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Abstract. The functions of basic helix-loop-helix (bHLH) 
transcription factor-differentiated embryonic chondro-
cyte (DEC)1 (BHLHE40) and 2 (BHLHE41) are involved in 
various fields such as circadian rhythms, immune responses, 
cell proliferation, hypoxia reaction as well as malignant 
tumors. Previous findings showed that DEC served as apop-
tosis regulators of various cancer cell lines. However, little 
is known regarding the expression of DEC1 and DEC2 in 
prostate cancer cells. The present study aimed to examine the 
roles of DEC1 and DEC2 in human prostate cancer DU145 
and PC-3 cells that were treated with paclitaxel. The expres-
sion of DEC1 and DEC2 was decreased in DU145 cells but 
was increased in PC-3 cells when treated with paclitaxel. 
DU145 cells were more sensitive to paclitaxel than PC-3 cells 
since the amount of cleaved poly(ADP-ribose) polymerase 
(PARP) reached its peak at 50 µM of paclitaxel in DU145 
cells but at 100 µM in PC-3 cells. In addition, the amount 
of cleaved PARP was decreased by DEC1 siRNA, while it 
was increased by DEC2 siRNA in the presence of paclitaxel. 
Although DEC2 overexpression slightly inhibited cleaved 
PARP in the two cell lines, the effects of DEC1 overexpres-
sion on apoptosis remain to be determined. In conclusion, 
DEC1, at least partly, exerted a pro-apoptotic effect, whereas 

DEC2 exerted an anti-apoptotic effect in paclitaxel-induced 
apoptosis of human prostate cancer cells.

Introduction

Prostate cancer remains among the most frequently diagnosed 
solid tumors in men. According to the latest cancer statistics, 
prostate cancer accounts for 27% of all cancer incidences and 
ranks the second leading cause of cancer-related mortality 
among men in the United States (1). Although androgen 
deprivation therapy is initially effective for treating local-
ized and androgen responsive prostate cancer, most patients 
relapse due to the development of castration-resistant prostate 
cancer (CRPC) after 2-3 years (2). Treatment options for 
castration-resistant prostate cancer are limited and often asso-
ciated with significant morbidity and mortality. Mitoxantrone 
plus prednisone were initially identified as the standard 
chemotherapy for hormone-refractory prostate cancers 
until the drug taxane was applied for treatment. Based on a 
simultaneous publication of two large randomized control 
trials, Tannock et al showed that combined taxane drugs and 
prednisone can significantly prolong survival in men with 
hormone-refractory prostate cancer (3,4).

Paclitaxel is one of the typical taxane drugs and is also a 
well-studied chemotherapeutic agent. Paclitaxel stabilizes 
guanosine diphosphate (GDP)-bound tubulin to prevent the 
depolymerization of microtubules, thereby terminating cell 
division. Paclitaxel has clinical efficacy in various types of 
cancer, including several refractory tumors such as ovarian 
carcinoma, acute myeloblastic leukemia, and CRPC (5-7). 
Specific mechanisms for paclitaxel inducing inhibition in cancer 
cells are considered to be mediated by the activation of c-Jun 
N-terminal kinase (JNK), downregulation of Bcl-2/Bcl-xL and 
the activation of caspases and poly(ADP-ribose) polymerase 
PARP (8-11), resulting in the induction of apoptosis. It can also 
cause growth arrest at the G2/M phase of the cell cycle, leading 
to the promotion of cell apoptosis (11,12).

Differentiated embryonic chondrocyte gene (DEC)1 
and 2 are members of the basic helix-loop-helix (bHLH) 
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superfamily of transcription factors that have been reported 
to be associated with cell proliferation, circadian rhythms, 
tumor progression, as well as the response to hypoxia (13-16). 
In a previous study, we showed that DEC1 and DEC2 have 
opposite properties in regulating apoptosis, i.e., DEC2 has 
anti-apoptotic, whereas DEC1 has pro-apoptotic effects on 
an estrogen receptor-positive cell line, MCF-7, when treated 
with paclitaxel (17). However, the roles of DEC1 and DEC2 in 
apoptosis induced by paclitaxel in CRPC are unknown.

In the present study, we investigated the effects of DEC1 
and DEC2 on paclitaxel-induced apoptosis of DU145 and 
PC-3 cells. The results demonstrated that DEC1 has pro-
apoptotic effects, and DEC2 has anti-apoptotic effects on 
paclitaxel-treated DU145 and PC-3 cells.

Materials and methods

Cell culture and treatment. The DU145 and PC-3 human pros-
tate cancer cells were purchased from RIKEN BRC through 
the National Bio-Resource Project of the MEXT (Japan). The 
cells were cultured in RPMI-1640 medium supplemented with 
10% fetal bovine serum at 37˚C in a humidified atmosphere of 
95% air and 5% CO2. In some experiments, the cells were incu-
bated with various concentrations of paclitaxel (Calbiochem, 
San Diego, CA, USA) for 24, 48 or 72 h.

Knockdown of DEC1 or DEC2 by RNA interference. Short 
interference RNA (siRNA) against DEC1 or DEC2 were 
synthesized by Qiagen (Mississauga, ON, Canada). The 
sequences of DEC1, DEC2, and the negative control siRNA 
were described previously (18). For the siRNA transfection 
experiments, 5x104 cells of DU145 or PC-3 cells were seeded 
per 35-mm well. SiRNAs were transfected into the cells 24 h 
later using the Lipofectamine RNA iMAX reagent (Invitrogen, 
Carlsbad, CA, USA). After transfection, the cells were incu-
bated for another 24 h and subjected to western blot analysis.

DEC1 and DEC2 overexpression. Human DEC1 and DEC2 
plasmids were a kind gift from Dr Katsumi Fujimoto 
(Hiroshima University) (14). DU145 or PC-3 cells (5x104) 
were seeded per 35-mm well. DEC1 or DEC2 plasmid was 
transiently transfected into the cells 24 h later using the 
Lipofectamine LTX reagent (Invitrogen). Following transfec-
tion, the cells were incubated with paclitaxel for another 24 h 
and then subjected to western blot analysis.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Three independent RNA samples (n=3) from 
DU145 and PC-3 cells were prepared for RT-PCR. Total RNA 
was isolated using an RNeasy RNA isolation kit (Qiagen). 
First-strand cDNA was synthesized from 1 µg of total RNA 
using ReverTra Ace (Toyobo Co., Ltd., Osaka, Japan). PCR 
was carried out using Taq PCR Master mix (Qiagen). The 
primer sequences used were: DEC1 F, 5'-GTCTGTGAGTCA 
CTCTTCAG-3' and R, 5'-GAGTCTAGTTCTGTTTGA 
AGG-3'; DEC2 F, 5'-CACCTTTGACGTCTTTGGAG-3' and 
R, 5'-GAGAGTGGGAATAGATGCAC-3' and GAPDH F, 
5'-CCACCCATGGCAAATTCCATGGCA-3' and R, 5'-AGA
CCACCTGGTGCTCAGTGTAGC-3'. The amplified products 
of DEC1, DEC2 and GAPDH were 534, 502 and 696 bp in 

length, respectively. The cDNAs for DEC1 and DEC2 were 
amplified for >27 cycles, and those for GAPDH were amplified 
at 20 cycles. The PCR products were separated on 1.5% (w/v) 
agarose gels.

Western blot analysis. Cells were lysed using M-PER lysis 
buffer (Thermo Scientific, Waltham, MA, USA), and their 
protein concentrations were determined using the bicincho-
ninic acid (BCA) assay. The obtained lysates (5 µg protein) 
were subjected to SDS-PAGE, and the separated proteins were 
transferred to PVDF membranes (Immobilon P, Millipore, 
Billerica, MA, USA), followed by immunoblot analysis 
utilizing the indicated antibodies. Signals were detected using 
Bio-Rad western blotting systems (Bio-Rad, Hercules, CA, 
USA) with the ECL-prime or ECL-select western blot analysis 
detection systems (GE Healthcare, Little Chalfont, UK).

Cell viability assay. The cells seeded in 96-well plate were 
cultured with different concentrations of paclitaxel for 
24, 48 and 72 h. In another experiment, the cells were initially 
transfected with the DEC2 overexpression plasmid and culture 
was continued in medium with 50 µM paclitaxel for an additional 
24 h; the cells transfected with pcDNA without paclitaxel 
treatment were used as the control. Cell viability analysis was 
performed using the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay 
as described previously (19).

Statistical analysis. The results are presented as the 
means ± standard error of the mean (SEM). Statistical analysis 
was performed using the Student's t-test. A value of P<0.05 
was considered to indicate statistically significant results.

Results

Effects of paclitaxel on DEC1 and DEC2 expression in 
DU145 and PC-3 cells. It is known that paclitaxel induces 
the apoptosis of various cancer cells. Thus, we examined the 
expression of apoptotic markers, as well as that of DEC1 and 
DEC2 in DU145 and PC-3 cells treated with 10, 20, 50 and 
100 µM of paclitaxel. The mRNA and protein levels of DEC1 
and DEC2 were decreased in a dose-dependent manner in 
DU145 cells when treated with paclitaxel for 24 h (Fig. 1A, left 
panel), but were increased in PC-3 cells (Fig. 1B, left panel). 
In addition, paclitaxel increased the amount of cleaved PARP 
and cleaved caspase-8, but decreased that of Bcl-2 and Bcl-xL. 
However, the level of caspase-9, Bad, and Bax was not affected 
by paclitaxel in the two cell lines (Fig. 1A and B right panel).

Knockdown of DEC1 and DEC2 in the presence of paclitaxel 
has opposite effects on apoptotic markers in DU145 and PC-3 
cells. DEC1 or DEC2 knockdown by siRNA significantly 
reduced the expression of DEC1 or DEC2, respectively (Fig. 2). 
Compared with DU145 or PC-3 cells transfected with control 
siRNA, paclitaxel-combined control siRNA induced the 
amount of cleaved PARP and cleaved caspase-8, which was 
decreased by DEC1 siRNA. On the other hand, the expression 
of Bcl-2 was downregulated by paclitaxel treatment, but was 
upregulated when DEC1 was knocked down (Fig. 2A and B). 
By contrast, DEC2 knockdown increased the amount of 
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cleaved PARP and caspase-8, whether with or without pacli-
taxel (Fig. 2C and D). The expression of Bcl-2, which was 
downregulated by paclitaxel treatment, was further inhibited 
when DEC2 was knocked down.

Overexpression of DEC1 or DEC2 has no effect on apoptotic 
markers in DU145 and PC-3 cells. Using transient transfec-
tion, we examined whether the overexpression of DEC1 or 
DEC2 affected the expression of apoptotic markers in DU145 
and PC-3 cells. DEC1 and DEC2 overexpression in the pres-
ence or absence of paclitaxel (50 µM) showed little effect 
on the expression of cleaved PARP, cleaved caspase-8, and 
Bcl-2 (Fig. 3). 

DEC2 overexpression inhibits cell death in DU145 and PC-3 
cells. Paclitaxel induced cell death in a time- and dose-dependent 

manner in DU145 and PC-3 cells using the MTS assay (Fig. 4). 
We also investigated whether DEC2 overexpression affected 
cell viability in these cells. DEC2 overexpression in the pres-
ence of paclitaxel (50 µM) significantly increased the cell 
viability compared with that in paclitaxel-treated control cells. 
In addition, DEC2 overexpression in the absence of paclitaxel 
had little effect on the viability in these cells (Fig. 5).

Discussion

In the present study, we examined how DEC1 or DEC2 
functions during apoptosis caused by the anti-cancer drug 
paclitaxel. Two of the well-characterized androgen-indepen-
dent prostate cancer cell lines DU145 and PC-3, were selected 
in the present study as many prostate cancer patients showed 
androgen-independent growth. Paclitaxel-induced apoptosis in 

Figure 1. Paclitaxel affects the expression of DEC1 and DEC2. DU145 and PC-3 cells were treated with various concentrations of paclitaxel. After 24 h, total 
RNA was prepared and subjected to RT-PCR analysis of DEC1, DEC2 and GAPDH (A and B, left panel). DU145 and PC-3 cells were treated with paclitaxel for 
24 h. The cells were lysed, and the lysates were subjected to western blot analysis of DEC1, DEC2, cleaved PARP, cleaved caspase-8, caspase-9, Bcl-2, Bcl-xL, 
Bad, Bax, and actin (A and B, right panel). DEC, differentiated embryonic chondrocyte ; PARP, poly (ADP-ribose) polymerase.
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the two cells, however, differential chemotherapeutic response 
was found between the two cells. Paclitaxel treatment (50 µM) 
produced the largest amount of cleaved PARP in DU145 cells 
and 100 µM was needed in PC-3 cells. Additionally, >50% of 
DU145 cells died when cultured in 100 µM of paclitaxel, which 
explains the relatively weaker band of cleaved-PARP obtained 
in these cells. Moreover, the viability of DU145 cells following 
paclitaxel treatment showed a more significant reduction 
than that of PC-3 cells. This difference may be caused by the 
status of a tumor suppressor gene, PTEN. Mutations or loss 
of expression of this gene was found in a high percentage of 
prostate cancer patients. Lee et al showed that PC-3 was a 
PTEN-negative cell line, while DU145 was a PTEN-positive 
cell line (20). On the other hand, the expression of apoptotic 
markers, as well as DEC was differentially regulated in the two 
cell lines. Thus, DEC1 and DEC2 were decreased by paclitaxel 

in DU145 cells but increased in PC-3 cells. Previous studies 
showed that DEC1 and DEC2 were regulated by many envi-
ronmental and endogenous factors in various cell lines (21-24). 
Changes of DECs were dependent on the cell lines and the 
types of reagents, or even the amount of the reagents applied. 
The function of paclitaxel on DEC in the breast MCF-7 adeno-
carcinoma cell line has been previously discussed (17). In 
MCF-7 cells, the expression of DEC1 and DEC2 was increased 
by paclitaxel in a dose-dependent manner. Additionally, the 
extent of DEC2 upregulation was much higher than that 
of DEC1. In another report, we analyzed the effect of DEC 
during cisplatin-induced apoptosis (25). Cisplatin decreased 
DEC1 and DEC2 in an oral squamous carcinoma CA9-22 
cell line, but DEC1 and DEC2 were not directly associ-
ated with apoptosis in this cell line. By contrast, in HSC-3, 
another oral squamous carcinoma cell line, cisplatin increased 

Figure 2. Analysis of apoptotic marker expression in DU145 and PC-3 cells by DEC1 or DEC2 knockdown. DU145 and PC-3 cells were transfected with DEC1 
siRNA (A and B) or DEC2 siRNA (C and D) and incubated for 24 h. Subsequently, the cells were incubated with or without paclitaxel (50 µM) for another 
24 h. Cell lysates were prepared and subjected to western blot analysis of DEC1, DEC2, cleaved PARP, cleaved caspase-8, Bcl-2 and actin. One representative 
of at least three independent experiments with similar results is shown. DEC, differentiated embryonic chondrocyte; PARP, poly (ADP-ribose) polymerase.
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DEC2, which inhibited apoptosis by regulating Bim protein. 
Although a similar protein structure exists in DEC1 and 
DEC2, it is better to consider them distinctly when referring to 
their functions. For example, DEC2 was usually identified as 
an apoptosis inhibitor whereas the role of DEC1 in apoptosis 
is under debate (16,17). Another report suggested that DEC1 
was induced but DEC2 was reduced when PANC-1 cells 
were exposed to transforming growth factor (TGF)-β (26). In 
addition, DEC1 exerted its effect on transcription factors that 
subsequently regulated the epithelial-mesenchymal molecules 
to progress the epithelial-mesenchymal transition (EMT) of 
carcinoma cells, whereas DEC2 did not exert such an effect. 
As effectors of hypoxia, DEC1 response was more rapid to 
hypoxic stress than DEC2. Previous findings showed that 
the upregulation of DEC2 in the latter stage of hypoxia 
accompanied with the increase in cell proliferation led to 
oxygen-deprived stress (19). 

In the present study, DU145 and PC-3 cells transfected 
with DEC1 siRNA under paclitaxel treatment showed 
decreased levels of cleaved PARP and cleaved caspase-8, 
but an increased level of anti-apoptotic factor Bcl-2 when 
compared with the control siRNA-transfected cells. 
However, DEC2 siRNA-transfected cells exhibited opposite 
results to those mentioned above. Since DEC1 or DEC2 
functioned similarly in regulating apoptosis but showed a 
distinct response to paclitaxel in DU145 and PC-3 cells, the 
key factor in modulating apoptosis was considered to be 
different in the two cell lines. In addition to the knockdown 
analyses, overexpression experiments were also applied in 
the present study and a weak downregulation of cleaved 
PARP as well as a slight upregulation in cell viability by 
DEC2 overexpression were obtained in the two cell lines, 
although significant changes of cleaved caspase-8 and Bcl-2 
were not found. On the other hand, DEC1 overexpression had 

Figure 3. Overexpression of DEC1 or DEC2 has no effect on the expression of apoptotic markers in DU145 and PC-3 cells. DU145 and PC-3 cells were transfected 
with DEC1 pcDNA (A and B) or DEC2 pcDNA (C and D) and incubated for 24 h. The cells were treated with paclitaxel (50 µM) and incubated for an additional 
24 h, before being lysed. The lysates were subjected to western blot analysis of DEC1, DEC2, cleaved PARP, cleaved caspase-8, Bcl-2 and actin. One representative 
of at least three independent experiments with similar results is shown. DEC, differentiated embryonic chondrocyte; PARP, poly (ADP-ribose) polymerase.
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an unstable effect on the expression of apoptotic markers. 
Since proteins exert their functions only at optimal concen-
trations, this may provide a more plausible explanation for 
the fact that the results of overexpression treatment were not 
consistent with those of the knockdown treatment.

In conclusion, the results of the present study confirm the 
anti-apoptotic character of DEC2 in paclitaxel-induced apop-
tosis, in two prostate adenocarcinoma cell lines. In addition to 
DU145 and PC-3 cell lines, DEC2 has been shown to inhibit 
apoptosis in breast carcinoma MCF-7 cells (17) oral squamous 

Figure 4. Paclitaxel-induced time- and dose-dependent cell death in DU145 and PC-3 cells. The cells were treated with 50 or 100 µM of paclitaxel for 
24, 48 and 72 h, and cell viability was measured using the MTS-assay in (A) DU145 and (B) PC-3 cells. The values are shown as a percentage of each control. 
Each value represents the mean ± SEM (bars) of three independent experiments (*P<0.05, compared with the untreated). MTS, [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium].

Figure 5. DEC2 overexpression inhibits cell death induced by paclitaxel in DU145 and PC-3 cells. DU145 or PC-3 cells transfected with DEC2 pcDNA were 
treated with or without 50 µM of paclitaxel for 24 h. Cell viability was measured using the MTS assay in (A) DU145 and (B) PC-3 cells. The values are shown 
as a percentage of the control. Each value is the mean ± SEM (bars) of three independent experiments (*P<0.05, compared with the control pcDNA). DEC2, 
differentiated embryonic chondrocyte 2; MTS, [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium].
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cell carcinoma HSC-3 cells (25), and esophageal squamous 
cell carcinoma (ESCC) TE-11 cells (article accepted). 
Inhibitor of DEC2 may be developed and be used as one of 
the choices when conferring CRPC in clinical chemotherapy 
in the future.
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