figure S4B). The jmja-
27/~ worms consistently had more unlabeled nuclei when
compared to wild-type worms (Figures 3C and 3D and Fig-
ure S4B). Using the same exposure settings, we also noted
less overall signal per nucleus when compared to the wild-type
worms.

Since decreased nucleotide incorporation could reflect less
proliferation without impacting the timing of replication, we
directly measured replication timing by utilizing a pulse-chase
method in adult germlines (Jaramillo-Lambert et al., 2007).
Cy3-dUTP was injected into adult germlines and after a 4 hour
recovery Alexa 488-dUTP was injected into the same germline
and allowed to incorporate for an additional hour. We then quan-
tified the number of nuclei labeled with both Cy3- and Alexa 488-
dUTP in each germline (designated dual labeled nuclei). At the
same time, we scored the number of nuclei containing overlap
of Cy3- and Alexa 488-dUTP incorporation at the same position
within the chromosomes (yellow, designated colabeled nuclei).
If replication is slower, there will be an increase in the number
of germlines with dual labeled nuclei, as well as an increase in
colabeled (yellow) chromosomal regions. We observed a signifi-
cant increase in the number of germline nuclei that contained
both Cy3-dUTP and Alexa 488-dUTP (Figures 3E and 3F), as
well as colabeled regions within the same nucleus in jmjd-2~/~
animals (Figures 3G and 3H). These results strongly indicate
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that JMJD-2 is required for the normal timing of DNA replication
in vivo.

Similar to JMJD-2-depleted worms, jmjd-2~'~ worms had
increased germline apoptosis that was mediated by CEP-1
(the p53 homolog), which established a link to DNA damage-
induced apoptosis (Figure 4A; Whetstine et al., 2006). Since
loss of JMJD-2 slowed replication and increased damage, we
reasoned that the increased apoptosis was a result of the repli-
cation stress kinase ATL-1 (the C. elegans ATR homolog)
signaling to CEP-1. ATL-1 has been shown to act upstream of
CEP-1in C. elegans to trigger DNA damage-induced apoptosis
(Stergiou et al., 2007). Consistently, ATL-1 depletion [atl-1
(tm853) mutant or atl-1(RNAJ); Garcia-Muse and Boulton, 2005]
rescued the increased apoptosis observed in JMJD-2-depleted
worms (Figure 4B). In contrast, the depletion of ATM-1 (PI3
kinase involved in DNA damage response to ionizing radiation)
with either atm-1 (RNAIJ) or the atm-1(gk186) mutant worms did
not provide a significant rescue (Figure 4C).

JMJD2A Overexpression Alters Chromatin Accessibility
over Cell Cycle

Chromatin structure impacts DNA replication timing (Mendez,
2009). Since JMJD2A regulates histone methylation and has
been shown to relocalize HP1 upon high levels of overexpression
(Klose et al., 2006), we hypothesized that JMJD2A overexpres-
sion alters chromatin organization and DNA replication. If
enough genomic regions are altered, we would observe modest
changes in global chromatin structure. Therefore, we evaluated
chromatin accessibility by micrococcal nuclease (MNase) diges-
tion. Ectopic expression of JMJD2A, but not JMJD2AR188A
produced a higher ratio of mononucleosomes to hexanucleo-
somes in asynchronous cells (Figure 5A). Quantitation of seven
independent biological experiments revealed a modest but
significant 1.9-fold increase in mononucleosomes following
15 min of MNase digestion (Figure 5B, p = 0.032).

We then evaluated chromatin accessibility during S phase.
Control and JMJD2A-overexpressing cells were synchronized
at G1/S with HU and nuclei were collected from arrested and
released cells (2.5 and 5 hr) so that chromatin structure could
be monitored over the course of S phase (Figure 5C). JMJD2A-
overexpressing cells had more open chromatin in the G1/
S-arrested cells and at each subsequent point through S phase
(Figure 5C).

We hypothesized that JMJD2A alters the accessibility of
specific genomic regions and in turn promotes DNA replication
and S phase progression. To test this hypothesis, we examined
the accessibility of Chr1 sat2 and X cen by Southern blot analysis
of the MNase digests. We observed that sat2 was more acces-
sible to MNase in asynchronous cells overexpressing JMJD2A
(Figures 5D and 5E). X cen also exhibited an increase in chro-
matin accessibility, albeit more modest than sat2 (Figures S5A
and S5B). Further, sat2 became more accessible during the
progression of S phase in JMJD2A-overexpressing cells (Fig-
ure 5F). Interestingly, in JMJD2A-overexpressing cells, sat2 ex-
hibited the strongest increase in accessibility 2.5 hrinto S phase,
which suggests this locus becomes more accessible earlier
during S phase. These results demonstrate that the increased
DNA replication observed at sat2 and X cen corresponds with
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Figure 3. In Vivo Labeling of DNA Synthesis in Wild-Type and jmjd-2"' Worms

(A) jmjd-2~'~ worms have an increased frequency of RAD-51 foci within the mitotic zone. Scale bar, 10 um.

(B) jmjd-2~'~ mutants have a decreased number of nuclei in the mitotic zone. Error bars represent the SEM from scoring at least 30 germlines of each genotype
(p <1 x 107" by two-tailed Student’s t test).

(C) jmjd-2~'~ mutants have decreased replication in the mitotic zone as measured using Cy3-dUTP to label nuclei undergoing DNA replication. The first ten
nuclear diameters of the mitotic zone are shown. The distal tip cell is on the left. A comprehensive panel of germlines scored is available in Figure S6. Cy3-
dUTP is shown in white and DAPI is shown in blue. Scale bar, 2 uM.

(D) Quantitation of 36 wild-type and 30 jmjd-2~/~ germlines scored blind for Cy3-dUTP incorporation.

(E) Representative nuclei from N2 or jmjd-2~'~ worms double injected with Cy3-dUTP and 488-dUTP. Arrowheads indicate regions labeled with either Cy3- or
488-dUTP (dual labeled nuclei). Chevrons demonstrate chromosome regions labeled with both Cy3- and 488-dUTP (colabeled nuclei). Scale bar, 2 uM.

(F) Quantification of dual labeled nuclei.

(G) Magnified (200%) image of jmjd-2~/~ nuclei from (E).

(H) Quantification of the colabeled nuclei in N2 and jmjd-2~/~ worms.
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A Figure 4. CEP-1 and ATL-1 Depletion Rescues the Increased DNA

Damage-Based Apoptosis in JMJD-2-Depleted Worms

(A) CEP-1 depletion by either cep-1 (RNAJ) or cep-1(Ig12501) rescues the
increased apoptosis observed in either jmjd-2~/~ or jmjd-2 (RNA)-treated

e worms.

(B) ATL-1 depletion by either atl-1 (RNAI) or atl-1(tm853) rescues the increased

e apoptosis observed in either jmjd-2’/ ~ or jmjd-2 (RNAJ)-treated worms.

(C) ATM-1 depletion by either atm-1 (RNAJ) or atm-1(gk186) does not rescue
the increased apoptosis observed in either jmjd-2’/ ~ or jmjd-2 (RNAI)-treated
worms. Each experiment was conducted at least three independent times with
at least 30 germlines per genotype per experiment. The SEM is shown for each
experiment. ** indicates p < 0.0001, and R indicates rescue and no significant
difference from wild-type control by Student’s t test (p > 0.05).
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B High overexpression of JMJD2A results in HP1 redistribution

8 (Klose et al., 2006). Several studies have clearly demonstrated
an important and highly conserved role for HP1 proteins in
DNA replication (Grewal and Jia, 2007; Quivy et al., 2008; Wu
et al., 2006). Based on these previous studies and the data pre-
sented here, we hypothesized that JMJD2A antagonizes HP1
proteins, resulting in faster DNA replication and S phase
progression.

We first determined whether HP1 protein expression was
regulated during cell cycle in a similar manner to JMJD2A. We
observed that HP1y was lowest during G1/S and S phase and
highest during G2/M (Figure 6A). This pattern was reciprocal to
JMJD2A (Figures 1A and 6A). HP1p also had a similar pattern
- -— during cell cycle; however, HP1o resembled the expression

NZ e 2 ey ey 0 dmisey  Patter of JMID2A (Figure 6A). _
Foad; HT115p2T HT115p2T HT115p2T HT115p2T To test the hypothgss that JIMJD2A and HP1 protems antag-
BT pLa440 Jmj-2 (RNA pL4440 ath-1 (RNAJ) onize each other during S phase, all three HP1 isoforms were
overexpressed in JMJD2A-overexpressing cells. S phase pro-
gression was monitored by flow cytometry and plotted based
on the percentage of cells in early and late S phase 12 hr after
release from nocodazole (expression levels in Figure S6A). As
% demonstrated earlier (Figure 1C), JMJD2A-overexpressing cells
bl proceeded into late S phase (L) faster than control cells (Fig-
ure 6B, late S [L]; p = 0.000064). Overexpression of HP1a or
HP1p did not alter the faster progression of JMJD2A cells. How-
ever, HP1y overexpression completely abrogated the increased
progression of JMJD2A cells into late S phase (compare
JMJD2A + control to JMJD2A + HP1y for late S [L]; p =
0.0055). Consistent with increased JMJD2A displacing HP1vy,
2 knockdown of HP1y also modestly increased progression
through S phase (Figures S6B and S6C), albeit less dramatically
than JMJD2A overexpression.
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RNAi: pLA4440 Jmjd-2 (RNAI) pL4440 atm-1 (RNAi) expression of HP1y lacking the N terminus still antagonized
JMJUD2A (p = 0.0047 with respect to JMJD2A + control), the
chromodomain or the chromo shadow domain deletions were
unable to compensate for JMUD2A overexpression (Figure 6B;

expression levels shown in Figure S6A).
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Figure 5. JMJD2A Overexpression Increases Chromatin Accessibility

(A) Representative micrococcal nuclease (MNase) digestion analysis of HEK293T cells overexpressing GFP-control or GFP-JMJD2A.

(B) Quantitation of seven biological replicates represented in (A). The percentage of mononucleosomes relative to total DNA in each lane was normalized to the
amount of the highest visible nucleosome (hexanucleosome). Error bars represent the SEM. For 15 min, p = 0.032.

(C) MNase digestion analysis of chromatin from GFP control or GFP-JMJD2A cells during S phase (24 hr in HU [0 Hour] and washed and released for 2.5 hr [early-
mid S] and 5 hr [Mid/Late S]). Black triangle represents MNase digest time titration of 1, 3, 6, 9, and 15 min. Values below the graph depict the ratio of mono-
nucleosomes to tetranucleosomes.

(D) MNase digestion of GFP-Control, GFP-JMJD2A, or GFP-JMJD2A catalytic mutant (H188A) HEK293T cells.

(E) Chr1 sat2 is more accessible in asynchronous JMJD2A-overexpressing cells. Southern blot for Chr1 sat2 of (D).

(F) Chr1 sat2 is more accessible throughout S phase in JMJD2A-overexpressing cells. Southern Blot for Chr1 sat2 of (C).

We further verified the antagonism between HP1y and
JMJD2A during DNA replication of Chr1 sat2. HP1+y overexpres-
sion antagonizes the increased DNA replication at sat2 in
JMJUD2A-overexpressing cells (p = 0.0128), while HP1a. and
HP1B did not have a statistically significant impact (Figure 6C;
HP1a, p = 0.7654; HP1B, p = 0.1711). Overexpression of HP1
isoforms had no impact on replication at ALU 19 (Figure S6D).

Since HP1y and JMJD2A antagonism could be indirect, we
evaluated HP1y occupancy during S phase at Chr1 sat2 in
control and JMJD2A cells. HP1y-bound chromatin was immuno-
precipitated from control and JMJD2A cells in early-mid S
(released for 2.5 hr from HU). HP1vy binding was reduced upon
JMJD2A overexpression (Figure 6D, p = 0.009). HP1+y depletion
at Chr1 sat2 correlated with the increased chromatin accessi-
bility observed in early S phase (Figure 5F). We also observed
JMJD2A-dependent reduction in HP1y binding at X cen in
early-mid S phase (Figure S6E; p = 0.007). Consistent with the
loss of HP1y, replication of X cen was increased in early-mid
S phase in JMJD2A-overexpressing cells (Figure S1G). These
results demonstrate an isoform-specific antagonism between
HP1y and JMJD2A during DNA replication.

To determine if HP1y depletion was a direct consequence of
JMJUD2A, we examined JMJD2A occupancy and histone methyl-
ation levels at Chr1 sat2 and X cen. In JMJD2A overexpressing
cells, JMJUD2A occupancy at sat2 was 2-fold higher than in
control cells within the first hour of release form HU (Figure 6E)
and decreased in occupancy prior to a concomitant decrease
in H3K9me3 (Figure 6F; p = 0.004) and H3K36me3 (Figure S6H;
p = 0.003) that coincided with the decreased binding of HP1+y.
Similarly, ectopic JMJUD2A bound X cen 2.5 hr after HU release
(Figure S6F) and resulted in a modest decrease in H3K9me3
(Figure S6G; p = 0.04) without changes in H3K36me3 (Fig-
ure S6H). We did not observe significant changes in H1.4 or
H1.4K26me3 at either locus 2.5 hr after HU treatment (data not
shown).

We next sought to address whether this antagonism occurred
in vivo. We determined whether the C. elegans HP1 homologs
(HPL-1 and HPL-2; Schott et al., 2006) would rescue the
increased DNA damage, DNA damage-induced apoptosis, and
impaired DNA replication in jmjd-2~/~ worms. We used both
RNAi and mutant alleles for the two HP1 homologs in C. elegans
because the hpl-2(tm1489) allele had pleiotropic phenotypes,
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Figure 6. Functional Antagonism between JMJD2A/JMJD-2 and HP1y/HPL-2

(A) HP1 protein levels change during cell cycle in whole-cell extracts.

(B) HP1+y antagonizes JMJD2A-dependent S phase progression. The graph depicts the percentage of cells in early (E) and late (L) S 12 hr after nocodazole release
of four independent transfections and flow analyses. AN removes the N terminus of HP1vy before the chromodomain, ACS removes the chromo shadow domain,

and ACD removes the chromodomain.

(C) HP1y overexpression antagonizes the JMUD2A-dependent increased replication at Chr1 sat2 observed using BrdU ChIP. Graph depicts averages from at

least six independent transfections.

(D) JMJD2A overexpression displaces HP1+y from chromosome 1 sat 2 in early-mid S. Cells were arrested in HU and released into fresh media for 2.5 hr prior to

fixation and analysis by ChlIP.

(E) JMJUD2A is enriched at Chr1 sat2 within 1 hr of HU release in GFP-JMJD2A cells. Data are presented as a ratio of percent IP JMJD2A to percent IP control.
(F) H3K9me3 is depleted at Chr1 sat2 2.5 hr following HU release (p = 0.009). Data are presented as the ratio of percent IP of H3K9me3/percent IP of H3 in
JMJD2A cells to percent IP of H3K9me3/percent IP of H3 in control cells. For all graphs, error bars represent the SEM and R represents no significant difference

from control (p > 0.05).

including a smaller germline at 20°C (A.A. and J.R.W., unpub-
lished data; Couteau et al., 2002). We obtained the exact same
data with both RNAi and mutant alleles.

Depletion of HPL-2 had similar phenotypes to the jmjd-2~/~
worms, including increased RAD-51 in the mitotic zone and
decreased number of mitotic nuclei (Figures 7A and 7B). Surpris-
ingly, HPL-2 depletion in jmjd-2~/~ worms resulted in complete
rescue of the increased RAD-51 foci in the mitotic and meiotic
zones (Figure 7A and Figure S6l), blocked the accumulation of
HU-like nuclei (Figure S6J), restored nuclei number in the mitotic
zone to wild-type (Figure 7B), and rescued germline apoptosis
(Figure 7C). HPL-1 depletion [hpl-1(tm1624) allele or hpl-1
(RNAI)] did not rescue the increased DNA damage (Figure 7A
and Figure S6l), HU-like nuclei (Figure S6J), decreased nuclei
number (Figure 7B), or DNA damage-induced apoptosis in
jmjd-2~'~ worms (Figure 7D).

In order to better resolve the relationship between HPL-2
and JMJD-2 in DNA replication, we depleted HPL-2 from wild-
type and jmjd-2~/~ worms by RNAi and injected Cy3-dUTP
into adult germlines. As expected, we observed decreased repli-
cation in the jmjd-2~/~ mutants and wild-type worms depleted

of HPL-2 (Figures 7E and 7F). However, HPL-2 depletion in
the jmjd-2~/~ worms rescued the impaired DNA replication
(Figure 7F).

DISCUSSION

Here we demonstrate a conserved role for the JMJD2A/JMJD-2
demethylases in DNA replication. Ectopic expression of human
JMJUD2A promotes passage through S phase and alters replica-
tion timing, while loss of C. elegans JMJD-2 slowed DNA replica-
tion in the mitotic zone of the adult germline. Consistent with
these observations, JMJD2A protein levels are regulated during
cell cycle and are important in protecting cells from HU-induced
replication stress, a role shared by JMJD-2. The increased DNA
damage-induced apoptosis observed upon JMJD-2 depletion
was shown to be p53 and ATR dependent but not ATM depen-
dent, providing additional genetic data that support the role of
JMJD-2 in DNA replication. Taken together, our human cell
culture and C. elegans observations illustrate an important role
for the JMJD2 family in DNA replication.
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Figure 7. In Vivo Antagonism between JMJD-2 and HPL-2

Percentage of dUTP Labeled Nuclei per
First Ten Nuclear Diameters

Percentage of dUTP Labeled Nuclei per
First Ten Nuclear Diameters

(A) Depletion of HPL-2, but not HPL-1, rescues the increased RAD-51 foci observed in the mitotic zone of jmjd-2~/~ animals.

(B) Depletion of HPL-2, but not HPL-1, by RNAI rescues the decreased mitotic index observed in jmjd-2~/~ worms.

(C) HPL-2 depletion by either hpl-2 (RNAJ) or hpl-2(tm1489) rescues the increased apoptosis observed in either jmjd-2~/~ or jmjd-2 (RNAj)-treated worms.

(D) HPL-1 depletion by either hpl-1 (RNAJ) or hpl-1(tm1624) does not rescue the increased apoptosis observed in either jmjd-2~/~ or jmjd-2 (RNAi)-treated worms.
**indicates p < 0.0001. For all graphs, error bars represent the SEM of at least ten animals of each genotype. R represents no statistical difference from wild-type

by two-tailed Student’s t test (p > 0.05).

(E and F) Depletion of HPL-2 rescues the decreased replication observed in jmjd-2 '~ worms. Germlines were injected with Cy3-dUTP and dissected and visu-
alized after 4 hr (see Figure 3). (E) and (F) are graphical representations of the number of germlines with different percentages of nuclei labeled in the first ten

nuclear diameters.

Interestingly, the changes in S phase progression that we
observe with JMJD2A overexpression are directly paralleled by
modest increases in chromatin accessibility in both asynchro-
nous and cells progressing through S phase. Consistent with
JMJD2A altering DNA replication through chromatin structure,
we observed increased DNA replication at sat2 and X cen, which
coincided with a decrease in HP1y binding and increased chro-
matin accessibility. The increased chromatin accessibility at sat2
coincided with a change to earlier replication during S phase. We
further fortified the importance of the relationship between
JMJUD2A/JMJD-2, chromatin structure, and DNA synthesis by
demonstrating that HP1y/HPL-2 functionally antagonized the
DNA replication phenotypes observed from worm to human.
Importantly, we did not observe a strong role for the other human
HP1 proteins or HPL-1 in antagonizing JMJD2A/JMJD-2 func-
tion. The altered chromatin structure and antagonism observed
with HP1 proteins across species suggest a highly conserved
role for JMJD2A in regulating chromatin structure so that DNA
synthesis has the correct spatiotemporal control.

Crosstalk between JMJD2A/JMJD-2 and HP1y/HPL-2
Our findings describe a highly conserved model whereby
JMJUD2A antagonizes HP1vy to control chromatin structure and

allow proper spatiotemporal timing of DNA replication (model
in Figure S7). HP1 proteins could be seen as a barrier to replica-
tion initiation, or alternatively, a steric blockade to replication
elongation. JMJD2A could alleviate this by removal of H3K9/
36me3, allowing proper spatiotemporal control of replication.
Consistent with this model, JMJUD2A overexpression resulted
in a modestly more open chromatin conformation, decreased
HP1+y occupancy, decreased H3K9me3, and increased replica-
tion of Chr1 sat2 and a region near the X centromere.

HP1y required both the chromodomain and chromo shadow
domain to antagonize JMJD2A-dependent S phase progression,
supporting the model that HP1v requires the ability to bind methyl
modifications and interact with other chromatin regulators to
antagonize JMJD2A (Kwon and Workman, 2008). While HP1y
binding could be controlled independently of histone modifica-
tions, the changes to H3K9me3 at sat2 are likely responsible for
the reduction in HP1y occupancy. While it is possible nonhistone
substrates may be important, it seems likely given the importance
of the methyltransferases in yeast, mouse, and human systems
that at least part of the role of JMUD2A/JMJD-2 in S phase
progression is through demethylation of H3K9me3.

Loss of JMJD-2 in C. elegans slowed DNA replication. In this
scenario, JMJD-2 loss would result in an inability to disrupt the
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HP1 steric blockade so that replication initiation and/or elonga-
tion are impaired (model in Figure S7). As predicted from the
model, HPL-2 depletion rescued the defects in jmjd-2~/~ worms.
Alternatively, loss of jmjd-2 could result in increased histone
methylation, resulting in spread and dilution of HPL-2 to addi-
tional regions not normally controlled by HPL-2.

Interestingly, loss of HPL-2 by itself led to increased RAD-51
foci in the mitotic zone, fewer mitotic nuclei, and defects in repli-
cation. Thus, it was surprising that HPL-2 depletion rescued
the same defects in jmjd-2~/~ animals. Our results suggest
that controlling the levels and distribution of HPL-2 is crucial
for germline nuclei proliferation. HPL-2 loss could cause replica-
tion defects through at least two mechanisms: (1) HPL-2 loss re-
moves constraints on chromatin, resulting in inappropriate early
replication, which could trigger ATR checkpoint resulting in over-
all loss of replication efficiency. (2) Loss of HPL-2 could result in
spreading and mislocalization of HPL-1, resulting in inappro-
priate regulation of replication. These observations suggest
that there is an intricate antagonistic relationship between the
demethylase and specific HP1 homologs.

Relationship between HP1y and HPL-2

We observed less DNA replication in young adults treated with
both hpl-2 (RNAJ) or JMJD-2 depletion; however, codepletion
restored the worms to wild-type levels. The specific role of
HPL-2 in the mitotic zone could reflect changes in chromatin
structure, as well as transcriptional changes. Both HPL-2 and
HP1y are able to rescue the JMJD-2 and JMJD2A phenotypes,
respectively. These data suggest that HPL-2 may in fact be
a functional homolog to HP1y. Although sequence homology
does not resolve this relationship, our functional observations
across species raise this interesting possibility.

JMJD2A, Chromatin Structure, and DNA Replication

Our results highlight the importance of controlling chromatin
structure during replication and implicate JMJD2 histone deme-
thylases as contributors to this regulation. MacAlpine et al.
recently demonstrated that increasing the number of potential
origins within a region correlates with earlier replication timing
(MacAlpine et al., 2010). Consistent with changes in initiation,
we observed increased production of ssDNA, indicative of
increased replication forks in JMJD2A-overexpressing cells.
This suggests that JMUD2A might be creating more favorable
chromatin conditions for initiation of replication. Furthermore,
JMJD2A overexpression resulted in earlier replication of Chr1
sat2, demonstrating the ability of JMJD2A to impact replication
timing. Our results do not exclude the possibility that JMJD2A
is also contributing to changes in replication by altering elonga-
tion rates.

The ability of a chromatin modifier like JMJD2A to alter the
modification state and the underlying structure could have
a direct impact on the plasticity observed within specific
genomic regions. JMJD2A and HP1+y could be important regula-
tors of epigenetic states required for maintaining replication
timing or specifying borders of replication domains.

We would predict that additional chromatin modifiers (e.g.,
histone demethylases and histone methyltransferases) will be
able to alter both chromatin state and cell cycle progression.
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Indeed, the methyltransferase Dot1 regulates cell cycle genes
through H3K79me2 and is required for efficient entry into
S phase (Schulze et al., 2009). Our data strongly suggest that
chromatin modifiers can also impact cell cycle through chro-
matin structure. However, these two effects do not have to be
mutually exclusive. There is a strong possibility that chromatin
regulators will influence both aspects, allowing for a tighter level
of control of cell cycle progression. These results suggest that
cells and perhaps individual origins must proceed through
a chromatin checkpoint. Understanding what factors establish,
read, maintain, and overcome this checkpoint will be critical to
advance our knowledge of proper spatial and temporal control
of replication.

EXPERIMENTAL PROCEDURES

Cell Culture and Synchronization

HEK293T and Hela S cells were grown in DMEM supplemented with 10%
heat-inactivated fetal bovine serum, 50 I.U. per ml penicillin, 50 pg per ml
streptomycin, and 2 mM L-glutamine. Stable cell lines were periodically rese-
lected in 3 ug/ml puromycin or by FACS to select GFP-positive cells. All exper-
iments were performed with cells at least one passage postpuromycin
treatment. Cells were synchronized by treatment with 1 mM HU (Sigma) for
24 hr or 50 ng/ml nocodazole (Sigma) for 10 hr. G2/M-arrested cells were col-
lecting by mitotic shakeoff. To release arrested cells, cells were washed once
with media and supplied fresh media.

Generation of Stable Cell Lines

Retrovirus was generated in Phoenix A cells 48 hr posttransfection. Cells were
infected twice and allowed to recover 24-48 hr prior to selection. Cells were
selected twice with 4 ug/ml puromycin for 48-72 hr with a 48 hr recovery period
between puromycin treatments. Stable lines were verified by RT-gPCR and
western analysis. Each cell line was created at least two or more times and
used in the experiments described above. Subsequent selections were per-
formed by sorting for GFP-positive cells.

Cell Growth Curves

Cells were plated in triplicate in six-well dishes at 4 x 10* cells per well. For
growth curves, the cells were counted 24, 48, and 72 hr after plating. Cells
were harvested and stained with trypan blue, and live cells were manually
counted using a hemocytometer. The number of live cells counted at 24 hr
was set as a relative population of 1. The cell number at 48 and 72 hr was
normalized to this value to generate relative population. For HU release anal-
ysis, cells were treated with 1 mM HU on the day after plating. Twenty-four
hours after addition of HU (day 0), cells were released and counted at 0, 24,
48, and 72 hr. The relative populations were calculated by normalizing to the
number of live cells at day zero.

Analysis of Single-Stranded DNA during S Phase

1 x 10° cells were seeded in a 10 cm dish for 24 hr prior to labeling with Cell
Proliferation and Labeling Reagent (GE Healthcare) for 24 hr. Cells were
supplied fresh media and arrested in nocodazole for 10 hr. Cells were released
and harvested in RIPA buffer at the indicated time points. Experiment was per-
formed with minor modifications from (Jasencakova et al., 2010). DNA was slot
blotted and analyzed for BrdU (BD Biosciences). Fiim was scanned and
analyzed using Imaged V1.43 (NIH). For each time point the ratio of native/
denatured BrdU signal was calculated.

BrdU DNA Immunoprecipitation

1 x 108 cells were seeded in a 10 cm dish. Thirty-six to forty-eight hours after
seeding, cells were treated for 1 hour with Cell Proliferation and Labeling
Reagent (GE Healthcare). Cells were collected and BrdU ChIP was performed
as described in Hansen et al. (2010). The complete method can be found in the
Supplemental Information. Chr1 sat2 primers are identical to those used in
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(Zeng et al., 2009). X cen primers amplify a 96 bp amplicon at 61,569 KB from
the left arm of the chromosome in the region designated as the centromere on
the UCSC genome browser using the NCBI36.3/hg18 build. This region lies
within a 2 KB repeat encompassing approximately 36 KB.

Chromatin Immunoprecipitation

1.5 x 108 cells were seeded in four 15 cm dishes. Thirty-six hours after seed-
ing, cells were treated with 1 mM HU. Twenty-four hours after treatment, cells
were released for analysis of S phase. Chromatin immunoprecipitation (ChlP)
experiments were done as described earlier with slight modifications (Shi et al.,
2003). A complete protocol can be found in the Supplemental Information. For
JMJD2A, all IPs were above 0.2% of input. For histones and histone modifica-
tions, all IPs were greater than 3% of input.

Flow Cytometry
Complete methods can be found in the Supplemental Information. Sorting of
live cells for replication timing was performed as in Hansen et al. (2010).

Western Blots
Western blots were performed according to Whetstine et al. (2006).
A complete antibody list is in the Supplemental Information.

Micrococcal Nuclease Assay

2 x 10° cells were seeded in a 15 cm dish 24 hr prior to the experiment.
Complete methods can be found in the Supplemental Information. Images
were captured on a GelDoc XR (Bio-Rad) using Quantity One software. Ex-
ported JPEGs were quantitated using Imaged v1.43 (NIH).

C. elegans Strain Maintenance and RNAi Knockdown

Worms were cultured at 20°C on NGM plates seeded with OP50 as previously
described (Brenner, 1974). For all experiments, L1 larvae were synchronized
by hypochlorite treatment of gravid adults and allowed to grow for 62 hr before
analysis. A complete list of strains is in the Supplemental Information. RNAI
knockdown of C. elegans genes was as previously described (Whetstine
et al., 2006).

Dissection, DAPI Staining, and Antibody Staining of the C. elegans
Germline

Dissection, DAPI staining, and antibody staining of C. elegans germlines were
carried out largely as previously described (Colaiacovo et al., 2003; Whetstine
etal., 2006). Optical sections were collected at 0.2 or 0.5 um intervals using an
ix81 spinning disc confocal microscope (Olympus). Images were acquired and
analyzed using Slidebook 5.0.0.1.

Cy3- and Alexa 488-dUTP Analysis of the C. elegans Germline
Injections were done on animals 62 hr post-L1 release grown on either NGM
plates seeded with OP50 or RNAI plates seeded with the appropriate RNAi
food source at 20°C. Cy3-dUTP (GE) was injected at a concentration of
1 pmol/pl into young adult C. elegans germ lines as previously described (Jar-
amillo-Lambert et al., 2007). Complete methods can be found in the Supple-
mental Information.

Analysis of Hydroxyurea Sensitivity of C. elegans Embryos

Fifteen synchronized young adult animals were seeded to five NGM plates
containing the indicated concentration of HU (Sigma-Aldrich) and 10 pl of
concentrated OP50 or RNAi food for 13 hr at 20°C. Eggs were quantified
and embryonic lethality was scored 20 hr later. All experiments were done in
triplicate.

Quantitative Analysis of C. elegans Germline Apoptosis
Scoring and analysis of germ line apoptosis was done as previously described
(Whetstine et al., 2006).

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
at doi:10.1016/j.molcel.2010.11.008.
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