
Abstract. Background/Aim: Histone methylation status is
required to control gene expression. H3K27me3 is an
epigenetic tri-methylation modification to histone H3
controlled by the demethylase JMJD3. JMJD3 is dysregulated
in a wide range of cancers and has been shown to control the
expression of a specific growth-modulatory gene signature,
making it an interesting candidate to better understand
prostate tumor progression in vivo. This study aimed to
identify the impact of JMJD3 inhibition by its inhibitor,
GSK4, on prostate tumor growth in vivo. Materials and
Methods: Prostate cancer cell lines were implanted into
Balb/c nude male mice. The effects of the selective JMJD3
inhibitor GSK-J4 on tumor growth were analyzed by
bioluminescence assays and H3K27me3-regulated changes in
gene expression were analyzed by ChIP-qPCR and RT-qPCR.
Results: JMJD3 inhibition contributed to an increase in
tumor growth in androgen-independent (AR-) xenografts and
a decrease in androgen-dependent (AR+). GSK-J4 treatment
modulated H3K27me3 enrichment on the gene panel in DU-
145-luc xenografts while it had little effect on PC3-luc and
no effect on LNCaP-luc. Effects of JMJD3 inhibition affected
the panel gene expression. Conclusion: JMJD3 has a
differential effect in prostate tumor progression according to
AR status. Our results suggest that JMJD3 is able to play a

role independently of its demethylase function in androgen-
independent prostate cancer. The effects of GSK-J4 on AR+
prostate xenografts led to a decrease in tumor growth.

Prostate cancer (PC) is a heterogeneous disease depending
on the aggressiveness of the cancer. Annual incidence and
mortality in 2020 were 1,414,259 cases and 375,304 deaths.
It is the second most common cancer after lung cancer and
the fourth most deadly among men (1). 

PC is a multifactorial disease with risk factors that can be
extrinsic or intrinsic [National Cancer Institute, Bethesda in
Maryland (MD)]. An increasing number of studies highlight the
link between epigenetics and tumor initiation and progression.
Epigenetic processes can be defined as the modification of gene
expression without changes in DNA sequence and are involved
in a large number of cellular events such as cell division,
differentiation, cell survival (2-4). Epigenetic modulation can
be achieved through chromatin compaction by activation or
inhibition of gene expression (5). The deregulation of these
mechanisms can lead to the transformation of healthy cells into
cancerous cells.  Our study focuses on one type of epigenetic
modification: post-translational modification (PTM) of histones
and more specifically the tri-methylation of histone 3 at lysine
27 (H3K27me3), a repressive epigenetic mark (6). H3K27
methylation is regulated by Enhancer Zeste Homolog 2
methyltransferase (EZH2) (7-9) and jumonji domain-containing
protein 3 demethylase (JMJD3), also called KDM6B, which is
able to remove the di-tri methylation of H3K27 (10).  

The ability of JMJD3 to demethylate H3K27me3 confers
a role in activating transcription (11). JMJD3 acts in many
biological processes such as neuronal differentiation (12),
immunity (13), inflammation (14-16), hematopoiesis (17, 18),
osteogenesis (19-23) and embryonic development (24, 25).
Moreover,  JMJD3 has a role in chromatin remodeling (26,
27) and in cell reprogramming (28) independently of its
demethylase activity. JMJD3 is often over or under expressed
in a large variety of cancers including, but no limited to
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nervous system, prostate, blood, colorectal, breast, lung, liver,
ovarian, gastric cancers. This makes the demethylase difficult
to classify as a tumor suppressor or oncoprotein (29).

JMJD3 and EZH2 have been previously shown to be
overexpressed in PC (30, 31). JMJD3 expression was
dependent on the aggressiveness of the cancer, as indicated
by an increased Gleason score (32-34). A previous study by
Daures et al. identified a gene signature on prostate biopsies,
impacted by JMJD3 and EZH2, comprised of; O-
methylguanine-DNA methyltransferase (MGMT), transformer
2 alpha homolog (TRA2A), 2 small nuclear RNA auxiliary
factor 1 (U2AF1) and ribosomal protein S6 kinase A2
(RPS6KA2). These genes are involved in DNA damage repair,
mRNA splicing and cell differentiation (34). Furthermore, a
link between the androgen receptor (AR), EZH2 (35) and
JMJD3 demethylase activity was demonstrated: androgen
status resulted in differential accumulation of JMJD3 at
candidate genes between AR+ and AR- cells (36) and this
was reflected at the transcriptional level (32). JMJD3 is
therefore an interesting candidate to study for a better
understanding of prostate tumor progression. 

Novel therapeutic strategies that target epigenetic regulatory
factors, such as JMJD3, offer promising new therapeutic
potential to treat aggressive prostate cancer. An increasing
number of molecules inhibiting JMJD3 are currently being
developed, but ethyl 3-((6-(4,5-dihydro-1H-benzo[d]azepin-
3(2H)-yl)-2-(pyridin-2-yl)pyrimidin-4-yl)amino)propanoate
(GSK-J4) remains the most studied in basic research. This
molecule inhibits demethylase by binding to the active site in
a competitive manner with α-ketoglutrate (15).

In this study, we analyzed JMJD3 involvement in tumor
progression in vivo after pharmacological inhibition of JMJD3
using GSK-J4. JMJD3 being a demethylase of chromatin-
bound histone 3 trimethylation, analysis of candidate gene
expression as well as enrichment of these genes for
trimethylation on histone 3 was performed on the collected
xenografts. The study revealed that JMJD3 has a role in tumor
progression and supports the hypothetical link between JMJD3
and AR. Furthermore, we identified a differential effect of the
inhibitor depending on the xenograft hormonal status.

Materials and Methods

Cell culture conditions. PC3-luc (PerkinElmer, Beaconsfield, UK)
and DU-145-luc (JCRB Cell Bank) cells were grown in EMEM
medium (ATCC, VA, USA) and LNCaP-luc (PerkinElmer,
Beaconsfield, UK) were grown in RPMI 1640 medium (Gibco,
Thermo Fisher Scientific, Carlsbad, CA, USA). All cells were
grown at 37˚C and 5% CO2 in a supplemented medium with 10%
heat-inactivated fetal bovine serum (FBS) (Life Technologies,
Carlsbad, CA, USA), 1% L-glutamine and 0,1% of gentamicin
(Panpharma, Luitré, France) (DU-145-luc and LNCaP-luc) and
0,1% of puromycin (InvivoGen, Toulouse, France) (PC3-luc). All
cells express firefly luciferase for in vivo bioluminescence imaging.

Table I summarizes origins, AR, Phosphatase and tension homolog
(PTEN) and Luciferase status of the cell lines (PC-3, DU-145,
LNCaP) used to create xenografts.

Xenografts studies. Five-week-old male athymic mice (nu/nu
genotype, BALB/c background) were purchased from Janvier
Laboratories (Le Genest-Saint-Isle, France) and housed under aseptic
conditions. All protocols in this study were approved by the Ethics
Committee (No. 2018122116517595). Mice were anesthetized by
isoflurane and 3×106 cells (PC3-luc and DU-145-luc), 10×106
(LNCaP-luc) in 100 μl of cell culture media resuspended in 100 μl
of matrigel (354248, Corning, NY, USA) were injected
subcutaneously into the right flank of mice. To test the effects of
JMJD3 inhibition by GSK-J4, mice were randomly assigned to
vehicle (DMSO) and GSKJ4 treatment groups. The treatment began
one day after cell injection and 50 mg/kg of GSK-J4 were
administered by intraperitoneal injection every day for 10 consecutive
days. Tumor growth and response to therapy were determine once a
week by caliper measurement and twice a week by bioluminescent
imaging. For imaging, mice were anesthetized with isoflurane and
examined for tumor bioluminescence 10 min following intraperitoneal
injection of XenoLight D-Luciferin, Potassium Salt at 150 mg/kg
(122799, PerkinElmer, Beaconsfield, UK). Signal intensities were
quantified within regions of interest, as defined by the Living Image
software. Mice were sacrificed at 31, 50 and 65 days post inoculation
respectively for the PC3-luc, LNCaP-luc and DU-145-luc cell lines.
The protocol was ended upon reaching endpoints determined by the
ethics committee. Tumors were collected and were preserved in liquid
nitrogen. Tumor volumes (mm3) were measured with caliper and
calculated using the formula V=L×L×S/2 where L and S are the
largest and smallest diameters in millimeters. After collection, tumors
were also weighed with a precision balance. 

RT-qPCR. Total RNA was extracted from tumor according to the
manufacter’s instruction (Macherey Nagel, Hoerdt, France). The
purity of RNA was determined using the NanoDrop 8000
spectrophotometer (Thermo Fisher Scientific, Massy, France).
RNase-free DNase treatment, (1 U/μl) (Thermo Scientific) was
performed for 1 μg of total RNA was reverse-transcribed using the
High Capacity cDNA Archive Kit (Applied Biosystems, CA, USA).
Incubation was at 25˚C for 10 min, reverse transcription was at
37˚C for 120 min, and inactivation was at 85˚C for 5 min.

All genes and control genes studied were amplified in triplicate
using TaqMan Gene Expression PCR Master Mix (Applied
Biosystems, Foster City, CA, USA). qPCR was performed on plates
designed by Applied Biosystems (TaqMan® Array 96 well Fast
Plate, Custom format 16) using ABI PRISM 7900HT sequence
detection system (Applied Biosystems, Thermo Fisher Scientific).
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Table I. Origins, AR, PTEN and luciferase status of the cell lines (PC-
3, DU-145, LNCaP) used to create xenografts. 

Cell lines              Origins          AR status      PTEN status     Luciferase

PC-3              Bone metastasis          –                      –                      +
DU-145         Brain metastasis          –                      +                      +
LNCaP             Lymph node            +                      –                      +
                           metastasis



Data were collected after 50˚C during 2 min, 95˚C for 10 min,
95˚C for 15 s and 60˚C for 1 min and the two latest steps were
repeated in 40 cycles. The analysis was conducted on 13 genes
(Table II). Genes were considered significantly expressed and their
transcript measurable if their corresponding cycle threshold (CT)
value was less than 35. The relative quantification method
2−ΔΔCT was used to calculate the relative gene expression. Paired
t-tests were used to compare gene expression levels. Control of the
false discovery rate due to multiple testing was done according to
the Holm-Sidak method.

Chromatin extraction and sonication. A total of 30-40 mg of
xenografts were disrupted with gentleMACS Dissociator (Miltenyie
Biotec, Bergisch Gladbach, Germany) in cold PBS/PIC (Protease
Inhibitor Cocktail) (Diagenode, Seraing, Belgium). Protein-DNA
binding was done using 1% formaldehyde (Sigma-Aldrich, Saint-
Quentin-Fallavier, France) for 8 min at room temperature. Cross-
linking was stopped with 0.125 M glycine for 5 min at room
temperature followed by two washes (5 min, 900 g). The cell lysis
step was performed according to the manufacturer’s instructions
(iDeal ChIP-seq Kit for Histones, Diagenode, Seraing, Belgium).
Samples were next sonicated in shearing buffer+PIC in Bioruptor™
sonicator (Diagenode) for 10 min (10 cycles, 30 s ON/30 s OFF) at
4˚C. Lysates were clarified by centrifugation (10 min at 14,000 g,
4˚C), and supernatants were transferred to new tubes.

Chromatin immunoprecipitation assay. ChIP was performed using an
iDeal ChIP-seq Kit for Histones (Diagenode) according to the
manufacturer’s protocol on an SX-8G IP-Star® Compact Automated
System (Diagenode). ChIP used 200 μL of sonicated chromatin and
3 μg of antibodies: anti-H3K27me3 (#C15410069, Diagenode) and
anti-IgG for negative control (#C15410206, Diagenode). Antibody
coating reaction with protein A-coated magnetic beads lasted 3 h, and
the immunoprecipitation reaction 13 h at 4˚C. Reverse cross-linking
was carried out for 4 h at 65˚C with 5 M NaCl. Immunoprecipitated
DNA (IP) and total DNA (input) were purified by MicroChIP DiaPure
columns (#C03040001, Diagenode) according to the manufacturer’s
instructions, and analyzed by real-time PCR.

qPCR. DNA (5 μl) was analyzed by qPCR (ABI PRISM 7900HT,
Applied Biosystems) in triplicate in a 25 μl reaction volume
containing TaqMan Gene Expression PCR Master Mix (Applied
Biosystems) with the forward and reverse primers (400 nM) and
probes (250 nM) (Table III): MGMT, RPS6KA2, TRA2A, U2AF1.
To calculate the relative amount of immunoprecipitated DNA
compared to the INPUT DNA, the formula used was: 

Where: log2(x) accounts for the INPUT dilution.
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Table II. Gene list and assay ID for TaqMan – RT-qPCR assay.

Gene symbol(s)                                                                                  Gene name(s) Assay ID

18s                                                                                                                 – Hs99999901_s1
MGMT                                                                       O-6-methylguanine-DNA methyltransferase Hs01037698_m1
TRA2A                                                                                   transformer 2 alpha homolog Hs01110203_m1
U2AF1                                  U2 small nuclear RNA auxiliary factor 1 like 5;U2 small nuclear RNA auxiliary factor 1 Hs00733884_m1
RPS6KA2                                                                             ribosomal protein S6 kinase A2 Hs00179731_m1
PTEN                                                                                   phosphatase and tensin homolog Hs02621230_s1
KDM6B                                                                                       lysine demethylase 6B Hs00996325_g1
TP53                                                                                                tumor protein p53 Hs01034249_m1
CDKN1A                                                                         cyclin dependent kinase inhibitor 1A Hs00355782_m1
AKT1                                                                                    AKT serine/threonine kinase 1 Hs00178289_m1
AR                                                                                                   androgen receptor Hs00171172_m1
NFKB1                                                                                nuclear factor kappa B subunit 1 Hs00765730_m1
EZH2                                                             enhancer of zeste 2 polycomb repressive complex 2 subunit Hs00544830_m1
HIF1A                                                                           hypoxia inducible factor 1 alpha subunit Hs00153153_m1
ACTB                                                                                                     actin beta Hs99999903_m1

Table III. Primers and probes used for ChIP-qPCR assay.

Gene symbol(s)                                                                   Sequence primers MGB probes

MGMT                                                                  F: AAAGGTACGGGCCATTTGG TAAGGCACAGAGCCTC
                                                                                  R: GGCGCCTTCCCAGCTT
TRA2A                                                        F: CTTCGTGAAGTATGTTCTTGATATGGA CTTTGAATGGTGCCAATG
                                                                            R: GCCCAGTTTGCTGGTTGTAAA
U2AF1                                                                F: GAGCATGTCGTCATGGAGACA TGCTCTCGGTTGCACAA
                                                                            R: GGTCTGGCTAAACGTCGGTTT
RPS6KA2                                                       F: GGAGATAGACATCAGCCATCATGT AAGGAGGGCTTTGAGAAG
                                                                          R: AGCTCAAACTGGGAAGGATCTG



Ethical disclosure. For in vivo xenograft models, the authors state
that they have obtained appropriate institutional review board
approval (APAFIS#18214-2018122116517595 V2).

Results

Effects of JMJD3 inhibition differed depending on xenograft
type. To determine the role of JMJD3 in PC tumor growth, 5-
week-old male athymic mice (nu/nu genotype, BALB/c
background) were subcutaneously implanted with PC3-luc,

DU-145-luc and LNCaP-luc cells to form xenografts and
were treated with JMJD3 inhibitor (GSK-J4). The treatment
began one day after cell injection and 50 mg of GSK-J4 were
administered intraperitoneally every day for 10 consecutive
days. As can be seen in Figure 1a, GSK-J4 treatment induced
higher xenograft growth over time for AR- cells (PC3-luc and
DU-145-luc) compared to controls. The growth is reflected
by the bioluminescence intensity of the xenografts. Treated
AR+ xenografts (LNCaP-luc) grew less rapidly than control
xenografts during the 10 days of treatment. A strong rebound
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Figure 1. Continued



in bioluminescence was noted at D16 (week after the end of
treatment) in treated mice and then as early as D22 and at
D50, less bioluminescence was observed in treated mice
compared to control mice. These results could be matched
with the measurement of tumor volume over time (Figure 1b)
for the AR- xenografts (PC3-luc and DU-145-luc). Indeed, it
was noted that tumor volume was larger in the treated group
compared to the control group. In contrast, the difference in
bioluminescence of LNCaP-luc xenografts between the
control and treated groups noted in Figure 1a does not reflect
what was measured in volume (mm3) for the first 37 days in
Figure 1b where no difference in volume was observed
between the control and treated groups. In agreement with the
bioluminescence results, the xenografts showed a difference
in volume from D37 until the end of the protocol. Finally, the
xenografts were weighed at the end of the protocol, after mice
were sacrificed. Figure 1c shows that the treated PC3-luc and
DU-145-luc xenografts were heavier than the control

xenografts. The treated LNCaP-luc xenografts were lighter
than the control xenografts. The difference in tumor growth
between the control and treated groups in the different
categories of xenografts suggests that the treatment was
successful and that JMJD3 and H3K27me3 are in part
involved in PC tumor growth. The difference in results
between AR- and AR+ xenografts suggests that AR status
may also play a role, in association with JMJD3.  

Three different profiles in H3K27me3 enrichment on MGMT,
TRA2A, U2AF1, RPS6KA2 genes. To ascertain the impact of
JMJD3 inhibition on H3K27me3 enrichment on the candidate
gene promoters identified in vitro (34), we performed ChIP-
qPCR on collected xenografts. ChIP undertaken on treated
PC3-luc xenografts (Figure 2a) showed that H3K27me3 was
found more enriched in the promoter of the control genes
(Myoglobin and GAPDH) compared to the control groups. In
contrast, GSK-J4 treatment on these same xenografts had no
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Figure 1. Effects of GSK-J4 treatment on tumor growth in vivo. (a) Images of measuring bioluminescence intensity of the region of interest (ROI)
in p/sec/cm2/sr of PC3-luc, DU-145-luc and LNCaP-luc xenografts on the last day of the protocol (days 31, 65, 50 respectively). (b) Measurement
of tumor growth by bioluminescence, tumor volume (c) and tumor weight (d) after inoculation of PC3-luc, DU-145-luc and LNCaP-luc cells in
male balb/c nude mice controls or treated with GSK-J4. PC3-luc xenografts n=9, DU-145-luc xenografts n=8 and LNCaP-luc xenografts n=5. Data
are expressed as means for each group, and error bars indicate the 95% confidence interval of the mean value. Data were analyzed by paired=TRUE
Student’s t-test (*p<0.05; **p<0.01) for PC3-luc and DU-145-luc xenografts and data were analyzed by a non-parametric test, the Mann-Whitney
test (p<0.05) for LNCaP-luc xenografts. 



effect on the enrichment of H3K27me3 in the promoters of the
four candidate genes (MGMT, TRA2A, U2AF1, RPS6KA2),
even though there was a tendency to increase in the treated
group.  While JMJD3 demethylates H3K27me3, its inhibition
by GSK-J4 in DU-145-luc xenografts (Figure 2b) showed an
unexpected decrease of H3K27me3 on the promoters of the
whole set of genes studied with a significant decrease for
U2AF1 and RPS6KA2 genes in the treated group compared to
the control group. Furthermore, GSK-J4 treatment on LNCaP-
luc xenografts (Figure 2c) had no effect on H3K27me3
enrichment on the promoter of the genes since there was no

difference between the control group and the treated group.
These results suggest that the hormonal and PTEN status of the
different xenografts could influence the treatment and again
highlight a definite role for AR in relation to the treatment
outcomes of LNCaP-luc xenografts. Based on these results, it
appears that GSK-J4 treatment modulated H3K27me3
enrichment on the gene panel in DU-145-luc while it had little
effect on PC3-luc and no effect LNCaP-luc xenografts.

Inhibition of JMJD3 affects the expression of MGMT, TRA2A,
U2AF1, RPS6KA2 and candidate oncogenes and oncosupressors
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Figure 2. Effects of GSK-J4 treatment on enrichment of MGMT, TRA2A, U2AF1, RPS6KA2 genes in vivo. (a) PC3-luc, (b) DU-145-luc and (c)
LNCaP-luc xenografts treated with GSK-J4 (green bar) and untreated (black bar) were subjected to ChIP qPCR analysis of H3K27me3 enrichment
on control genes (Myoglobin and GAPDH) and candidate genes (MGMT, TRA2A, U2AF1, RPS6KA2). Results are represented as fold enrichment
over IgG. Values=mean±SD and data were analyzed by unpaired non-parametric test, the Mann-Whitney t-test (*p<0.05). 



in LNCaP xenografts. In order to better understand the reason
of the difference in tumor growth between treated and untreated
xenografts, MGMT, TRA2A, U2AF1, RPS6KA2, PTEN, JMJD3,
TP53, CDKN1A, AKT1, AR, NFKB1, EZH2 and HIF1
expression analysis by RT-qPCR was conducted on PC3-luc,
DU-145-luc and LNCaP-luc xenografts (Figure 3). These
genes were selected after an extensive review of the literature
on the roles of JMJD3 in different cancers. They have shown
particular interest in other types of cancer. In agreement with
gene expression profile of the different tumor types, no AR
expression was found in AR- xenografts (PC-3-luc and DU-
145-luc), nor PTEN expression in PC3-luc (PTEN-/-) was
discovered.  In contrast, PTEN expression was notable in
LNCaP xenografts due to the cells harboring  one deleted
allele and one mutated allele (37). A slight decrease in gene
expression was observed in PC3-luc and DU-145-luc
xenografts compared to controls with a significant decrease in
RPS6KA2, EZH2, and HIF1 expression and no difference in
CDKN1A expression for DU-145-luc xenografts. In AR+
xenografts (LNCaP-luc), a significant decrease in gene
expression (except JMJD3) was demonstrated in the treated
group compared to the control group.

Discussion

In this study, we demonstrated that JMJD3 and H3K27me3 have
a role in prostate cancer progression.H3K27me3, whose
demethylation is regulated by JMJD3, was found to be under-
or over-expressed in a wide range of cancers (29). This study
aims to identify the impact of JMJD3 inhibition by its inhibitor,
GSK4, on prostate tumor growth in vivo. To evaluate this, we
used three continuous prostate cancer lines representing different
levels of aggressiveness: PC-3, DU-145 and LNCaP. These are
defined as the three standard models for studying prostate cancer.
The PC-3 cell line, isolated from bone metastases, is considered
as the most aggressive of the three with high metastatic potential
compared to the DU-145 and LNCaP cell lines that have
moderate and low metastatic potential respectively. The DU-145
cell line was isolated from brain metastases and the LNCaP cell
line from lymph node metastases. In contrast to the LNCaP cell
line (AR+), the PC-3 and DU-145 cell lines are hormone
insensitive (AR-) and do not exhibit AR at the transcriptional
and protein level (38). The DU-145 cell line expresses PTEN
heterozygously and exhibit a functional protein which is not the
case for the LNCaP and PC-3 cell lines (37).
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Figure 3. Effects of GSK-J4 treatment on MGMT, TRA2A, U2AF1,
RPS6KA2 expression and candidate oncogenes and oncosupressor
expression. mRNA level analysis of candidate genes from PC3-luc, DU-
145-luc and LNCaP-luc xenografts were quantified by RT-qPCR using
comparative 2(–∆∆Ct) method. Values are the average (mean±SD) from
n=8 PC3-luc xenografts, n=7 DU-145-luc xenografts, n=4 LNCaP-luc
xenografts and normalized to control xenografts without treatment. Data
were analyzed by unpaired t-test to compare gene expression (*p<0.05).



We first looked at in vivo the effect of JMJD3 inhibition
by its chemical inhibitor, GSK-J4, on tumor growth. We
demonstrated a difference in behavior between AR- and AR+
xenografts with more pronounced tumor growth for AR-
treated xenografts and less for AR+ treated xenografts
(Figure 1a-d). This was reflected by bioluminescence assays,
tumor volume measurement and xenograft weight. 

JMJD3 involvement in carcinogenesis remains unclear and
the role of JMJD3 has been described in promoting cancer, but
also as a tumor suppressor. A number of studies have used
GSK-J4 to identify the roles of JMJD3 in carcinogenesis: In
glioma, methylation maintenance by JMJD3 inhibition seems
to be a new therapeutic strategy because it leads to increased
survival and reduced tumor growth (39, 40). In neuroblastoma,
GSK-J4 decreased tumor growth in in vivo xenograft models
(41). The anti-proliferative effects of GSK-J4 were also
demonstrated in acute myeloid leukemia via the protein kinase
A (PKA) pathway by protein down-regulation of BCL2 and
caspase 3 activation (42). In breast cancer, in vivo, chemical
treatment has shown a decrease in tumor growth and
particularly the suppression of self-renewal and expression of
stemness related markers  of breast cancer stem cells (43). In
contrast, in colorectal cancer, JMJD3 was identified to be
positively associated with patient survival. Its inhibition by
GSK-J4 showed a reduction in chemokine expression
(CXCL9 and CXCL10) involved in tumor immunity (44).
These differences in the effect of JMJD3 inhibition on
carcinogenesis suggest that the action of JMJD3 is tissue
dependent. Finally, our study shows that even in cells from the
same tissue, i.e., the prostate, JMJD3 seems to have a different
action depending on the properties of the cell lines studied.

The results we obtained seem to differ according to the
hormonal status of the xenografts studied: AR- (PC3-luc and
DU-145-luc) and AR+ (LNCaP-luc). A previous study in the
laboratory had already shown that the androgen receptor
status of PC-3, DU-145 (AR-) and LNCaP (AR+) cells
generated opposite gene expression profiles (34).
Increasingly, authors describe a demethylase action
independent of their enzymatic activity, for example by
interaction with transcription factors or protein, by
preventing their degradation by the proteasome. This has
been described in prostate cancer with KDM4B demethylase
being part of the same jumonji domain-containing protein
family as JMJD3. KDM4B activity is necessary to activate
AR at the transcriptional level, and independently to its
enzymatic activity by stabilizing AR to avoid its degradation
by ubiquitination. Conversely, it has been shown that AR
also regulates the activity of KDM4B. Moreover, after
KDM4B  inhibition by siRNA, authors demonstrated a
decrease in proliferation in AR+ cell lines whereas there was
no effect on AR- cell lines (45). This suggest that the effects
on proliferation are mediated by AR function. This could
explain the difference in cell growth after treatment between

AR+ and AR- xenografts and in gene expression (Figure 3).
JMJD3 could be an AR co-activator and thus there would be
a differential expression of candidate genes depending on the
type of xenograft. It has already been shown, in breast
cancer, that JMJD3 can interact with transcription factors
such as estrogen receptor (ERα). After induction of ERα by
estrogen, JMJD3 is co-recruited on the BCL2 anti-apoptotic
gene promoter to induce an active transcriptional state
according to a genomic pathway this time (46). 

Then, to demonstrate the impact of JMJD3 inhibition on
H3K27me3 enrichment on four candidate genes promoters
identified in vitro (34), we performed ChIP-qPCR on collected
xenografts. There was no difference in H3K27me3 enrichment
on the promoter of all candidate genes after treatment in
LNCaP-luc (AR+) xenografts (Figure 2), whereas a difference
in the expression of the same candidate genes (Figure 3) as
well as an effect of treatment on tumor growth (Figure 1) were
demonstrated. H3K27me3 is therefore not involved in the
modulation of gene expression in the LNCaP cell line.
However, this suggests that JMJD3 inhibition in this xenograft
model could allow mediation of androgen-induced transcription
of target genes involved in tumorigenesis or that the genes
whose expression is decreased following JMJD3 inhibitory
treatment could come from another type of repressive
expression modification. It would be interesting to use cells
transfected with shJMJD3 to form xenografts. This would
allow us to examine if the physical absence of JMJD3 could
have another effect than inhibition of its demethylase activity.  

Surprisingly, treatment with GSK-J4 resulted in overall
decrease in H3K27me3 gene enrichment in DU-145-luc
xenografts, an opposite effect to what was expected. This
cell line differs from PC-3 and LNCaP by its PTEN+ status,
which confers an ability to negatively regulate AKT that is
not shared by the other two cell lines (37). PTEN is a known
tumor suppressor (47), homozygous PTEN deletion in a
prostate cancer model leads to an increase in progenitor/stem
cells and thus to tumor initiation (48). Although the decrease
in EZH2 expression in DU-145-luc treated xenografts
(Figure 3) could explain in part the loss of H3K27me3 and
perhaps there is a link between JMJD3 demethylase and
PTEN that could explain these results. Two previous studies
in monocytic cells and renal fibrosis have made comparable
observations that support this hypothesis (49, 50). We noted
an effect of JMJD3 inhibition on PTEN expression with a
slight decrease, but there was no impact on AKT expression
between control and treated mice (Figure 3). Moreover,
Gong et al. found that PTEN C-terminal portion is able to
maintain the heterochromatin status by interacting and
stabilizing the HP1α protein (51). There may be a dynamic
interaction between HP1 protein stabilization and the
repressive H3K27me3 mark. Some studies have found that
the balance of H3K27me3 at the genome level can be
impacted by other PTMs like DNA methylation or other
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histone PTMs and it is well established that epigenetic
modifications are complex and that there is permanent
context- and cellular-dependent crosstalk between epigenetic
marks (52, 53). In this light, this could explain that generally,
treatment resulted in a small decrease in overall gene
expression (except CDKN1A) while genes were weakly
enriched in H3K27me3 in DU-145-luc xenografts.

Our results on gene expression after inhibition by GSK-J4
were consistent with those previously performed in vitro on the
three cell lines. By contrast, the increase in H3K27me3 gene
enrichment after treatment was evident in vitro (36) while
disparities have been demonstrated in vivo. It is certain that the
tumor microenvironment must be taken into consideration, the
tumor stroma, the infiltrating immune cells, and the blood
vessels surrounding the tumor lead to molecular events that do
not exist in vitro. The NF-ĸB pathway has a major role in
tumor-associated chronic inflammation and HIF1 in the
hypoxic environment. Activation of NF-ĸB in infiltrating
leukocytes leads to secretion of TNF-α among others. This
initiates and drives the regulated expression of cytokine genes
responsible for cell proliferation (54). The effects of treatment
on gene expression in AR+ xenografts (Figure 3) showed
decreased expression of NF-ĸB as well as HIF1. The latter is
widely implicated in tumor survival (55) and overexpressed in
prostate cancer (56). These latter results, together with the
decrease in AKT expression in treated AR+ xenografts, suggest
that JMJD3 has a direct or indirect action on the expression of
these genes and might contribute to the decrease in tumor
growth in an AR+ prostate cancer model (Figure 1). 

Conclusion

We identified a role for JMJD3 in prostate tumor progression
in relation to the androgen receptor. There is a difference
between AR+ and AR- xenografts in tumor growth after
JMJD3 inhibition. The differential expression of the gene
panel of AR- xenografts in comparison with the enrichment
profile of H3K27me3 genes suggests that JMJD3 is able to
play a role independently of its demethylase function in
androgen-independent prostate cancer. Finally, the effects of
GSK-J4 on AR+ prostate xenografts led to a decrease in
tumor growth and could be used as an epidrug and a new
therapeutic strategy. 
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