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Abstract

Platinum-based drugs such as cisplatin (CP) are the first-line chemotherapy for non-small-cell lung carcinoma (NSCLC).
Unfortunately, NSCLC has a low response rate to CP and acquired resistance always occurs. Histone methylation
regulates chromatin structure and is implicated in DNA repair. We hypothesize histone methylation regulators are
involved in CP resistance. We therefore screened gene expression of known histone methyltransferases and
demethylases in three NSCLC cell lines with or without acquired resistance to CP. JMJD2s are a family of histone
demethylases that remove tri-methyl groups from H3K9 and H3K36. We found expression of several JMJID2 family
genes upregulated in CP-resistant cells, with JIMJD2B expression being upregulated in all three CP-resistant NSCLC cell
lines. Further analysis showed increased JMJD2 protein expression coincided with decreased H3K9me3 and H3K36me3.
Chemical inhibitors of JIMJD2-family proteins increased H3K9me3 and H3K36me3 levels and sensitized resistant cells
to CP. Mechanistic studies showed that JMJD2 inhibition decreased chromatin association of ATR and Chkl and
inhibited the ATR-Chkl1 replication checkpoint. Our results reveal that JMJID2 demethylases are potential therapeutic
targets to overcome CP resistance in NSCLC.

Introduction

NSCLC accounts for about 80—85% of lung cancers.
Standard NSCLC treatment includes platinum-based
chemotherapy [1-3]. However, NSCLC has a low
response rate to chemotherapy [2]. For patients that
respond initially, acquired resistance occurs invariably
[4]. Platinum drugs include cisplatin (CP), carboplatin,
and oxaliplatin. CP interacts with purine bases in DNA to
form DNA-protein and DNA-DNA interstrand and
intrastrand crosslinks [5]. CP-mediated intrastrand DNA
crosslinks are the major forms of DNA adducts,
accounting for 85-90% of total lesions [6]. CP-induced
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DNA damage triggers DNA damage response (DDR) and
apoptotic pathways.

Mechanisms for CP resistance have been studied for
many years. DNA repair and DDR pathways contribute to
CP resistance in model cell systems and clinical patients [7].
For example, nucleotide excision repair (NER) regulated by
ERCC-XFP is involved in repair of both intrastrand and
interstrand crosslinks [8—10]. ERCC1 overexpression is
associated with CP resistance in cell lines and clinical
samples [11-13]. Translesion synthesis by a special group
of DNA polymerases repairs CP-mediated interstrand
crosslinks and is found to regulate CP resistance in cell lines
and clinical samples [7, 14, 15].

DNA repair is coordinated by DDR pathways. The
DNA damage response kinase atxia telangiectasia and
Rad3-related (ATR) is a DDR orchestrator that plays a
critical role in the cellular response to replication stress
[16]. ATR is activated upon DNA replication fork stalling
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and then phosphorylates downstream substrates to induce
replication checkpoints and promote fork repair [16].
ATR is activated by binding to single-strand (ss) DNA.
ATR forms a complex with ATR interacting protein
(ATRIP) that interacts with ssDNA-bound replication
protein A (RPA) [17]. ATR phosphorylates and activates
checkpoint kinase 1 (Chk1). Inhibition of ATR-ChkI1 can
increase CP-induced cell death in CP-resistant cancer cells
[18-20], suggesting a role for the ATR-Chkl-mediated
signaling pathway and the replication checkpoint to pro-
mote CP resistance.

DNA repair takes place within the context of chromatin
structure. Chromatin structure is regulated by histone
modifications such as phosphorylation, acetylation, and
methylation. The role of histone modification in double
strand break (DSB) repair has been widely studied. It is
established that the repair of DSBs requires reorganization
of chromatin and nucleosomes [21]. One typical example is
phosphorylation of H2AX at serine 139 (yH2AX) that
occurs at the DSB. YH2AX regulates nucleosome remo-
deling and other posttranslational histone modifications
which are critical for subsequent recruitment and retention
of repair factors for DSB repair [22, 23].

Histone methylation is a type of histone modification
with attachment of mono-, di-, or tri-methyl groups to the
exposed histone tails at nucleosomes and is regulated by
large families of histone methyltransferases and demethy-
lases. Recent studies have found histone lysine methylation
plays a role in repair of DSBs. For example, histone 3 lysine
79 (H3K79) methylation and H4K20 dimethylation (me2)
recruit the protein 53BP1 to chromatin at the DSB to pro-
mote repair [24-26]. H3K9 trimethylation (me3) stimulates
TIP60 histone acetyltransferase activity at the DSB site,
resulting in acetylation of histones and ATM kinase, the
latter activating ATM to further stimulate yH2AX formation
and DNA repair [27]. Histone demethylase KDMS5A/
JARIDIA is recruited to DSBs where it demethylates
H3K4me3 and promotes binding of repair proteins
ZMYNDS8-NuRD complex to DSBs [28]. These findings
have opened an avenue for understanding histone methy-
lation in DNA repair.

We hypothesize histone methylation is involved in CP-
induced DNA damage repair and CP resistance in
NSCLC cells. We developed three CP-resistant NSCLC
cell lines and compared mRNA levels of known histone
methyltransferases and demethylases to that in parental
cells. We found that JMJD2 demethylase family genes
are upregulated and H3K9me3 and H3K36me3 levels are
decreased in all resistant cell lines. Subsequent analysis
of the cells found JMJD2 family proteins promote CP
resistance by promoting recruitment of ATR and Chkl to
chromatin and maintaining the ATR-Chkl replication
checkpoint.
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Results

NSCLC cells with acquired resistance to CP have
increased expression of JMJD2s and decreased
histone methylation. Inhibition of JMJD2s
overcomes CP resistance

Histone methylation is promoted by methyltransferases and
inhibited by demethylases [29, 30]. Histone methylation
status affects chromatin structure [31]. DNA damage is
often associated with chromatin remodeling that facilitates
DNA repair machinery assembly at the DNA damage sites
[32, 33]. Histone methylation has been demonstrated to play
an important role in DSB repair [33]. We hypothesized that
histone methylation changes may contribute to CP resis-
tance in NSCLC cells. To test this, we designed a cell-based
approach by comparing parental NSCLC cell lines to their
CP-resistant derivatives. Three NSCLC cell lines (A549,
H1703, and H1975) were exposed to increasing doses of CP
and surviving cells expanded between each treatment. The
derivatives (A549CPR, 1703CPR, 1975CPR) became
resistant to CP, indicated by significantly increased colony-
forming ability (Fig. 1a). Resistant cells also had decreased
apoptosis in response to CP (indicated by reduced % sub-
Gl cells) with significant increases in IC50 values for CP
(Fig. 1b).

We next compared mRNA levels of known histone
methyltransferases and demethylases in the parental and
CP-resistant derivative cell lines when either untreated or
24 h after CP treatment. We focused on individual genes or
gene families that were upregulated in all three CP-resistant
cell populations. The results revealed three methyltransfer-
ase genes (PRDM2, SETD7, and SETDIA) (Fig. S1) and
three demethylase genes (KDM3A/JMJDIA, KDMA4B/
JMJD2B, and KDM6A/UTX) (Fig. S2) upregulated in all
three resistant cell populations compared to their parental
controls. Previous studies have established a selective role
for IMID1A in demethylating H3K9mel/2, JIMJD2 deme-
thylating H3K9me3 and H3K36me3, and ubiquitously
transcribed tetratricopeptide repeat X-linked protein (UTX)
in demethylating H3K27me3 [30, 34, 35]. We used
immunoblotting to ask if CP-resistant cells expressed higher
protein levels of IMID1A, IMJD2B, and UTX, and if there
were corresponding changes in histone methylation. The
results confirmed JMJD2B was expressed at higher levels in
all three resistant cell populations compared to parental
cells, both basally and after CP treatment (Fig. 2a).
Immunoblotting also showed H3K9me3 levels are
decreased in all three CP resistant cells compared to par-
ental control cells (Fig. 2b), consistent with the increased
expression of JMID2B. In contrast, H3K36me3 was
decreased in 1703CPR cells and 1975CPR cells compared
to parental controls, but was not appreciably decreased in
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Fig. 1 NSCLC cells with acquired resistance to CP. a A549, H1703,
H1975 cells and their CP-treated derivatives AS49CPR (ACPR),
1703CPR (3CPR), and 1975CPR (5CPR) were plated in six-well
plates in triplicate with 200 cells/well. The cells were treated with CP
at the indicated doses for 48 h and then released of drugs. The cells
were allowed to recover for 3 weeks to form colonies. Average percent
colonies of the treated condition vs. control were presented with SD
indicated. There is a significant difference between A549 and ACPR
treated with 1 uM CP (p =0.036) and 2uM CP (p <0.01), between

A549CPR cells vs. controls (Fig. 2b). UTX levels were
increased basally and after CP treatment in 1703CPR and
1975CPR cells compared to parental control cells, but were
not increased in A549CPR cells vs. controls (Fig. 2a).
Consistent with increased levels of UTX that functions as a
demethylase for histone H3K27 [36], H3K27me3 levels
were decreased basally and after CP treatment in 1703CPR
and 1975CPR cells compared to parental control cells (Fig.
2b). Finally, despite the apparent increase in JMJDIA
mRNA levels in CP-resistant cells (Fig S1), JMJD1A pro-
tein was only basally higher in CP-resistant A549 and 1975
cells compared with their parental controls, and basal levels
of the JMID1A substrate H3K9me?2 were slightly decreased
(Fig. 2a, b).

UTX is encoded by an X-linked gene and is reported to
have potential tumor suppressor activity [37]. In contrast,
expression of JMJD2 family proteins has been linked to
malignant transformation [38]. For example, JMJD2B and
C amplification has been observed in medulloblastoma [39]
and other cancers, and high expression of JMJD2B has been
correlated with worse outcome in NSCLC patients [40].
JMIJD2 inhibitors are being developed as potential ther-
apeutic agents. In addition to JMJD2B expression being
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H1703 and 3CPR treated with 1uM CP and 2uM CP (p<0.01),
between H1975 and 5CPR treated with 1 uM CP and 2uM CP (p<
0.01). b 10° cells plated in six-well plates in triplicate and treated with
different doses (2.5—40 pM) of CP for 24 h and then release of drugs
for 48h. Cells were analyzed with Flow Cytometry for sub-GlI.
Average percent sub-G1 cells were presented with SD indicated. There
was a significant difference between parental and resistant cells in all
three cell lines (p <0.01). *p <0.05

increased in all three CP-resistant NSCLC cell lines, we
also observed increased JMJD2D mRNA and protein
expression in CP-resistant A549 and 1703 cells compared to
parental controls (Fig. 2 and Supp Fig. 1). For these reasons
we focused on JMJD2s as potential CP resistance factors in
NSCLC cells. To test the role of JMJD2 proteins in CP
resistance we utilized two different inhibitors: ML324
(selectively inhibits JMJD2 proteins) and JIBO4 (inhibits
JIMJD2s, IMID3, and JAR1D1A). Parental and CP-resistant
cells were treated with CP and the inhibitors either alone or
in combination, and long-term survival determined by col-
ony formation ability. As shown in Fig. 3a, treatment with
either CP or ML324 alone caused a relatively small
reduction in survival (colony formation ability) in all three
NSCLC cell lines and their CP-resistant derivatives, com-
pared to combination treatment which reduced survival
(colony formation) by 90—100%. Treatment with JIB04
alone caused a greater reduction in colony formation than
did ML324 and when combined with CP reduced survival
(colony formation ability) by nearly 100% (Fig. 3b). In
addition, all the cells were treated with increasing doses of
CP (2.5-40puM) in the absence or presence of ML324
(20 uM) for 48 h and IC50 for CP-induced cell apoptosis
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Fig. 2 Upregulation of JMJD expression in CP-resistant cells. a, b
Parental A549, H1703, H1975 and CP-resistant A549CPR (ACPR),
1703CPR (3CPR), and 1975CPR (5CPR) cells were treated 24 h with
CP (10 uM), lysates were immunoblotted for the indicated proteins

was determined. Notably, ML324 alone has minimal effect
on apoptosis (<10%). However, ML324 significantly
decreased the IC50 values of CP by approximately twofold
in both parental and resistant cell lines (Fig. 3c). Immuno-
blotting showed increased H3K9me3 and H3K36me3 levels
in cells cotreated with ML324 and CP, consistent with
JMID2 proteins being inhibited (Fig. 3d). Similarly,
immunoblotting showed increased H3K9me3, H3K36me3,
and H3K27me3 in cells cotreated with JIBO4 and CP,
consistent with inhibition of JMJD2 and JMJD3 family
proteins (Fig. 3d). The results suggest inhibition of JMJID2s
can increase CP sensitivity in NSCLC cells. Because
JMID2B expression was increased in all three CP-resistant
cell populations, we tested if JMID2B depletion could
sensitize NSCLC cells to CP and if overexpression would
have the opposite effect. Depletion of IMJID2B by siRNA in
CP-resistant A549 cells increased H3K9me3 and
H3K36me3 levels slightly (Fig. 3e) and also reduced sur-
vival (colony formation) compared to control cells (Fig. 3f).
In contrast, JMJD2B overexpression partially reduced
H3K9me3 and H3K36me3 levels in parental A549 cells
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(Fig. 3g) and also increased survival (colony formation) in
response to CP (Fig. 3h). These results suggest increased
expression of IMJD2B alone can promote CP-resistance, at
least to some extent, in NSCLC cells. Notably, depletion of
JMID2A or JMJD2D had no apparent effect on CP-induced
cell death and survival (data not shown).

JMJD2 inhibition reduces ATR/Chk1 activation and
ATR/Chk1 association with chromatin in CP-treated
cells

The checkpoint kinase ATR plays a key role in the cell
response to CP. ATR is activated in response to CP and then
phosphorylates and activates downstream targets such as
Chkl to regulate cell cycle checkpoints and allow DNA
repair and survival [16, 17]. We used the inhibitors ML324
and JIB0O4 as well as depletion of IMJD2B to address a
possible role for JMJD2 proteins in ATR and Chkl acti-
vation and signaling. As shown in Fig. 4a, ATR and Chkl
were activated by CP treatment in AS49CPR and 1703CPR
cells. This was indicated by increased ATR phosphorylation
at T1989 (autophosphorylation site) and increased Chkl
phosphorylation at S345 (ATR phosphorylation site).
Treatment with JIBO4 or ML324 alone also increased ATR
phosphorylation at T1989 and Chkl phosphorylation at
S345, though this effect was more pronounced with JIBO4.
This suggests JIBO4 and ML324 themselves may induce
replication stress and thus activate ATR and Chkl. Impor-
tantly, ML324 or JIB0O4 decreased ATR and Chkl activa-
tion in CP-treated AS49CPR and 1703CPR cells, while also
increasing YH2AX (which indicates DSBs) (Fig. 4a, b).
This suggests JMJD2 activity promotes or contributes to
ATR and Chkl activation and limits formation of DSBs in
CP-treated cells. Depletion of JMJD2A, JMID2B, or
JMID2D by siRNA also decreased ATR and Chkl phos-
phorylation/activation in response to CP (Fig. 4c). Notably,
JMID2B depletion also increased YH2AX in response to
CP-treated cells (Fig. 4c). Chkl protein levels were
decreased in response to CP in JMID2A, JMID2B, or
JIMID2D knockdown cells while ATR protein was not
changed (Fig. 4c). In contrast, transient overexpression of
JMIJD2B increased ATR activation and Chkl phosphor-
ylation while decreasing YH2AX in response to CP (Fig.
4d). The results suggest chemical inhibition of JMJD2
family proteins or depletion of JMJD2B specifically can
reduce ATR activation and signaling to Chk1 in CP-treated
NSCLC cells, leading to increased DNA DSB and increased
killing.

We sought the mechanism for how JMJD2s could pro-
mote ATR/Chk1 activation and survival. JMID2s modulate
histone methylation which, in turn, could alter the accessi-
bility to chromatin of factors such as ATR that require
chromatin association to be activated. We therefore
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monitored ATR chromatin association in cells treated with
CP alone or CP plus the JMJD2 inhibitor ML324. As shown
in Fig. 5a, b, total ATR and pATR association with chro-
matin was increased in CP-resistant AS549CPR and
1703CPR cells treated with CP alone. However, the amount
of total ATR and pATR associated with chromatin was
decreased in cells cotreated with CP plus ML324. Chkl
chromatin association was also increased in CP-treated cells
but less so in cells cotreated with CP plus ML3243

(Fig. 5a, b). Furthermore, knockdown of JMJD2B also
decreased chromatin-associated ATR and Chkl in response
to CP (Fig. 5c). We noticed that in addition to decreased
phosphorylation of Chk1 in cells with inhibition of JMJD2
(Fig. 4a), total levels of Chkl were also decreased com-
pared to control cells (Fig. 4). Because dissociation of Chk1
from chromatin in response to DNA damage is accom-
panied by ubiquitination and degradation of Chkl [41], we
speculated Chk1 maybe degraded in cells with inhibition of

SPRINGER NATURE
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<« Fig. 3 Inhibition of JMJD2 or knockdown of JIMJD2B sensitizes cells

to CP. Overexpression of JMJD2B makes cells resistant to CP. a, b
Parental A549, H1703, H1975 and CP-resistant A549CPR (ACPR),
1703CPR (3CPR), and 1975CPR (5CPR) cells were plated on six-well
plates (200 cells/well) in triplicate and treated with 1 or 2 uM CP and/
or ML324 (5uM) (a), or 1 pM CP and/or JIB0O4 (1 pM) for 48 h and
then released of drugs. The cells were allowed to recover for 3 weeks
for colony formation. Average percentages of colonies are presented
with SD indicated. There are significant differences (p < 0.05) between
CP and CP plus ML324 (or JIBO4) and between ML324 (or JiB04)
and CP plus ML324 (or JIB04) conditions in all three parental and CP-
resistant cell lines. ¢ The indicated cell lines were treated with different
doses of CP (2.5—40 uM) in the absence or presence of ML324 (20
uM) for 24 h and then released of CP for 48 h. Average percentages of
sub-G1 cells were used to calculate IC50s of CP for each cell line and
condition which are presented. d 1703CPR cells were treated with CP
and/or ML324 or JIB04 for 24 h. Lysates were immunoblotted for the
indicated proteins. e ACPR cells were transfected with control siRNA
or JMJD2B siRNA and then treated with CP (10 uM) for 24 h. Lysates
were immunoblotted for the indicated proteins. f ACPR cells in six-
well plates (200 cells/well) were transfected with control siRNA or
JMJD2B siRNA and then treated with CP (1 or 2 uM) for 24 h and
then released of drugs. The cells were allowed to recover for 3 weeks
for colony formation. Average percentages of colonies are presented
with SD indicated. There are significant differences between CP-
treated control siRNA and JMJD2BsiRNA A549CPR (ACPR) cells (p
<0.01). There is no difference between 1uM CP-treated control
siRNA and JMJD2BsiRNA in A549 cells (p>0.05). There is a sig-
nificant difference (p < 0.05) between 2 uM CP-treated control siRNA
and JMJD2B siRNA in A549 cells. g A549 cells were transfected with
vector or JMJD2B plasmid. The cells were selected with puromycin
and establish a bulk line. Vector expressing cells and JMJD2B
expression cells were treated with CP (10 uM) for 24 h. Lysates were
immunoblotted for the indicated proteins. h Cells expressing vector or
JMID2B in six-well plate (200 cells/plate) were treated with CP (1 uM
or 2 uM) for 24 h and then released of drugs. The cells were allowed to
recover for 3 weeks for colony formation. Average percentages of
colonies are presented with SD indicated. There are significant dif-
ferences (p < 0.05) between CP) (both 1 and 2 pM)-treated vector and
IMID2B A549 cells

JMID2. To test that, we analyzed mRNA levels and protein
degradation in cells treated with ML324 or JIBO4. The
results show Chkl mRNA was slightly increased with CP
treatment but not decreased by ML324 or JIB04 (Fig S3A).
Importantly, ML324 induced a loss of Chk1 protein but not
mRNA upon inhibition of protein synthesis by cyclohex-
imide (CHX) for 4 h, suggesting Chk1 is degraded in cells
with inhibition of JMJD2 (Fig. S3B and C). Chkl is known
to be degraded by Cull/Cul4A ubiquitin ligases [41], which
could be a mechanism for ML324-induced degradation of
Chkl. We treated cells with ML324 in the absence or
presence of MG132 for 4 h and then examined Chkl ubi-
quitination and association with Cul4A by immunopreci-
pitation. Ubiquitinated Chkl accumulated in MG132-
treated cells that was slightly increased by cotreatment
with ML324 (Fig. S3D), suggesting ML324 increases Chk1
ubiquitination. Cul4A coimmunoprecipitated with Chk1 in
MG132-treated cells and this was also modestly increased
by treatment with ML324/MG132 (Fig. S3E). This suggests
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decreased Chkl levels in JMJD2 inhibitor-treated cells
could result from Cul4A-mediated degradation, at least in
part. Altogether, these results suggest JMJD2 activity can
promote or enhance ATR and Chkl association with
chromatin and in this way may increase ATR activation and
maintain Chk1 stability in CP-treated cells.

JMJD2 inhibition inhibits the ATR-Chk1 replication
checkpoint in CP-treated cells

CP causes replication stress by promoting DNA crosslinks
that stall progression of DNA replication forks. Activated
ATR and Chkl promote survival by blocking restart and
preventing collapse of stalled replication forks, and by
inhibiting inappropriate activation of nascent replication
origins [42—45]. Current models suggest that, when ATR
and Chkl activity is compromised, fork collapse and
inappropriate replication origin firing leads to an excess of
ssDNA that is potentially lethal unless bound by RPA.
When it exceeds the pool of available RPA, ssDNA is left
unbound and susceptible to cleavage, resulting in massive
amounts of DNA breaks that can be visualized as pan-
nuclear YH2AX staining. We used four markers to deter-
mine if ML324 inhibits the ATR-Chk1 replication check-
point in CP-treated cells. First, RPA proteins bind ssDNA
and therefore chromatin association of RPAs is a surrogate
marker for ssDNA. We observed a pronounced increase in
the amount of chromatin-associated RPA2 in cells treated
with CP plus ML324 compared to either CP or ML324
alone (Fig. 5a, b). This is consistent with loss of the ATR-
Chk1 replication checkpoint in CP plus ML324-treated cells
leading to an increase in ssDNA.

Second, we used a DNA fiber assay to ask if ML324
alters replication fork restart and origin firing in CP-treated
cells. In this assay cells are pulsed with IdU to label active
replication forks, treated with CP and/or ML324 for 12 h,
and then labeled with CldU (Fig. 6a, b). DNA fibers are
isolated and stained with antibodies for IdU (visualized red)
and CIdU (visualized green). Contiguous red and green
fibers represent replication forks that restarted after CP
treatment, whereas only green fibers represent new origin
firing. Untreated cells served as controls. CP treatment
reduced replication fork restart (Fig. 6¢), as expected for
cells with ATR-Chk1 activation. However, fork restart was
increased in cells treated with ML324 or CP+ML324
compared to cells treated with CP alone. Moreover, the
length of red-green tracks was also increased in ML324-
and CP+ML324 treated cells compared to cells treated with
CP alone (Fig. 6e). New origin firing was also reduced by
CP treatment but increased by ML324 or CP+ML324 (Fig.
6d). These results are consistent with ML324 reducing
Chkl activation leading to increased fork restart and
increased origin firing in CP-treated cells. FACS analysis
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indicated cells treated with CP alone could progress slowly
through S-phase and into G2/M phase while cells treated
with CP+ML324 were S-phase arrested (Fig. S4). This
suggested that replication progression is arrested by ML324
despite fork restart is increased (Fig. 6¢, €). We again used a
double labeling experiment to test this. Briefly, cells were
pulsed with BrdU for 1h to label S-phase cells, and then
treated with CP or CP+ML324 for 6h. CP was then
removed and cells were cultured in EAU for 6, 16, or 24 h.
BrdU and EdU double-labeled cells were gated and cell
cycle profiles determined by 7-AAD staining. As shown in

Fig. 6f, g, BrdU/EdU double-labeled cells progressed out of
S-phase after 24 h and into G2/M in cells treated with CP
alone. In contrast, the same cells treated with CP-+ML324
remained in S-phase and did not accumulate in G2/M (Fig.
6f, g). The results indicate ML.324 arrests CP-treated cells in
S-phase despite increasing replication fork restart and
despite increasing new origin firing.

Next we examined YH2AX staining in cells treated with
CP alone or CP+ML324/JIB04. We observed a large
increase in pan-nuclear YH2AX staining, indicative of
massive amounts of DNA breaks, in cells treated with CP
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Fig. 5 Inhibition of JMJD2
decreases Chromatin-associated

ATR and Chkl and increases ML?E;M;: St j—
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marker of nucleoplasm and H3 C Nucleo  Chromatin
is a marker of chromatin) JMID2B SRNA: - - + + - - + +

CP: - + - + - + - +
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plus ML324 or JIBO4 (Fig. 7a, b). This pan-nuclear yH2AX
staining is consistent with abundant DNA breaks associated
with loss of the ATR-Chkl1 replication checkpoint.

Finally, to ask if unscheduled DNA origin firing is required
for DNA breaks and/or death in CP plus ML324-treated cells,
we used the cdc7 inhibitor XI.413 which is shown to suppress
firing of silent origins [46]. We found cotreatment with
XLA413 reduced YH2AX levels in cells treated with CP plus
ML324 and also partially restored survival (Fig. 8a, b), which
is consistent with the finding of Mutreja et al. [46] that
inhibition of ATR-induced YH2AX is reversed by XL413
[46]. This result supports the idea that DNA breaks and death
in cells treated with CP plus ML324 requires DNA replication
origin firing and is consistent with ML324 causing loss of the
ATR-Chkl replication checkpoint.

Discussion

Cisplatin kills cancer cells by promoting intra- and inter-
strand DNA crosslinks that induce replication stress and
DNA damage [47]. The ATR checkpoint kinase plays an
important role for repair of CP-induced DNA damage [48].
ATR is recruited to stalled replication forks and then acti-
vates downstream pathways for DNA repair [49]. Inhibition
of ATR and its downstream effector Chkl can sensitize
cancer cells to CP [50], supporting the idea that the ATR-
Chkl1 pathway promotes CP resistance. Activation of ATR
signaling pathways and assembly of repair machinery occur
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within the context of chromatin. Changes in chromatin
structure and compaction are important for recruitment of
DDR and repair proteins to the sites of damage [32, 33]. In
this study, we found JMJD2 histone demethylases, that
modulate chromatin structure and compaction by deme-
thylating H3K9me3 and H3K36me3, play an important role
in CP resistance by promoting the chromatin recruitment
and activation of ATR and Chk1, and that targeting IMJD2s
can overcome CP resistance in NSCLC cells.

We used three NSCLC cell lines and their CP-resistant
derivatives to screen for gene expression differences of
known histone methyltransferases and demethylases.
JMID2 family genes were found upregulated in all three
resistant cell lines. Protein expression analysis confirmed
that JMJD2B is upregulated in all three resistant cell lines
and JMID2A, JMID2C, and JMJD2D are also variously
upregulated across the resistant cell lines. Notably, JMJD2B
is further upregulated in response to CP in WT p53-
expressing A549 cells, which is consistent with JMJD2B
being a p53 target gene. However, in mutant pS3-expressing
H1703 and H1975 cells, JMJD2B protein levels were
decreased in response to CP. We speculate that JMJD2B
protein is turned over in response to CP as JMID2B was
shown to be ubiquitinated and degraded at DNA damage
sites [51]. JMJD2 family proteins remove tri-methylations
from histone H3 lysines 9 and 36 (H3K9me3 and
H3K36me3) [34]. Consistent with the upregulation of
JMID2, basal H3K9me3 and H3K36me3 levels were
downregulated in all three resistant cell lines. Inhibition of
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Fig. 6 Inhibition of JIMJD2 increases origin firing and fork reinitiation
but stalled replication of restarted forks. a Schematic presentation of
1dU and CldU labeling and drug treatment of A549 cells for DNA fiber
assay. NT no treatment, T treatment. b Representative images for
DNA fibers acquired by immunofluorescent confocal scanning. Totally
1301 (NT), 2369 (CP), 2465 (ML324), and 2436 (CP+ML324) fibers
including red (IdU) only, green (CldU) only, red-green, green-red-
green, and red-green-red were analyzed. Percentages of red-green (fork
restart) fibers in drug-treated conditions relative to control (NT) are
presented (c). Percentages of green-only (origin firing) fibers relative
to total fibers in each condition are presented (d). e Length of red-

JMID2s by JIB0O4 and ML324 increased H3K9me3 and
H3K36me3 levels and sensitized resistant cells to CP.
Knockdown of JMJD2B also partially sensitized resistant
cells to CP. These results suggest JIMJD2 family proteins
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green (active forks) DNA fibers (totally 69 for NT, 69 for CP, 105 for
MI324, and 100 for CP+ML324) was measured and presented as a
graph. There are significant differences among groups (F =3.05, p =
0.028). There is a significant difference between CP and CP+ML324
(p = 0.005). There is no difference between NT and CP (p =0.12), NT
and ML324 (p =0.16), and NT and CP+MI324 (p =0.17). £ A549
cells were prelabeled with BrdU, treated with drugs, and then chased
with EdU for the indicated times. BrdU-positive cells were gated and
analyzed for EAU and cell cycle (7-AAD). Percentages of BrdU/EdU
double-positive (forks restarted) cells in S and G2/M at the indicated
times are presented

promote CP resistance by decreasing H3K9me3 and
H3K36me3. It is noteworthy that in two of the three
resistant cell lines (1703CPR and 1975CPR) UTX was also
upregulated which coincided with decreased levels of
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Fig. 7 Inhibition of JMJD2
induced widespread DNA
damage. a ACPR cells were
treated with CP (10 uM) and/or
ML324 (20 uM) or JIB0O4 (2
uM) for 48 h and then
immunostained with anti-
yH2AX antibodies (red) and
Dapi (blue). The cells were
scanned with a confocal
microscopy for images. Higher
magnification (bottom) and
lower magnification (top) were
presented for the staining
pattern. Percentages of cells with
more than three YH2AX foci (d)
or pan-nuclear staining of
YH2AX (e) were presented with
SD
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H3K27me3 (a substrate of UTX). Because H3K9me3 and
H3K27me3 are markers of compacted heterochromatin
[52], CP resistance in cells with increased JMJD2 expres-
sion and decreased H3K9me3 and H3K27me3 levels
appears to be associated with decreased heterochromatin.
During our studies we have found there is a slight
increase in chromatin-association of ATR and Chkl in
response to CP in CP-resistant cells compared to parental
controls. JMJD2s appear to be important for ATR and Chk1
association with chromatin since JMJD2 inhibition by
ML324 and knockdown of JMJD2B decreased association
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of these proteins with chromatin. The association of ATR
and Chkl with chromatin appears important for their acti-
vation as inhibition of JMJD2 decreased levels of activated
(phosphorylated) ATR and Chk1 and also total Chkl1 levels.
Dissociation of Chkl from chromatin leads to its ubiquiti-
nation and degradation [41]. JMJD2 inhibition caused a
slight increase in the Chkl ubiqutination and Chk1 asso-
ciation with the ubiquitin ligase Cul4A, suggesting JIMJID2
inhibition may reduce Chkl levels in part via Cul4A-
mediated ubiquitination. We speculate JMJD2-mediated
demethylation maintains Chkl stability via chromatin
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Fig. 8 Inhibition of cdc7 A
decreases CP and ML324-
induced DNA damage and cell
death. a A549 and A549CPR
(ACPR) cells were treated with
CP (10 uM for A549, 20 uM for
ACPR) and/or ML324 (20 uM)
for 24 h. Lysates were
immunoblotted for the indicated
proteins. b A549 and ACPR
cells were treated with CP (10
uM for A549, 20 uM for ACPR)
and/or ML324 (20 uM) with or
without XI.413 (10 uM) for 24 h
and then released of CP for 48 h.
Cells were analyzed with flow
cytometry for cell cycle. Percent
sub-G1 cells were presented
with SD indicated. There is a 10 i i
significant difference (p <0.01) 0

¢

% Sub G1 cells
S
o

between CP plus ML324 and CP
plus ML324 plus XL413
conditions in both cell lines

association. Consistent with the effect of JMJD?2 inhibition,
knockdown of JIMID2A/2B/2D also decreased ATR and
Chk1 activation in CP-treated cells. We speculate that
JMJD2-regulated decreases in histone methylation may lead
to reduced heterochromatin and this, in turn, leads to a more
open chromatin structure important for recruitment of ATR,
Chkl, and potentially other proteins to DNA damage sites.
A previous study showed that IMJD2B plays an important
role in repair of heterochromatin in response to DSBs [53].
It will be interesting to know if JMJD2 proteins carry out
this function by altering chromatin structure and affecting
the recruitment of repair proteins to DSB sites.

In our studies we have noticed that inhibition of JMJD2s
or knockdown of JMJD2B only partially sensitized cells to
immediate apoptosis by CP. However, long-term survival of
CP-treated cells is almost completely suppressed by JIMID2
inhibition or JMJD2B knockdown. In response to replica-
tion stress the ATR and Chkl pathway is important for
preventing an accumulation of single-stranded DNA which
could deplete RPA and cause irreversible DNA damage
[45]. Our results showed that inhibition of JMJD2 led to
depletion of RPA2 from cytoplasm and nucleoplasm while
increasing chromatin-associated RPA2. Inhibition of
JMID2 increased origin firing and stalled cells in S-phase in
CP-treated cells, which may lead to increase in SSDNA and
depletion of RPA2. Inhibition of JMJD2 also caused a
pronounced increase in YH2AX levels and pan-nuclear
immunostained YH2AX. These results are compatible with
previous findings that ATR pathway activation prevents
depletion of RPA and that inhibition of ATR/Chkl
increases pan-nuclear staining of YH2AX [54-56]. Because
CP and ML324 combination induced YH2AX is reversed by
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inhibition of cdc7 with XL413 that is shown to suppress
origin firing and reverse YH2AX in cells ATR is inhibited
[46], and because inhibition of ATR can deplete RPA by
increasing origin firing [45], it is likely that inhibition of
JMID2 decreases activation of ATR and Chkl with a
subsequent increase in origin firing, stalled replication, and
increased SSDNA and depletion of RPA, leading to wide-
spread DNA DSB in response to CP.

In summary, we identified JMJD2 family demethylases
as a novel CP resistance factor in NSCLC cells. We propose
JMJD2s decrease H3K9me3 and H3K36me3 levels to
promote association of ATR and Chkl with chromatin
important for their activation. Inhibition of JMJD2s may be
a strategy to overcome CP resistance in NSCLC cells.

% Sub-G1 cells

Materials and methods
Cells and reagents

A549, H1703, and H1975 cells were from ATCC. All cell
lines were grown in RPMI medium with 10% fetal bovine
serum (FBS), penicillin (100 U/mL) and streptomycin (100
pg/mL). Cells were plated 48 h before treatment. Cisplatin
was obtained from Sigma-Aldrich (St. Louis, MO, USA).
ML324, JIBO4, and XL413 were from Selleck Chemicals
(Houston, TX, USA).

Immunoblotting

Whole-cell extracts were prepared by scraping cells in
RIPA buffer, resolved by sodium dodecyl sulfate
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polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride membranes (Ther-
mokFisher Scientific, Waltham, MA, USA). Antibodies to
H3K4me3 (C42D8), H3K9me2 ((D85B4), H3K9me3
(D4W1U), H3K27me3 (C36B11), H3K36me3 (D5A7), H3
(D1H2), JMJD2A (C70G6), IMID2B (D7E6), YH2AX
(20E3), pATR (T1989) ((58014), pATM (S1981) (D6H9),
ATM (D2E2), pChkl (S345) (133D3), Chkl (2G1DS),
Cul4A (2699) and Rb (4H1) were from Cell Signaling
(Boston, MA, USA); p-actin (C4), ATR (N19), and
JMJID2C (D4) antibodies were from Santa Cruz (CA, USA).
JMIDIA (A301-539A), UTX (A302-374A), and RPA32
(AA300-244A) antibodies were from Bethyl laboratories
(Montgomery, TX). JMJD2D antibodies (NBPI1-
03357APC) are from Novus Biologicals (Centennial CO,
USA). Ubiquitin antibodies (13-1600) were from Invitrogen
(Carlsbad, CA, USA). Primary antibodies were detected
with goat anti-mouse or goat anti-rabbit secondary anti-
bodies conjugated to horseradish peroxidase were from
Invitrogen using Immobilon Western HRP Substrate from
EMD Millipore (Burlington, MA). Experiments were con-
ducted for three times with one representative presented.

Subcellular protein fractionation

Cells were fractionated for subcellular proteins using Sub-
cellular Protein Fractionation Kit from ThermoFisher Sci-
entific (Waltham, MA). Cytoplasmic and nuclear proteins
were isolated following the protocol from the manufacturer.
The chromatin fraction was further extracted from nuclear
lysates by spinning down with a microcentrifuge at the
maximal speed for 5 min. The chromatin was subsequently
lysed in RIPA buffer with sonication.

Flow cytometry

For cell cycle analysis, cells were harvested and fixed in
25% ethanol overnight. The cells were then stained with
propidium iodide (25 pg/mL, Calbiochem). Flow cytometry
analysis was performed on a Gallios™ Flow Cytometer
(Beckman Coulter), analyzed with FlowJo 10 (Treestar Inc).
For each sample, 10,000 events were collected. Experi-
ments are conducted in triplicate and repeated at least one
more time. Average value from one representative experi-
ment is presented with SD indicated as error bars.

Colony formation assay

Cells were plated in six-well plates with 200 cells/well in
triplicate for 24 h. Cells were then treated with drugs for 24
h and then released of drugs. Cell were allowed to recover
for 3 weeks to form colonies. Colonies were stained with
1% methylene blue (Sigma) in ethanol and number of
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positive colonies was counted. Experiments are conducted
in triplicate and repeated at least one more time. Average
value from one representative experiment is presented with
SD indicated as error bars.

siRNA-mediated transient knockdown

JMID2A/2B/2D siRNA, Chk1 siRNA (On-target plus smart
pool), and Control siRNA (On-target plus siControl non-
targeting pool) were purchased from GE Dharmacon
(Lafayette, CO) and were transfected according to the
manufacturer’s guidelines using DharmaFECT I reagent.

RNA isolation and real-time quantitative PCR
analysis

Total RNA was prepared using Total RNA Mini Kit (IBI
Scientific, IA, USA); the first cDNA strand was synthesized
using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, CA, USA). Manufacturers’ protocols
were followed in each case. PCR primers for histone lysine
methyltransferases and demethylases are listed in Tables S1
and S2. PCR primers for Chkl and B-actin were listed in
Table S3. SYBR green PCR kit (Midwest Scientific, St.
Louis, USA) was used according to the manufacturer’s
instructions. QuantStudio™ 6 was used as follows: activa-
tion at 95 °C; 2 min, 40 cycles of denaturation at 95 °C; 15 s
and annealing/extension at 60 °C; 60 s, followed by melt
analysis ramping from 60 to 95 °C. Relative gene expres-
sion was determined by the AAC; method using f-Actin to
normalize. Experiments are conducted in triplicate and
repeated at least one more time. Average value from one
representative experiment is presented with SD indicated as
error bars.

Confocal immunofluorescence microscopy

For immunofluorescence analysis, cells were cultured on
glass coverslips, fixed in 4% formaldehyde/PBS, permea-
bilized with 0.5% Triton X-100 for 5 min, and stained with
anti-yH2AX antibodies followed by Alexa Fluor 564-
conjugated secondary Abs. The stained cells were moun-
ted in mounting medium with Dapi (Life Technologies),
and images were acquired with a confocal microscope
(Zeiss LSM 700) under x200 or x400 magnifications.

DNA fiber assays

For determining replication dynamics under nontreated
(NT) conditions, cells were incubated with 5-iodo-2’
-deoxyuridine (IdU) for 20 min followed by chloro-2’
-deoxyuridine (CldU; both from Sigma-Aldrich) for 60 min.
To understand the influence of cisplatin (CP), ML324, or
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both on the ability of cells to restart replication, cells were
incubated with (IdU) for 20 min, treated with cisplatin (CP),
ML324, or both for 12h, followed by CIdU for 60 min.
DNA fibers were spread on glass slides as described [57].
After methanol/acetic (3:1) fixation for 10 min, cells were
washed in distilled H,O and immersed in 2.5 M HCI for 80
min. After DNA denaturation, slides are washed three times
in PBS for 5 min. After DNA denaturation, IdU- and CldU-
labeled tracts were detected by 1 h incubation at 37 °C with
rat anti-BrdU antibody (dilution 1:500 detects BrdU and
CIdU; OBTO0030, Accurate Chemical Scientific Corpora-
tion) and mouse anti-BrdU antibody (1:500, detects BrdU
and IdU; BD-347580, Becton Dickinson). Next, slides were
incubated for 2 h at 37 °C with Alexa Fluor 594-rabbit anti-
mouse (dilution 1:500; A-11062, ThermoFisher Scientific)
and Alexa Fluor 488-chicken anti-rat (dilution 1:500; A-
21470, ThermoFisher Scientific)). Lastly, slides were
incubated for 2 h at 37 °C with Alexa Fluor 594-goat anti-
rabbit (dilution 1:1000; A-11037, ThermoFisher Scientific)
and Alexa Fluor 488-goat anti-chicken dilution 1:1000; A-
11039, ThermoFisher Scientific). Fiber images were
acquired by fluorescence microscopy.

At least 1000—2000 fibers and 25 images were scored for
each independent experiment. Scoring of fibers was per-
formed using software described previously [58]. The soft-
ware recognizes the DNA fibers and creates an excel
spreadsheet with the raw data. Parameters are then adjusted
within the excel file. To set the parameters, an entire inde-
pendent experiment was scored, and parameters were then set
to reflect what was observed. These exact parameters were
then applied to each independent experiment. The parameters
include a min size of any red or green segment (15 pixels),
minimum track length (15 pixels), percent of discontinuity
within the track (<30%), number of continuous pixels within
a track without a signal (5), a signal to noise ratio threshold
(1) and a maximum track thickness (<10 pixels) to avoid
scoring bundled DNA fiber. These parameters greatly reduced
the number of DNA fiber bundles, background staining and
stretched fibers included in the analysis.

Replication restart assay

A549 cells were labeled with 10 uM BrdU for 1 h prior to
treatment. Cells were treated with either 10 uM cisplatin or
10 uM cisplatin plus 20 uM ML324 for 6 h. Following
treatment, cells were washed three times with PBS and
refed with complete media for 6 and 24 h containing 50 uM
EdU. Additionally, cells treated with cisplatin plus ML324
were maintained in the presence of 20 uM ML324 for 6 and
24 h. Cells were collected according to the FITC-BrdU
Flow Kit (BD Biosciences). Staining for BrdU and EdU
were performed according to the FITC-BrdU Flow Kit with
the exception that BrdU and EdU were sequentially stained

to maintain proper concentration of antibody needed for
adequate staining. Click-iT™ EdU Alexa Fluor™ 647 Flow
Cytometry Assay Kit (ThermoFisher Scientific) was used
for the staining of EAU according to manufacturer’s pro-
cEdUre. Detection of BrdU- and EdU-positive cells was
performed on a Gallios Flow Cytometer (Beckman Coulter)
and analyzed using FlowJo (TreeStar) software. BrdU-
positive cells were gated as shown in Fig. S4.

Statistical analysis

One-way analysis of variance (ANOVA) and Student’s ¢
test were used to determine the statistical significance of
differences among experimental groups. Student’s ¢ test was
used to determine the statistical significance between the
control and experimental groups.
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