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Abstract: Recent clinical studies have raised the clinically important question of the relationship between dihy-
drotestosterone (DHT) and prostate cancer (PCa) progression. The significance of DHT or 5α-reductase inhibitors 
(5ARI) in PCa development and progression has not yet been fully characterized. The aim of this study was to de-
termine whether the initiation of DNA replication was influenced by DHT in PCa. Three cell lines were used. LNCaP: 
a human PCa cell line that exhibits androgen-dependent proliferation, C4-2: a human PCa cell line that exhibits 
androgen-independent proliferation, and C4-2AT6: a castration resistant prostate cancer cell line. Two 5ARIs, fi-
nasteride and dutasteride, were used. We examined the mRNA expression of the components of pre-replication 
complex (Pre-RC), CDC6, CDT1, and MCM2-7. DHT induced cell proliferation of LNCaP accompanied by significantly 
increased CDC6, CDT1, and MCM2-7 expression. In contrast to LNCaP, DHT inhibited cell proliferation in C4-2AT6 
cells accompanied by decreased expression of CDC6, CDT1, and MCM2-7. These reverse effects resemble the ef-
fects of 5ARIs in Pre-RC. Treatment with finasteride or dutasteride inhibited CDC6 expression in LNCaP, but both 
5ARIs induced CDC6 expression in C4-2 and C4-2AT6 cells. These results indicate that DHT showed reversal effects 
on PCa cell proliferation among prostate cancer cells based on androgen-dependence, accompanied by regulation 
of the initiation of DNA replication. 5ARIs may modulate the DNA replication system in some aggressive PCa through 
up-regulation of CDC6 expression.

Keywords: Castration resistant prostate cancer, DNA replication, pre-replication complex, CDC6, 5α-reductase 
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Introduction

Prostate cancer (PCa) is the most commonly 
diagnosed malignant tumor in men living in the 
United States and Europe [1]. Androgen recep-
tor (AR) activity is essential for prostate cancer 
development, growth, and progression [2]. The 
dependence of PCa on AR signaling at all stag-
es of the disease has therefore been exploited 
in the treatment of advanced tumors, for which 
ablation of AR function by androgen deprivation 
therapy (ADT) is the goal of first-line therapy [3]. 
However a significant subset of these patients 
will develop evidence of biochemical relapse, 
leading to lethal metastatic castration resis-
tant prostate cancer (CRPC). CRPC is an 
advanced form of the disease characterized by 
disease progression following surgical or medi-

cal castration [3]. The key molecular events 
associated with PCa progression remain to be 
elucidated.

Clinical evidence accumulated thus far indi-
cates CRPC remains dependent on the expres-
sion and transcriptional activity of very low lev-
els of androgens, suggesting a potential 
therapeutic target in CRPC [4-6]. Recent 
advances have raised the clinically important 
question of the relationship between dihy-
drotestosterone (DHT) and PCa [7]. The PCPT 
trial [8] and REDUCE trial [9], which investigated 
the role of 5α-reductase inhibitors (5ARIs) in 
the context of prostate cancer prevention have 
shed light on the relationship between DHT and 
PCa progression. Tumors found in patients 
treated with a 5ARI were of a higher grade than 
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the tumors in those administered a placebo, 
although the significant reduction of low grade 
PCa were identified [10]. Therefore, the use of 
5α-reductase inhibitors (5ARIs) to prevent the 
development of PCa continues to be widely dis-
cussed [11, 12]. Despite this clinical impor-
tance, only a few studies have reported the sig-
nificance of DHT in human CRPC.

Recently we have reported that human CRPC 
cells exhibited significantly reduced cell viabili-
ty when treated with DHT, which wa accompa-
nied by reduced 5α-reductase activities [13]. 
Our results showed that CRPC could be treated 
with androgens due to the inhibitory action of 
excess androgens. However, the associations 
of DHT and cancer cell proliferation in CRPC 
progression are poorly understood. CRPC cells 
may have an unknown regulation system to  
protect themselves from the androgenic sup-
pressive effect mediated by unknown mecha- 
nisms.

In this study, we investigated the reversal 
effects of DHT on the induction of androgen-
dependent proliferation of the prostate cancer 
cell line: LNCaP and the suppression of andro-
gen-dependent proliferation of the CRPC cells: 
C4-2AT6. We especially focused on the compo-
nents of the initiation of DNA replication, which 
is a well coordinated process that ensures 
duplication of the genome only once per cell 
division cycle in mammal cells [14, 15]. Their 
activities are strictly regulated by pre-replica-
tion complex (Pre-RC) and origin recognition 
complex (ORC) [16, 17]. Therefore, we sought to 
determine whether the initiation of DNA replica-
tion may be influenced by DHT in PCa.

Materials & methods

Cell lines and culture

LNCaP cells were obtained from ATCC. C4-2 
cells were obtained from UroCor (Oklahoma 
City, OK). LNCaP and C4-2 cells were routinely 
maintained in RPMI-1640 (Invitrogen, Carlsbad, 
CA) supplemented with 10% FBS, at 37°C in a 
humidified atmosphere with 5% CO2. C4-2AT6 
cells were established from C4-2 as previously 
reported [18]. Briefly, C4-2 cells were grown in 
RPMI-1640 containing 10% charcoal stripped 
fetal bovine serum at 37°C in a humidified 5% 
CO2 atmosphere. Cells were passaged upon 
attaining confluence during a 6 month period. 

We named this cell line C4-2AT6; that is, C4-2 
cells subjected to androgen ablated treatment 
for 6 months.

Chemicals

DHT was purchased from Sigma (Tokyo, Japan). 
Finasteride and dutasteride were obtained 
from SantaCruz Biotechnology (Santa Cruz, CA, 
USA).

WST cell viability assay

LNCaP cells were plated in 96-well plates and 
then allowed to attach for 24 h. After overnight 
serum starvation, the cells were treated with 
different concentrations of DHT for 96 h. At the 
end of the incubation period, water soluble tet-
razolium (WST) reagents were added to each 
well followed by incubation for 1 hr. Cell viability 
was estimated by colorimetry, using a plate 
reader at 570 nm.

Real-time quantitative PCR

Total RNA was isolated using an RNeasy Mini 
kit (Qiagen, Hilden, Germany), and the quantity 
and quality were evaluated by spectrophotom-
etry. Reverse transcription of RNA to cDNA was 
conducted using a High Capacity cDNA Archive 
Kit (Applied Biosystems). The reaction mixture 
(1 μL) was then used as a template in a TaqMan 
Fast real-time quantitative PCR assay using 
Taqman Universal PCR Master Mix and the 
7500 Fast Real-time PCR system (Applied 
Biosystems). The primers and TaqMan probe 
sets (TaqMan Gene Expression Assays) for PSA 
(Hs02576345_m1), Nkx3.1 (Hs00171834_
m1), TMPRSS2 (Hs01120965_m1), CDC6 
(Hs00154374_m1), CDT1 (Hs00368864_m1) 
and human GAPDH endogenous control 
(Hs99999903_m1) were purchased from 
Applied Biosystems (sequences not disclosed). 
The cycling conditions were 50°C for 10 min-
utes, 95°C for 10 minutes followed by 40 cycles 
at 95°C for 15 seconds and at 60°C for 1 
minute. 

Statistics

Experiments were performed with 3 or more 
replicates. Statistical analysis was performed 
using the Mann-Whitney U test and Dunnett’s 
test for multiple comparison with p<0.05 con-
sidered significant. These analyses were per-
formed with the SPSS Version 21.0 statistical 
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software package (SPSS Corporation, Chicago, 
IL, USA).

Results

Effects of DHT on prostate cancer cell prolif-
eration

We investigated and compared the viability of 
prostate cancer cells treated with DHT at vari-
ous concentrations for 96 h (Figure 1A). 
Increasing the concentration of DHT on LNCaP 
cells had a positive effect on cell proliferation 
in a dose-dependent manner, as previously 
shown [13]. When treated with 0.1 nM DHT, 
LNCaP cells demonstrated significant maximal 
increased cell viability compared with that at 
lower DHT concentration. On the other hand, 

C4-2AT6 cells showed significantly lower cell 
viability at the same concentration of DHT com-
pared to LNCaP cells. When treated with 0.1 
nM DHT, C4-2AT6 cells showed significantly 
decreased cell viability compared with that at 
lower DHT concentrations. Increasing concen-
trations of DHT did not have a positive effect on 
C4-2AT6 cell proliferation. As shown in Figure 
1A, the inhibitory effects on C4-2AT6 cells were 
more marked than those on LNCaP cells treat-
ed with 0.1 nM DHT.

Next, we investigated the expression of AR tar-
get genes: PSA, Nkx3.1, and TMPRSS2. The 
mRNA expression was determined by qPCR at 
different concentrations of DHT at 24 h (Figure 
1B-D). All of these AR target genes were signifi-
cantly increased in a dose-dependent manner 

Figure 1. Effects of DHT on prostate cancer cell proliferation. A: WST cell viability assay exhibited a significant prolif-
erative response to DHT at 0.1 nM DHT in LNCaP cells. When treated with 10-10 M to 10-8 M DHT, C4-2AT6 cells ex-
hibited significantly decreased cell viability compared with that at lower DHT concentrations. B-D: mRNA expression 
of PSA, Nkx3.1, and TMPRSS2 in LNCaP, C4-2 and C4-2AT6 cells. The expression of each probe was normalized to 
0 h to yield fold changes. *p<0.05, **p<0.01, ***p<0.001.
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in all the cell lines. These results suggest the 
existence of an inverse effect of DHT on cancer 
cell proliferation which was not paralleled by 
the induction of AT target genes.

Reverse effects of DHT on DNA replication 
system among prostate cancer cells

To investigate the mechanism of the inverse 
effect of DHT on cancer cell proliferation, we 
searched for an androgen-induced gene in rela-
tion to the initiation of DNA replication related 
factors. The DNA replication system is strictly 
regulated by a pre-replication complex (Pre-RC) 
and an origin recognition complex (ORC) [16, 
17]. In eukaryotic cells, the replicative helicase, 
MCM (2-7), is loaded as a double hexamer on 
double-stranded DNA at replication origins [14, 
15]. MCM loading is dependent on ORC that 
interacts with CDC6 to mediate recruitment of 
MCM (2-7) and CDT1 [16, 17]. These compo-
nents are critical to DNA replication in cancer 
cells. We performed quantitative real-time PCR 
(qPCR) for CDC6, CDT1 and MCM2, MCM3, 
MCM4, MCM5, MCM6, and MCM7.

qPCR analysis demonstrated that CDC6 mRNA 
expression in LNCaP cells was significantly 
induced in a DHT dose-dependent manner, 
which was paralleled by the increase of LNCaP 
cell proliferation (Figure 2A). There was no sig-
nificant difference in CDC6 mRNA expression 
among C4-2 cells treated by various concentra-
tions of DHT (Figure 2A). On the other hand, 
CDC6 mRNA expression was significantly inhib-
ited in C4-2AT6 cells in a DHT dose-dependent 
manner to the same extent as the decrease of 
C4-2AT6 cell proliferation by DHT (Figure 2A). 
These findings suggest DHT has an inverse 
effect on the initiation of DNA replication in 
LNCaP and C4-2AT6 cells. With respect to CDT1 
expression, qPCR analysis revealed CDT1 
mRNA in LNCaP cells was significantly induced 
in a DHT dose dependent manner to the same 
extent as the increase of LNCaP cell prolifera-
tion by DHT (Figure 2B). There was no signifi-
cant difference in CDT1 mRNA expression in 
C4-2 cells treated by DHT, a result which is the 
same as that observed in the mRNA expression 
of CDC6. On the other hand, CDT1 mRNA 

Figure 2. Effects of DHT on DNA replication system in LNCaP, C4-2, and C4-2AT6 cells. (A, B) qPCR analysis of CDC6 
and CDT1 mRNA expression in LNCaP, C4-2, and C4-2AT6 cells after treating the cell with 0.001-10 nM DHT. (C-E) 
mRNA expression of MCM2-7 in LNCaP (C), C4-2 (D) and C4-2AT6 (E) cells. The expression of each probe was nor-
malized to 0 h to yield fold changes. †,‡p<0.05; ††,‡‡p<0.01; †††,‡‡‡p<0.001.
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expression was significantly inhibited in 
C4-2AT6 cells in a DHT dose-dependent man-
ner (Figure 2B), and this was paralleled by the 
decrease of C4-2AT6 cell proliferation, suggest-
ing DHT has an inverse effect on the initiation 
of DNA replication between LNCaP and C4-2AT6 
cells.

Next, we investigated the mRNA expression of 
the replicative helicase, MCM (2-7). qPCR anal-
ysis revealed mRNA expression of MCM2, 
MCM3, MCM4, MCM5, MCM6, and MCM7 in 
LNCaP cells was significantly induced by DHT at 
a dose of 0.1 nM. At 10 nM DHT showed signifi-
cant reduction of MCM2, MCM5, and MCM7 
which was paralleled by a decrease in LNCaP 
cell proliferation (Figure 2C). In C4-2 cells treat-
ed with various concentrations of DHT, there 
was no significant difference in MCM4, MCM5, 
MCM6, or MCM7 mRNA expression treated by 
various concentrations of DHT. The mRNA 
expression of MCM2 and MCM3 was signifi-
cantly but slightly inhibited in a DHT dose-
dependent manner (Figure 2D). On the other 

hand, the mRNA expression of MCM2, MCM3, 
MCM4, MCM5, MCM6, and MCM7 was signifi-
cantly inhibited in C4-2AT6 cells in a DHT dose-
dependent manner, which was paralleled by a 
decrease in C4-2AT6 cell proliferation (Figure 
2E).

These results indicate DHT has an inverse 
effect on the initiation of DNA replication 
among PCa cell lines through its regulation of 
the expression of the components of the pre-
replication complex (Pre-RC) and origin recogni-
tion complex (ORC).

Different effects of DHT on DNA replication 
system among prostate cancer cells

A recent study shed light on the coordination of 
DHT and cell proliferation in human PCa and 
the use of 5ARIs for PCa prevention [7, 8, 13]. 
The use of 5α-reductase inhibitors (5ARI) may 
have a negative effect on preventing PCa devel-
opment, otherwise 5ARIs may induce higher 
grade tumors with aggressiveness. Our previ-

Figure 3. Effects of dutasteride and finasteride on DNA replication system in LNCaP, C4-2, and C4-2AT6 cells. A: 
Summarized mRNA expression change of pre-RC components treated with DHT at 0.1 nM. The expression was 
normalized to 0 h to yield fold changes. B: qPCR analysis demonstrated that CDC6 mRNA expression in LNCaP cells 
was inhibited by dutasteride and finasteride. In contrast to LNCaP cells, dutasteride and finasteride did induce CDC6 
mRNA expression in C4-2 and C4-2AT6 cells. C: qPCR analysis demonstrated that CDT1 mRNA expression in LNCaP 
cells was inhibited by dutasteride and finasteride. There was no significant change in CDT1 mRNA expression in 
C4-2 cells and C4-2AT6 cells. *p<0.05, **p<0.01, ***p<0.001.
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ous reports showed that neither dutasteride 
nor finasteride had an inhibitory effect on C4-2 
and C4-2AT6 cells at clinically achievable 5ARI 
concentrations, although these two 5ARIs 
exhibited significant inhibitory actions in LNCaP 
cells within the clinically achievable 5ARI con-
centration. As shown in Figure 3A, which sum-
marizes the change in mRNA expression of Pre-
RC at the dose of 0.1 nM DHT relative to each 
control, DHT induced the expression of compo-
nents of Pre-RC in androgen-dependent cells, 
but not in castration-resistant cancer cells. We 
attempted to ascertain whether treatment with 
a 5ARI affects the expression of components of 
Pre-RC within the clinically achievable 5ARI 
concentration range of 1-100 nM. qPCR analy-
sis demonstrated that CDC6 mRNA expression 
in LNCaP cells was slightly but significantly 
inhibited at the dose of 100 nM dutasteride 
and 100 nM finasteride (Figure 3B). On the 
other hand, slightly increased CDC6 mRNA 
expression was observed at concentrations of 
10-100 nM dutasteride and 100 nM finasteride 

in C4-2 cells (Figure 3B). Moreover, in C4-2AT6 
cells, CDC6 expression was significantly 
induced by 10-100 nM dutasteride and 10-100 
nM finasteride (Figure 3B). qPCR analysis dem-
onstrated that CDT1 mRNA expression in 
LNCaP cells was slightly but significantly inhib-
ited at 100 nM dutasteride and 100 nM finas-
teride (Figure 3C). On the other hand, there was 
no significant change in CDT1 mRNA expres-
sion in C4-2 and C4-2AT6 cells (Figure 3B). No 
significant change in expression of MCMs was 
observed in LNCaP, C4-2, or C4-2AT6 cells 
(data not shown).

Discussion

The initiation of DNA replication in mammal 
cells is a well coordinated process that ensures 
duplication of the genome only once per cell 
division cycle. Furthermore. it is strictly regu-
lated by Pre-RC and ORC [14-17]. The present 
results clearly show that DHT has an inverse 
effect on the initiation of DNA replication in 

Figure 4. Simplified schema of the relationship between DHT and DNA replication in PCa, with a particular focus on 
castration resistance of prostate cancer.
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PCa, accompanied by elevated mRNA expres-
sion of almost all the components involved in 
the initiation of DNA replication, which are criti-
cal to DNA replication in cancer cells. Moreover, 
we clearly showed that treatment with 5ARI 
affects CDC6 mRNA expression within the clini-
cally achievable concentrations in PCa cells. A 
simplified schema of the relationship among 
DHT, 5ARI, and DNA replication in PCa is pre-
sented in Figure 4.

AR axis plays an important role in the develop-
ment and progression of prostate cancer by 
promoting prostate cancer cell proliferation. AR 
acts as one of the regulators of G1-S phase pro-
gression in androgen-dependent prostate can-
cer cells, suggesting AR can act as an initiator 
for DNA replication in androgen-sensitive pros-
tate cancer cells [19, 20]. Androgen-ablation 
therapy for prostate cancer initially triggers 
cell-cycle arrest of prostate cancer cells. 
However, nearly all invasive or metastatic pros-
tate cancers eventually progress into a fatal 
androgen-independent and castration-resis-
tant disease, yet most of these cancers para-
doxically continue to express AR and remain 
dependent on AR for growth and survival [3]. 
Actually, a recent clinical study of human CRPC 
with new agents targeting AR axis found that AR 
axis is essential for CRPC progression [21, 22]. 
Therefore, identifying the specific genes regu-
latied by AR axis is critical for understanding 
the mechanisms of androgen-dependent and 
-independent prostate cancer cell growth and 
proliferation. In order to investigate the mecha-
nism of the inverse effect of AR axis and DHT 
on prostate cancer cell proliferation, we 
attempted to identify the DHT-induced or 
repressed genes involved in the initiation of 
DNA replication related factors in this study. We 
used three cell lines; LNCaP, which are an 
androgen-dependent, C4-2 which are andro-
gen-independent and C4-2AT6 cells as a CRPC 
cell line [13, 18, 23-25]. 

The initiation of DNA replication in mammal 
cells is a well coordinated process that ensures 
duplication of the genome only once per cell 
division cycle [14, 15, 17]. Their activity is 
strictly regulated by Pre-RC and ORC. CDC6 and 
CDT1 mRNA expression in LNCaP cells was sig-
nificantly induced by DHT in a dose-dependent 
manner. On the other hand, CDC6 and CDT1 
mRNA expression in C4-2AT6 cells was signifi-
cantly inhibited by DHT in a dose dependent 

manner. The inverse effect of DHT on CDC6 
and CDT1 expression parallels the change in 
cancer cell proliferation, suggesting DHT has 
an inverse effect on the initiation of DNA repli-
cation among cancer cells through its modifica-
tion of the components of Pre-RC and ORC, 
which are critical to DNA replication in cancer 
cells (Figures 3A, 4).

The use of 5ARIs to prevent progression of PCa 
continues to be widely discussed because the 
potential risk of more aggressive tumors out-
weighs their potential for chemoprevention [7, 
11, 12]. Two large randomized, placebo-con-
trolled trials, the Prostate Cancer Prevention 
Trial (PCPT) with finasteride and the Reduction 
by Dutasteride of Prostate Cancer Events 
(REDUCE) trial have been conducted [8, 9]. The 
PCPT trial was the first large-scale study to 
investigate the role of finasteride in prostate 
cancer development. Tumors detected in 
patients treated with finasteride were of a high-
er grade than the tumors in those administered 
a placebo. The REDUCE trial showed an overall 
reduction in the number of tumors with a low 
Gleason score in patients receiving dutaste-
ride, however, tumors with a high Gleason score 
of 8-10 were more frequent in the dutasteride-
treated group than in the placebo group. The 
FDA reanalyzed these two major trials and stat-
ed that the absolute incidence of tumors with 
Gleason scores between 8 and 10 was 
increased by 0.7% with finasteride and by 0.5% 
with dutasteride, resulting in it recommending 
against an indication for 5ARI to reduce PCa 
risk [7]. These observations still cannot be fully 
explained and whether or not 5ARIs increase 
the rates of high-grade disease remains a mat-
ter of debate. The decision by FDA not to 
approve the use of 5ARIs to prevent prostate 
cancer indicates that further basic and clinical 
investigations exploring the role of 5-ARIs in the 
development and progression of PCa are war-
ranted. In this study, we clearly showed that 
5ARIs within clinically achievable concentra-
tions have an effect on CDC6 expression. In 
androgen-dependent LNCaP cells, CDC6 mRNA 
expression was slightly but significantly inhibit-
ed, however, in C4-2 and C4-2AT6 cells, 5ARIs 
induced significant CDC6 mRNA expression. 
These results indicate that 5ARIs may contrib-
ute to acceleration of adaptation to aggressive 
phenotypes in some PCa populations (Figure 
4).
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The present results clearly show DHT has an 
inverse effect on the initiation of DNA replica-
tion in PCa, accompanied by elevated mRNA 
expression of the components of initiation of 
DNA replication. These findings may represent 
a new potential mechanism for the develop-
ment of aggressive PCa by 5ARIs.
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