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Abstract
Background: Accumulating evidence points to epigenetic mechanisms as essential in tumorigenesis.
Treatment that targets epigenetic regulators is becoming an attractive strategy for cancer therapy. The
role of epigenetic therapy in prostate cancer (PCa) remains elusive. Previously we demonstrated a
correlation of levels of histone lysine demethylase KDM4B with the appearance of castration resistant
prostate cancer (CRPC) and identi�ed a small molecular inhibitor of KDM4B, B3. In this study, we aim to
de�ne the role of KDM4B in promoting PCa progression and test the e�cacy of B3 using clinically
relevant PCa models.  

Methods: KDM4B was overexpressed in LNCaP cells or knocked down (KD) in 22Rv1 cells. The speci�city
of B3 was determined in vitro using recombinant KDM proteins and in vivo using 22Rv1 cell lysates. The
e�cacy of B3 monotherapy or in combination with androgen receptor (AR) antagonist enzalutamide or
the mTOR inhibitor rapamycin was tested using xenograft models in castrated mice. Comparative
transcriptomic analysis was performed on KDM4B KD and B3-treated 22Rv1 cells to determine the on-
target (KDM4B-dependent) and off-target (non-KDM4B-associated) effects of B3.

Results: Overexpression of KDM4B in LNCaP cells enhanced its tumorigenicity whereas knockdown of
KDM4B in 22Rv1 cells reduced tumor growth in castrated mice. B3 suppressed the growth of both 22Rv1
and VCaP xenografts and sensitized 22Rv1 cells to enzalutamide inhibition. B3 also inhibited 22Rv1
tumor growth synergistically with rapamycin that resulted in cell apoptosis. Mechanistically, B3 inhibited
expression of AR-V7 and genes involved in epithelial-to-mesenchymal transition. DNA replication stress
marker γH2A.X was upregulated by B3, which is further increased when combined with rapamycin. Based
on transcriptomic and biochemical analyses, B3 inhibits both H3K9me3 and H3K27me3 demethylase
activity, which is believed to underlie its anti-tumor action.

Conclusions: Our studies establish KDM4B as a potent target for CRPC and B3 as a potential therapeutic
agent. B3 as monotherapy or in combination with other anti-PCa therapeutics offers proof of principle for
the clinical translation of epigenetic therapy targeting KDMSs for CRPC patients.

Background
Prostate cancer (PCa) is the second most commonly diagnosed cancer and the second leading cause of
cancer death among US men, with an estimated 248,530 new cancer cases and 34,130 deaths in 2021
(1). Although mortality of PCa is decreasing due to the effective local therapies for men diagnosed with
organ-con�ned disease, the overall survival for patients with castration resistant prostate cancer (CRPC)
remains poor. Moreover, therapy resistant CRPC (t-CRPC) is considered an end disease when the tumor
acquires resistant to �rst and second-generation of Androgen Receptor Pathway Inhibitors (ARPIs). In
general, the mechanism underlying t-CRPC remains elusive because it is highly heterogeneous and
complex. Nevertheless, several mechanisms are emerging including the appearance of constitutively
active AR variants (AR-Vs) such as AR-V7 that lack the canonical ligand-binding domain (2–10) and
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treatment-related lineage switch from epithelial to neuroendocrine, which gives rise to AR-negative CRPC
with neuroendocrine cell-like features (NEPC) (11, 12). NEPC accounts for approximately 25% of lethal
PCa diagnosed per year in the United States (13). As the AR signaling remains a pivotal driver for the
disease progression despite castration levels of androgen, the prevalence of t-CRPC and NEPC is
expected to rise due to the earlier usage of more potent anti-androgen agents. Thus, new agents different
from targeting AR-signaling are highly desired.

Epigenetics is an emerging mechanism for tumorigenesis (14). Post-translational modi�cation of histone
including histone methylation affects chromatic structures and can determine transcriptional outcome.
KDM4B/JMJD2B is a member of the Jumonji C (JmjC)-domain containing histone lysine demethylase 4
(KDM4) family (15). KDM4B demethylates H3K9me3 (16), a heterochromatin mark associated with a
closed chromatin structure and inhibition of gene transcription. KDM4B is upregulated in a variety of
human cancers (17, 18). Overexpression of KDM4B has been shown to promote the growth of breast,
gastric, colorectal, and liver cancer (19–21). KDM4B is part of DNA damage response complex and
promotes cell survival following irradiation (22). KDM4B may be associated with an aggressive subtype
of classical Hodgkin lymphoma and radiation resistance (23). KDM4B promotes epithelial-to-
mesenchymal transition (EMT) leading to pancreatic cancer metastases (24). KDM4B is highly expressed
in MYCN-ampli�ed neuroblastomas with poor outcome (25). Our previous studies showed that KDM4B is
also upregulated in PCa (26, 27). KDM4B is a known co-activator of AR (17). We have shown that KDM4B
also has AR-independent functions in PCa, activating cell cycle gene expression such as PLK1 and
promoting cell cycle progression as a co-activator of BMYB (27). Most recently, we found that KDM4B
can promote AR-V7 expression via regulating the alternative splicing of AR (28). KDM4B can be
phosphorylation by protein kinase A (PKA) under conditions that promote castration-resistance, eliciting
its binding to general splicing factor SF3B3. KDM4B opens up the chromatin around the alternative exon
by removing the heterochromatin mark H3K9me3. Moreover, KDM4B binds speci�c RNA sequence near
the 5’-crptic exon 3 (CE3). As a result of these interactions, KDM4B can recruit and stabilize the
spliceosome near the cryptic exon, promoting its inclusion. These studies suggest that KDM4B promotes
prostate tumorigenesis via at least three mechanisms; 1) as an AR-co-activator in the AR-signaling
pathway under hormone-sensitive conditions, 2) promoting cell cycle progression as a BMYB-coactivator
in the absence of the AR-signaling such as in NEPC, and 3) promoting CRPC via alternative splicing of
AR-V7 in response to castration in AR-positive cells, and implicate that targeting KDM4B may be
therapeutic effective in broad range of PCa pathologies including both AR-dependent and AR-independent
PCa.

In this study, we provide further supporting evidence for the aforementioned hypothesis. Previously we
identi�ed several KDM4 inhibitors including B3 from the NIH chemical library and showed its inhibitory
effect on NEPC- PC3 xenograft in vivo (27). Here, we evaluate the e�cacy of B3 monotherapy or in
combination with other targeted therapeutics using clinically relevant t-CRPC models. We show that
inactivation of KDM4B genetically or pharmacologically inhibited 22Rv1 tumor growth in castrated mice.
B3 can sensitize 22Rv1 cells to enzalutamide inhibition as well as synergize with the mTOR pathway
inhibitor rapamycin. Mechanistically, the synergistic effect of B3 with enzalutamide or rapamycin may
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arise from their suppression of AR/AR-V7 signaling and induction of DNA replication stress, respectively.
Our studies establish KDM4B as a potent target for t-CRPC and suggest the potential clinical utility of
KDM4 inhibitor B3 as a mono or combination therapy in CRPC.

Materials And Methods
Plasmids, cell culture, transfection, stable cell line, and minigene reporter assays

KDM4B plasmids were described previously (27). human PCa cell line LNCaP, VCaP, and 22Rv1 were
purchased from ATCC (Manassas VA, USA) and routinely authenticated using method described in the
original paper and/or the short tandem repeat (STR) DNA pro�ling technology by the Genomic Core
facility of UT Southwestern. Cells were cultured in RPMI1640 medium supplemented with FBS or
charcoal stripped FBS (CFBS) (Highclone, Logan UT, USA) as indicated. Stable cell lines LNCaP-ctl and
LNCaP-4B were established using lentiviruses expressing vector and Flag-KDM4B, respectively, and
subsequent selection with blasticidin. Plasmids and siRNA transfections were performed using
lipofectamine 3000 and RNAimax, respectively.
Targeted deletion of KDM4B with CRISPR/CAS9

22Rv1 cells were electroporated with U6 target gRNA expression vector containing KDM4B-targeted gRNA
(GCTGCAGCCATGGGGTCTCAGG) or lentiCRISP-GFP-v2 containing non-targeted control gRNA
(CGCTTCCGCGGCCCGTTCA) along with plasmid expressing CAS9 (29). Cells were FACS sorted in single
cell to 96-well plates. Clonal cells were genotyped. Deletion or KD of KDM4B was con�rmed by qPR-PCR
and western blot analysis. Multiple clonal controls were selected and showed no difference in growth
rate.

Cell proliferation assays

Cell proliferation assays were performed using MTT cell proliferation assay kit (ATCC) or trypan blue
staining. For drug inhibition assay, cells were seeded for one day before various concentrations of drug
were added. Cells were cultured for additional 3 days before harvested for MTT/trypan blue assays.

RNA isolation, quantitative real-time polymerase chain reaction (qRT-PCR), and RNA-seq

Total RNA was isolated using TRIzol reagent (Invitrogen) according to manufacturer’s procedures. RNA (5
µg) was used to generate cDNA using Superscript III (Invitrogen). qRT-PCR was performed using SYBR
Green (BioRad) with gene-speci�c primers. Data were normalized to an internal standard as indicated
(ΔCT method). RNA-seq experiments were performed commercially by Novogene. qRT-PCR primers were
listed in supplemental table 1.

Antibodies, immunoblotting, immunoprecipitation, and immuno�uorescence

Following antibodies were used: pmTOR, mTOR, pS6, S6 kinase, KDM4B, Histone 3, cleaved PARP1,
KDM6A, and KDM6B (Cell signaling), H3K9me3 and H3K27me3 (Abcam), GAPDH and SNAI2 (Santa
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Cruz), E-cadherin (BD company), SYP, PSA, and AR (cell Margue), and AR-V7 (Proteintech).
Immunoblotting, immunoprecipitation, and immuno�uorescence were performed according to the
standard protocol.

IHC and scoring

Histological sections of prostate biopsy tissue samples from 106 patients with localized or metastatic
hormone-sensitive prostate cancer (AJCC stage III and IV) underwent ADT (supplemental Table S2) were
stained with anti-KDM4B antibody. These patients with informed consent were from the First A�liated
Hospital of Sun Yat-sen University, Jiangmen Hospital of Sun Yat-sen University and A�liated Yantai
Yuhuangding Hospital of Qingdao University Medical College from January 2000 to December 2010.
Slides were examined and scored by two experienced pathologists independently who were blind to all
clinical data. KDM4B expression was evaluated considering only the carcinoma cells and using a semi-
quantitative scoring system. Brie�y, the number of positive cells were counted and scaled: 0, no positive
cells; 1, 1-25% positive cells; 2, 26-50% positive cells; 3, 51-75% positive cells; 4, 76-100% positive cells. 0-2
was regarded as low expression group and 3-4 was high expression group. We then analyzed the effect
of KDM4B expression on patients’ overall survival time via Kaplan-Meier survival analysis and COX
Proportional Hazard Model.

Xenograft model

PCa cells (3x106 cells/site) mixed with Matrigel (BD Biosciences) were injected subcutaneously into right
and left leg of NOD/SCID mouse. Once tumor becomes palpable, tumor volume (mm3) was measured
every 3 days with caliper and was calculated using the ellipsoid formula (π/6 x length x width x depth).
For drug treatment, mice bearing palpable xenografts were randomized into different groups treated with
vehicles, B3, enzalutamide, rapamycin, B3+enzalutamide, B3+rapamycin. Drugs were administered using
minipump continuously for 7 days (for VCaP xenograft) or intraperitoneal injection with 3 times/weeks
for 2 weeks at dose indicated in the respective �gures (For 22Rv1 xenograft). Tumors were excised and
weighted at time of sacri�ce and used for target validation. All animal protocols were approved by the
Institutional Animal Care and Use Committee in UT Southwestern Medical Center. Only male mice were
used since prostate cancer is male-only disease.

Ex vivo culture of human prostate tumors

Fresh prostate tumor was obtained with informed consent from a 68 years-old man with Gleason 9
metastatic PCa undergoing radical prostatectomy at the �rst a�liated hospital of Sun-Yat-San university.
The patient was previously diagnosed with Gleason 8 (5+3) PCa, gave up the surgery voluntarily, and
chose bicalutamide 50mg once daily. After 20 months anti-androgen therapy, PCa progressed to Gleason
9 (5+4) and can be considered as CRPC. Tissues were cultured at 37oC with vehicle (DMSO) alone or B3
2.5 (µM) for two days as described (27), then formalin-�xed and para�n-embedded for IHC.

Jumonji histone demethylase activity assays
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Nuclear extracts were generated using cells treated with B3 or vehicle for 24 hours using EpiQuik Nuclear
Extraction Kit (Epigentek, OP-0002-1) according to the manufacturer’s instructions. Nuclear extracts were
used as the enzyme source to measure demethylase activity on exogenous H3K4me3, H3K9me3 or
H3K27me3 substrates, using Epigenase JARID Demethylase Activity/Inhibition Assay Kit (Epigentek, P-
3083) for H3K4me3 demethylation, Epigenase™ JMJD2 Demethylase Activity/Inhibition Assay Kit
(Epigentek, P-3081) for H3K9me3 demethylation and Epigenase™ JMJD3/UTX Demethylase
Activity/Inhibition Assay Kit (Epigentek, P-3085) for H3K27me3 demethylation. The reaction was carried
out in 50 μL reactions with 1 mM α-ketoglutarate, 2 mM ascorbate, 100 mM (NH4)2Fe(SO4)2.6H2O
(Sigma, 215406), 50 ng substrate (either H3K4me3, H3K9me3 or H3K27me3), 0.25x of EDTA free
protease inhibitor (Roche, 05 892 791 001) and 15 mg nuclear extract at 37oC for 2 hours. A mix of
nuclear extracts that were subjected to heat inactivation at 95oC for 10 minutes then cooled to 30oC was
used as the negative control. Activity was determined by subtracting the values obtained from the heat
inactive samples from the active nuclear extracts for reactions performed at the same time.

Statistical analysis

All data are shown as mean ± SD or SEM as stated. Student’s t test (2-tailed) was used to compare the
difference between 2 groups that passed normality test. p < 0.05 was considered statistically signi�cant.
Graphpad Prism 9 was used to calculate IC50.

Results
KDM4B promotes prostate tumorigenesis

Previously we showed that overexpression of KDM4B in androgen responsive LNCaP cells promoted cell
growth in vitro (26, 27). Whether KDM4B promotes castration-resistance remains unknown. KDM4B is
upregulated in LNCaP cells under androgen-deprived (CFBS) or anchorage-independent (with
methylcellulose) conditions (Fig. 1A). We established a stable LNCaP cells expressing Flag-tagged
KDM4B (LNCaP-4B). Overexpression of KDM4B promoted the proliferation of LNCaP in both FBS and
CFBS-containing medium (Fig. 1B). LNCaP-4B cells had signi�cantly enhanced cell migration compared
to control vector transfected LNCaP-ctl cells (Fig. 1C). To test the clinical relevance of KDM4B in PCa
progression, we stained prostate biopsy tissue samples for KDM4B expression from patients with
localized or metastatic hormone sensitive PCa (AJCC stage III and IV) who underwent androgen
deprivation therapy. Signi�cant KDM4B staining was observed in the tumor samples whereas little was
found in the normal tissue (Fig. 1D). Patients with higher KDM4B expression had signi�cantly shorter
survival rate (Fig. 1E). We tested the effect of overexpression of KDM4B in vivo. A 30% tumor-take rate
was observed in mice injected with LNCaP-4B cells whereas mice injected with control LNCaP-ctl cells
showed no tumor (Fig. 1F). LNCaP-4B cells failed to form tumor in castrated animals (data not shown).
KDM4B knockdown inhibits CRPC growth
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Previously we established stable clonal KDM4B knockdown (KD) 22Rv1 cell lines (cl4 and cl7) using
CRISPR/Cas9 technology (Supplemental Figure 1) and showed that KDM4B KD reduced cell growth
under both CFBS and FBS culture conditions compared to non-targeting control-transfected 22Rv1 cells
(ctl) in either AR-V7 dependent (in CFBS) and independent (in FBS) manner, respectively (26).
Expressional analysis with qRT-PCR showed that genes known to be regulated by AR-V7 such as END2,
SNAI2, and TMPRSS2 are downregulated in KDM4B KD (cl4 and cl7) cells and can be rescued by re-
expression of AR-V7 (Fig. 2A) whereas re-expression of AR-V7 in KDM4B KD cells has little effect on cell
cycle genes that are regulated by KDM4B but not AR-V7 (Fig. 2B), further suggesting that KDM4B can
regulate 22Rv1 cell growth via both AR-V7-dependent and AR-V7 independent pathway. AR-V7 is known to
promote EMT that is associated with PCa aggressiveness (30). Immuno�uorescence staining indicated
that 22Rv1-ctl cells had intracellular E-cad staining whereas KDM4B KD cells had membrane E-cad
staining (Fig. 2C), suggesting that inactivation of KDM4B resulted in a more epithelial-cell like phenotype.
Re-expression of AR-V7 in KDM4B KD cells reversed the membrane staining of E-cad, suggesting KDM4B
may promote EMT via AR-V7.

We tested the effect of KDM4B KD on the growth of t-CRPC tumor using 22Rv1 model. 22Rv1-cl4 and cl7-
derived xenografts were signi�cantly smaller than 22Rv1-ctl xenografts in castrated hosts (Fig. 2D). IHC
staining (Fig. 2E) and immunoblotting (Fig. 2F) showed signi�cantly reduced AR-V7 in KDM4B-KD tumors
whereas AR-expression remained similar, suggesting the effect of KDM4B on tumor growth is related to
AR-V7. SNAI2, an AR-V7-regulated and EMT-associated gene was also downregulated in KDM4B KD cl4
and cl7 cells. In addition, we noticed that the presence of SYP, a neuroendocrine marker, in 22Rv1-tumors
was also abolished in KDM4B KD-tumors (Fig. 2G). Re-expression of exogenous AR-V7 in KDM4B-cl7
cells partially reversed the inhibitory effect of KDM4B KD on tumor growth (Fig. 2H). These data suggest
that KDM4B is required for androgen-independent growth of 22Rv1 tumor, and its action is at least
partially mediated by AR-V7.

Pharmacological inhibition of KDM4B suppresses CRPC tumor growth

To evaluate the e�cacy of B3 on 22Rv1 tumor growth in vivo, B3 was injected intraperitoneally into
castrated hosts 3 times/week for 2 weeks. B3 signi�cantly suppressed the growth of 22Rv1 tumor in a
dose-dependent manner (Fig. 3A-B). Target analysis by western blot and immunohistochemistry revealed
that AR-V7 expression in B3-treated tumors was downregulated (Fig. 3C-D). B3 also inhibited VCaP tumor
growth in vivo (Fig. 3E). We tested the effect of B3 on ex vivo human prostate tumors from a CRPC
patient. Treatment of the ex vivo CRPC specimen with B3 effectively abolished tumor AR-V7 expression
(Fig. 3F). Unlike KDM4B KD that did not alter the AR expression in tumor, B3 treatment at 50 mg/kg
resulted in a signi�cant downregulation of the AR expression, suggesting presence of off-target effect.
The effect of B3 on AR is dose dependent as the AR expression remained similar in tumors treated with
10mg/kg compared to vehicle treated ones (Fig. 3G).

B3 sensitizes CRPC cells to enzalutamide treatment
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22Rv1 cells are resistant to enzalutamide due to the presence of AR-V7. As B3 can inhibit AR-V7
expression, we reasoned that B3 may sensitize 22Rv1 cells to enzalutamide. Indeed, B3 sensitized the
response of 22Rv1 cells to enzalutamide with estimated combination index (CI) of 0.46 (Fig. 4A-B). The
combination therapy also resulted in more signi�cant inhibition of 22Rv1 xenograft growth than single
agent alone in vivo (Fig. 4C-F), suggesting a synergistic effect. No signi�cant body weight loss of mice
was observed during the treatment in either single or combination drug treatment group (Fig. 4D).

B3 alters multiple biological processes involved in different biologic behaviors of 22Rv1 cells

We performed gene pro�ling experiments on 22Rv1 cells with KDM4B knocked down or treated with B3 to
identify on targets (KDM4B regulated genes) and off targets (non-KDM4B regulated genes) of B3 (Fig.
5A). KDM4B KD resulted in 5281 differentially expressed genes (2189 up and 3092 down, 1.3x change
with padj<0.05) whereas B3 treatment resulted in 5517 differentially expressed genes (3026 up and 2545
down) (Fig. 5B). 2105 genes (24.1%) were found in both KDM4B KD and B3-treated samples (Fig. 5C).
Gene ontology (GO) analysis of common genes indicated several biological processes that were
identi�ed previously and involved in KDM4B-promoted tumorigenesis, including cell cycle, mRNA splicing
machinery (mRNA process), and EMT (lineage transdifferentiation), which are considered as on-target
effect of B3. GO analysis also revealed additional downregulated genes involved in neurogenesis
including POU3F2, SOX4, MYC, and WINT5A that are implicated in NEPC in either KDM4B KD or B3
treated samples. Biological processes regulated by the mTOR signaling pathway (translation initiation
and elongation) were found to be affected in KDM4B KD or B3 treated cells as well. Unique molecular
processes found only in KDM4B KD sample or B3-treated sample included chromatin organization and
regulation of cell death, respectively. Differential expression of representative genes involved in
aforementioned biological processes were con�rmed by qRT-PCR in independent samples (Fig. 5D).

Inhibition of both KDM4B and KDM6A/6B induces cell apoptosis

B3 also targeted genes that were not affected by KDM4B KD, i.e., cell death related gene GADD45A (Fig.
5D). This promoted us to test whether B3 can target other KDMs. Western blot analysis indicated that
global H3K9me3 and H3m27me3 but not H3K4me3 were upregulated in B3 treated 22Rv1 cells,
suggesting that B3 inhibited both H3K9me3 and H3K27me3 demethylase activities (Fig. 6A). This is
further con�rmed by demethylase activity assay with 22Rv1 cell lysates treated with vehicle or B3 for 24
hrs (Fig. 6B); B3 inhibited H3K9me3 demethylase activities in a dose-dependent manner. The effect of B3
on H3K27me3 demethylase activities appeared to be lagging behind its effect on H3K9me3 demethylase
activities (Fig. 6A). Consistently, we also observed much less inhibition of B3 on H3K27me3 demethylase
activities in the demethylase activity assays (Fig. 6B). Both KDM6A and KDM6B are H3K27me3
demethylases and expressed in 22Rv1 cells. B3 inhibited KDM6B with IC50 better/similar to that of
KDM4B in vitro (Fig. 6C). Combined knockdown of both KDM4B and KDM6A/B resulted in cell apoptosis
determined by cleaved PARP1 levels, suggesting the synergistic effect of KDM4B and KDM6A/B (Fig. 6D).
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B3 induces tumor cell death and delays DNA damage repair in combination with the mTOR inhibitor
rapamycin

The mTOR signaling pathway plays a critical role in cell survival and proliferation and is often
upregulated in cancer cells including CRPC. We also observed upregulation of the mTOR signaling in
22Rv1 cells compared to LNCaP cells (Fig. 7A). KDM4B KD in 22Rv1 cells downregulated mTOR
signaling under androgen-deprived condition (CFBS+enza) (Fig. 7B). Many genes involved in the mTOR
signaling were dysregulated in KDM4B siRNA and/or B3 treated cells (Fig. 5D), suggesting KDM4B may
be involved in the mTOR signaling pathway. We tested whether B3 and the mTOR inhibitor rapamycin can
synergistically inhibit 22Rv1 cell growth. Addition of rapamycin in B3-treated 22Rv1 cells shifted the
growth inhibition curve towards the left with decreased IC50 and CI of 0.2 (Fig. 7C), suggesting that B3
and rapamycin has a synergistic effect on growth inhibition of 22Rv1 cells. gH2AX is a marker for stalled
DNA replication folks and DNA damage (31). Treatment of double thymidine-synchronized 22Rv1 cells
with B3 and rapamycin upregulated gH2AX signi�cantly compared to either B3 or rapamycin alone (Fig.
7D, lane 9 vs lanes 6 & 12). Combined use of B3 and rapamycin also resulted in more cell death
compared to either B3 or rapamycin alone (Fig. 7E & F).

B3 synergizes with rapamycin to inhibit 22Rv2 tumor growth

We further tested the effect of combination therapy of B3 plus rapamycin on 22Rv1 xenograft in vivo
(Fig. 8). Using low dose of each agent, the combination therapy exhibited the synergistic inhibitory effect
on tumor growth. Most importantly, combination therapy also resulted in tumor cell apoptosis as assayed
by apoptosis marker, cleaved PARP1 (Fig. 8E).

Discussion
Previously, we found that KDM4B plays an important role in prostate tumorigenesis and suggested that
KDM4B may promote PCa progression via promoting alternative splicing of AR gene to generate AR-V7
under castration conditions (28). Here we provide additional evidence supporting this mechanism and
furthermore we demonstrated the anti-tumor e�cacy of KDM4 inhibitor B3 alone or in combination with
enzalutamide or rapamycin. KDM4B overexpression in androgen responsive LNCaP cells promoted tumor
growth in vivo (Fig. 1) whereas inactivation of KDM4B in CRPC 22Rv1 cells inhibited tumor growth
(Fig. 2). Previously, we found that KDM4B overexpression upregulated AR-V7 expression and promoted
resistance of LNCaP cells to anti-androgen drugs that can be mitigated by AR-V7 KD. KDM4B KD in
22Rv1 cells downregulated cell growth and AR-V7 expression and sensitized 22Rv1 cells to enzalutamide,
which can be reversed by re-expression of AR-V7 (26). In this study, we showed that downregulation of
KDM4B KD 22Rv1 tumor growth in castrated mice can be partially reversed by re-expression of AR-V7
(Fig. 2H). In addition, we showed that KDM4B may promote EMT via AR-V7 (Fig. 2C). Taken together, our
data provided strong evidence that KDM4B can promote t-CRPC via AR-V7 and suggested that KDM4B
may be an oncogenic factor that promotes CRPC progression. That being said, it is noted that the
elevated KDM4B in LNCaP cells failed to increase the tumor-take rate in castrated animals (data not
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shown), suggesting that KDM4B alone, although necessary, is not su�cient to account for androgen-
independent progression. This could be consistent with the multiple-hits theory of cancer progression as
there may be many factors required for CRPC progression in vivo.

Here we evaluated the e�cacy of B3 in growth inhibition of 22Rv1 and VCaP xenograft in castrated mice
(Fig. 3). B3 demonstrated a superior e�cacy in suppressing 22Rv1 tumor growth with large therapeutic
window ranging from 1 mg/kg (Fig. 8) to 50 mg/kg (Fig. 3). B3 also sensitized 22Rv1 cells to
enzalutamide inhibition in vitro and synergistically inhibited 22Rv1 xenograft growth with enzalutamide
(Fig. 4). This data further supports that KDM4B promotes the appearance of t-CPRC by increasing AR-V7
expression, which offers a therapeutic target for t-CRPC patients with high AR-V7 expression. It will be
worthy in the future to test this combination in additional preclinical PCa model(s) with high AR-V7 or
other AR-variants.

B3 targeted ~40% of KDM4B-regulated genes (2105 out of 5281). KDM4B is a multi-domain protein and
can promote gene transcription in a manner dependent or independent of its demethylase activity. The
60% of genes uniquely regulated by KDM4B siRNA and not by B3 are likely those independent of its
demethylase activity. There are ~ 62% of genes targeted by B3 and not by KDM4B KD (3466 out of 5571)
likely include those regulated by KDMs other than KDM4 such as KDM6 that demethylases H3K27me3/2
as we have shown that B3 inhibited H3K27me3 demethylases (Fig. 6). While these genes in 22Rv1 cells
remain to be determined, our data suggests that they may be involved in cell apoptosis as KDM6A/B KD
resulted in cell apoptosis that can be further upregulated when combined with KDM4B KD (Fig. 6D).

The synergistic anti-tumor e�cacy of B3 and mTOR inhibitor rapamycin is novel and has signi�cant
clinical implications. Use of B3 in combination with current PCa targeted therapy may have the potential
to increase therapeutic effectiveness and drug safety. The PI3K/Akt/mTOR signaling is elevated in a high
proportion of PCa patients and is associated with CRPC progression. Accordingly, PI3K/Akt/mTOR
pathway inhibitors are currently being explored as therapeutic agents against hormone sensitive PCa and
CRPC. However, the clinical outcome of drugs targeting the PI3K/mTOR signaling pathway as
monotherapy in PCa has been thus far disappointing. Inhibition of mTORC1 can result in negative
feedback loop of IGF-1R/PI3K-Akt which paradoxically promotes cell survival. The dual mTORC1/2
inhibitor MLN0128 has been tested in patients with metastatic CRPC in phase II clinical trial and showed
only limited e�cacy, possibly due to the dose reduction secondary to toxicity (32). Our studies suggest
that better therapeutic e�cacy may be achieved with lower dose of the mTOR inhibitor when used in
combination with B3.

The mechanisms underlying the synergy between B3 and rapamycin remains elusive. H3K9me3 are
dynamically regulated during cell cycle with relatively low expression during G1/S phase and high in
G2/M phase (33). Pharmacological inhibition of H3K9me3 demethylase activity or deletion of KDM4A in
squamous cell carcinoma has been shown to induce replication stress and consequent DNA damage in
H3K9me3 associated heterochromatin (34). We have also shown previously that KDM4B promotes the
expression of PLK1 as co-activator of BMYB. Inhibition of KDM4B by B3 blocked PLK1 expression and
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delayed cell cycle progression (27). B3 and KDM4B KD also downregulated the expression of PLK1 and
other cell cycle genes such as CCNB1 in 22Rv1 cells (Fig. 5D). mTORC1/2 can enact DNA damage repair
and cell survival, resulting in increased cancer cell survival during DNA damage in cancer cells (35).
mTORC1 has been shown to promote G2/M checkpoint recovery after DNA damage. Inhibition of
mTOCR1 pathways delays mitotic entry after DNA damage through KDM4B-mediated mechanism (36)
and sensitize cancer cells to genotoxic DNA damage (35). We speculate that the synergy between B3 and
rapamycin may be due to their role in promoting DNA replication stress and/or DNA damage.
Consistently, B3 upregulated the expression of gH2A.X in synchronized 22Rv1 cells compared to vehicle
control (Fig. 7D). Inhibition of the mTOR signaling by rapamycin under baseline condition had little effect
on gH2A.X level but signi�cantly enhanced the effect of B3 on gH2A.X level. B3 could induce DNA
replication stress and/or DNA damage at G1. Rapamycin could block the G2/M check point recovery after
B3-induced DNA replication stress/damage, thus synergistically arrect cell cycle at G2/M and trigger cell
apoptosis.

Conclusion
We have provided experimental evidence that KDM4B is a potent therapeutic target for t-CRPC and B3 is a
potential agent with promising therapeutic index. Our data indicated that B3 can be used as a
monotherapy or in combination with current anti-PCa regimens and provided scienti�c rational for future
use of epigenetic therapy for PCa.

Abbreviations
AR: Androgen receptor; ARPI: androgen receptor pathway inhibitor; CRPC: castration-resistant prostate
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KD: knockdown; KDM: histone lysine demethylase; NEPC: neuroendocrine prostate cancer; PCa: Prostate
cancer.
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Figure 1

KDM4B promotes prostate tumorigenicity. (A) KDM4B expression in LNCaP cells cultured without (-) or
with methylcellulose (me) in the presence of FBS or Charcoal stripped FBS (CFBS). (B) Growth curves of
LNCaP-ctl and LNCaP-4B cells in FBS or CFBS (n=5, mean ± SEM). *, p<0.05. (C) Transwell assay
showing that LNCaP-4B cells (stained with hematoxylin, in blue) are signi�cantly more migratory than
LNCaP-ctl cells. (D) IHC staining of KDM4B (brown) in prostate adenocarcinoma and normal tissues. (E)
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Kaplan–Meier overall survival analysis of the correlation between patients with low KDM4B expression
(n=48) and high KDM4B expression (n=58) in (D). (F) Growth curves of xenografts derived from LNCaP-
4B and LNCaP-ctl cells. mean ± SD. 10 tumors/group. 30% tumor take-up rate was observed in LNCaP-4B
cells whereas no tumor was seen in LNCaP-ctl cells.

Figure 2
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KDM4B knockdown downregulates CRPC growth. 22Rv1 cells were transfected with non-targeting or
KDM4B-targeting gRNA. Clonal controls (ctl) and KDM4B KD (cl4, cl7) cells were selected. (A-B) Relative
mRNA of genes indicated from ctl, cl4, or cl7 cells in the presence or absence of ectopically expressed AR-
V7. mRNAs were normalized against internal GAPDH and expressed relative to control cells transfected
with empty vector (n=3, mean ± SD). (C) Immuno�uorescence micrographs of indicated cells stained with
E-cadherin (E-cad, green) and DAPI. (D) Micrographs of tumor derived from ctl, cl4, and cl7 cells (left
panel). Tumor weight and mouse body weight (BW) at time of sacri�ce were shown in the middle and
right panel, respectively (n=11, mean ± SEM **, p<0.01). (E) Representative IHC staining of AR-V7 and AR
in tumors of (D). (F) Western blot of indicated proteins from tumors of (D). (G) Representative IHC
staining of SYP in 22Rv1-ctl and KDM4B KD cl4 xenografts. (H) Growth curves of tumors derived from
22Rv1-ctl transfected with AR-V7 (ctl+AR-V7), 22Rv1-cl7 (cl7), and 22Rv1-cl7 transfected with AR-V7
(cl7+AR-V7) cells. Mean± SEM, *, p<0.05.

Figure 3

KDM4B inhibitor B3 inhibits the growth of 22Rv1 and VCaP tumors. (A) Growth curves of 22Rv1
xenograft treated with vehicle DMSO (veh) and B3 at 10 mg/kg and 50 mg/kg. Veh or B3 were ip
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administered to mice 3 times/week for 2 weeks. Mice were sacri�ced 11 days later. (B) Tumor
micrographs at time of sacri�ce. (C) Western blot of indicated proteins from tumors treated with veh or
B3. (D) Representative IHC staining of AR, AR-V7, KDM4B, and H3K9me3 from tumors treated with veh or
B3 (50 mg/kg). (E) Grow curves of VCaP xenograft treated with vehicle or B3 (subcutaneous with
minipump 50 mg/kg for 7 days). (F) Prostate tumor specimens from a CRPC patient were cultured ex vivo
in the presence of vehicle or B3 (2.5μM) for two days. Tissues were �xed and serial sections were IHC-
stained with antibodies against KDM4B and AR-V7. (G) Relative mRNA of indicated genes from tumors
treated with vehicle or B3 (10mg/kg, ip) (n=3). (A, E, G) Means ± SEM. B3 vs vehicle, *, p<0.05; **, p<0.01,
***, p<0.005.

Figure 4

B3 sensitizes 22Rv1 cells to enzalutamide and inhibits castration-resistant tumor growth. (A) Growth
curves of 22Rv1 cells in the presence of various concentration of enzalutamide (enza) alone or in the
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presence of B3 (0.1 μM) (n=6, mean ± SD). (B) Dose response curves of 22Rv1 cells to B3, enza, or
B3+enza as indicated. CI was calculated based on the IC50 of single compound or compounds in
combination. (C) Tumor growth curves of 22Rv1-xenografts treated with vehicle (DMSO), enza (20
mg/kg), B3 (5mg/kg), B3+enza. (D) % of mouse body weight change of various treatment groups during
the treatment. (E) Micrographs of tumors in indicated treatment groups and (F) Tumor wight at time of
sacri�ce. Mean ± SEM, **, p<0.01. ***, p<0.005. ns: not signi�cant.

Figure 5
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B3 targets multiple biological processes in PCa cells. (A) Heatmaps of differentially expressed genes of
22Rv1 treated with KDM4B siRNA or B3. (B) Volcano plot of differentially expressed genes in 22Rv1 cells
transfected with control or KDM4B siRNA (left panel) and in 22Rv1 cells treated with vehicle or B3 (right
panel). (C) Venn plot showing unique and common genes associated by KDM4B siRNA and B3 treatment
in 22Rv1 cells (left panel). The GO terms associated with unique and common gene sets are shown on
the right. (D) Relative mRNA of representative differentially expressed genes in 22Rv1 cells transfected
with control vs KDM4B siRNA and in cells treated with vehicle vs B3 (n=3, mean ± SEM).

Figure 6

B3 inhibits the activities of H3K9me3 demethylase (KDM4B) and H3K27me3 demethylase (KDM6B). (A)
Western blots of methylated histones and γH2A.X in 22Rv1 cells after treatment with B3 for indicated
time points. (B) H3K9me3 and H3K27me3 demethylase activities in 22Rv1 cell lysates treated with
various concentration of B3 (n=3). (C) Relative demethylase activities of recombinant protein KDM4C,
KDM4B, and KDM6B in the presence of various concentration of B3 (n=6). (D) Western blot of indicated
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proteins from 22Rv1 cells transfected with control siRNA or siRNA targeting KDM4B, KDM6A, KDM6B, or
combination of KDM4B plus KDM6A/B.

Figure 7

Combination therapy of B3 and rapamycin synergizes tumor cell death. (A) Western blots of proteins
involved in the mTOR signaling pathway in various PCa cell lines. (B) Western blots showing the mTOR
signaling was downregulated in 22Rv1 cells transfected with two independent KDM4B siRNAs compared
to control siRNA transfected cells. (C) Relative growth of 22Rv1 cells treated with various concentrations
of B3, rapamycin (rapa), or combination of B3 plus rapamycin. IC50 was calculated using Graphpad. (D)
Western blot of γH2A.X at indicated time points in synchronized 22Rv1 cells after releasing from double-
thymidine block. H3 was used as the loading control. 22Rv1 cells were treated with B3, rapamycin, or B3
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plus rapamycin at time of withdrew thymidine (0 h). (E) Wester blots of indicated proteins from 22Rv1
cell lysates treated with enzalutamide (enza), rapamycin, B3, or combination of the three as indicated. (F)
% of dead cells in 22Rv1 cells treated with B3, rapamycin, or B3 plus rapamycin for 52 hrs. n=3, mean ± 
SEM.

Figure 8

B3 and rapamycin synergistically block 22Rv1 tumor growth. (A) Relative growth curve of 22Rv1
xenograft in castrated mice. Tumor-bearing mice were treated with B3 (1mg/kg), rapamycin (rapa)
(2mg/kg), or combination at day 1 for 2 weeks (three times-a-week, ip). Tumors were harvested at day 19.
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(B) % body weight change of mice during treatment period. (C) Micrograph of tumors harvested. (D)
Tumor weight of various treatment groups. (E) Western blot of indicated proteins from tumor tissues in C.
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