
OPEN

ORIGINAL ARTICLE

Reversible lysine-specific demethylase 1 antagonist HCI-2509
inhibits growth and decreases c-MYC in castration- and
docetaxel-resistant prostate cancer cells
S Gupta1, A Weston1, J Bearrs1, T Thode1, A Neiss1, R Soldi2 and S Sharma1

BACKGROUND: Lysine-specific demethylase 1 (LSD1 or KDM1A) overexpression correlates with poor survival and castration
resistance in prostate cancer. LSD1 is a coregulator of ligand-independent androgen receptor signaling promoting c-MYC
expression. We examined the antitumor efficacy of LSD1 inhibition with HCI-2509 in advanced stages of prostate cancer.
METHODS: Cell survival, colony formation, histone methylation, c-MYC level, c-MYC expression, cell cycle changes and in vivo
efficacy were studied in castration-resistant prostate cancer cells upon treatment with HCI-2509. In vitro combination studies, using
HCI-2509 and docetaxel, were performed to assess the synergy. Cell survival, colony formation, histone methylation and c-myc
levels were studied in docetaxel-resistant prostate cancer cells treated with HCI-2509.
RESULTS: HCI-2509 is cytotoxic and inhibits colony formation in castration-resistant prostate cancer cells. HCI-2509 treatment
causes a dose-dependent increase in H3K9me2 (histone H3lysine 9) levels, a decrease in c-MYC protein, inhibition of c-MYC
expression and accumulation in the G0/G1 phase of the cell cycle in these cells. PC3 xenografts in mice have a significant reduction
in tumor burden upon treatment with HCI-2509 with no associated myelotoxicity or weight loss. More synergy is noted at sub-IC50
(half-maximal inhibitory concentration) doses of docetaxel and HCI-2509 in PC3 cells than in DU145 cells. HCI-2509 has growth-
inhibitory efficacy and decreases the c-myc level in docetaxel-resistant prostate cancer cells.
CONCLUSIONS: LSD1 inhibition with HCI-2509 decreases the c-MYC level in poorly differentiated prostate cancer cell lines and has
a therapeutic potential in castration- and docetaxel-resistant prostate cancer.

Prostate Cancer and Prostatic Diseases (2016) 19, 349–357; doi:10.1038/pcan.2016.21; published online 28 June 2016

INTRODUCTION
The efficacy of androgen deprivation therapy in high-risk
metastatic prostate cancer is short lived, and tumors evolve
during treatment with androgen deprivation therapy to become
castration-resistant.1 Treatment with abiraterone, enzalutamide,
radium-223, sipuleucel-T and taxane-based chemotherapy provide
additional survival benefit;2 however, castration-resistant prostate
cancer (CRPC) eventually progresses and remains the second-
leading cause of cancer death in men.3

Epigenetic processes have a significant role in embryonic
pluripotency, cellular differentiation, cancer progression and
epithelial–mesenchymal transition. Lysine-specific demethylase 1
(LSD1), the first histone demethylase enzyme identified, can either
function as a corepressor or a coactivator of transcriptional
regulation depending on its association with differing binding
partners. In association with CoREST4 and NuRD,5 it demethylates
mono- and dimethyl histone H3lysine 4 (H3K4me1 and H3K4me2),
resulting in transcriptional repression. When LSD1 partners with
nuclear androgen or estrogen hormone receptors, it switches its
substrate specificity to mono- and dimethyl histone H3lysine 9
(H3K9me1/me2), resulting in transcriptional activation.6 As an
androgen receptor (AR) coregulator, LSD1 has a significant role in
both hormone-dependent6 and -independent7,8 prostate cancer.
LSD1 also mediates epithelial–mesenchymal transition

and resistance to chemotherapy in mouse hepatocyte cell

cultures. Demethylation of H3K9me2 allows derepression of
large heterochromatin domains and enables transcription of
genes that confer a survival advantage in a challenging cellular
environment.9

LSD1 is overexpressed in poorly differentiated prostate
cancer and predicts poor survival.10 As prostate cancer progresses
through treatment modalities of androgen deprivation and
chemotherapy, it acquires a progressively more stem cell-like
character.11 AR signaling continues to have a significant role as a
driver of CRPC by various mechanisms such as AR gene ampli-
fication,12,13 constitutionally active AR splice variants14,15 local
androgen production and hijacking of AR signaling by other
oncogenic pathways and ligands.16,17 LSD1 colocalizes with the AR
in prostate cancer cells and has a critical role in AR signaling,
with c-MYC oncogene as a crucial ligand-independent AR
target gene.18 c-Myc signaling has a significant role in mediating
castration resistance,19 epithelial–mesenchymal transition and
docetaxel resistance20 in prostate cancer cells.
Targeting epigenetic mechanisms to treat advanced stages of

prostate cancer is an attractive strategy. DNA demethylation,21

bromodomain inhibition18 and HDAC inhibition22 have been
studied in this context.
In this study, we investigate the growth-inhibitory effects of

HCI-2509 in PC3 and DU145 cell lines. These cell lines have been
derived from poorly differentiated metastatic prostate cancer,
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have low AR gene expression and low levels of AR protein.23 AR
signaling continues to have a significant central role in the CRPC
regulatory network in both of these cell lines.24

HCI-2509 is a potent, reversible and selective LSD1 inhibitor
with demonstrated preclinical efficacy in Ewing’s sarcoma,25 acute
myeloid leukemia26 and endometrial cancer.27 HCI-2509 is the
lead compound for preclinical studies targeting LSD1 developed
from a novel series of LSD1 inhibiting N′-(1-phenylethylidine)-
benzo hydrazide compounds.28 Our initial screening studies with
several different prostate cancer cell lines revealed cytotoxicity
with this class of LSD1 inhibitors. PC3 and DU145 cells represent
two distinct groups with regard to clusters of cellular phenotypes
in CRPC. These clusters are derived from CRPC gene expression
data sets and are based on differences in their active CRPC
regulatory pathways.24 For the purpose of our studies, we have
chosen these poorly differentiated CRPC cell lines and a docetaxel-
resistant prostate cancer cell line as representative of areas of
unfulfilled clinical need in this disease.

MATERIALS AND METHODS
Cell culture and cell viabilities
Human prostate cancer cell lines LNCAP, VCAP, 22RV1, PC3 and DU145 were
obtained from American Type Culture Collection (ATCC, Manassas, VA, USA)
and cultured in Roswell Park Memorial Institute (RPMI) medium supplemen-
ted with 10% fetal bovine serum, 100 U ml−1 penicillin and 100 μg ml−1

streptomycin at 37 °C in a humidified atmosphere containing 5% CO2. Cells
were seeded in triplicate in 96-well plates at a density of 5000 cells per well,
allowed to adhere overnight and then treated with either vehicle (1%
dimethyl sulfoxide (DMSO) in RPMI) or increasing concentrations of HCI-2509
(Center for Investigational Therapeutics, Huntsman Cancer Institute, Salt Lake
City, UT, USA). After incubation for 72 h, cell viability was assessed using
CellTiter-Glo (Promega, Madison, WI, USA).
Further experiments were performed with the CRPC cell lines PC3 and

DU145. Cell viabilities of these cell lines were tested using docetaxel
(Selleck Pharmaceuticals, Houston, TX, USA).

Colony formation assays
Colony formation assays were performed in duplicate in 6-well plates for
each cell line treated with either vehicle (1% DMSO) or serially increasing
concentrations of HCI-2509 ranging from 1 nM to 1000 nM at the time of
setting up the assay. Using stock solutions of 1.6% agarose (SeaPlaque GTG
agarose from Lonza, Allendale, NJ, USA) and 2× RPMI (RPMI powder; Life
Technologies, Grand Island, NY, USA), an underlayer constituted by 0.8%
agarose in RPMI was prepared. An overlayer of 5000 treated cells per well
suspended in 0.4% agarose in RPMI was prepared. After incubation for
3 weeks, colonies were photographed and counted.

Western blot
Cells were seeded (1 × 106) in 10 cm dishes. Once 50% confluent, these
were treated with vehicle (1% DMSO) or HCI-2509 at increasing
concentrations of 1, 3 and 10 μM for 24 to 48 h. Treated cells were lysed,
their protein extracted and immunoblotted with the following antibodies:
β-actin mouse mAb: LI-COR (Lincoln, NE, USA) 926-42212; dimethyl histone
H3 (K9) rabbit mAb: Cell Signaling 9753S; c-MYC rabbit mAb: Cell
Signaling (Boston, MA, USA) 9402S.

RNA isolation and quantitative PCR
Cells were seeded (1 × 106) in 10 cm dishes. Once 50% confluent, these
were treated with 1% DMSO or 1 μM of HCI-2509 for 4 and 24 h. Total RNA
was extracted from the cells using an RNeasy Plus Kit (Qiagen, Valencia, CA,
USA). cDNA was generated using High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Boston, MA, USA). This was then amplified,
detected and quantified using SYBR green fluorescence (SYBR Green PCR
Master Mix; Applied Biosystems) using the ViiA 7 Real-Time PCR System
(Boston, MA, USA). The following primers were used: 18S (Thermo
Fisher, Boston, MA, USA; Hs03928990_g1) and c-MYC (Thermo Fisher;
Hs00153408_m1).

Cell cycle
Cells in active growth phase were treated with vehicle (1% DMSO),
HCI-2509 at varying concentrations (1, 3 and 10 μM), docetaxel at 100 nM or
a combination of HCI-2509 (10 μM) plus docetaxel (100 nM) for 24 h. Cells
were harvested, fixed in ethanol, stained with propidium iodide and then

Figure 1. Effects of HCI-2509 and docetaxel on cell survival in prostate cancer cell lines. The logarithmic drug concentration was plotted versus
the percent cell survival and half-maximal inhibitory concentrations (IC50s) were calculated by nonlinear regression analysis using GraphPad
Prism (GraphPad Software, San Diego, CA, USA). Dose–response curves showing the percent cell viability at the end of 72 h treatment in (a)
VCAP, LNCAP, 22RV1, PC3 and DU145 cells with HCI-2509, and (b) PC3 and DU145 cells with docetaxel.
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Figure 2. Effect of HCI-2509 on colony formation using soft agar assays in castration-resistant prostate cancer cells. A bar graph was plotted to
represent the fractional inhibition of colony formation upon treatment with HCI-2509 compared with vehicle using GraphPad Prism in (a) PC3
and (b) DU145 cells Assays were performed in duplicate and error bars indicate the standard deviation. Photographs demonstrate average
colony size at × 20 magnification with different doses of HCI-2509 in each cell line (c), with quantification of colony size plotted as a bar graph
using GraphPad Prism. Student’s unpaired t-tests, using GraphPad Prism software, were used to calculate two-tailed P-values for each
experiment to determine statistical significance between untreated and treated samples. The statistically significant P-values are labeled in
each figure with an asterisk.

Figure 3. Western blot analysis of H3K9me2 and c-MYC levels upon treatment with increasing concentrations of HCI-2509 as compared with vehicle
in (a) PC3 and (b) DU145 cells. The bands of c-MYC, β-actin and H3K9me2 proteins on the immunoblot were cropped using PowerPoint (Windows)
to show correlating change in intensities with different levels of treatment with HCI-2509. (Replicated two more times, representative blot shown).
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analyzed using a BD FACSCanto Analyzer with Software Diva vs6.1.3 (BD
Biosciences, San Jose CA, USA).

Xenograft studies
All in vivo studies were approved and conducted as per the regulations of
the Institutional Animal Care and Use Committee at the University of Utah.
Sample size calculation accounted for an attrition rate of 10%. The power
calculation was based on a two-tailed test of significance with a type I error
of 0.05 and a 0.9 probability of detecting a true difference. This yielded a
sample size of 10 animals per arm.
Five million PC3 cells were suspended in 50% media (RPMI) and 50%

Matrigel (BD Biosciences), and then implanted in the right hind flank of
female nude mice. Animals bearing tumors of adequate size (100 mm3)
were randomized based on size into three cohorts of 10 animals each
and dosed with either vehicle intraperitoneally (Monday, Wednesday and
Friday), 40 mg kg− 1 HCI-2509 intraperitoneally (Monday, Wednesday and
Friday) or 40 mg kg− 1 HCI-2509 orally (per os) (daily, Monday through
Friday) for 3 weeks (last dose administered on Day 19). Body weight and
tumor volume were measured twice weekly. Blood cell counts (hematocrit,
platelet and white blood cell) were measured on days 1 and 24 using a
HemaTrue Hematology Analyzer (Heska, Loveland, CO, USA).

Heat maps
PC3 and DU145 cells were seeded in triplicate in 96-well plates at a density
of 5000 cells per well and allowed to adhere overnight. These were then
treated with vehicle (1% DMSO), increasing doses of HCI-2509 and
docetaxel alone and in a 7 × 7 combination at seven different dose levels of
each drug clustered around the previously calculated half-maximal
inhibitory concentration (IC50s). Cell viability was assessed after 72 h of
treatment.

Studies on docetaxel-resistant cells
Docetaxel-resistant PC3D12 (PC3D12) cells29 were obtained, cultured
and maintained with 12 nM docetaxel in RPMI growth medium. Cell
viabilities, colony formation assays and immunoblotting for c-myc and
H3K9me2 upon treatment with HCI-2509 were performed by methods
described above.

RESULTS
LSD1 inhibition with HCI-2509 is cytotoxic to prostate cancer cells
A dose-dependent decrease in cell viability is observed after 72 h
of treatment with HCI-2509 in all prostate cancer cell lines with
IC50s in the high nanomolar to low micromolar range, as shown in
Figure 1a.

IC50s for PC3 and DU145 cells using docetaxel are close to 5 nM
(Figure 1b).

HCI-2509 is a potent inhibitor of colony formation in CRPC cells
Anchorage-independent growth is inhibited with diminished
colony numbers (Figures 2a and b) and size (Figure 2c) in these
cells. It is noteworthy that the effect of initial treatment persists
for 3 weeks. Anchorage-independent growth is significantly more
sensitive to LSD1 inhibition with close to 50% reduction in colony
formation at 10 nM concentration. There is complete ablation of
colony formation at 1 μM dose of HCI-2509.

LSD1 inhibition affects the concentration of transcriptional
regulators
Western blot analysis shows that treatment of PC3 and DU145
cells with HCI-2509 results in a dose-dependent increase in
H3K9me2 and decrease in c-MYC protein. (Figures 3a and b).

HCI-2509 inhibits c-MYC gene expression in CRPC cells
LSD1 inhibition with HCI-2509 (1 μM) results in inhibition of c-MYC
gene transcription in PC3 and DU145 cells at 4 and 24 h treatment
time-points (Figures 4a and b).

LSD1 inhibition by HCI-2509 affects the cell cycle in CRPC cells
Docetaxel causes a G2M arrest in PC3 and DU145 cells. LSD1
inhibition results in the accumulation of cells in the G0/G1 phase
of the cell cycle. Treatment with HCI-2509 and docetaxel
simultaneously leads to a bimodal peak in G0/G1 and G2/M for
both CRPC cell lines (Figures 5a and b).

PC3 xenografts show in vivo efficacy of HCI-2509
Treatment with HCI-2509 both intraperitoneally and per os causes
a significant reduction in tumor burden in PC3 xenografts
(Figure 6a) with progressive weight gain in all three arms
(Figure 6b). There is no significant change in the platelet count,
white blood cell count or hematocrit (Figures 6c–e) in the
treatment arms compared with the control arm.

Combination treatment with docetaxel and HCI-2509 can be
synergistic
Treatment with docetaxel and HCI-2509 in combination in CRPC
cell lines is synergistic, additive or competitive depending on the

Figure 4. Quantitative reverse transcription-PCR (RT-PCR) analysis of c-MYC oncogene in (a) PC3 and (b) DU145 cells after treatment with
HCI-2509 for 4 and 24 h. Each replicate was normalized to the reference gene (S18) and induction was calculated relative to the vehicle
control. The relative expression of c-MYC mRNA in various conditions was plotted in the form of bar graphs and relative inhibition on
treatment with HCI-2509 was tested for significance using the unpaired t-test (GraphPad Prism). Assays were performed in quadruplicate and
error bars indicate the standard deviation.
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concentrations used and the cell line studied. The combination is
synergistic at sub-IC50 concentrations, with more points of synergy
observed in PC3 cells than in DU145 cells. Isobolograms showing
the combination points and drug ratios displaying synergy,
additivity and competition are presented in Figures 7a–d.

HCI-2509 has similar inhibitory effects in docetaxel-resistant
prostate cancer cells
IC50 for PC3D12 using docetaxel is 450 nM and the IC50 using
HCI-2509 is similar to that for CRPC cells with IC50s in the high
nanomolar to low micomolar range. Treatment with HCI-2509
potently inhibits colony formation and diminishes colony size in
PC3D12 cells. HCI-2509 treatment in these cells results in a dose-
dependent increase in H3K9me2 levels and a decrease in c-myc
protein concentration.

DISCUSSION
Our studies demonstrate the efficacy of reversible and specific
LSD1 inhibition with HCI-2509 in growth inhibition and c-MYC
decrease in poorly differentiated castration- and docetaxel-
resistant prostate cancer cell lines with low AR expression.
Nonspecific amine oxidase inhibitors inhibit LSD1 but have off-

target side effects.30 Pargyline, an irreversible monoamine oxidase
inhibitor, used as an LSD1 inhibitor, does not have any antitumor
efficacy in prostate cancer xenograft studies.31 Cryptotanshinone,
another LSD1 inhibitor, downregulates AR signaling. However, its
action appears to be dependent on the interaction between
androgen ligand, AR and LSD1 and it fails to suppress growth in
the absence of DHT in LNCAP (a hormone-sensitive prostate

cancer cell line) and castration-resistant PC3 cells.32 Reversible
specific LSD1 inhibition with namoline, a γ-pyrone, is effective in
the androgen-sensitive prostate cancer cell line LNCAP and has
in vivo antitumor efficacy, and also causes weight loss in treated
mice.33 Our studies demonstrate cytotoxicity of HCI-2509 in PC3
and DU145 cell lines with IC50s in the high nanomolar to low
micromolar range (Figure 1a).
LSD1 inhibitors have been shown to inhibit pluripotent cancer

cells of germ cell tumor origin without affecting normal
somatic cells.34 The remarkable efficacy of HCI-2509 in inhibiting
colony formation in our studies (Figures 2a–c) suggests that
LSD1 maintains stem cell function in advanced stages of prostate
cancer. This finding is reminiscent of the vital role of LSD1
in the maintenance of pluripotency in human embryonic stem
cells.35

c-MYC is an important androgen ligand-independent AR
target gene that contributes to AR-dependent prostate cancer
cell survival in CRPC.18 We demonstrate a dose-dependent
decrease in c-MYC protein levels (Figure 3a), with HCI-2509
treatment, correlating with a corresponding increase in H3K9me2
levels (Figure 3b) in castration-resistant cell lines. Quantitative
reverse transcription-PCR was performed to evaluate whether
the drop in c-MYC protein is due to degradation or a direct effect
on gene expression. c-MYC gene expression is significantly
reduced at 4 and 24 h after treatment with HCI-2509 (1 μM)
(Figure 4).
Downregulation of c-MYC has been shown to rescue tumor

cells from chemotherapy and radiation in some studies36 and
increase sensitivity to chemotherapy in others.37 The effect of
HCI-2509 on cell cycle reflects the effect of c-MYC decrease.
Cells accumulate in the G0/G1 phase (Figures 5a and b),

Figure 6. PC3 xenograft study shows efficacy and tolerability of HCI-2509 in vivo. (a) Tumor volume (TV) plotted versus time in different
treatment arms—vehicle, intraperitoneal HCI-2509 and per os HCI-2509. The mean TV with error bars to show the standard error of mean
(s.e.m.) has been used for the three groups. (b) Relative body weight (BW) of mice in the three treatment arms plotted versus time while on
study. Relative mean BW with error bars representing s.e.m. in each group are used. Change in (c) white blood cell count, (d) hematocrit and
(e) platelet count in the three treatment arms. Data are represented by creating graphs using the GraphPad Prism software. Statistical analysis
of the change in mean tumor volume in each arm with time and treatment was performed using two-way analysis of variance (ANOVA) test.
The changes in tumor volume with both forms of treatment as compared with control were found to be significant.
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correlating with reduction of c-MYC protein. Docetaxel is
commonly used in CRPC.38 It causes a G2/M arrest in the cell
cycle owing to the stabilization of microtubules of the mitotic
spindle.39 The presence of one drug may rescue cytotoxicity by
the other or may work synergistically by inhibiting different cell
populations. We explored the outcome of combining HCI-2509
with docetaxel in CRPC cell lines at various dose levels, and noted
differing levels of synergy for the two cell lines at sub-IC50 doses
and competition at higher concentrations (Figures 7a–d), thus
reflecting the complexity of the effect of epigenetic manipulation
on cells. Synergy was noted more commonly in PC3 cells than in
DU145 cells.
Several different mechanisms have been described to explain

chemotherapy resistance in cancer including epithelial–mesench-
ymal transition with TGF-β-induced LSD1 overexpression.9

Previous studies have shown activation of c-MYC expression in
docetaxel-resistant prostate cancer cell lines.20 In the castration-
resistant setting, use of docetaxel provides an ~ 3-month average
survival advantage38 with eventual development of toxicity or
docetaxel resistance.
As an exploratory objective, we studied the effect of HCI-2509 in

the docetaxel-resistant cell line, PC3D12. We first performed cell
viability studies confirming docetaxel resistance in PC3D12, as
demonstrated by an IC50 450 nM for docetaxel (Figure 8a).
There is evidence for the continued efficacy of HCI-2509 in the
docetaxel-resistant setting with cytotoxicity (Figure 8b) and potent
inhibition of colony formation, as well as a demonstration of
increasing H3K9me2 levels and decreasing c-MYC levels with

treatment (Figures 8c–e). The efficacy of HCI-2509 in PC3D12 cells
suggests that sequencing treatment with LSD1 inhibition after
progression on docetaxel in the castration-resistant setting may
be a possibility in the future.
In vivo studies demonstrate the antitumor efficacy of HCI-2509

in PC3 xenografts (Figure 6a). HCI-2509 is well tolerated
with progressive weight gain in treated mice (Figure 6b),
similar to the control arm. There is no significant myelosuppression
(Figures 6c–e). Tolerability and myeloid sparing qualities of therapy
are an important consideration in the setting of metastatic CRPC
and docetaxel-resistant prostate cancer, due to high frequency of
bone metastasis leading to marrow replacement, advanced age,
comorbidities and myelotoxicity from previous treatments in this
patient population. Our in vivo study supports use of reversible
LSD1 inhibition in this clinical setting.
c-MYC is implicated in stem cell maintenance40 and, as an

oncogenic transcription factor, has been an elusive target for drug
development. BET bromodomain inhibition with JQ1 has been
shown to downregulate c-MYC transcription in prostate cancer
and multiple myeloma.18,41 Here we report LSD1 inhibition as yet
another potent epigenetic strategy to inhibit c-MYC expression in
the setting of advanced prostate cancer.
We conclude that reversible and potent LSD1 inhibition with

HCI-2509 has antitumor efficacy in CRPC cell lines, inhibits c-MYC
expression, can sensitize prostate cancer cells to docetaxel and
inhibits growth in a docetaxel-resistant prostate cancer cell line.
This provides a new therapeutic tool, in the space of an unmet
clinical need, in patients who have poorly differentiated prostate

Figure 7. Combination of docetaxel and HCI-2509 in (a) PC3 and (b) DU145 cells. Combination index (CI) values were calculated by Chou–
Talalay equation using CalcuSyn (BIOSOFT, Great Shelford, Cambridge, UK). Heat map was created using the CI values at various combination
doses to show points of synergy (CIo1). Isobologram of CIs in PC3 and DU145 cells in various combinations (c and d).
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cancer and are facing limited survival with currently available
therapies for CRPC. Neuroendocrine differentiation presents
yet another challenge in the treatment of prostate cancer.42

Epigenetic mechanisms such as LSD1-mediated gene regulation
may have a role in this phenomenon. This is a possible direction
for future studies.
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Figure 8. Effect of HCI-2509 on docetaxel-resistant PC3D12 cells. Cell viability studies: dose–response curves showing the percent cell viability
at the end of 72 h treatment in PC3D12 treated with (a) docetaxel and (b) HCI-2509. Colony formation assays show growth inhibition of
colonies (c) and decreased colony size (d) on treatment with HCI-2509. Student’s unpaired t-tests, using GraphPad Prism software, were used
to calculate two-tailed P-values for each experiment to determine the statistical significance between untreated and treated samples. The
statistically significant P-values are labeled in each figure with an asterisk. (e) Western blot analysis shows increased H3K9me2 and decreased
c-MYC levels on treatment with HCI-2509.
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