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ABSTRACT
Honokiol (HNK), a highly promising phytochemical derived from Magnolia officinalis plant, exhibits in vitro
and in vivo anticancer activity against prostate cancer but the underlying mechanism is not fully clear. This
study was undertaken to delineate the role of c-Myc in anticancer effects of HNK. Exposure of prostate
cancer cells to plasma achievable doses of HNK resulted in a marked decrease in levels of total and/or
phosphorylated c-Myc protein as well as its mRNA expression. We also observed suppression of c-Myc
protein in PC-3 xenografts upon oral HNK administration. Stable overexpression of c-Myc in PC-3 and
22Rv1 cells conferred significant protection against HNK-mediated growth inhibition and G0-G1 phase cell
cycle arrest. HNK treatment decreased expression of c-Myc downstream targets including Cyclin D1 and
Enhancer of Zeste Homolog 2 (EZH2), and these effects were partially restored upon c-Myc
overexpression. In addition, PC-3 and DU145 cells with stable knockdown of EZH2 were relatively more
sensitive to growth inhibition by HNK compared with control cells. Finally, androgen receptor
overexpression abrogated HNK-mediated downregulation of c-Myc and its targets particularly EZH2. The
present study indicates that c-Myc, which is often overexpressed in early and late stages of human
prostate cancer, is a novel target of prostate cancer growth inhibition by HNK.
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Introduction

In spite of tremendous advances in our understanding of the
prostate cancer biology and underlying risk factors, this malig-
nancy is the cause of thousands of deaths every year in the
United States.1-4 For example, >27,000 American men are
expected to die from prostate cancer in 2015 according to the
projections from the American Cancer Society. Plants used in
alternative and complimentary medicine are attractive for iden-
tification of small molecules potentially useful for prevention
and/or treatment of prostate cancer.5 Magnolia tree is one such
example whose bark extract is widely used in the traditional
medicine practices in China, Korea, and Japan.6 The bioactive
lignans in the bark, seed cones, and leaves of Magnolia tree
include honokiol (HNK), magnolol, and obovatol but former is
the best characterized for its anticancer activity.7,8 Anticancer
effects of Magnolia lignans, including HNK, were initially stud-
ied in human leukemia cell lines.9 Bai et al.10 were the first to
provide in vivo evidence for anticancer activity of HNK in
angiosarcoma. In vivo tumor growth inhibitory effect of HNK
was subsequently extended to solid tumor models, including
colorectal,11 prostate,12 breast,13 and brain14 tumors. HNK or
its liposomal preparation was also shown to inhibit metastasis
in vivo in different preclinical models.12,15,16 More recent stud-
ies have demonstrated cancer chemopreventive activity for this
interesting phytochemical.17,18 For example, HNK administra-
tion significantly decreased N-nitroso-trischloroethylurea-
induced lung squamous cell carcinoma development in mice.18

Other intriguing anticancer properties of HNK include inhibi-
tion of epithelial to mesenchymal transition providing mecha-
nistic explanation for its anti-metastatic activity and cancer
stem cells.12,15,19,20 Furthermore, liposomal HNK was shown to
sensitize cancer cells to drugs such as cisplatin.21 In summary,
preclinical evidence for anticancer effect of HNK is quite
persuasive.

Our laboratory was the first to demonstrate in vivo antican-
cer activity of HNK after oral administration using an andro-
gen-independent human prostate cancer (PC-3) xenograft
model.22 Specifically, gavage with 2 mg HNK/mouse, 3 times/
week, significantly retarded growth of PC-3 cells subcutane-
ously implanted in male nude mice.22 At the cellular level,
HNK-treated prostate cancer cells (PC-3 and LNCaP) exhibited
G0-G1 phase cell cycle arrest that was associated with suppres-
sion of total and phosphorylated retinoblastoma protein and
inhibition of E2F1 transcriptional activity.23 Even though HNK
treatment resulted in induction of cell cycle inhibitor p21 (PC-
3 and LNCaP) as well as tumor suppressor p53 (LNCaP),
silencing of these proteins did not impact cell cycle arrest by
HNK treatment.23 HNK-induced apoptosis in prostate cancer
cells was accompanied by induction of Bax and Bak, and their
silencing conferred partial yet significant protection against cell
death induction.22

More recent studies from our laboratory have shown inhibi-
tion of androgen receptor (AR) expression and activity (e.g.,
decrease in prostate-specific antigen expression and secretion)
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by HNK and its synthetic dichloroacetate analog in prostate
cancer cells.24 Because c-Myc is a ligand-independent transcrip-
tional target of AR,25 the present study was logically designed
to determine the role of c-Myc in anticancer effects of HNK.

Results

HNK treatment decreased c-Myc protein level in prostate
cancer cells

We showed previously that PC-3 (an androgen-independent
cell line lacking AR expression) and LNCaP cells (an androgen-
responsive cell line expressing T877A mutant of AR) are sensi-
tive to growth inhibition by HNK (chemical structure of HNK
is shown in Fig. 1A) at pharmacological doses.14,23,26 The pres-
ent study extended these finding by demonstrating dose-depen-
dent cell viability inhibition by HNK in additional human
prostate cancer cell lines, including 22Rv1 (a castration-resis-
tant prostate cancer cell line with expression of AR splice var-
iants) and VCaP cells (a prostate cancer cell line with wild-type
AR expression), and Myc-CaP cell line derived from prostate
tumor of a transgenic mouse27 (Fig. 1B). Western blot data for
the effect of HNK treatment on total c-Myc protein level in
human prostate cancer cells are shown in Figure 1C. HNK-
mediated downregulation of c-Myc protein was apparent even
at 8 hour time point in most cells (Fig. 1C). Near complete loss
of c-Myc protein 24 hour post-HNK exposure was clearly evi-
dent in highly aggressive C4-2 and 22Rv1 cells (Fig. 1C). Simi-
larly, HNK treatment decreased c-Myc protein level in murine
prostate cancer cell line Myc-CaP (Fig. 1D). These results indi-
cated downregulation of c-Myc protein after HNK treatment in
a panel of human and mouse prostate cancer cell lines.

HNK treatment decreased nuclear levels of c-Myc

Previous immunohistochemical studies using tissue microar-
rays have shown that nuclear c-Myc protein overexpression is
frequent in prostatic intraepithelial neoplasia as well as in pri-
mary and metastatic adenocarcinoma.28 We therefore explored
the possibility of whether nuclear level of c-Myc protein was
decreased by HNK treatment in cultured cells (Fig. 2A) and
xenografted tumors (Fig. 2B). Expression of c-Myc protein was
mainly confined to the nucleus in every prostate cancer cell line
studied in the present study (Fig. 2A). In each cell line, HNK
treatment dose-dependently decreased nuclear levels of c-Myc
protein (Fig. 2A). Furthermore, nuclear staining for c-Myc pro-
tein was lower by 43–50% in PC-3 xenografts from HNK-
treated mice in comparison with control (Fig. 2C). However,
the difference was not significant due to large data scatter and
small sample size. Nevertheless, these results showed inhibition
of nuclear levels of c-Myc after HNK treatment in prostate can-
cer cells in vitro and in vivo.

Effect of HNK treatment on c-Myc phosphorylation in
human prostate cancer cells

The c-Myc expression is also controlled by sequential phos-
phorylation at S62 and T58.29 The S62 phosphorylation con-
tributes to the stability of c-Myc protein while phosphorylation

at T58 facilitates its degradation.29 To gain insights into the
mechanism underlying c-Myc protein downregulation in
HNK-treated cells, initially we examined c-Myc phosphoryla-
tion. Cell line-specific differences in S62 (Fig. 3A) and T58
(Fig. 3B) phosphorylation following 24 hour HNK treatment
were evident is most cell lines. For example, S62 phosphoryla-
tion of c-Myc was decreased in the PC-3 (null p53), 22Rv1
(mutant p53), and VCaP (mutant p53) cells at least after
24 hour HNK treatment but this was not the case in the LNCaP
and C4-2 cells that express wild-type p53. In these cell lines,
HNK treatment instead resulted in an increase in p62 phos-
phorylated c-Myc. The possibility that cell line-specific differ-
ences are partly related to p53 status requires further
investigation. Because a clear-cut pattern did not emerge with
respect to the effect of HNK on phosphorylation of c-Myc, it is
difficult to conclude whether stability of the c-Myc protein is
affected by HNK treatment.

HNK treatment downregulated c-Myc mRNA in prostate
cancer cells

Because effect of HNK on c-Myc phosphorylation was not
conclusive, we attempted to examine whether HNK affects
the mRNA expression of c-Myc. As seen in Figure 4A and
B, exposure of LNCaP and C4-2 cells to 40 mM of HNK
resulted in downregulation of c-Myc at 16 and 24 hour time
points in both cell lines. Data for lower dose of HNK were
inconsistent (results not shown). HNK-mediated reduction
of c-Myc protein (Fig. 1C) and its mRNA (Fig. 4A and B)
was observed but the effect was more pronounced on the
protein level. This can be possibly explained by the involve-
ment of p53 in c-Myc downregulation in HNK-treated
LNCaP and C4-2 cells. A study from Sachdeva et al.30 dem-
onstrated that p53 represses c-Myc expression via induction
of miR-145 which directly targets c-Myc. We have found
that HNK is an inducer of p53 expression in LNCaP cells.23

Therefore, p53 induction following HNK exposure can aug-
ment its inhibitory effect on c-Myc in LNCaP and C4-2
cells. However, further work is needed to systematically
explore this possibility. Because c-Myc functions as a tran-
scription factor and HNK greatly diminished its nuclear
level as shown in Figure 2A, it was of interest to check if
the transcriptional activity of c-Myc was inhibited by HNK
treatment. As seen in Figure 4C and D, HNK (24 hour
treatment) repressed the c-Myc transcriptional activity
dose-dependently in both LNCaP and C4-2 cells. Collec-
tively, c-Myc downregulation in LNCaP and C4-2 cells by
HNK treatment can be explained due in part to repression
of its transcription.

Functional significance of c-Myc downregulation by HNK

We stably overexpressed c-Myc protein in both PC-3 and
22Rv1 cells (abbreviated as Myc_PC-3 or Myc_22Rv1, respec-
tively) to study its role in anticancer effects of HNK. Overex-
pression of c-Myc was confirmed by immunoblotting (Fig. 5A).
Colony formation assay revealed dose-dependent inhibition
after HNK treatment in PC-3 and 22Rv1 cells stably transfected
with the empty vector (abbreviated as EV_PC-3 or EV_22Rv1,
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Figure 1. HNK treatment decreases c-Myc protein level in prostate cancer cells. (A) Chemical structure of HNK. (B) Viability of 22Rv1 and VCaP human prostate cancer cells
and Myc-CaP mouse prostate cancer cells after 24 hour or 48 hour treatment with DMSO or the indicated doses of HNK. Combined results from 2 independent experi-
ments are shown as mean § SD (n D 6). Statistical significance compared with respective DMSO-treated control was determined by one-way ANOVA with Dunnett’s
adjustment (�, P < 0.05). (C) Western blots for total c-Myc and GAPDH using lysates from cells treated with DMSO or the indicated doses of HNK. Numbers on top of the
bands are fold changes in protein levels relative to respective DMSO-treated control. (D) Western blots for total c-Myc and GAPDH using lysates from Myc-CaP cells treated
with DMSO or indicated doses of HNK. The results were consistent in 2 independent experiments.
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respectively) (Fig. 5A and 5B). Overexpression of c-Myc
increased the number of colonies compared to corresponding
empty vector transfected cells. Notably, HNK-mediated inhibi-
tion of colony formation was significantly attenuated by c-Myc
overexpression and this protection was quite obvious at the
highest dose (Fig. 5B). For example, colony formation was
reduced by >90% in both EV_PC-3 and EV_22Rv1 cells after
treatment with 20 mM HNK. Under similar treatment

conditions, inhibition of colony formation was only about 46%
in Myc_PC-3 cells and 38% in Myc_22Rv1cells (Fig. 5B).

We have shown previously that HNK treatment results in
G0-G1 cell cycle arrest.

23 Figure 5C depicts flow histograms for
cell cycle distribution in EV_PC-3, Myc_PC-3, EV_22Rv1, and
Myc_22Rv1 cells after 16 hour treatment with dimethyl sulfox-
ide (DMSO) or HNK. The HNK-mediated cell cycle arrest was
also significantly attenuated in c-Myc overexpressing cells

Figure 2. HNK treatment inhibits nuclear levels of c-Myc protein in prostate cancer cells. (A) Representative images for c-Myc protein levels in PC-3, LNCaP, C4-2, and
22Rv1 human prostate cancer cells after 24 hour treatment with DMSO or the indicated doses of HNK. (B) Representative images for c-Myc protein expression in tumor
sections from PC-3 xenografts. Magnification, 400£; Scale barsD 100 mm. (C) Quantitation of c-Myc protein expression in PC-3 xenograft. Results shown are mean § SD.
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(Fig. 5D). Based on these results, it is logical to conclude that
growth inhibitory effects of HNK in prostate cancer cells are
mediated at least in part by c-Myc downregulation.

The HNK-mediated cell cycle arrest in prostate cancer cells
is accompanied by downregulation of Cyclin D1, which is a tar-
get of c-Myc.23,31 Because cell cycle arrest by HNK was signifi-
cantly attenuated by c-Myc overexpression (Fig. 5D), we
proceeded to determine protein expression of Cyclin D1 and
another c-Myc target (Enhancer of Zeste Homolog 2; EZH2)32

in c-Myc overexpressing cells after treatment with DMSO or
HNK (Fig. 6A). HNK treatment decreased the expression of
Cyclin D1 and EZH2 in EV_PC-3 and EV_22Rv1 cells
(Fig. 6A). Moreover, expression of both proteins was increased
in c-Myc overexpressing cells as expected (Fig. 6A). In addition,
c-Myc overexpression conferred partial but marked protection
against HNK-mediated downregulation of Cyclin D1 and
EZH2 at least at the 20 mM concentration in both cell lines
(Fig. 6A). This protection was also evident at the highest dose
in the 22Rv1 cells (Fig. 6A).

Effect of AR overexpression on HNK-mediated
downregulation of c-Myc

Next, we determined the role of AR in c-Myc downregulation
by HNK. Immunoblotting for green fluorescent protein (GFP)
confirmed overexpression of AR in stable GFP-tagged AR over-
expressing (GFP-AR_PC-3) cells (Fig. 6B). Consistent with the

data shown in Figure 6A, HNK treatment dose-dependently
decreased protein levels of c-Myc and its targets Cyclin D1 and
EZH2 in stable GFP-tagged empty vector transfected GFP-
EV_PC-3 cells (Fig. 6B). The HNK-mediated downregulation
of all these proteins was partially or fully reversed by AR over-
expression. Moreover, stable knockdown of EZH2 resulted in
sensitization of PC-3 and DU145 cells to HNK (Fig. 6C and D).
Together, these results clearly indicated that AR overexpression
confers protection against c-Myc downregulation by HNK.

Discussion

Literature data indicate that c-Myc is a valid target for preven-
tion and treatment of human prostate cancer. Overexpression
of c-Myc, which plays an important role in cellular metabolism
and proliferation, was shown to induce prostatic intraepithelial
neoplasia in association with Nkx3.1 loss in a murine model.33-
35 The c-Myc oncogene is often amplified in metastatic prostate
cancer and nuclear Myc overexpression seems to be an early
event in prostate carcinogenesis.28,34,36 Moreover, molecular
similarities have been observed in Myc-driven prostate cancer
in a mouse model and human disease.37,38 The present study
reveals that c-Myc is a functionally important molecular target
in anticancer effect of HNK. The c-Myc downregulation by
HNK is apparent in a panel of human prostate cancer cells dif-
fering in AR mutational status and AR splice variant expres-
sion, androgen sensitivity, and p53 expression. The in vitro

Figure 3. Effect of HNK treatment on phosphorylation of c-Myc. Western blots for S62- phosphorylated (A) and T58-phosphorylated (B) c-Myc using lysates from prostate
cancer cells following treatment with DMSO or the indicated doses of HNK. Numbers on top of bands represent fold changes in protein levels relative to respective
DMSO-treated control.
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suppression of c-Myc protein level after HNK treatment was
shown previously in other cancer cell types,39-41 but the present
study is the first to provide evidence for attenuation of antican-
cer activity of HNK after c-Myc overexpression. We also found
that HNK has the ability to downregulate c-Myc protein level
in vivo, although verification of this observation requires fur-
ther analysis with a larger sample size.

Regulation of c-Myc expression is complex and controlled at
multiple levels including post-translational modifications.29

The present study reveals that HNK downregulates c-Myc pro-
tein level, at least in part by suppressing its transcription. The
upstream molecule regulator in c-Myc downregulation by HNK
is unclear, and requires further investigation. For example, our
own work has revealed HNK-mediated inhibition of E2F1,
which is one of the transcription factors involved in c-Myc reg-
ulation.23,42 Nuclear factor kB is another pathway implicated in
c-Myc regulation and HNK treatment inhibits this transcription
factor.39 Additional work is necessary to dissect the role of these
pathways in c-Myc downregulation by HNK. On the other
hand, we are not certain if c-Myc downregulation by HNK
involves a post-translational mechanism as its effect on c-Myc
phosphorylation was cell line-specific.

The c-Myc regulates many cellular processes including cell
cycle progression.29 For example, c-Myc is known to govern

transition of cells from G1 to S phase.
31 Literature also indicates

that loss of c-Myc increases G1 arrest
43 and gain of c-Myc trig-

gers exit from G1 arrest following ionizing radiation.
44 We have

previously shown that HNK-induced G1 phase cell cycle arrest
in prostate cancer cells is accompanied by Cyclin D1 downre-
gulation23 and this effect is attenuated by overexpression of c-
Myc (present study). Therefore, it is reasonable to conclude
that HNK-mediated G1 arrest in prostate cancer is mediated by
inhibition of c-Myc.

Exposure of prostate cancer cells to HNK resulted in the
reduction of EZH2 protein (present study). The EZH2 protein
has recently been implicated in prostate carcinogenesis and
metastasis.32,45 Gene expression profiling revealed that EZH2 is
overexpressed in hormone-refractory and metastatic prostate
cancer.45 Moreover, overexpression of EZH2 in prostate cells
results in transcriptional repression of a specific cohort of
genes.45 This study also suggested that dysregulated EZH2
expression may distinguish indolent and lethal prostate can-
cers.45 Myc is also shown to enforce overexpression of EZH2 in
early prostatic neoplasia via transcriptional and post-transcrip-
tional mechanisms.32 Another study suggested that c-Myc and
EZH2 expression together with cell cycle inhibitor p27 may be
a prognostic parameter for intermediate-risk prostate cancer
patients after the surgery.46 Because EZH2 knockdown further

Figure 4. HNK treatment decreases c-Myc mRNA level and its transcriptional activity in human prostate cancer cells. Real-time PCR for c-Myc mRNA in LNCaP (A) and C4-2
(B) cells treated with DMSO or HNK. Relative luciferase activity in LNCaP (C) and C4-2 (D) cells after 24 hour treatment with DMSO or the indicated doses of HNK. Com-
bined results from 2 independent experiments are shown as mean § SD (n D 6). Statistical significance compared with DMSO-treated control was analyzed by unpaired
Student’s t test (A and B) or by one-way ANOVA with Dunnett’s adjustment (C and D). �, P < 0.05.
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Figure 5. Overexpression of c-Myc rescues cell growth inhibition by HNK in prostate cancer cells. (A) Upper panel, western blots for c-Myc and loading control GAPDH
using lysates from EV_PC-3, Myc_PC-3, EV_22Rv1, and Myc_22Rv1 cells. Lower panel, representative images of colonies from EV_PC-3, Myc_PC-3, EV_22Rv1, and
Myc_22Rv1 cells after treatment with DMSO or the indicated doses of HNK. (B) Quantitation of colony formation. Results are shown as mean§ SD (nD 3). Statistically sig-
nificant compared with respective DMSO-treated control (�) or between groups at the same treatment (#) by one-way ANOVA with Newman-Keuls multiple comparisons
test (P < 0.05). Similar results were obtained in independent experiments. (C) Representative cell cycle histograms for EV_PC-3, Myc_PC-3, EV_22Rv1, and Myc_22Rv1
cells after 16 hour treatment with DMSO or 40 mM HNK. (D) Quantitation of G0-G1 phase cells in EV_PC-3, Myc_PC-3, EV_22Rv1, and Myc_22Rv1 cells. Results are shown
as mean § SD (n D 3). Statistically significant compared with respective DMSO-treated control (�) or between groups at the same treatment (#) by one-way ANOVA with
Newman-Keuls multiple comparisons test (P < 0.05). Similar results were obtained in independent experiments.
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sensitizes prostate cancer cells to growth inhibition by HNK, it
is reasonable to postulate that HNK-mediated downregulation
of EZH2 is an important contributor to the anticancer effect of
HNK.

Safety of HNK has been demonstrated in rodents. For exam-
ple, thrice every week oral administration of HNK at 50–
150 mg/kg body weight for over 100 days was well-tolerated by
PC-3 xenograft-bearing male nude mice.22 HNK was also
shown to be safe even after daily treatment at approximately
100 mg/kg body weight via the intraperitoneal route for 6 w
eeks.12 While pharmacokinetic behavior of HNK in humans is

yet to be studied, the concentrations used for cellular experi-
ments in the present study were within the plasma achievable
range in rats after a single intravenous administration at
20 mg/kg dose.14

Because c-Myc overexpression/amplification is observed in a
subset of prostate cancer patients,28,34,36 the present study sug-
gests that HNK may be useful for prevention and/or treatment
of the disease. The next step in clinical translation of our cellu-
lar findings is to test the in vivo efficacy of HNK using trans-
genic mouse models of c-Myc-driven prostate cancer (e.g., Hi-
Myc mouse model). It is equally important to determine if

Figure 6. Effect of AR overexpression on c-Myc downregulation by HNK. (A) Western blots for Cyclin D1, EZH2, and GAPDH in EV_PC-3, Myc_PC-3, EV_22Rv1, and
Myc_22Rv1 cells after 24 hour treatment with DMSO or the indicated doses of HNK. Numbers on top of bands are fold changes in levels relative to DMSO-treated EV_PC-
3 or EV_22Rv1 cells. (B) Western blots for GFP, c-Myc, Cyclin D1, EZH2, and b-Actin in GFP-EV_PC-3 or GFP-AR_PC-3 cells after 24 hour treatment with DMSO or the indi-
cated doses of HNK. Numbers on top of bands are fold changes in levels relative to DMSO-treated GFP-EV_PC-3 cells. Effect of stable knockdown of EZH2 on cell viability
inhibition by HNK in PC-3 (C) and DU145 (D) cells and their corresponding controls. Results shown are mean § SD (n D 6). Statistically significant compared with respec-
tive DMSO-treated control (�) or between groups at the same treatment (#) by one-way ANOVA with Newman-Keuls multiple comparisons test (P < 0.05).
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HNK treatment causes downregulation of c-Myc in vivo. We
did observe a decrease in nuclear c-Myc protein level after
HNK treatment in the PC-3 xenograft model, but a similar but
appropriately powered study is needed to verify this effect in
the transgenic mouse model.

In conclusion, the present study reveals that c-Myc protein
is susceptible to downregulation by HNK treatment in andro-
gen-responsive and androgen-independent human prostate
cancer cells. We also provide evidence for a critical role for c-
Myc in prostate cancer cell growth inhibition by HNK.

Materials and methods

Reagents

HNK (98.5%) was purchased from the LKT laboratories (St.
Paul, MN) and dissolved in DMSO to make a 50 mM stock
solution that was aliquoted and stored at ¡80�C until use. Fetal
bovine serum (FBS), phosphate-buffered saline (PBS), antibi-
otic mixture, and F-12K Nutrient Mixture were purchased
from Life Technologies-Thermo Fisher Scientific. RPMI1640
and Dulbecco’s Modified Eagles Medium were purchased from
Mediatech. Anti-c-Myc (#5605) antibody used for western blot
analysis and immunocytochemistry was from Cell Signaling
and anti-EZH2 antibody (#612666) was from BD Biosciences.
Antibodies against phospho-(T58)-c-Myc (sc-135647), GFP
(sc-9996), c-Myc (sc-40, for immunohistochemistry), and
Cyclin D1 (sc-753) were from Santa Cruz Biotechnology. An
antibody specific for detection of phospho-(S62)-c-Myc
(MAB6763) was from Abnova. The antibody against glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH, GTX627408)
was from GeneTex; and anti-a-tubulin (T5168) and anti-
b-actin (A5441) antibodies were from Sigma-Aldrich. Alexa-
Fluor 488-conjugated rabbit antibody (A11008) was from Life
Technologies. G418 (sc-29065B) was from Santa Cruz Biotech-
nology. Bovine serum albumin (BSA, A7906), 40,6-diamidino-
2-phenylindole (DAPI, D9542), and propidium iodide (PI,
P4170) were from Sigma-Aldrich.

Cell lines

PC-3, LNCaP, and 22Rv1 cells were obtained from the Ameri-
can Type Culture Collection and authenticated by us. C4-2 cell
line was obtained from UroCor. Mouse prostate cancer cell line
Myc-CaP was a generous gift from Dr. Charles L. Sawyers
(Howard Hughes Medical Institute, Memorial Sloan Kettering
Cancer Center, New York, NY). The cells were cultured as rec-
ommended by the supplier. PC-3 and 22Rv1 cells were stably
transfected with empty pcDNA3 vector (Promega) or c-Myc
plasmid (Addgene, #16011) in the same vector and selected by
G418 treatment. These cells were maintained in medium sup-
plemented with 10% FBS, antibiotic mixture, and 400 (22Rv1)
or 800 mg/mL of G418 (PC-3). VCaP and GFP-AR-overex-
pressing PC-3 cells were generously provided by Dr. Zhou
Wang (University of Pittsburgh, Pittsburgh, PA). VCaP cells
were maintained in Dulbecco’s Modified Eagles Medium sup-
plemented with 10% FBS and antibiotic mixture. GFP-AR_PC-
3 cells were maintained in RPMI1640 supplemented with 10%
FBS, antibiotic mixture, sodium pyruvate, HEPES, 2.5 g/L of

glucose, and 600 mg/mL of G418. PC-3 and DU145 cells with
stable knockdown of EZH2 were a generous gift from Dr.
Jeong-Ho Kim (George Washington University, Washington
DC), and maintained as recommended by the provider.47

Cell viability assay

Trypan blue dye exclusion assay was performed to assess the
effect of HNK on viability of prostate cancer cells including
22Rv1, VCaP, and EZH2 knockdown PC-3 and DU145 cells
(designated as EZH2_PC-3 and EZH2_DU145, respectively)
and their corresponding control cells (designated as NT_PC-3
and NT_DU145, respectively) as described by us previously.48

Western blot analysis

Cells were treated with DMSO or desired doses of HNK, lysed,
and subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Immunoblotting was performed as described
by us previously.49 Immunoreactive bands were visualized
using chemiluminescence method.

Immunocytochemistry and immunohistochemistry

Cells were plated on coverslips in 24-well plates. After overnight
incubation to allow attachment of the cells, they were treated with
DMSO or desired doses of HNK for 24 hours and then fixed and
permeabilized with 2% paraformaldehyde and 0.5% Triton X-100,
respectively. After blocking with BSA buffer (0.5% BSA and 0.15%
glycine in PBS), cells were incubated with c-Myc antibody (1:2000
dilution in BSA buffer) overnight at 4�C. Cells were then treated
with AlexaFluor 488-conjugated rabbit antibody (1:2000 dilution
in BSA buffer) for 1 hour at room temperature in the dark. Cells
were stained with DAPI (50 ng/mL) at room temperature in the
dark and then mounted. At least 5 non-overlapping images were
captured at 100£ objective magnification. c-Myc immunohis-
tochemistry was done using archived tumor sections from our
previous PC-3 xenograft study.22 At least 5 non-overlapping
images were captured at 400£ magnification and analyzed by
Aperio ImageScope software using nuclear algorithm. This soft-
ware automatically computes blue-negative and red-orange-yel-
low-positive pixels and categorizes them according to positivity
and intensity scale of weak positive, positive, and strong positive.
The results are expressed as H-score.

Quantitative real-time polymerase chain reaction (PCR)

Cells were plated into 6-cm culture dishes, allowed to attach to
the plates by overnight incubation, and then treated with
DMSO or desired doses of HNK. Total RNA was extracted
using RNeasy mini kit from Qiagen. cDNA was synthesized
and reverse transcribed using oligo (dT)20 primer, 1 mg of
RNA, and SuperScriptTM III reverse transcriptase. Real-time
PCR was done from 1:10 diluted cDNA using DyNAmo HS
SYBR Green qPCR kits (Thermo Fisher Scientific) on ABI Ste-
pOnePlus PCR Systems. Primers for human c-Myc and
GAPDH were as follows. Forward (c-Myc): 50-GCCACGTCTC-
CACACATCAG-30; Reverse: (c-Myc) 50-TGGTGCATTTTCG
GTTGTTG-30; Forward (GAPDH): 50-GGACCTGACCTGCC
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GTCTAGAA-30; Reverse (GAPDH): 50-GGTGTCGCTGTTG
AAGTCAGAG-30. The PCR conditions were as follows: 95�C
for 10 min followed by 40 cycles of 95�C for 15 sec, 60�C for
1 min, and 72�C for 30 sec. Relative gene expression was calcu-
lated using the 2-DDCT method.50

Luciferase reporter assay

The pBV-Luc wt MBS1-4 plasmid (2 mg; Addgene, #16564) and
0.2 mg of pCMV-RL plasmid (Promega) were used for transient
transfection. DNA/FuGENE6 (1:3 ratio) mixture was added to
LNCaP or C4-2 (5£ 104 cells per well in 12-well plate) cell suspen-
sion. After 24 hour co-transfection, the cells were treated with
DMSO or desired concentrations of HNK for 24 hours. Luciferase
activity was determined using a luminometer.

Colony formation assay

Cells were seeded in 6-well plates in triplicate. After 24 hours,
cells were treated with DMSO or desired doses of HNK.
Medium containing DMSO or desired doses of HNK was
changed every third day. After 8 (PC-3) or 10 days (22Rv1),
cells were fixed with 100% methanol for 5 min at room temper-
ature and stained with 0.5% crystal violet solution in 20%
methanol for 30 min at room temperature. Colonies of more
than 50 cells were counted using GelCount (Oxford Optronix).

Determination of G0-G1 population

Cells plated in 6-well plates were allowed to attach by overnight
incubation and then treated with DMSO or 40 mM of HNK for
16 hours. Cells were fixed with 70% ethanol for overnight at
4�C. After washing with PBS, cells were stained with PI and
analyzed by using BD Accuri C6 flow cytometer.

Statistical analysis

GraphPad Prism (version 6.07) was used for statistical analyses.
Statistical significance of difference was determined by
unpaired Student’s t test for binary comparison or one-way
analysis of variance (ANOVA) followed by Dunnett’s adjust-
ment (dose-response data) or Newman-Keuls test (multiple
comparison).
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AR androgen receptor
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GFP green fluorescent protein
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