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ABSTRACT
Epigenetic modifications play an important role in prostate tumor development and progression. Epigenetic
drugs are emerging as effective modulators of gene expression that act on pathways potentially important in the
control of cancer clinically. We investigated two different epigenetic modulating drugs, SP-2509 and JQ1, that
target histone lysine demethylase 1 (LSD1), and bromodomain-containing protein (BRD), respectively and their
combined effect in three different prostate cancer (PCa) types: 1) androgen receptor (AR)-positive and androgensensitive; 2) AR-positive but castration-resistant; and 3) androgen-nonresponsive. We found combined
treatment provided a synergistic growth inhibition in castration-resistant PCa cells but knockdown of AR reduced
sensitivity to both inhibitors in these cells. In the androgen-sensitive cell lines, AR knockdown attenuated
sensitivity to the LSD1 inhibitor but not the JQ1 inhibitor. Strikingly, treatment with SP-2509 slightly, and JQ1
markedly increased invasion in PCa cells with high AR expression but decreased invasion in PCa cells with
low/negative AR expression. Our results suggest that these two epigenetic drugs are novel and promising
compounds for the development of PCa therapeutics, particularly for castration-resistant disease. However, due
to the potential risks, including metastasis, caution must be exercised in the clinical setting.

INTRODUCTION

Recently, epigenetic modifications, including DNA
methylation patterns and post-translational modification
of histone tails, have emerged as significant participants
in PCa progression. Since epigenetic modifications are
potentially reversible, much effort has been directed
toward understanding the mechanisms of epigenetic
aberrations that promote cancer, and for development of
new therapies to block or reverse them [3, 4]. The
amine oxidase LSD1 was the first discovered H3K4
lysine-specific demethylase [5, 6]. LSD1 expression is
increased significantly and was positively correlated
with distant metastases and poor prognosis in PCa [7].

Prostate cancer (PCa) is one of the most frequently
diagnosed cancers and is the second leading cause of
cancer deaths in men worldwide [1]. Despite the success
of many therapies including surgery, radiotherapy and
AR targeting therapeutics, about 20–53% of cases
become resistant to conventional treatments and relapse.
A large proportion of these patients develop metastatic
lesions for which there is no curative treatment [2].
Therefore, an urgent need exists for the development of
novel therapeutic strategies for treatment of PCa.
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Inhibition of LSD1 is an effective strategy for multiple
malignancies including small lung cancer and PCa [8–
10]. To date, a handful of small molecular inhibitors of
LSD1 have been developed [11–15]. SP-2509 is unique
among LSD1 inhibitors because it recapitulates the
effects of LSD1 RNAi [16]. However, it is difficult to
efficiently inhibit tumor progression by targeting a
single epigenetic modification. To overcome this
limitation, combined inhibition of epigenetic modifiers
is examined. Combination therapy, targeting different
pathways or the same critical molecule but for distinct
effects, may provide a more efficacious response,
particular in solid tumors.

BRD4 inhibition. In contrast, loss of AR completely
disrupted the suppressive effects of both LSD1 and
BRD4 inhibitors in the castration-resistant PCa cells.
Furthermore, we found that these two inhibitors exerted
different effects on tumor metastasis in cells with
distinct extent AR expression. Finally, we assessed
potential mechanisms that regulate LSD1 and BRD4
activity and drive PCa growth and metastasis. Our
results suggest that epigenetic inhibition presents an
additional therapeutic approach for treating PCa but
adverse effects related to the prostate phenotype must be
considered.

RESULTS
BRD4 is a conserved member of the bromodomain and
extraterminal domain (BET) family of chromatin
readers [17]. BRD4 protein expression at diagnosis
positively associates with a poor overall survival in
patients with prostate cancer, and the strength of this
association increases as castration-resistant disease
develops [18]. BRD4 inhibitors have shown promising
activity against multiple cancers in pre-clinical studies,
and at present there are five BRD4 inhibitors in phase
I/II clinical trials [19–21]. JQ1 is a potent, selective
small molecule inhibitor of BET bromodomains
targeting BRD2,-3, -4 and the testis-specific protein
BRDT with a remarkable success of BRD4 [19, 22].
JQ1 inhibits BRD4-AR binding, and results in reduced
AR gene transcription and subsequent diminished AR
signalling [23]. Most importantly, several studies show
that JQ1 acts synergistically with other inhibitors to
enhance apoptosis [24–26].

SP-2509 and JQ1 display different effects on AR
positive and AR-negative PCa, and have a hybrid
effect on castration-resistant PCa cells
To interrogate the combined effect of these two
epigenetic inhibitors on PCa, we first examined the
expression of BRD4 and LSD1 in androgen-sensitive
AR-positive PCa cell lines (LNCaP and LAPC4), ARpositive but castration-resistant cell lines (22Rv1 and
C4-2) and AR negative prostate cell lines (PC3 and
DU145) (Figure 1A). AR levels in LNCaP, LAPC4 and
22Rv1 cells are high and similar with low expression in
C4-2 cells (Figure 1A) [32]. All six PCa cell lines
expressed high levels of BRD4 and LSD1. We then
treated these cells with SP-2509 and JQ1, respectively.
A dose-dependent decrease in cell viability was
observed after 72 h of treatment with SP-2509 in all PCa
cell lines with the 1μM treatment providing more than
50% loss of cell viability in most of these cells (Figure
1B). Therefore, we used this dose in our later studies.
However, treatment with JQ1 induced a dose-dependent
decrease in cell viability in AR-positive but not ARnegative prostate cells. We then examined the effects of
treating these cells with JQ1 and SP-2509, alone or
combination. In LNCaP and LAPC4 cells, treatment
with SP-2509 dramatically inhibited cell growth while
JQ1 treatment led to a more modest growth inhibition.
Treatment with both JQ1and SP-2509 provided no
additional growth inhibition in LNCaP and LAPC4 cells
over SP-2509 alone (Figure 1C, left panels).
Intriguingly, the effect of these compounds was
significant in castration-resistant cell lines (22Rv1 and
C4-2) (Figure 1C, middle panels); strikingly, the
combined treatment had an additional effect on growth
inhibition in these two castration-resistant cells. In
contrast, treatment of PC3 and DU145 cells with JQ1
showed no significant inhibition in cell growth.
Exposure to SP-2509 modestly blocked cell growth and
co-treatment with JQ1 and SP-2509 also led to a similar
modest reduction in cell viability and no additive effect
over SP-2509 alone (Figure 1C, right panels).

Both LSD1 and BRD4 sustain embryonic stem cell selfrenewal, and control cell fate decisions by positively
regulating the expression of pluripotency genes, such as
Oct4 [6, 27, 28]. In addition, both LSD1 and BRD4 are
highly expressed in PCa and positively associate with a
poor overall survival in patient with PCa [18, 29].
Furthermore, both LSD1 and BRD4 interact with AR as
a coactivator and play an important role in AR
signalling, especially in AR-positive but castrationresistant PCa [23, 29, 30]. Interestingly, inhibition of
LSD1 overcomes stable epigenetic resistance thus redistributes transcriptional co-activators, including
BRD4, and provides the opportunity to disable their
activity and overcome epigenetic resistance [31].
Therefore, we were interested in exploring the possible
benefits of using a combination of SP-2509 and JQ1 in
PCa. We first examined proliferation in three different
types of PCa including AR positive androgen-sensitive,
AR positive but castration-resistant, and AR negative
PCa cell lines treated with inhibitors of LSD1 and
BRD4, alone or in combination. We show that in the
AR-positive and androgen-sensitive cell lines AR
expression is sensitive to LSD1 inhibition, but not to
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To explore the growth inhibition induced by JQ1 and SP2509, we evaluated apoptosis using two different
techniques, and cell cycle intervals after treatment in
these three different PCa cell types. Consistent with

results obtained with cell proliferation, treatment of
LNCaP and LAPC4 cells with SP-2509 resulted in a
marked increase in apoptosis compared with vehicle
treatment (Figure 2A and Supplementary Figure 1A), but

Figure 1. Inhibition of LSD1 reduces the proliferation in both AR-positive and AR-negative PCa cells but inhibition of BRD4
has no effect on AR-negative PCa cells. (A) Western blot analysis of AR, LSD1 and BRD4 expression in PC3, DU145, LNCaP, LAPC4, C4-2
and 22Rv1 cells. (B) The indicated cancer cells were treated with different doses of SP-2509 or JQ1 for 72 h and cell proliferation was
determined by MTT assay. (C) The indicated cancer cells were treated with 1µM JQ1 or SP-2509 alone, or in combination for different time
periods and cell proliferation was determined by MTT assay. Graphic data are the means ± SD of four replicate experiments. Statistical
significance are determined by ANOVA with: * indicates P < 0.05; *** indicates P < 0.001, # indicates no significance.
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the effect of JQ1 treatment on apoptosis was much less
dramatic. No additional increase in apoptosis was
observed in LNCaP and LAPC4 cells when JQ1 was
added to SP-2509. Consistent with our previous results,
both SP-2509 and JQ1 resulted in a marked increase in
apoptosis and had an additive effect in the castrationresistant cells, 22Rv1 and C4-2. In agreement with the
cell proliferation finding for PC3 and DU145 cells, SP2509 but not JQ1 induced cell death, and co-treatment
with JQ1 and SP-2509 provided no additional cell death
over that observed with SP-2509 alone (Figure 2A and
Supplementary Figure 1A). To confirm these cell death
findings, we performed the apoptosis assay with Annexin
V-FITC/PI flow cytometry. Again, SP-2509 significantly
induced apoptotic cell death in all these three PCa cells
types while JQ1 induced apoptotic cell death only in AR
positive cells but not in AR-negative cells (Figure 2B and
Supplementary Figure 1B). Notably, combined treatment
with SP-2509 and JQ1 had an additive effect in castration
resistant prostate cells (22Rv1 and C4-2) but not in other
two type of PCa cells. We also found that SP-2509
treatment led to a significant number of cells at the S
phase in all the PCa cell types while the JQ1 treatment
led to an accumulation in the G0/G1 phase in LNCaP,
22Rv1 and C4-2 cells (Figure 2C). We did not detect any
significant change in cell cycle pattern for DU145 and
PC3 cells treated with JQ1 alone, but noted an
accumulation of cells in S phase with co-treatment as
well as with SP-2509 alone (Figure 2C). We also
assessed colony formation to investigate a long-term
effect of JQ1 and SP-2509 on proliferation. As shown in
Figure 2D, the colony formation for all cell lines was
reduced after exposure to SP-2509. Furthermore, the
reduction was more apparent when SP-2509 was
combined with JQ1 in the castration-resistant cells.
However, JQ1 significantly inhibited colony formation
only in the AR-positive cells and had no significant effect
on AR-negative cells. These results indicate that the SP2509 and JQ1 have different effects in AR-positive and
AR-negative PCa cells.

completely abolished the inhibition produced by SP2509 or/and JQ1 in 22Rv1 cells. To confirm these
observations, we treated the cells with different
concentrations of JQ1 or SP-2509 for 48 h. We found
that SP-2509 had a less pronounced effect on
proliferation in AR-knockdown cells compared to the
control in LNCaP cells (Figure 3C). However, there was
no difference in growth inhibition between control and
AR-knockdown cells with JQ1 treatment. And again,
AR depletion resulted in a refractory response to SP2509 or/and JQ1 treatment in 22Rv1 cells. We also
evaluated the effect of these two inhibitors in LNCaP
cells treated with dihydrotestosterone (DHT), the active
androgen metabolite, for 48 h. Corroborating other
reports, we found that DHT-treatment significantly
increased LNCaP cell proliferation (Figure 3D);
however, SP-2509 abolished the proliferation induced by
DHT. In addition, we treated the LNCaP cells with SP2509 in combination with DHT-enzalutamide (MDV), a
next-generation AR antagonist. Treatment with SP-2509
was more effective compared with treatment with DHTenzalutamide in inhibiting cell proliferation. However,
combinational treatment with SP-2509 and DHTenzalutamide had no additional effect compared to SP2509 treatment alone. JQ1 had only a modest effect on
cell proliferation under these conditions.
To corroborate the role of AR expression in the action of
two inhibitors, we ectopically expressed AR in PC3 cells
(Figure 4A). Proliferation analysis demonstrated that ARoverexpressing PC3 cells were more sensitive to SP-2509
compared with control cells (Figure 4B). However, AR
expression produced no inhibition in cell proliferation by
JQ1. Treatment with different concentrations of JQ1 or
SP-2509 confirmed that AR overexpression sensitized
SP-2509-induced growth inhibition but not JQ1-induced
growth inhibition in PC3 cells (Figure 4C). Again,
treatment with SP-2509 and JQ1 had no additive effect
on decreasing cell viability compared to SP-2509
treatment alone in AR-overexpressing PC3 cells.
Together, these results suggested that AR expression is
critical for mediating control of cell proliferation in ARpositive/androgen-sensitive PCa cell lines; inhibition of
LSD1 function by SP-2509 decreased proliferation
in these cells while inhibition of BRD4 had little
effect. However, AR expression is crucial for both of
these inhibitors in AR-positive but castration-resistant
PCa cells.

AR is critical for LSD1 inhibition
Because both BRD4 and LSD1 interact with the AR and
are recruited to AR target genes, and because JQ1 and
SP-2509 treatments lead to different effects in ARpositive and AR-negative cells, we next sought to
investigate whether the drug-induced growth inhibitions
were associated with disturbance in AR expression. To
test this concept, we first infected LNCaP (AR+ and
responsive) and 22Rv1 cells (AR+ and non-responsive)
with validated AR shRNA lentivirus, and achieved
almost complete depletion of AR expression (Figure
3A). We observed that depletion of AR significantly
reduced the sensitivity of LNCaP cells to SP-2509 but
not JQ1 (Figure 3B). Surprisingly, AR knockdown
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metastatic capability, we treated LNCaP and LAPC4
cells with SP-2509 and JQ1 alone or combination for
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Figure 2. Inhibition of LSD1 induces cell apoptosis and arrests cells in S phase but inhibition of BRD4 exhibits no apoptotic
effect in PC3 and DU145 cells. (A–B) Analysis of apoptosis in LNCaP, LAPC4, 22Rv1, C4-2, PC3 and DU145 cells after 72 h treatment with 1
μM JQ1 or SP-2509 alone, or in combination. Cell death was assessed using propidium iodide (PI) staining (A) or Apoptosis was assessed by
Annexin-V and PI staining followed by FACS analysis (B). (C) Graphic representation of cell cycle distribution for LNCaP, LAPC4, 22Rv1, C4-2,
PC3 and DU145 cells after 72 h treatment with 1 μM JQ1 or SP-2509 alone, or in combination. Duration of each cell cycle stage was assessed
using PI staining followed by FACS analysis. (D) Colony formation for cells after 72 h treatment with 1 μM JQ1 or SP-2509 alone, or in
combination. Graphic data are the means ± SD of four replicate experiments. Statistical significance are determined by ANOVA with:
* indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001, # indicates no significance.
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24 h; we noticed that the cells acquired a spindle-shaped
morphology (Figure 5A). To assess whether these
morphologic changes were associated with invasive
capability, we evaluated the effects of JQ1 and SP-2509

on tumor invasiveness for AR-positive and AR-negative
cell types. Cells were pre-treated with JQ1 and SP-2509
alone or in combination for 24 h and then examined for
invasive activity through a Matrigel-coated membrane.

Figure 3. Knockdown of AR reduces LSD1 inhibition. (A) Immunoblot confirming knockdown of the AR in LNCaP and 22Rv1 cells. (B)
Graphic representation of control and stable AR shRNA knockdown LNCaP and 22Rv1 cells treated with 1μM JQ1 or SP-2509 alone, or in
combination for different time periods. Cell proliferation was determined by MTT assay. (C) Graphic representation of control and stable AR
shRNA knockdown cells treated with increasing concentrations of SP-2509 or JQ1 alone, or in combination for 48 h; cell proliferation was
determined by MTT assay. (D) LNCaP cells were treated with 1μM SP-2509 or JQ1 alone, or in combination with DHT or/and enzalutamide
(MDV) for 72 h. Statistical difference are determined by ANOVA with: * indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001, #
indicates no significance.
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As shown in Figure 5B and Supplementary Figure 2,
JQ1 treatment dramatically increased cell invasion in
LNCaP and LAPC4 cells, with only a slight increase in
invasive capacity after SP-2509 treatment. In addition,
the combined treatment of JQ1 and SP-2509 increased
invasion compared to either treatment alone (Figure 5B).
Strikingly, we found that JQ1 and SP-2509 appear to
have different effects in castration-resistant cells. Both
SP-2509 and JQ1 increased invasion in 22Rv1 cells but
inhibited invasion in the C4-2 cells. In contrast, both of
SP-2509 and JQ1 significantly inhibited tumor cell
invasion in PC3 and DU145 cells; co-treatment with JQ1
and SP-2509 synergistically reduced cell invasion in
PC3 and DU145 cells. To further explore the effect of
AR expression on cell invasion, we treated the LNCaP
AR-knockdown cells, 22Rv1 AR-knockdown cells or
PC3 AR-expressing cells with SP-2509 and JQ1 alone or
in combination for 24 h. Strikingly, depletion or
expression of AR completely reversed the effect of SP2509 and JQ1 on these cells (Figure 5C). Both JQ1 and
SP-2509 suppressed invasion in the modified LNCaP
and 22Rv1 AR-knockdown cells, while these inhibitors
promoted invasion in AR-expressing PC3 cells. These
results suggest that JQ promotes a robust increase in

tumor invasive capacity in high AR-expressing PCa cells
but decreases invasive capacity in low/negative ARexpressing PCa cells and that the two compounds act in
a synergic manner. Most importantly, AR expression
plays a key role in the inhibition of invasion with JQ1
and SP-2509.
LSD1 and BRD4 inhibition have different effects on
target genes in androgen-dependent and androgenindependent PCa cells
Our results suggested that the AR was important for both
LSD1 and BRD4 inhibition. To further examine these
relationship, we first knocked down LSD1 or BRD4 and
assessed AR expression in LNCaP and 22Rv1 cells.
Silencing LSD1 or BRD4 not only reduced AR full
length expression in LNCaP and 22Rv1 cells but also
AR-V7 in 22Rv1 cells (Supplementary Figure 3A).
Consistent with this, treatment with SP-2509 or JQ1
recapitulated the results (Supplementary Figure 3B).
Combined treatment with SP-2509 and JQ1 further
reduced the AR expression. We then evaluated mRNA
expression levels of AR-target genes using real-time
qPCR. We found that treatment with the two inhibitors

Figure 4. Expression of AR sensitizes AR-negative cells to LSD1 inhibition. (A) Immunoblot confirming ectopic expression of the AR
in PC3 cells. (B) Graphic representation of control and stable AR-expressing PC3 treated with 1µM JQ1 or SP-2509 alone, or in combination
for 72 hr. Cell proliferation was determined by MTT assay. (C) Graphic representation of control and stable AR-expressing PC3 cells treated
with increasing concentrations of SP-2509 or JQ1 alone, or in combination for 48 h and cell proliferation were determined by MTT assay.
Statistical difference are determined by ANOVA with: * indicates P < 0.05; # indicates no significance.
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Figure 5. SP-2509 and JQ1 increase cell invasion in high AR-expressing cells (LNCaP, LAPC4 and 22Rv1) but decrease cell
invasion in low/negative AR-expressing cells (C4-2, PC3 and DU145). (A) Cell morphology for LNCaP and LAPC4 cells was shown after
treatment with 1μM SP-2509 or JQ1 alone, or in combination for 24 h. (B) Graphic representation of the fold change in invading cells with
statistical significance presented for AR-positive and AR-negative cell types. (C) The cell invasion analysis was performed in AR knockdown
LNCaP and 22Rv1 cells, or AR expressing PC3 cells with treatments as described in (A). Representative images are shown (left) and graphic
representation of the fold changes in the invading cells with statistical significance was indicated (right). Statistical differences are
determined by ANOVA with: * indicates P < 0.05; ** indicates by P < 0.01; *** indicates P < 0.001. Scare bar, 200μm.
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decreased AR expression and classical AR-target genes
(ATATD2, KLK2, PSA and PMEPA1) in all AR-positive
prostate cell lines (Figure 6A). In support of our data on
cytotoxic effects, treatment with SP-2509 was associated
with a remarkable increase in cleaved PARP in all three
type PCa cells while treatment with JQ1 slightly
increased expression of cleaved PARP (Figure 6B) in
AR-positive but not AR-negative PCa cells. Importantly,
both SP-2509 and JQ1 increased cleaved PARP
expression in castration-resistant PCa cells. Previous
findings demonstrated that LSD1 inhibition blocks
neuroblastoma cell proliferation and regulates pivotal
genes controlling the cell cycle such as CDKN1A/p21
[33]. Therefore, we examined the expression of genes
controlling cell cycles. Treatment with SP-2509 in ARpositive (LNCaP, LAPC4, 22Rv1 and C4-2) prostate
cells significantly increased expression of p21 but
decreased expression of Cyclin D1 (Figure 6B).
Consistent with apoptotic results, JQ1 only slightly
increased expression of p21 and down-regulated
expression of Cyclin D1 in LNCaP and LAPC4 cells but
significantly regulated these two genes in 22Rv1 and
C4-2 cells. In DU145 and PC3 cells, the expression
levels of these genes were unaffected by JQ1 treatment
but SP-2509 treatment result in a slight increase in p21
and decrease in Cyclin D1. These results are agreement
with our previous findings that SP-2509 inhibited cell
growth and induced cell apoptosis in all these cells, and
that JQ1 induced cell apoptosis only in AR-positive cells
but not in AR-negative cells.

Figure 7A, monotherapies with SP-2509 or JQ1
significantly inhibited the tumor growth compare with
untreated control group. Importantly, the combination of
SP-2509 and JQ1 led to a significantly greater inhibition
in tumor growth than did either SP-2509 or JQ1 alone.
In addition, the tumor weights were also significantly
reduced after drug treatment (Figure 7B). To investigate
whether SP-2509 and JQ1 treatment alter spontaneous
metastasis in our 22Rv1 xenograft model, we isolated
femur and liver from drug-treated mice and found
evidence of disseminated cells in the femur but not in the
liver after JQ1 treatment (Figure 7C and data not
shown). However, SP-2509-treated mice showed no
evidence of metastasis. In summary, these studies
support the notion that JQ1 inhibits tumor growth but
induces metastasis in high AR-expressing PCa cells.
These results are also consistent with our observation in
the cell-based study, providing additional evidence of
inhibition by SP-2509 and JQ1 in PCa proliferation and
metastasis in vitro and in vivo.

DISCUSSION
Using PCa cell lines that differ in their androgen growthdependence, we evaluated the combined action of two
selective inhibitors SP-2509 and JQ1, that target the
important epigenetic modifying proteins LSD1 and
BRD4, respectively. The studies were initiated with the
rational that combined treatment with two different
epigenetic activity may provide therapeutic efficacy. We
found that SP-2509 inhibited cell growth in all PCa cells
and suppressed cell invasive ability in prostate cells with
low or absent expression of the androgen receptor
(Figure 7D). In contrast, JQ1 only inhibited cell growth
in AR-positive but not AR- low/negative PCa cells.
Strikingly, JQ1 markedly enhanced cell invasion in high
AR-expression PCa cells but reduced cell invasion in
AR low/negative PCa cells (Figure 7D). Most
importantly, we found JQ1 and SP-2509 have a
synergistic effect on growth inhibition only in castrationresistant PCa cells.

In human PCa, upregulation of Twist was positively
correlated with Gleason grades, cell migration and
invasive capability [34]. We previously found that Twist
interacts with BRD4 [35]. To provide information on the
potential molecular mechanism regarding the divergent
invasive responses to SP-2509 and JQ1 in these three
different types of PCa cells, we examined Twist and
Snail expression (Figure 6C). Surprisingly, we found
that JQ1 markedly increased Twist and Snail expression
while decreasing E-Cadherin expression in high ARexpressing prostate cells (LNCaP, LAPC4 and 22Rv1).
However, treatment with either SP-2509 or JQ1
decreased Twist and Snail expression and increased ECadherin expression in low/negative AR-expressing
prostate cells (C4-2, PC3 and DU145). In addition, SP2509 acted in concert with JQ1 to reduce Twist and
Snail expression. These results are consistent with the
differing invasive responses to SP-2509 and JQ1.

LSD1 interacts with AR and promotes AR-targeted
genes by depressing histone marks [36]. The
development of LSD1 inhibitory compounds represents
a new strategy to block the activity of AR-associated
PCa. In our study, SP-2509 diminished cell proliferation
in all prostate tumor cells but was most dramatic in ARpositive tumor cells. This finding suggests that the LSD1
inhibitor suppresses PCa proliferation predominantly
through AR associated genes. Indeed, we found that
most of AR associated genes were suppressed with SP2509 treatment (Figure 6A). Knockdown of the AR
confirmed that AR expression is critical to modulate
LSD1 activity. However, we also found that LSD1
suppression with SP-2509 treatment reduced cell

LSD1 and BRD4 inhibitors inhibit tumor growth but
the BRD4 inhibitor increases tumor metastasis in vivo
To assess the effects of these two inhibitors in vivo, we
implanted the 22Rv1 cells into nude mice treated
with SP-2509 and JQ1 alone or together. As shown in
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viability in AR-null PCa cells, which is consistent with
previous reports [16]. In addition, knockdown of AR did
not completely abolished the effect of SP-2509 treatment
in LNCaP cells (Figure 3B), which suggests an
important AR-independent role of LSD1 in prostate
cancer progression [16]. It is noteworthy that we did not

stimulate cells with high doses of supplemental
androgens when conducting experiments to examine the
effect of AR activity on gene-expression changes after
JQ1 or SP-2509 treatment. Therefore, we cannot rule out
the possibility that additional genes may be modulated
under high-androgen conditions.

Figure 6. LSD1 and BRD4 inhibition have different target genes in AR-positive and AR-negative PCa cells. (A) Cells were treated
with 1 μM JQ1 or 1 μM SP-2509 alone, or in combination for 72 h. mRNA expression of selected AR target genes was measured by real-time
PCR assay. Data were reported as the fold change in mean levels ±SD. (B–C) Cells were treated with 1 μM JQ1 or 1 μM SP-2509 alone, or in
combination for 72 h. Total protein lysates were analyzed by immunoblot using the indicated antibodies.
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AR regulation is implicated in response to BET
inhibition, and high AR-expressing prostate cells were
preferentially sensitive to JQ1 treatment [37, 38].
Consistent with a previous report showing that
knockdown of BRD4 decreased viability in the ARpositive but not AR-negative cell lines [37, 39], we found
that only AR-positive cells were sensitive to JQ1-induced
apoptosis and cell cycles arrest in G1 phase; we did not
find a significant effect on the growth in AR-negative
PCa cells treated with JQ1. It was reported that JQ1
inhibits PCa cell growth at least in part through MYC and
AR suppression [40]. MYC signaling is an oncogenic
driver for PCa progression and is a potential biomarkers
for targeting BET proteins [39]. JQ1 reduced MYC levels
only in AR-positive PCa cells but not PC3 and DU145
cells [41]. Maintenance of MYC expression confers de
novo resistance to JQ1. Conversely, SP-2509 decreased
MYC protein levels in PC3 and DU145 cells [42].
Because MYC and AR signaling are essential for prostate

cancer initiation, MYC may be another key determinant
both of BET bromodomain inhibitor and LSD1 inhibitor
sensitivity in PCa.
It was known that the mutually exclusive expression of
AR and EMT transcription factors occurs in castrationsensitive (LNCaP) and castratio-resistant (22RV1) PCa
cell lines [43, 44]. In addition, up-regulation of EMT
transcription factors was observed in AR-silenced cells.
Conversely, AR overexpression suppresses the EMT
phenotype and AR directly represses Snail [45, 46].
Strikingly, we found that JQ1 dramatically reduced cell
invasion in negative/low AR-expressing cells, but
increased invasion in high AR-expressing cell lines. This
result was surprising. We also observed that JQ1 or/and
SP-2509 treatment down-regulated AR expression
(Supplementary Figure 3B). In addition, depletion or
expression of AR reversed the effect of SP-2509 or/and
JQ1 treatment (Figure 5). Finally, we found that Twist

Figure 7. SP-2509 and JQ1 inhibit tumor growth but JQ1 increase tumor metastasis in vivo. (A) Tumor growth of 22Rv1 xenografts
was measured. Tumor volume (upper) and tumors harvested at the end time point (Day 21) from these mice (lower) are shown. Graphic data
are presented as the mean ±SD. (B) The mean of tumor weight from (A) at the end time point (Day 21) was shown. (C) Standard curve for
detection of human genomic DNA by Alu-qPCR (left) and detection of human cells in mouse femur from (A) by Alu-qPCR (right). (D) A model
of LSD1 and BRD4 inhibition in PCa. Statistical differences are determined by ANOVA with: * indicates P < 0.05; ** indicates P < 0.01.
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and Snail expression were increased with SP-2509
or/and JQ1 treatment in AR-expressing cell lines (Figure
6). These data suggested that JQ1 and SP-2509 treatment
increased the expression of Twist and Snail by blocking
AR signaling pathway. We knocked down LSD1 and
BRD4 to determine whether depletion of either protein
would increase cell invasion in high AR-expressing
cells. However, our findings with SP-2509 or JQ1
treatment were not recapitulated with BRD4 or LSD1
knockdown (data not shown). It is possible that: 1)
knockdown of LSD1 and BRD4 dramatically reduces
the growth rate so that cell invasion could not be seen
under standard conditions, three days. However,
treatments with SP-2509 or JQ1 were only 24 hr; 2)
knockdown of LSD1 disrupts the LSD1-containing
protein complex while SP-2509 treatment only reduces
the interaction between LSD1 and the corepressor for
element-1-silencing transcription factor (CoREST) [47].
JQ1 is a pan-BRD inhibitors targeting BET family while
knockdown of BRD4 only impaired its own function.
BRD4 also has bromodomain-independent effects [48];
3) we cannot exclude any non-specific target effect of
SP-2509 and BRD4.

Cell culture and treatments
The human PCa cell lines, LNCaP, LAPC4, 22Rv1, C42, PC3 and DU145 were purchased from the American
Type Culture Collection (Manassas, VA) and grown in
RPMI medium plus 10% fetal bovine serum. All cell
lines are tested for mycoplasma contamination regularly.
As indicated, cells were treated with drugs or DMSOcontaining vehicle that was equal volume to 1 μM SP2509 or 1 μM JQ1 alone, or in combination for different
time intervals, or for 3 days at different concentrations.
Cell proliferation assay
Cell proliferation was measured using MTT assays in 96well microplates. PCa cells were seeded in 96-well plates
in RPMI1640 medium containing 10% FBS. After 24
hours incubation, the cells were treated with appropriate
concentrations of drugs. Following incubation for
different time intervals, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) was added and the
assay performed [49].
Colony formation assay

In summary, we provide strong evidence that inhibitors
of LSD1 and BRD4 effectively inhibit tumor cell
proliferation in high AR-expressing PCa tumors but
also increase invasion in this population of PCa cells. In
contrast, treatment with JQ1 alone has no effect on
tumor growth, but dramatically attenuates invasion in
AR-negative PCa. Interestingly, combined treatment
with SP-2509 and JQ1 synergistically inhibits growth in
castration-resistant PCa cells and inhibits tumor
invasion in low/negative AR-expressing PCa. Our
results suggest that epigenetic inhibitors are effective in
PCa and that their combination provides insight and
promise for the treatment of PCa. However, it is also
imperative to consider the divergent effects in prostate
tumors that are heterogeneous with respect to androgen
dependence.

Cells were seeded in 6-well plates and cultured in
medium alone or containing different drugs for 3 days.
The media were replaced without drugs. After 8 days of
culture, cells were fixed in 10% formalin and stained
with 0.5% crystal violet and colony numbers were
counted.
Invasion assay
Invasion assays were performed in Boyden chambers
coated with Matrigel as instructed by the manufacturer
(BD biosciences, San Jose, CA). The PCa cells were
pretreated with inhibitor for 24 h. The cells were then
seeded on the top of a Matrigel-coated membrane in the
upper chamber with serum-free culture medium, while
the bottom chambers was filled with culture medium
supplemented with 10% FBS. After 24 h or 72 h, cancer
cells on the lower side of chamber membrane were
stained with crystal violent. All experiments were
performed in triplicate.

MATERIALS AND METHODS
Plasmids and reagents
Validated AR shRNA lenti-virus expression plasmid and
the AR ectopic expression plasmid were kindly provided
by Dr. Huang (Mayo Clinic). Anti-Actin was from
Sigma-Aldrich (St. Louis, MO); antibodies for AR (sc7305), Twist (sc-15393), BRD4 (sc-48772), p21(sc397,) and Cyclin D1(sc-717) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-LSD1
(4064), Anti-cleaved PARP (5625) and Anti-Snail
(4719) were from Cell Signaling Technology (Danvers,
MA). JQ1, SP-2509 and enzalutamide were from
Selleckchem (Houston, TX).
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Real-time PCR
Total RNA was purified after treatment with 1 μM SP2509 or 1 μM JQ1 alone, or in combination for 72 h.
Total RNA (1µg) was reverse-transcribed into cDNA
using a Superscript II First-Strand Synthesis System for
RT-PCR (Invitrogen). qPCR was performed using a
CFX96 Real-Time System and SYBR Green (Applied
Biosystems, Foster City, CA, USA), according to the
manufacturer’s instructions.
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Western blot analysis

Statistical analysis

For protein extraction, cells were washed with cold PBS
and harvested by scraping into 150 μl of RIPA buffer.
SDS-PAGE and western blot analysis were performed
as described [50]. Membranes were incubated with
specific antibodies in dilution buffer (3% BSA in TBS)
overnight at 4 °C and HRP-conjugated anti-rabbit IgG
at room temperature for 1 h. Antibody binding was
detected using an enhanced ECL (Pierce/ThermoFisher,
Waltham, MA) following manufacturer’s instructions
and visualized by autoradiography with Hyperfilm.

Each experiment was repeated three times and data
were expressed as mean ± standard deviation (SD).
Comparisons between two groups and among multiple
groups were performed with student’s t-test and one
way ANOVA, respectively. SPSS 17.0 was used for all
statistical analyses.
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Flow cytometry analysis
The PCa cells were treated with inhibitors as indicated.
Cell suspensions were prepared and stained with
propidium iodide. Apoptosis analysis and cell cycle
phase distribution were determined using the Cyto
software.
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22Rv1-Derived murine xenograft model
22Rv1 cells (3×106 cells per mouse) were suspended in
100ul of PBS with 50% Matrigel (BD Biosciences) and
subcutaneously inoculated into the right flank of nude
male mice (Taconic, 6 weeks). Five days later, animals
were randomized for control, SP-2509 alone, JQ1 alone,
or the combination treatment with 6 mice each,
respectively. Animals were injected intraperitoneally
with SP-2509 and JQ1 every day for 3 weeks. Tumor
growth was measured with digital calipers and tumor
volumes were estimated from the formula: V = L×W2/2
(V, mm3; L, mm; W, mm). Studies were terminated by
animal sacrifice; tumors were harvested and weighed. In
addition, femur bone marrow and liver were harvested to
determine spontaneous metastasis by measuring human
Alu sequence. Briefly, genomic DNA from femur bone
marrow and liver were prepared using Puregene DNA
purification
system
(Qiagen),
following
by
quantification of human Alu sequence by human Aluspecific fluorescent reporter-TaqMan qPCR probes as
described previously [51]. All procedures for the animal
study were approved by the Institutional Animal Care
and Use Committee of the University of Kentucky
College of Medicine and conform to the legal mandates
and federal guidelines for the care and maintenance of
laboratory animals.

www.aging-us.com

REFERENCES

409

1.

McGinley KF, Tay KJ, Moul JW. Prostate cancer in men
of African origin. Nat Rev Urol. 2016; 13:99–107.
https://doi.org/10.1038/nrurol.2015.298
PMID:26718455

2.

Han M, Partin AW, Zahurak M, Piantadosi S, Epstein JI,
Walsh PC. Biochemical (prostate specific antigen)
recurrence probability following radical prostatectomy
for clinically localized prostate cancer. J Urol. 2003;
169:517–23.
https://doi.org/10.1016/S0022-5347(05)63946-8
PMID:12544300

3.

Sigalotti L, Fratta E, Coral S, Cortini E, Covre A, Nicolay
HJ, Anzalone L, Pezzani L, Di Giacomo AM, Fonsatti E,
Colizzi F, Altomonte M, Calabrò L, Maio M. Epigenetic
drugs as pleiotropic agents in cancer treatment:
biomolecular aspects and clinical applications. J Cell
Physiol. 2007; 212:330–44.
https://doi.org/10.1002/jcp.21066
PMID:17458893

4.

Saleque S, Kim J, Rooke HM, Orkin SH. Epigenetic
regulation of hematopoietic differentiation by Gfi-1

AGING

and Gfi-1b is mediated by the cofactors CoREST and
LSD1. Mol Cell. 2007; 27:562–72.
https://doi.org/10.1016/j.molcel.2007.06.039
PMID:17707228
5.

6.

7.

8.

9.

Roberson H, Adejola N, et al. A selective phenelzine
analogue inhibitor of histone demethylase LSD1. ACS
Chem Biol. 2014; 9:1284–93.
https://doi.org/10.1021/cb500018s
PMID:24707965

Shi Y, Lan F, Matson C, Mulligan P, Whetstine JR, Cole
PA, Casero RA, Shi Y. Histone demethylation mediated
by the nuclear amine oxidase homolog LSD1. Cell.
2004; 119:941–53.
https://doi.org/10.1016/j.cell.2004.12.012
PMID:15620353

13. Li ZH, Liu XQ, Geng PF, Suo FZ, Ma JL, Yu B, Zhao TQ,
Zhou ZQ, Huang CX, Zheng YC, Liu HM. discovery of
[1,2,3]Triazolo[4,5-d]pyrimidine derivatives as novel
LSD1 inhibitors. ACS Med Chem Lett. 2017; 8:384–89.
https://doi.org/10.1021/acsmedchemlett.6b00423
PMID:28435523

Adamo A, Sesé B, Boue S, Castaño J, Paramonov I,
Barrero MJ, Izpisua Belmonte JC. LSD1 regulates the
balance between self-renewal and differentiation in
human embryonic stem cells. Nat Cell Biol. 2011;
13:652–59.
https://doi.org/10.1038/ncb2246 PMID:21602794

14. Meng X, Li J, Zheng M, Zuo L, Sun C, Zhu Y, Fang L, Liu L,
Zhou X. Stable H3 peptide was delivered by gold
nanorods to inhibit LSD1 activation and induce human
mesenchymal stem cells differentiation. Oncotarget.
2017; 8:23110–19.
https://doi.org/10.18632/oncotarget.15487
PMID:28416745

Wang M, Liu X, Jiang G, Chen H, Guo J, Weng X.
Relationship between LSD1 expression and E-cadherin
expression in prostate cancer. Int Urol Nephrol. 2015;
47:485–90.
https://doi.org/10.1007/s11255-015-0915-2
PMID:25627913

15. Yang C, Wang W, Liang JX, Li G, Vellaisamy K, Wong CY,
Ma DL, Leung CH. A rhodium(III)-based inhibitor of
lysine-specific histone demethylase 1 as an epigenetic
modulator in prostate cancer cells. J Med Chem. 2017;
60:2597–603.
https://doi.org/10.1021/acs.jmedchem.7b00133
PMID:28219005

Sankar S, Theisen ER, Bearss J, Mulvihill T, Hoffman LM,
Sorna V, Beckerle MC, Sharma S, Lessnick SL.
Reversible LSD1 inhibition interferes with global
EWS/ETS transcriptional activity and impedes Ewing
sarcoma tumor growth. Clin Cancer Res. 2014;
20:4584–97.
https://doi.org/10.1158/1078-0432.CCR-14-0072
PMID:24963049

16. Sehrawat A, Gao L, Wang Y, Bankhead A 3rd,
McWeeney SK, King CJ, Schwartzman J, Urrutia J,
Bisson WH, Coleman DJ, Joshi SK, Kim DH, Sampson
DA, et al. LSD1 activates a lethal prostate cancer gene
network independently of its demethylase function.
Proc Natl Acad Sci USA. 2018; 115:E4179–88.
https://doi.org/10.1073/pnas.1719168115
PMID:29581250

Mohammad HP, Smitheman KN, Kamat CD, Soong D,
Federowicz KE, Van Aller GS, Schneck JL, Carson JD, Liu
Y, Butticello M, Bonnette WG, Gorman SA, Degenhardt
Y, et al. A DNA hypomethylation signature predicts
antitumor activity of LSD1 inhibitors in SCLC. Cancer
Cell. 2015; 28:57–69.
https://doi.org/10.1016/j.ccell.2015.06.002
PMID:26175415

17. Belkina AC, Denis GV. BET domain co-regulators in
obesity, inflammation and cancer. Nat Rev Cancer.
2012; 12:465–77.
https://doi.org/10.1038/nrc3256 PMID:22722403
18. Welti J, Sharp A, Yuan W, Dolling D, Nava Rodrigues D,
Figueiredo I, Gil V, Neeb A, Clarke M, Seed G, Crespo
M, Sumanasuriya S, Ning J, et al, and International
SU2C/PCF Prostate Cancer Dream Team. Targeting
Bromodomain and Extra-Terminal (BET) family proteins
in Castration-Resistant Prostate Cancer (CRPC). Clin
Cancer Res. 2018; 24:3149–62.
https://doi.org/10.1158/1078-0432.CCR-17-3571
PMID:29555663

10. Wang M, Liu X, Guo J, Weng X, Jiang G, Wang Z, He L.
Inhibition of LSD1 by Pargyline inhibited process of
EMT and delayed progression of prostate cancer
in vivo. Biochem Biophys Res Commun. 2015;
467:310–15.
https://doi.org/10.1016/j.bbrc.2015.09.164
PMID:26435505
11. Kumarasinghe IR, Woster PM. Synthesis and evaluation
of novel cyclic Peptide inhibitors of lysine-specific
demethylase 1. ACS Med Chem Lett. 2013; 5:29–33.
https://doi.org/10.1021/ml4002997
PMID:24883177

19. Pervaiz M, Mishra P, Günther S. Bromodomain drug
discovery - the Past, the Present, and the Future. Chem
Rec. 2018; 18:1808–17.
https://doi.org/10.1002/tcr.201800074
PMID:30289209

12. Prusevich P, Kalin JH, Ming SA, Basso M, Givens J, Li X,
Hu J, Taylor MS, Cieniewicz AM, Hsiao PY, Huang R,

www.aging-us.com

20. Filippakopoulos P, Knapp S. Targeting bromodomains:

410

AGING

epigenetic readers of lysine acetylation. Nat Rev Drug
Discov. 2014; 13:337–56.
https://doi.org/10.1038/nrd4286 PMID:24751816

https://doi.org/10.1016/j.celrep.2014.08.055
PMID:25263550
28. Wu Y, Wang Y, Yang XH, Kang T, Zhao Y, Wang C, Evers
BM, Zhou BP. The deubiquitinase USP28 stabilizes LSD1
and confers stem-cell-like traits to breast cancer cells.
Cell Rep. 2013; 5:224–36.
https://doi.org/10.1016/j.celrep.2013.08.030
PMID:24075993

21. Andrieu G, Belkina AC, Denis GV. Clinical trials for BET
inhibitors run ahead of the science. Drug Discov Today
Technol. 2016; 19:45–50.
https://doi.org/10.1016/j.ddtec.2016.06.004
PMID:27769357
22. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB,
Fedorov O, Morse EM, Keates T, Hickman TT, Felletar I,
Philpott M, Munro S, McKeown MR, et al. Selective
inhibition of BET bromodomains. Nature. 2010;
468:1067–73.
https://doi.org/10.1038/nature09504
PMID:20871596

29. Kahl P, Gullotti L, Heukamp LC, Wolf S, Friedrichs N,
Vorreuther R, Solleder G, Bastian PJ, Ellinger J, Metzger
E, Schüle R, Buettner R. Androgen receptor
coactivators lysine-specific histone demethylase 1 and
four and a half LIM domain protein 2 predict risk of
prostate cancer recurrence. Cancer Res. 2006;
66:11341–47.
https://doi.org/10.1158/0008-5472.CAN-06-1570
PMID:17145880

23. Asangani IA, Dommeti VL, Wang X, Malik R, Cieslik M,
Yang R, Escara-Wilke J, Wilder-Romans K, Dhanireddy
S, Engelke C, Iyer MK, Jing X, Wu YM, et al. Therapeutic
targeting of BET bromodomain proteins in castrationresistant prostate cancer. Nature. 2014; 510:278–82.
https://doi.org/10.1038/nature13229
PMID:24759320

30. Blee AM, Liu S, Wang L, Huang H. BET bromodomainmediated interaction between ERG and BRD4
promotes prostate cancer cell invasion. Oncotarget.
2016; 7:38319–32.
https://doi.org/10.18632/oncotarget.9513
PMID:27223260

24. Fiskus W, Sharma S, Qi J, Shah B, Devaraj SG, Leveque
C, Portier BP, Iyer S, Bradner JE, Bhalla KN. BET protein
antagonist JQ1 is synergistically lethal with FLT3
tyrosine kinase inhibitor (TKI) and overcomes
resistance to FLT3-TKI in AML cells expressing FLT-ITD.
Mol Cancer Ther. 2014; 13:2315–27.
https://doi.org/10.1158/1535-7163.MCT-14-0258
PMID:25053825

31. Bell CC, Fennell KA, Chan YC, Rambow F, Yeung MM,
Vassiliadis D, Lara L, Yeh P, Martelotto LG, Rogiers A,
Kremer BE, Barbash O, Mohammad HP, et al. Targeting
enhancer switching overcomes non-genetic drug
resistance in acute myeloid leukaemia. Nat Commun.
2019; 10:2723.
https://doi.org/10.1038/s41467-019-10652-9
PMID:31222014

25. Mazur PK, Herner A, Mello SS, Wirth M, Hausmann S,
Sánchez-Rivera FJ, Lofgren SM, Kuschma T, Hahn SA,
Vangala D, Trajkovic-Arsic M, Gupta A, Heid I, et al.
Combined inhibition of BET family proteins and histone
deacetylases as a potential epigenetics-based therapy
for pancreatic ductal adenocarcinoma. Nat Med. 2015;
21:1163–71.
https://doi.org/10.1038/nm.3952
PMID:26390243

32. Erzurumlu Y, Ballar P. Androgen mediated regulation
of endoplasmic reticulum-associated degradation
and its effects on prostate cancer. Sci Rep. 2017;
7:40719.
https://doi.org/10.1038/srep40719
PMID:28091582
33. Amente S, Milazzo G, Sorrentino MC, Ambrosio S, Di
Palo G, Lania L, Perini G, Majello B. Lysine-specific
demethylase (LSD1/KDM1A) and MYCN cooperatively
repress tumor suppressor genes in neuroblastoma.
Oncotarget. 2015; 6:14572–83.
https://doi.org/10.18632/oncotarget.3990
PMID:26062444

26. Zhang W, Ge H, Jiang Y, Huang R, Wu Y, Wang D, Guo
S, Li S, Wang Y, Jiang H, Cheng J. Combinational
therapeutic targeting of BRD4 and CDK7 synergistically
induces anticancer effects in head and neck squamous
cell carcinoma. Cancer Lett. 2020; 469:510–523.
https://doi.org/10.1016/j.canlet.2019.11.027
PMID:31765738

34. Kwok WK, Ling MT, Lee TW, Lau TC, Zhou C, Zhang X,
Chua CW, Chan KW, Chan FL, Glackin C, Wong YC,
Wang X. Up-regulation of TWIST in prostate cancer and
its implication as a therapeutic target. Cancer Res.
2005; 65:5153–62.
https://doi.org/10.1158/0008-5472.CAN-04-3785
PMID:15958559

27. Di Micco R, Fontanals-Cirera B, Low V, Ntziachristos P,
Yuen SK, Lovell CD, Dolgalev I, Yonekubo Y, Zhang G,
Rusinova E, Gerona-Navarro G, Cañamero M,
Ohlmeyer M, et al. Control of embryonic stem cell
identity by BRD4-dependent transcriptional elongation
of super-enhancer-associated pluripotency genes. Cell
Rep. 2014; 9:234–47.

www.aging-us.com

35. Shi J, Wang Y, Zeng L, Wu Y, Deng J, Zhang Q, Lin Y, Li J,

411

AGING

Kang T, Tao M, Rusinova E, Zhang G, Wang C, et al.
Disrupting the interaction of BRD4 with diacetylated
Twist suppresses tumorigenesis in basal-like breast
cancer. Cancer Cell. 2014; 25:210–25.
https://doi.org/10.1016/j.ccr.2014.01.028
PMID:24525235

Sharma S. Reversible lysine-specific demethylase 1
antagonist HCI-2509 inhibits growth and decreases cMYC in castration- and docetaxel-resistant prostate
cancer cells. Prostate Cancer Prostatic Dis. 2016;
19:349–57.
https://doi.org/10.1038/pcan.2016.21 PMID:27349498

36. Metzger E, Wissmann M, Yin N, Müller JM, Schneider
R, Peters AH, Günther T, Buettner R, Schüle R. LSD1
demethylates repressive histone marks to promote
androgen-receptor-dependent transcription. Nature.
2005; 437:436–39.
https://doi.org/10.1038/nature04020
PMID:16079795

43. Bishop JL, Davies A, Ketola K, Zoubeidi A. Regulation
of tumor cell plasticity by the androgen receptor
in prostate cancer. Endocr Relat Cancer. 2015;
22:R165–82.
https://doi.org/10.1530/ERC-15-0137
PMID:25934687
44. Sun Y, Wang BE, Leong KG, Yue P, Li L, Jhunjhunwala S,
Chen D, Seo K, Modrusan Z, Gao WQ, Settleman J,
Johnson L. Androgen deprivation causes epithelialmesenchymal transition in the prostate: implications
for androgen-deprivation therapy. Cancer Res. 2012;
72:527–36.
https://doi.org/10.1158/0008-5472.CAN-11-3004
PMID:22108827

37. Urbanucci A, Barfeld SJ, Kytölä V, Itkonen HM,
Coleman IM, Vodák D, Sjöblom L, Sheng X, Tolonen T,
Minner S, Burdelski C, Kivinummi KK, Kohvakka A, et al.
Androgen receptor deregulation drives bromodomainmediated chromatin alterations in prostate cancer. Cell
Rep. 2017; 19:2045–59.
https://doi.org/10.1016/j.celrep.2017.05.049
PMID:28591577

45. Miao L, Yang L, Li R, Rodrigues DN, Crespo M, Hsieh JT,
Tilley WD, de Bono J, Selth LA, Raj GV. Disrupting
androgen receptor signaling induces snail-mediated
epithelial-mesenchymal plasticity in prostate cancer.
Cancer Res. 2017; 77:3101–12.
https://doi.org/10.1158/0008-5472.CAN-16-2169
PMID:28302679

38. Qi J. Bromodomain and extraterminal domain
inhibitors (BETi) for cancer therapy: chemical
modulation of chromatin structure. Cold Spring Harb
Perspect Biol. 2014; 6:a018663.
https://doi.org/10.1101/cshperspect.a018663
PMID:25452384
39. Kregel S, Malik R, Asangani IA, Wilder-Romans K,
Rajendiran T, Xiao L, Vo JN, Soni T, Cieslik M, FernadezSalas E, Zhou B, Cao X, Speers C, et al. Functional and
Mechanistic Interrogation of BET bromodomain
degraders for the treatment of metastatic castrationresistant prostate cancer. Clin Cancer Res. 2019;
25:4038–48.
https://doi.org/10.1158/1078-0432.CCR-18-3776
PMID:30918020

46. Zhu ML, Kyprianou N. Role of androgens and the
androgen
receptor in
epithelial-mesenchymal
transition and invasion of prostate cancer cells. FASEB
J. 2010; 24:769–77.
https://doi.org/10.1096/fj.09-136994
PMID:19901020
47. Fiskus W, Sharma S, Shah B, Portier BP, Devaraj SG, Liu
K, Iyer SP, Bearss D, Bhalla KN. Highly effective
combination of LSD1 (KDM1A) antagonist and panhistone deacetylase inhibitor against human AML cells.
Leukemia. 2014; 28:2155–64.
https://doi.org/10.1038/leu.2014.119
PMID:24699304

40. Coleman DJ, Gao L, King CJ, Schwartzman J, Urrutia J,
Sehrawat A, Tayou J, Balter A, Burchard J, Chiotti KE,
Derrick DS, Sun D, Xia Z, et al. BET bromodomain
inhibition blocks the function of a critical ARindependent master regulator network in lethal
prostate cancer. Oncogene. 2019; 38:5658–69.
https://doi.org/10.1038/s41388-019-0815-5
PMID:30996246

48. Winter GE, Mayer A, Buckley DL, Erb MA, Roderick JE,
Vittori S, Reyes JM, di Iulio J, Souza A, Ott CJ, Roberts
JM, Zeid R, Scott TG, Paulk J, Lachance K, Olson CM,
Dastjerdi S, Bauer S, Lin CY, Gray NS, Kelliher MA,
Churchman LS, Bradner JE. BET bromodomain proteins
function as master transcription elongation factors
independent of CDK9 recruitment. Mol Cell. 2017;
67:5–18.e19.
https://doi.org/10.1016/j.molcel.2017.06.004
PMID:28673542

41. Coleman DJ, Gao L, Schwartzman J, Korkola JE,
Sampson D, Derrick DS, Urrutia J, Balter A, Burchard J,
King CJ, Chiotti KE, Heiser LM, Alumkal JJ. Maintenance
of MYC expression promotes de novo resistance to BET
bromodomain inhibition in castration-resistant
prostate cancer. Sci Rep. 2019; 9:3823.
https://doi.org/10.1038/s41598-019-40518-5
PMID:30846826

49. Wu SY, Nin DS, Lee AY, Simanski S, Kodadek T, Chiang
CM. BRD4 phosphorylation regulates HPV E2-mediated
viral transcription, origin replication, and cellular MMP-

42. Gupta S, Weston A, Bearrs J, Thode T, Neiss A, Soldi R,

www.aging-us.com

412

AGING

PMID:28198361

9 expression. Cell Rep. 2016; 16:1733–48.
https://doi.org/10.1016/j.celrep.2016.07.001
PMID:27477287

51. Funakoshi K, Bagheri M, Zhou M, Suzuki R, Abe H,
Akashi H. Highly sensitive and specific Alu-based
quantification of human cells among rodent cells. Sci
Rep. 2017; 7:13202.
https://doi.org/10.1038/s41598-017-13402-3
PMID:29038571

50. Wu Y, Wang Y, Lin Y, Liu Y, Wang Y, Jia J, Singh P, Chi YI,
Wang C, Dong C, Li W, Tao M, Napier D, et al. Dub3
inhibition suppresses breast cancer invasion and
metastasis by promoting Snail1 degradation. Nat
Commun. 2017; 8:14228.
https://doi.org/10.1038/ncomms14228

www.aging-us.com

413

AGING

SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. Inhibition of LSD1 and BRD4 has different effects on three subtypes of Prostate Cancer. Cell death
analysis in LNCaP, LAPC4, 22Rv1, C4-2, PC3 and DU145 cells after 72 h treatment with 1 μM JQ1 or SP-2509 alone, or in combination. Cell
death was assessed using propidium iodide (PI) staining (A) or apoptosis was assessed using Annexin-V and PI staining (B) followed by FACS
analysis. A representative image is shown.
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Supplementary Figure 2. The cell invasion analysis was performed after treatment. Representative images are show.

Supplementary Figure 3. Inhibition of LSD1 or BRD4 reduces AR expression. (A) knock-down of LSD1 or BRD4 and western blot
analysis for AR expression. (B) Cells were treated with 1 μM JQ1 or SP-2509 alone, or in combination for 72 h. Total protein lysates were
analyzed by immunoblot using the indicated antibodies.
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