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Silencing the epigenetic silencer KDM4A for TRAIL and
DR5 simultaneous induction and antitumor therapy

Junjian Wang'”, Haibin Wang>”, Ling-Yu Wang', Demin Cai', Zhijian Duan', Yanhong Zhang?®, Peng Chen?, June X Zou', Jianzhen Xu®,
Xinbin Chen®, Hsing-Jien Kung*"*® and Hong-Wu Chen*'®

Recombinant TRAIL and agonistic antibodies to death receptors (DRs) have been in clinical trial but displayed limited anti-cancer
efficacy. Lack of functional DR expression in tumors is a major limiting factor. We report here that chromatin regulator KDM4A/
JMJD2A, not KDM4B, has a pivotal role in silencing tumor cell expression of both TRAIL and its receptor DR5. In TRAIL-sensitive
and -resistant cancer cells of lung, breast and prostate, KDM4A small-molecule inhibitor compound-4 (C-4) or gene silencing
strongly induces TRAIL and DR5 expression, and causes TRAIL-dependent apoptotic cell death. KDM4A inhibition also strongly
sensitizes cells to TRAIL. C-4 alone potently inhibits tumor growth with marked induction of TRAIL and DR5 expression in the
treated tumors and effectively sensitizes them to the newly developed TRAIL-inducer ONC201. Mechanistically, C-4 does not
appear to act through the Akt-ERK-FOXO3a pathway. Instead, it switches histone modifying enzyme complexes at promoters of
TRAIL and DR5 transcriptional activator CHOP gene by dissociating KDM4A and nuclear receptor corepressor (NCoR)-HDAC
complex and inducing the recruitment of histone acetylase CBP. Thus, our results reveal KDM4A as a key epigenetic silencer of
TRAIL and DR5 in tumors and establish inhibitors of KDM4A as a novel strategy for effectively sensitizing tumors to TRAIL
pathway-based therapeutics.

Cell Death and Differentiation (2016) 23, 1886—1896; doi:10.1038/cdd.2016.92; published online 9 September 2016

TNF-related apoptosis-inducing ligand (TRAIL) induces apop- bio-distribution of the current TRAIL-based therapies,

tosis selectively in many types of human tumor cells by binding
to its cognate death receptors DR4/TRAIL-R1/TNFRSF10A
and DR5/TRAIL-R2/TNFRSF10B located at the cell
surface.’ The binding triggers configurational changes in
the receptor trimer and leads to formation of the death-
inducing signaling complex (DISC). Depending on cellular
context, extrinsic and/or intrinsic pathway of apoptosis is
induced with an initial activation of caspase-8 and -10 at DISC
and a subsequent activation of the effector caspases such as
caspase -3 or -7. The high-tumor cell selectivity and potency in
induction of cell death by TRAIL pathway prompted develop-
ment of therapeutics in the forms of recombinant soluble
TRAIL and agonistic TRAIL-R antibodies.®” However, recent
clinical trials demonstrated very limited therapeutic benefits.®°
Major resistance mechanisms include low expression and/or
function of the TRAIL receptors, overexpression of TRAIL
decoy receptors (DcRs) and aberrant expression/activation of
the anti-apoptotic proteins, such as c-Flip, Bcl-2 family
members and IAPs.'®"" Many synthetic or natural agents
and cellular pathways have been identified in sensitizing
cancer cells to TRAIL.'2"3 Given the limited stability and/or

alternative strategies are being sought to induce tumor
cell-endogenous TRAIL expression to block tumor growth.
For example, a cell-based screening for TRAIL gene promoter
activator identified small-molecule ONC210/TIC10. The sub-
sequent encouraging results of ONC201 from xenograft tumor
studies led to its recent entry into clinical efficacy
evaluation.''® ONC201 apparently induces TRAIL in cancer
cells through inhibition of Akt and ERK kinase signaling and
promoting nuclear translocation of Foxo3a. Interestingly, it can
also upregulate DR5.'*1®

TRAIL and its receptor gene expression in tumor cells can
be induced by activation of specific transcription factors and
modulation of kinase signaling pathways.'®'” In addition to
Foxo3a, p53 was shown to bind to TRAIL promoter and
mediate chemotherapeutics or radiation induction of TRAIL.
Although NF-kappaB is well documented to mediate
TRAIL resistance by up-regulation of a number of anti-
apoptotic genes,'®'% in certain context, NF-kappaB can also
stimulate expression of TRAIL and other proapoptotic
ligands.2%2" Interferons can stimulate TRAIL expression in
cancer cells through STAT1 or IRF-1. Interestingly, these
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factors were also shown to regulate the expression of
DR4 and/or DR5.22 However, recent studies suggest that
CHOP/DDIT3, a member of the C/EBP transcription factor
family, is a major activator of the death receptor expression in
cancer cell response to different forms of stress through
activation of ERK1/2 and RSK2 signaling.?>?® Moreover,
TRAIL may be subject to epigenetic regulation. Treating AML
cells with DNA methylation inhibitors or HDAC inhibitors
strongly induces TRAIL and its dependent apoptosis.?*~2°
However, little is known about the major histone modifying or
demodifying epigenetic regulators involved in regulation of
TRAIL and its receptor gene expression.

Histone lysine demethylase 4A or KDM4A (a.k.a. JMJD2A)
is a member of the Jumoniji C (JmjC) domain-containing KDM4
subfamily of histone demethylases that consists of four
paralogues, namely KDM4A, -4B, -4C and -4D. They are
alpha-ketoglutarate and Fe(ll)-dependent demethylases.?”?®
KDM4A-4D can demethylate the repressive histone marks
H3K9me3 and-me2, whereas KDM4A-4C can demethylate
H3K36me3 and -me2 as well. KDM4s are overexpressed in
many types of human malignancies, including prostate,
breast, lung, colorectal and Iymphoma.28 KDM4s can stimu-
late or repress gene expression, control of chromatin
accessibility during DNA replication and repair, and reprogram
stem cell genome.?%~3 They can associate with members of
the nuclear receptor superfamily such as androgen receptor
(AR) and estrogen receptor (ER) to mediate their target gene
activation in prostate and breast cancer cells.?*%" KDM4A
can also repress expression of genes such as ASCL2 and p21
through association with  co-repressor NCoR and
HDACs.38%° However, it is unclear whether its demethylase
activity is involved in the repression.

KDMs are increasingly recognized as therapeutic targets for
cancer and other diseases.*’™3 However, few small
molecules with high selectivity to specific KDMs and strong
biological activities have been identified. We recently
performed a structure-based, virtual screening for KDM
inhibitors  and identified compound-4 (NSC636819,
abbreviated as C-4) that possesses a KDM4A/4B-selective
inhibition activity and strongly inhibits prostate cancer cell
proliferation.3” Here, we show that KDMA4A is a key epigenetic
silencer of TRAIL and DR5 expression and that its inhibitor
C-4 potently induces both TRAIL and DR5 expression through
switching a transcriptional repressor complex to an active one
containing histone methylase MLL. Importantly, KDM4A
inhibitor C-4 strongly inhibits tumor growth and effectively
sensitizes tumors to TRAIL-inducing agent ONC201.
Thus, our study reveals a novel function of KDM4A in cancer
cell survival through suppressing TRAIL-DR5 pathway,
and offers an epigenetic strategy in TRAIL-based cancer
therapy.

Results

KDM4 inhibitor C-4 strongly induces the expression of
both TRAIL and its receptor DR5 selectively in cancer
cells. Our previous study revealed that inhibition of KDM4A/B
with the small-molecule compound-4 (C-4) (Figure 1a)
strongly up-regulated expression of a number of genes
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including DR5 in a prostate cancer cell line.%” This prompted
us to examine whether the inhibitor induced cell death
through activating TRAIL-initiated apoptosis pathway.
First, we analyzed the effects of C-4 treatment on expression
of TRAIL and its receptors. Interestingly, C-4 treatment of a
castration-resistant prostate cancer cell C-4-2B resulted in
dose-dependent increase of both TRAIL and its receptor
DR5, whereas the treatment did not have any significant
effect on the expression of DR4 or decoy receptors DcR1/
TNFRSF10C and DcR2/TNFRSF10D (Figure 1b). C-4-2B
cells are highly resistant to TRAIL induction of apoptosis
(Supplementary Figure S1) and express functional AR and
wild type p53. To determine whether C-4 induction of TRAIL
and DR5 is dependent on AR and p53, we extended our
analysis to other cancer cell lines, including breast cancer cell
MDA-MB231 (AR™; p53 mutated) and lung cancer cells A549
(p53, wild type), H1299 (AR™; p53-null) and Calu-6
(p53, mutated). The analysis showed that KDM4A/B inhibitor
C-4 induced TRAIL and DR5 expression (mMRNA and protein)
in both TRAIL-sensitive (Calu-6 and MDA-MB231) and
TRAIL-resistant cancer cells (A549 and H1299) and that
the induction is independent of p53 or AR status (Figures 1b
and c; Supplementary Figure S2). Importantly, similar
treatment of a number of normal or non-transformed human
cells (HBE1, IMR90, PNT2, and MCF-10A) did not cause any
significant change in expression of TRAIL and its receptors
(Figures 1b and c; Supplementary Figure S3). The cell
surface expression of DR4 or DR5 is a key determinant of
tumor sensitivity to the TRAIL-DR targeted therapies.** To
examine whether KDM4A inhibitor C-4 induced DR5 expres-
sion at cell surface, we immunoprecipitated the receptors
from the cell surface after cells were treated with C-4. We
used an immunoprecipitation method*® instead of flow
cytometry because of the auto-fluorescence activity of C-4.
As shown in Figure 1d, C-4 treatment specifically increased
the amount of DR5 protein on the surface of cells examined.
We also detected significant increase of secreted form of
TRAIL in the medium of cells treated by C-4 (Supplementary
Figure S2). Taken together, these data indicated that
pharmacological inhibition of KDM4A/KDM4B strongly
induces the expression of TRAIL and DR5 in TRAIL-
sensitive and -resistant cancer cells, but not in normal cells,
and that the induction is independent of p53 status.

Silencing KDM4A, not KDM4B, de-represses TRAIL and
DR5 expression. C-4 was identified as a selective inhibitor
against the H3K9me3 demethylation activity of KDM4A and
KDM4B.®” We thus examined whether KDM4A and/or
KDM4B are involved in control of TRAIL and DR5 expression.
Silencing KDM4A with specific siRNAs revealed that KDM4A
knockdown strongly induced the mRNA and protein expres-
sion of TRAIL and DR5 in the cancer cells that displayed
similar inductions by C-4 treatment (Figures 2a and c).
In contrast, knockdown of KDM4B with specific siRNAs did
not invoke any significant change in TRAIL or DR5 expres-
sion (Figures 2b and d). Like C-4 treatment, knockdown of
KDM4A or KDM4B did not affect DR4 expression. To
examine whether KDM4A gene silencing induced DR5
expression at cell surface, we performed flow cytometry
analysis. As shown in Figure 2e, knockdown of KDM4A
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Figure 1

KDM4 inhibitor C-4 strongly induces the expression of both DR5 and TRAIL selectively in cancer cells. (a) Chemical structure of KDM4 inhibitor C-4. (b) qRT-PCR

analysis of TRAIL and its receptor expression in C-4-2B, A549 and IMR90 cells treated with vehicle or indicated concentration of C-4 for 2 days. Significance was calculated using
Student's ttest. *P< 0.05, **P< 0.01. (c) Indicated cancer cells or non-malignant cells (PNT2) were treated with vehicle or C-4 for 3 days before collected for immunoblotting with
indicated antibodies. (d) Cancer cells were treated with vehicle or C-4 (20 xM) for 3 days before collected for IP of isolated plasma membrane fractions. DR4 and DR5 were

detected by immunoblotting analysis after IP

resulted in significantly enhanced cell surface expression of
DR5 (Figure 2e). Together with data in Figure 1, the analyses
revealed that KDM4A has a crucial role in repression of both
TRAIL and its receptor DR5 expression, and that KDM4A
inhibition via gene knockdown or pharmacological means can
effectively upregulate their expression in cancer cells.

KDM4A inhibition induces caspase-8 activation and
apoptosis selectively in cancer cells. Given the induction
of both TRAIL and DR5 by KDM4A inhibition, we thus
examined whether inhibition of KDM4A can result in
activation of the extrinsic or intrinsic TRAIL-DR apoptotic
pathways, which involves cascades of events of caspase
cleavage. Results in Figures 3a and b showed that both
pharmacological and knockdown inhibition of KDM4A
significantly activated a caspase cascade from the upstream
initiator caspase-8 to the downstream effector caspase-7 and
to PARP-1 cleavage. However, the inhibition did not affect the
expression of the short or long form of c-FLIP, the expression
of other anti-apoptotic proteins such as Mcl-1, CIAP1/2 and
XIAP, the level of truncated Bid (tBid) (Figure 3b). Analysis of
cell proliferation by cell counting and measurement of
apoptosis by hoechst33342 staining or a cell death detection
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ELISA kit demonstrated that KDM4A inhibition strongly
induced cell apoptosis and inhibited cell proliferation in
various types of cancer cells (Figures 3c and d;
Supplementary Figure S4) but had minimal effect on the
survival of normal cells (Figure 3e). Collectively, these data
suggest that inhibition of KDM4A efficiently induces cancer
cell apoptosis primarily through activation of the extrinsic
apoptosis pathway by TRAIL-DR5.

Inhibition of KDM4A sensitizes TRAIL-resistant cells to
TRAIL and TRAIL-inducer ONC201-induced apoptosis.
One major mechanism of resistance to TRAIL therapies
appears to be the low cellular level and/or function of
the TRAIL receptors.*® We then examined whether KDM4A
inhibition-elevated DR5 and TRAIL could sensitize
TRAIL-resistant cancer cells to exogenous TRAIL-induced
apoptosis. Three TRAIL-resistant cancer cell lines (C-4-2B,
A549 and H1299) were pretreated with a low concentration
(5 uM) of KDM4A inhibitor C-4 for 48 h followed by treatment
with recombinant TRAIL for another 24 h. Analyses of cell
apoptosis demonstrated that although a low dose of either
TRAIL or C-4 alone did not significantly affect the cell
survival, their sequential, combinatorial treatment induced
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Figure 2 Silencing KDM4A, not KDM4B, de-represses TRAIL and DR5 expression cells were transfected with control or indicated KDM4A (a and ¢) or KDM4B (b and d)
siRNA and cultured for 2 days. Total RNAs were prepared and subjected to gRT-PCR analysis for TRAIL and DR5 mRNA expression (a and b). For protein analysis, transfected
cells were cultured for 3 days before collected for immunoblotting (¢ and d) or for flow cytometry analysis of cell surface expression of DR5. (e) DR5 cell surface expression
quantification was carried out using geometric means of three independent experiments and plotted as fold change of surface expression. Significance was calculated using

Student's ttest. **P<0.01

high levels of apoptosis in all three TRAIL-resistant cells
(Figure 4a). Silencing of KDM4A also markedly increased
apoptosis induced by the exogenous TRAIL (Figure 4b;
Supplementary Figure S5), suggesting that C-4 sensitizes
cells to TRAIL is through inhibition of KDM4A. In addition, we
also found that knockdown of DR5 by siRNA effectively
blocked cell death induced by KDM4A inhibitor C-4 in
combination with TRAIL (Supplementary Figure S6).
To further assess the role of TRAIL apoptosis pathway in
KDM4A inhibition-induced apoptosis, we silenced TRAIL
expression in cells before KDM4A inhibition via either siRNA
knockdown or C-4. Results in Figures 4c and d indicated
clearly that TRAIL silencing effectively blocked KDM4A
inhibition-induced apoptosis. Therefore, the apoptosis
induced by KDM4A inhibition was indeed initiated by TRAIL.

Recently, a small-molecule ONC201 was identified to be a
potent inducer of TRAIL."*'® As shown recently in colon
cancer cell HCT116,"* ONC201 also strongly induced
TRAIL expression in a dose-dependent manner in lung cancer
A549 cells (Figure 4e). Strikingly, treating cells with low doses
of both ONC201 and C-4 resulted in pronounced cell death in
the TRAIL-resistant cells whereas either alone elicited minimal
effects on cell death (Figure 4f). As reported, ONC201
treatment strongly inhibited the phosphorylation of Akt and
ERK as well as their target protein Foxo3a. Interestingly, C-4
did not appear to have a similar effect on Foxo3a phosphor-
ylation. Furthermore, C-4 synergized with ONC201 to induced
TRAIL expression (Figure 4g). Together, the data suggest that
C-4 and ONC201 stimulate TRAIL expression through distinct
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Figure 3 KDMA4A inhibition induces caspase-8 activation and apoptosis specifically in cancer cells. (a) Cells were transfected with control or KDM4A siRNA and cultured for
3 days before collected for immunoblotting with specific antibodies against indicated proteins. (b) Cells were treated with vehicle or C-4 for 3 days before subjected to
immunoblotting for indicated proteins analysis. (c-e) Cells were transfected with control or KDM4A siRNA (c) or treated with vehicle or C-4 (d,e) and cultured for 4 days before
collected for apoptosis analysis by hoechst33342 staining. Representative images taken by fluorescent microscope are shown in €. Significance was calculated using Student's

Hest. *P<0.05, *P<0.01

mechanisms, which likely underlies the observed synergistic
cell death effect.

KDMA4A inhibition de-represses TRAIL and DR5 activator
CHOP genes through switching histone modification
complexes. As KDM4A inhibition de-represses TRAIL and
DR5 expression at mRNA level, we performed chromatin
immunoprecipitation (ChIP) to examine whether KDM4A
might bind to TRAIL and DR5 promoter to control their
expression. Indeed, ChIP data indicated that KDM4A directly
bind to TRAIL promoter. However, no significant KDM5 ChIP
signal was detected at the DR5 promoter (Figure 5a;
Supplementary Figure S7a). DR5 is transcriptionally
regulated by factors including p53, NF-kB and the CEBP
family member CHOP/DDIT3/GADD1532! (Supplementary
Figure S7b). As shown in Figures 1 and 2, inhibition of
KDM4A induced DR5 expression in the p53-null H1299 cell

Cell Death and Differentiation

line, indicating a lack of p53 involvement in the DR5
induction. Likewise, silencing KDM4A did not alter the
expression and activation of the major NF-kB components
such as p105, p50, p52 and pS529-p65 (Supplementary
Figure S8), thus leaving CHOP as the candidate of the
downstream factor. Indeed, ftreatment of cells with
KDM4A knockdown or its inhibitor C-4 markedly increased
the mRNA and protein of CHOP (Figures 5b and c).
Anti-KDM4A ChIP demonstrated that KDM4A binds to CHOP
gene promoter (Figure 5d). Importantly, KDM4A inhibition
also resulted in a significant increase of CHOP recruitment
to the CHOP binding site at DR5 promoter (Supplementary
Figure S9). Together, the data indicate that KDM4A binds
to TRAIL and DR5 activator CHOP gene promoters
to repress their expression and that KDMA4A inhibition
directly de-represses TRAIL and activates DR5 through
de-repressing CHOP.
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Figure 4 Inhibition of KDM4A sensitizes TRAIL-resistant cells to TRAIL and TRAIL-inducer compound ONC201-induced apoptosis. (a) TRAIL-resistant cancer cells (C-4-2B,
H1299 and A549) were pretreated with 5 uM C-4 for 2 days and then treated with 10 ng/ml TRAIL for another 24 h, before collected for apoptosis analysis by hoechst33342
staining or for immunoblotting. (b) TRAIL-resistant cancer cells were transfected with control or KDM4A siRNA and cultured for 2 days and then treated with 10 ng/ml TRAIL for
another 24 h. Apoptosis was analyzed by hoechst33342 staining. (c), TRAIL-sensitive cancer cells (MB231 and Calu-6) were transfected with KDM4A and/or TRAIL siRNA and
cultured for 4 days before collected for apoptosis analysis by hoechst33342 staining or for immunoblotting. (d) Cells were transfected with control or TRAIL siRNA and cultured for
1 day and then treated vehicle or 5 M C-4 for another 4 days. Apoptosis were detected by hoechst33342 staining. (e) A549 cells were treated with vehicle or ONC201 for 3 days
before collected for immunoblotting. (f,g) A549 cells were treated with vehicle, C-4 (5 M) and ONC201 (2.5 M) for 4 days before collected for apoptosis analysis (f) and

immunoblotting (g) as in a. Significance was calculated using Student’s ttest. **P<0.01

Although KDM4A catalyzes the demethylation of di- and
trimethylated H3K9 and H3K386, the role of such activities in
KDM4A-mediated transcriptional regulation is unclear.*”®
Indeed, KDM4A knockdown has been shown to trigger an
accumulation of H3K9me2/3 and H3K36me2/3 levels and
a concomitant increase in its target ASCL2 and CHD5
gene expression.*”**® Consistent with these studies, the

inhibitor C-4 treatment increased the level of H3K9me2 and
-me3 and H3K36me2 and -me3 at the KDM4A binding site
of its target TRAIL and CHOP, indicating that the local
KDM4A demethylase activity is indeed inhibited by C-4
(Figures 4e and f). To further understand the mechanism
of TRAIL and CHOP de-repression due to KDM4A inhibi-
tion, we examined the potential effect of C-4 on the local
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Figure 5 KDMAJA inhibition de-represses expression of TRAIL and DR5 activator CHOP through switching histone modification complexes. (a) ChIP-gPCR analysis of
relative KDM4A occupancy at the TRAIL promoter and distant region in A549 cells. (b,c) Cells were transfected with control or KDM4A siRN or treated with vehicle or C-4. After 2
or 3 days, cells were collected for gRT-PCR or immunoblotting, respectively. (d) ChIP-gPCR analysis of relative KDM4A occupancy at the CHOP promoter and distant region in
A549 cells. (e,f) ChIP was performed with A549 cells treated with vehicle or 20 M C-4. Indicated protein enrichments on promoter of TRAIL (e) or CHOP (f) were analyzed by

gPCR. Significance was calculated using Student's #test. *P< 0.05, **P<0.01

function of KDM4A-associated repressor complex. As shown
in Figures 5e and f, C-4 treatment for 24 h resulted in
strong reduction of occupancy of co-repressor NCOR1/NCoR
and its associated histone deacetylase HDAC1 at TRAIL
and CHOP promoters, which was accompanied by a
significantly increased level of H3K9ac and H3K27ac.
Consistent with KDM4Abeing a H3K36 and H3K9 demethy-
lase, the level of H3K36me2 and H3K9me3 was also
increased as previously reported (Figures 5e and f). Further
analysis showed that the increase of H3K9ac and H3K27ac
is likely contributed by an increased recruitment of the
histone acetylase CBP. Finally, KDM4A inhibition by C-4 led
to an increased occupancy at the promoters of CTD phos-
phor-Ser5 form of RNA polymerase Il, indicating an enhanced
transcription initiation (Figures 5e and f). Together, the
data suggest that the de-repression by C-4 inhibition of
KDM4A involves dissociation of KDM4A from its target
gene promoters, disruption of NCOR1-HDAC1 repressor
complex and assembly of gene-activating histone acetylase
complex.

Cell Death and Differentiation

Targeting KDM4A strongly suppresses tumor growth and
sensitizes tumors to TRAIL-inducer ONC201. Given the
remarkable induction of cell death by KDM4A inhibition, we
next assessed the antitumor potential of targeting KDM4A.
First, silencing KDM4A expression using two distinct shRNAs
potently suppressed colony formation of both TRAIL-
sensitive and resistant cancer cells (Supplementary
Figure S10a). Consistent with the in vitro results, KDM4A
knockdown effectively blocked tumor formation and growth in
the xenograft models of MDA-MB231 breast cancer and
A549 lung cancer (Figure 6a; Supplementary Figure S10b).
Examination of the residual tumors revealed that tumors with
KDM4A silenced displayed increased TRAIL and DR5
expression and caspase activation (Supplementary
Figure S10c).

We then evaluated the antitumor activity of KDM4A inhibitor
C-4 and TRAIL-inducer ONC201, either alone or in combina-
tion, in a lung cancer xenograft model. C-4, when administered
five times a week at 20 and 40 mg/kg, dose-dependently
inhibited the tumor growth. As reported previously, ONC201,
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Figure 6 Targeting KDM4A strongly suppresses tumor growth and sensitizes tumors to TRAIL-inducer ONC201. (a) MDA-MB231 cells (2.5 x 10°) infected with control or
KDM4A shRNA lentivirus were injected into the mouse mammary fat pad. Tumor growth was monitored every week. Each data point is the mean value + S.E.M. from 5 to 6 mice.
“P<0.05, **P<0.01. (b,c) Nude mice bearing the A549 xenografts (n=6 mice per group) received vehicle, C-4 (intraperitoneally (i.p.); 20 or 40 mg/kg, 5 times a week),
ONC201 (i.p.; 25 mg/kg, 1 time a week), or a combination of C-4 and ONC201, as indicated. Mean tumor volume + S.E.M. and mean tumor weight + S.E.M. were shown.
Significance was calculated using Student's ttest. *P<0.05, **P<0.01. (d), Immunoblotting of xenograft tumors after treatment with vehicle or C-4 for indicated protein
expression. (e) Representative images of anti-TRAIL and anti-DR5 IHC analysis of xenograft tumor sections from mice treated with vehicle or SR2211

DR5 in mouse tissues such as liver and lung (Supplementary
Figure S11d). Notably, tumor expression of TRAIL, DR5
and the level of cleaved caspase-7 and H3K9me3
were strongly induced whereas the expression of KDM4A
was markedly decreased in xenograft tumors treated with C-4
compared (Figures 6d and e). Taken together, these results
indicate that KDM4-selective inhibitor C-4, either alone or in

at 25mg/kg and once a week, also strongly inhibited the
tumor growth (Figures 6b and c). Significantly, when a
low dose of C-4 and a low dose of ONC201 were administered
in combination to the tumor-bearing animals, a sustained
blockade of tumor growth was observed, indicating that
KDM4A inhibitor C-4 can sensitize tumors to TRAIL
(Figures 6b and c). Monitoring of mice weight and general

behaviors did not indicate any significant toxicity associated
with the C-4 treatments (Supplementary Figure S11a).
Importantly, C-4 did not induce the expression of TRAIL or

combination with TRAIL-inducer therapeutics ONC201, can
be efficacious in induction of tumor TRAIL and DR5 expres-
sion and in stopping tumor growth.

Cell Death and Differentiation
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Discussion

The expression of TRAIL and its receptors DR4 and DR5 in
tumor cells is usually kept at low level, which constitutes one of
the major TRAIL-resistance mechanisms. Here, we present
several lines of evidence that histone demethylase KDM4A is
a key epigenetic silencer of both TRAIL and DR5. C-4, a newly
identified small-molecule inhibitor of KDM4A/B induces
both TRAIL and DR5 in cancer cells and tumors in a
dose-dependent manner. Intriguingly, the KDM4A inhibition-
mediated induction of TRAIL and DR5 is not observed in the
normal cells, suggesting a cancer cell-selective function of
KDMA4A in silencing TRAIL and DR5. One possible reason for
the apparent cancer-specific function of KDM4A is its
overexpression and hence a ‘gain-of-function’ in tumor cells.
However, KDM4B, which is also overexpressed in tumors,
does not seem to have similar silencing functions as indicated
by our studies. Thus, it is likely that other factors
such as transcription factors that bind to TRAIL and the DR5
activator CHOP gene promoters are also involved.
Their cancer cell-specific interactions and functions with
KDM4A (and presumably not with KDM4B) could mediate
KDM4A recruitment to the promoters of CHOP and TRAIL.
The recruited KDM4A can in turn recruit transcriptional
repressor proteins such as the co-repressor NCOR1/NCoR
and HDACs. Indeed, our data show that C-4 effectively
disrupts the local chromatin association of NCoR-HDAC1
co-repressor complex, therefore strongly suggesting that
KDM4A silences TRAIL and DR5 through the histone
deacetylase co-repressor complex. Interestingly, however,
inhibitor C-4 also strongly dissociates KDM4A protein from its
target gene promoter, thus suggesting that its demethylase
activity is required for its chromatin association and for its
transcriptional silencing function. Further elucidation of the
cancer cell-selective mechanism of KDM4A-mediated silen-
cing of TRAIL and CHOP-DR5 can provide insights valuable
for development of KDM4A inhibitor-assisted TRAIL therapy.

One significant observation of this study is that targeting
KDM4A by the small-molecule inhibitor C-4 or shRNA
sensitizes cells and tumors to TRAIL or TRAIL-inducer
ONC201. In TRAIL-resistant cells, KDM4A inhibition can
synergize with TRAIL or ONC201 in induction of apoptosis.
Our further analyses suggest that the sensitization/synergy
appears to be mediated by both the induced DR5 and the
supply of exogenous TRAIL. First, in the TRAIL-resistant cells,
DR5 knockdown significantly mitigates C-4 sensitization of the
cells to the exogenous TRAIL. In agreement, TRAIL-sensitive
cells express significant levels of endogenous DR5. Second,
in the resistant cells, when the endogenously produced TRAIL
and KDM4A are silenced, which results in just the up-
regulated DRS5, the cells remain very sensitive to the
exogenous TRAIL. The fact that KDM4A inhibition alone,
which induces the endogenous production of TRAIL and DR5,
is insufficient to induce robust apoptosis in the TRAIL-resistant
cells, also suggests that a high level of exogenous TRAIL
is required. Nonetheless, we cannot rule out the possibility
that, in the resistant cell, endogenously produced TRAIL
can act differently from the exogenous TRAIL in induction of
apoptosis.

Cell Death and Differentiation

Aside from the TRAIL pathway silenced by KDM4A but
not KDM4B, KDM4A and KDM4B likely regulate both over-
lapping and distinct gene targets*® (e.g., cell cycle genes by
both KDM4A and KDM4B;%"*° ¢c-Myc and ribosomal RNA
genes by KDM4A and KDM4B;>'%2 B-Myb targets such as
PLK1 by KDM4B*3). It is well known that cancer cells are
addicted to the high levels of those genes for their uncontrolled
growth and survival. Therefore, inhibitors such as C-4, which
can inhibit both KDM4A and KDM4B, could exert their cellular
effects through above targets or other undefined ones.
Therefore, further development of KDM4 inhibitors are
warranted that can more selectively and potently induce
TRAIL-DR pathway, in conjunction with suppressing cancer-
addicted targets.

Materials and Methods

Cell culture and reagents. All cell lines come from ATCC. Human lung
cancer cell line A549, H1299, Calu-6, HCC827 cells and prostate cancer cell line
C4-2B cells were cultured in RPMI and breast cancer cell line MDA-MB231 cells in
DMEM medium (CORNING-Cellgro, Manassas, VA, USA), supplemented with 1%
penicillin/streptomycin and 5% (lung cancer cell lines) or 10% fetal bovine serum
(Gemini Bio Products, West Sacramento, CA, USA) at 37 °C under 5% CO; in a
humidified incubator. Antibodies were used with the sources and dilution ratios
indicated in parentheses as in Supplementary Table 2. NSC636819 (Compound-4
or C-4) used for cell culture experiments was obtained from the NCI/DTP Open
Chemicals Repository. C-4 for animal experiments was purchased from
ChemPartner. Other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless specified otherwise.

Apoptosis and cell growth assays. For apoptosis, cells were treated as
indicated and processed for Hoechst33342 staining as previously described.®®
Random fields (10 fields/condition) of typical apoptotic nuclear morphology (nuclear
shrinkage, condensation, and fragmentation) with positive Hoechst staining were
counted and averaged. For cell growth, cells were seeded in 6-well plates at 2 x 10°
per well and treated as indicated. Total survival cell numbers were counted using a
Coulter cell counter. The assays were performed in triplicates and the entire
experiments were repeated more than three times.

ChIP assay. ChIP was performed essentially as described previously> with the
following modifications. The crude chromatin solutions were first cleared with protein
A beads (Invitrogen, Carlsbad, CA, USA) that had been pre-coated with normal IgG
for 2h at 4°C, and then incubated at 4 °C overnight with specific antibodies
(Supplementary Table 3) before precipitation with protein A beads that had been
pre-blocked with BSA and sonicated salmon sperm DNA. The precipitated DNA was
analyzed by real-time PCR with SYBR green on an iCycler instrument. Enrichment
of genomic DNA was presented as the percent recovery relative to the input. The
primers are listed in the Supplementary Table 1.

qRT-PCR, subcellular fractionation, immunoprecipiation and
immunoblot analysis. Total RNA was isolated and the cDNA was prepared,
amplified and detected in the presence of SYBR as previously.** The fluorescent
values were collected and a melting curve analysis was performed. Fold difference
was calculated as described previously.

The immunoprecipitation of plasma membrane for DR4 and DR5 was performed
as previously described.*® Cells were treated with vehicle or C-4 for 3 days and
collected for the antibody incubation, Cells were then lysed in hypotonic lysis buffer.
The membrane fraction was isolated by centrifugation and suspended in 1 ml of
hypotonic lysis buffer containing 1% Triton X-100. Cell membrane lysate was
precipitated with protein G-Sepharose beads as previously described.*®

Proteins in the lysates were analyzed by immunoblotting with specific antibodies
(Supplementary Table 2). The PCR primers are listed in the Supplementary Table 1.

KDM4A shRNA lentivirus production and siRNA transfection.
Lentiviral plasmids encoding shRNA targeting KDM4A (TRCN0000013493 and
TRCNO0000013497) were purchased from Sigma-Aldrich. Nontargeting control
shRNA were used as described. Lentiviral particles were produced in 293T



cells after co-transfection of the above lentivirus vectors, psPAX2 and pMD2.G in
10-cm dishes, as described.®® siRNAs for gene knockdown were purchased from
Dharmacon. The siRNA target sequences for KDM4A are as follows: KDM4A#1,
GCUGCAGUAUUGAGAUGCUAA;  KDM4A#2,  GCCUUGGAUCUUUCUGUGAA;
Control, CAGUCGCGUUUGCGACUGG. Transfections were performed with OptiMEM
(Invitrogen) and Dharmafectin 1 (Dharmacon, Lafayette, CO, USA), following the
manufacturer's instructions.

Flow cytometry. The expression of TRAIL receptors on cell surface membrane
was assessed by flow cytometry using PE-conjugated antibodies (R&D Systems,
Minneapolis, MN, USA) as previously described.®® Briefly, cells were collected
with trypsin, washed and incubated with anti-DR5-PE (eBioscience, San Diego,
CA, USA; flow cytometry, 10 ug/ml) or anti-DR4-PE (eBioscience; flow cytometry,
10 pg/ml) for 45 min at 4 °C in the dark. Cells were then washed three times with
cold PBS and resuspended in 0.3 ml PBS for the analysis. Cells were analyzed
using a FACS Canto (Becton Dickinson, Franklin Lakes, NJ, USA) and the resulting
data were analyzed with FlowJo Version 8.8.7. (Ashland, OR, USA) Geometric
means were used for the analyses.

ELISA. For soluble TRAIL in cell culture medium, cells were treated with vehicle
or C-4 for 3 days. Medium were collected from cell culture plates. Soluble TRAIL
was measured using Human TRAIL ELISA Kit (ab46074, Abcam, Cambridge, MA,
USA) following the manufacturer’s instructions.

Colony formation. For colony formation assay, 800 cells per well were seeded
in a 6-well plate and cultured for 10-14 days in a 37 °C incubator with medium
changed every 3 days. The cells were fixed with 10% formalin and stained with
0.2% crystal violet (in 10% formalin) for 15 min. The numbers of cell colonies were
counted after washes. The assays were performed in triplicates and the entire
experiments were repeated more than three times.

Xenograft tumor models and treatments. For establishing the lung
cancer xenograft tumors, 5-6-week-old, BALB/c nu/nu athymic nude mice
(Harlan, Indianapolis, IN, USA) were injected with 2.5x 10° A549 cells in 100 ul
PBS/Matrigel (1:1) into the dorsal flank on both sides of the mice. When the tumors
were ~50 mm?® in size, mice were randomized and treated i.p. with 100 ! of either
vehicle (DMSO and sesame oil, 1:50, Sigma, St. Louis, MO, USA), 20 mg/kg
compound-4 (C-4) (five times a week), 40 mg/kg C-4 (five times a week), 25 mg/kg
ONC201 (one time a week) or a combination of 20 mg/kg C-4 (five times a week)
and 25 mg/kg ONC201 (one time a week). To assess the effect of ShRNA mediated
silencing of KDM4A on A549 xenograft tumors, 2 x 10° cells (infected with lentivirus
shControl or shkDM4A) were suspended in total of 100 x| PBS/Matrigel (1:1) and
implanted subcutaneously into the dorsal flank on both sides of the mice. For breast
cancer MDA-MB231 xenograft tumors, 5-6-weeks-old BALB/c nu/nu athymic mice
were injected unilaterally with 2.5x 10° cells (infected with lentivirus shControl or
shKDM4A) in 100 I PBS/Matrigel (1:1) into the abdominal fat pad by subcutaneous
injection at the base of the nipple. Tumor growth was monitored by calipers with
volume calculated using the equation /6 (length x width?). Body weight during the
course of the study was also monitored. At the end of the studies mice were killed
and tumors were dissected and weighed. Tumors were collected and immediately
stored in liquid nitrogen or fixed in formalin solution. The procedures were approved
by the Institutional Animal Care and Use Committee of University of
California Davis.

Statistical analysis. The data are presented as mean values +S.D. from at
least three independent experiments. Data analysis was performed using two-tailed
Student’s ttests and P-values are shown. *P<0.05; **P<0.01; N.S., not significant.
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