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Figure 1. Effects of DHT on TWIST1 expression in androgen-responsive LNCaP cells. LNCaP cells (0.25 x 10° cells/well) were plated in 6-well plates, and after
androgen deprivation, the cells were daily treated with vehicle (DMSO) or DHT and then subjected to RNA isolation and real-time PCR analysis. Real-time PCR
results are expressed as means + SE of fold change relative to vehicle-treated control of 3 separate experiments with each experiment including
triplicate PCR tubes. Error bars with an asterisk are significantly different than vehicle-treated control (*, P < 0.05; **, P < 0.01; ***, P < 0.001). A,
concentration-dependent effects of DHT on TWIST1 mRNA levels. The cells were treated daily with or without varied concentrations (0-1.0 nmol/L) of
DHT for 48 hours. B, time course of DHT effects on TWIST1 mRNA levels. LNCaP cells were daily treated with or without 1 nmol/L DHT for 0, 24, 48, or 72 hours.
C and D, effects of AR siRNA on TWIST1 and PSA mRNA levels. LNCaP cells were transfected with 5 nmol/L AR siRNA or negative control siRNA as
described in the Materials and Methods. After transfection, the cells were treated with or without DHT (1 nmol/L) for 48 hours as described in Materials
and Methods. After treatment, total RNA was isolated and mRNA for PSA and TWIST1 determined as described in Materials and Methods. Real-time
PCRresults are expressed as means + SE of fold change relative to vehicle-treated control of 3 separate experiments with each experiment including triplicate
PCR tubes. Error bars with an asterisk are significantly different than vehicle-treated control (*, P < 0.05; **, P < 0.01; ***, P < 0.001). C, effect of AR siRNA on
DHT induction of TWIST1 mRNA levels. D, effect of AR siRNA on DHT induction of PSA mRNA levels. NC, negative control siRNA.

Pretreatment of conditioned media with a neutralizing
antibody against CCL2 was found to attenuate increased
migration of THP-1 cells toward dihydrotestosterone-trea-
ted conditioned media (Fig. 5C).

I13C and DIM modulate effects of androgen on CCL2 and
migration

Consistent with their effect on androgen-dependent
pathways, I3C and DIM exerted a concentration-dependent
inhibition of both TWIST1 and CCL2 mRNA expression
induced by dihydrotestosterone treatments. This response
was similar to the effects that 13C and DIM had on androgen
induction of the well-documented androgen-responsive
gene PSA mRNA (Fig. 6A-C). Furthermore, treatment of

cells with I3C (50 umol/L) and DIM (10 umol/L) also
inhibited the dihydrotestosterone-induced increase in
CCL2 protein (Fig. 6D and E). Furthermore, I3C (50
pmol/L) or DIM (10 umol/L) treatment also led to signif-
icantly reduction of dihydrotestosterone-induced migra-
tion of THP-1 cells (Fig. 6F and G).

Discussion

The molecular mechanisms underlying the etiology
and progression of prostate cancer remain unclear.
Although exposure to androgen is considered as one of the
risk factor for prostate cancer, the mechanisms are also not
completely delineated. In the present study, we reported a
novel finding that CCL2, a protein critical in attracting
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monocytes (37, 38), is an androgen-responsive gene. We
show that exposure of the androgen-responsive LNCaP cell
line to dihydrotestosterone led to induction of CCL2 mRNA
as well as protein (Fig. 5A), and this effect of dihydrotes-
tosterone on CCL2 mRNA was blocked by siRNA against AR
(Fig. 3A). This observation supports the notion that expo-
sure to androgens can promote attraction of monocytes by
prostate cancer cells. We provide in vitro data (Fig. 5C) to
support this notion as we observed increased migration of
THP-1 toward conditioned media derived from dihydro-

testosterone-treated cells (Fig. 5B). The involvement of
CCL2 was further strengthened because THP-1 cell migra-
tion was inhibited when conditioned media were preincu-
bated with anti-CCL-2 antibody (Fig. 5C). These results
suggest that exposure of prostate cancer cells to androgens
may create a pro-inflammatory environment, where the
prostate cancer cell is stimulated to secrete CCL2 and attract
monocytes toward tumor site. Monocytes can produce
cytokines such as IL-6 and IL-1B (39). These cytokines
are known to stimulate prostate cancer cell growth and
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angiogenesis (40). Therefore, upregulation of CCL2 may be
a mechanism whereby androgens promote prostate cancer
development. We also observed that the androgen-inde-
pendent prostate cancer cell PC-3 expresses higher levels of
CCL2 mRNA. PC-3 cell is considered to be more advanced
than LNCaP cell in prostate cancer tumorigenesis process.
The higher expression of CCL2 in PC-3 cells than in LNCaP
cells is consistent with the more aggressive phenotype of
PC-3 and suggests that they may have a greater capacity for
monocyte recruitment. This will lead to increased inflam-
mation in the tumor site. One may thus reason that anti-
inflammatory agents targeting the CCL2 pathway may delay
tumor growth in both androgen-dependent and -indepen-
dent prostate tumors.

One of our initial hypotheses was that dihydrotestoster-
one could modulate EMT. EMT induction in cancer cells
results in the acquisition of invasive and metastatic prop-
erties. EMT-type cells, which share molecular characteristics
with cancer stem cells (CSC), are believed to play critical
roles in early cancer metastasis and drug resistance as shown
in several human malignancies including prostate cancer
(41-43). We found that LNCaP cells exposed to dihydro-
testosterone significantly upregulated the EMT-related pro-

tein TWIST1 mRNA levels. This effect of dihydrotestoster-
one on TWIST1 is dependent on AR as siRNA against AR
blocked the induction of TWIST1 mRNA by dihydrotestos-
terone (Fig. 1). TWIST1, a helix-loop-helix transcription
factor, is highly expressed in many types of human cancers
(44). Recently, TWIST1 was suggested to be an oncogene
(23, 45, 46) and confers prostate cancer cells with an
enhanced metastatic potential through promoting EMT,
and a high TWIST1 expression in human prostate cancer
is associated with an increased metastatic potential (47).
However, we did not find dihydrotestosterone to effect the
TWIST1-regulated and/or EMT-related genes such as CDH1,
SNAIL, and vimentin expression in LNCaP cells (Fig. 2A-C).
These results suggest that although androgens induced
TWIST1, they did not lead to development of an EMT
phenotype in our experimental conditions. TWIST1 was
also reported to be a regulator of CCL2 (48). We did found
that dihydrotestosterone treatment increased the mRNA of
2 purported TWIST11-responsive genes, CCL2 and TNF-o.
TNF-o is also a potent chemoattractant for several cell lines
(49). However, the effect of androgen on CCL2 and TNF-o
mRNA appeared to be AR-dependent pathway but not
TWIST1-dependent. AR siRNA and not TWIST1 siRNA
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Figure 5. Effect of DHT on CCL2 protein and LNCaP cell conditioned media-stimulated THP-1 monocyte migration. LNCaP cells were treated with or without 1
nmol/L DHT for 48 hours, conditioned media—harvested and CCL2 protein level, THP-1 migration assay conducted as described in Materials and Methods.
The results are expressed as means + SE of fold change relative to vehicle-treated control of 3 separate experiments. Error bars with an asterisk are
significantly different than vehicle-treated control (**, P < 0.01; ***, P < 0.001. as analyzed by Bonferroni posttest). A, protein expressions of CCL2 in LNCaP
cells conditioned media. Error bars with an asterisk are significantly different than vehicle-treated control (**, P <0.01; ***, P < 0.001). B, effect of conditioned
media on THP-1 cells migration. Error bars with an asterisk are significantly different than vehicle-treated control (**, P<0.01; ***, P <0.001). C, effect of CCL2-
blocking antibody on conditioned media-induced THP-1 migration. LNCaP cells conditioned media were treated with 0.5 ug/mL isotype control or CCL2
blocking antibody for 1 hour and then the THP-1 migration assay was conducted as described in Materials and Methods. Values with a different superscripts

(a, b, and c) are significantly different at P < 0.05.

blocked the effects of dihydrotestosterone on CCL2 and
TNF-oo. mRNA. These results suggest that TWIST1 is not
involved in the regulation of CCL2 or TNF-o. mRNA by
dihydrotestosterone in LNCaP cells. Additional studies
are necessary to elucidate the role of dihydrotestosterone
in EMT as well as TWIST1 in the prostate cancer—-EMT
relationship.

We previously reported that 13C and DIM can inhibit
LNCaP cell growth that correlated with inhibition of andro-
gen-dependent pathways (33). Consistent with this obser-
vation, cells treated with I3C and DIM also significantly
blocked the induction of CCL2 mRNA by dihydrotestos-
terone (Fig. 6C). In addition, 13C and DIM treatment also
led to the inhibition of CCL2 protein expression induced by
dihydrotestosterone as well as migration of THP-1 mono-
cytes induced by dihydrotestosterone (Fig. 6F and G). These
results indicate that exposure of cells to 13C and DIM not
only modulates the growth of androgen-responsive prostate

cancer cells but also indirectly influences luminal cells such
as the monocytes. We reason that I3C and DIM, through
inhibition of monocyte to the tumor site, could minimize
the exposure of tumors to cytokines such as IL-1f and IL-6.
This effect may thus attenuate the inflammatory process and
ultimately lead to delay in prostate tumor growth and
angiogenesis. Our data also support the possibility that diet
or diet-derived compounds may act through multiple
mechanisms including inflammation and angiogenesis to
prevent prostate cancer. Additional in vivo studies are war-
ranted to validate our hypothesis. TWIST1, an androgen-
responsive gene, was also modulated by 13C and DIM (Fig.
6B). The consequence of TWIST1 modulation by I3C and
DIM remains unclear and warrants further study.

In summary, we found that the androgen dihydrotestos-
terone promotes monocyte migration through upregula-
tion of CCL2 mRNA and protein. The effect of dihydrotes-
tosterone on CCL2 appeared to be independent of TWIST1
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and mediated through AR-dependent pathways. More
importantly, the diet-derived factors I3C and DIM can
modulate CCL2 and monocyte migration induced by dihy-
drotestosterone. These may be important mechanisms
whereby diet-derived compound delay prostate tumor
growth and development. Finally, we found that dihydro-
testosterone induced EMT-related TWIST1 expression but
had no effect on other EMT-related genes downstream of
TWIST1.
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