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Abstract. Docetaxel-based chemotherapy has been widely 
used as the first-line treatment for castration-resistant pros-
tate cancer (CRPC) patients. However, the mechanisms of 
docetaxel-resistance remain unclear. In the present study with 
the establishment of 2 in vitro models of docetaxel-resistant 
CRPC cell sublines, we firstly reported that activation of 
calpain may play a promotional role in the resistance of 
docetaxel in prostate cancer, meanwhile using the calpain 
inhibitor combined with docetaxel improved the efficiency of 
docetaxel in docetaxel-resistant cell sublines. Moreover, we 
also found that the expression of androgen-independent consti-
tutively and transcriptionally active androgen receptor splice 
variant-7 (AR-V7) remained high in the docetaxel-resistant 
CRPC cell subline Rv1-DR, and that it may be involved in 
acquired docetaxel-resistance of CRPC. However, a novel 
importin-β inhibitor (importazole) was only capable of slightly 
decreasing the transcriptional activity of the AR signaling 
pathway via blocking nuclear import of AR-FL and various 
non-specific AR-Vs, instead of AR-V7. These findings suggest 
that calpain and AR-V7 may serve as important biomarkers in 
the treatment of CRPC, and targeting calpain and AR-V7 may 
provide a new approach in overcoming docetaxel-resistance.

Introduction

Prostate cancer is the second leading cause of cancer mortality 
in men in the US. Androgen deprivation therapy (ADT) 

which aims at decreasing androgen levels and/or blocking 
androgen binding with an androgen receptor (AR) remains 
the first-line treatment of advanced prostate cancer (1). 
Although, this approach works out satisfactorily in the early 
use, prostate cancer may eventually become uncontrollable, 
termed castration-resistant prostate cancer (CRPC). Since 
2004, docetaxel-based chemotherapy has been established as 
the first-line therapy in patients with CRPC (2). Unfortunately, 
nearly half of the patients are initially docetaxel-insensitive, 
and the patients that are initially sensitive to docetaxel 
may acquire resistance to docetaxel within 1 year (3). In 
recent years, a number of new drugs have obtained FDA 
approval and have been used as the second-line therapy in 
CRPC, such as cabazitaxel, enzalutamide and abiraterone. 
However, after second-line treatment, resistance may still 
occur inevitably and the overall survival is only prolonged 
for <5 months (4). Therefore, a deeper understanding of the 
mechanisms of acquired docetaxel-resistance is extremely 
valuable.

Docetaxel belongs to taxane chemotherapeutic drugs. It can 
inhibit the mobility of microtubules via binding microtubules 
and preventing their depolymerization, consequently causing 
stagnation of mitosis and cell apoptosis (5). This mechanism 
was once thought to be the main mechanism of taxanes treat-
ment for prostate cancer, until recently some research teams 
proved that taxanes also suppressed the AR signaling path-
ways. Taxanes block AR nuclear translocation, thus, inhibiting 
the expression of AR regulation genes (6). The discovery of 
this new mechanism indicates that taxanes and ADT drugs 
may have a synergistic effect, since both therapies inhibit the 
AR signaling pathway by targeting different compositions 
of the AR axis, for example, while abiraterone inhibits the 
generation of androgen, docetaxel can block nuclear import of 
AR. However, a new clinical study reported that the pharma-
cological activity of docetaxel was lower than expected in the 
patients who were under abiraterone application previously. 
Meanwhile, those who were under abiraterone application and 
acquired resistance did not respond to docetaxel treatment (7). 
This result suggests that the two classes of drugs in addition 
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to sharing a common pharmacological mechanism (acting on 
the AR signaling pathway), may also share common resistance 
mechanisms. Recently, various laboratory studies and clinical 
studies have also suggested that there is a cross-resistance 
phenomenon between docetaxel and second-line ADT 
drugs (7-11).

Calpain is comprised of a family of relatively conserva-
tive intracellular cysteine proteases. Currently, a total of 
14 calpain family members have been identified. Most of 
calpain activity is due to µ-calpain and m-calpain, which 
are heterodimers comprised of a large 80 kDa catalytic 
subunit (CAPN1 and CAPN2, respectively) and a common 
28 kDa regulatory subunit (CAPNS1) (12). In cancer cells, 
the expression of calpain is usually increased, since it can 
be used for cleaving the cytoskeleton in order to promote 
migration and invasion. In schwannoma and meningeoma, 
µ-calpain is overexpressed (13). In clear cell renal cell carci-
noma, the expression of CAPN1 mRNA is increased (14). 
In colorectal cancer, increased expression of m-calpain has 
also been observed (15). However, discordant results have 
been presented for prostate cancer (16,17). Recently, Liu et al 
indicated that long-term ADT induction in hormone-naïve 
prostate cancer (HNPC) cell line LNCaP had the ability to 
develop it into a more invasive CRPC cell subline, and calpain 
in this CRPC cell subline was hyperactivated. In addition, 
using calpeptin (a calpain inhibitor) suppressed the migration 
and invasion of this subline (18), reminding us that calpain 
plays an important role in the process of HNPC developing 
into CRPC. In another study, Jorfi et al demonstrated that 
when calpeptin was used in combination with docetaxel in 
prostate cancer cells, calpeptin increased the concentration of 
docetaxel by means of decreasing microvesicle release (19). 
Since calpain promotes ADT resistance and there is generally 
a cross-resistance phenomenon between docetaxel and ADT 
drugs, we explored whether calpain also plays a promoting 
role in acquired docetaxel-resistance.

Androgen receptor splicing variants (AR-Vs) which have 
been widely discussed lately, lack the ligand-binding domain 
(LBD). Furthermore, they can perform constitutive transcrip-
tional activity in the absence of androgen and drive prostate 
cancer development in the direction of castration-resistance. 
In addition, these AR-Vs are generally overexpressed in CRPC 
compared with HNPC (20,21). AR-V7 (also known as AR3) 
is one of the major AR-Vs. CRPC patients with a high expres-
sion of AR-V7 have a relatively shorter overall survival (22). 
Other recent studies strongly confirmed that AR-V7 played 
an important role in the resistance of abiraterone and enzalu-
tamide (23,24). Although, the promoting role of AR-V7 
concerning ADT-treatment resistance has been widely recog-
nized, whether AR-V7 also plays a crucial role in the resistance 
of docetaxel remains unclear.

After 2 in vitro docetaxel-resistant prostate cancer cell 
sublines were successfully established, we focused on the 
resistance mechanisms of docetaxel in respect to calpain and 
AR-V7. Subsequently we studied the biological functions 
by targeting calpain and the influence on the transcriptional 
activity of the AR signaling pathway by targeting importin-β, 
in order to find new biomarkers for CRPC treatment from a 
new perspective as well as appropriate methods to overcome 
docetaxel-resistance in CRPC.

Materials and methods

Cell lines and chemicals. Human CRPC cell lines, PC3 and 
Rv1, human HNPC cell line, LNCaP, human benign prostatic 
hyperplasia cell line, BPH-1, were obtained from the American 
Type Culture Collection (ATCC; Manassas, VA, USA) and 
maintained in RPMI-1640 medium (Gibco, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin. Docetaxel-resistant clones, 
PC3-DR and RV1-DR, were selected by culturing cells with 
docetaxel in a dose-escalation manner at a 48-h exposure. The 
initial culture was at a concentration of 2.5 nM docetaxel for 
PC3 and 1 nM for Rv1. After sensitive clones were no longer 
present, surviving PC3 and Rv1 cells repopulated the flask 
and the concentration of docetaxel was increased to 5, 10 and 
20 nM for PC3, and 2.5, 5 and 10 nM for Rv1. The process of 
acquired drug resistance took 4 months, and the docetaxel-
resistant cell sublines were named PC3-DR and Rv1-DR. In 
parallel, parental PC3 and Rv1 cells were exposed to dimethyl 
sulfoxide (DMSO) (vehicle solution) in the same dose-esca-
lation manner. For incubation experiments, docetaxel and 
calpeptin were purchased from Selleckchem (Houston, TX, 
USA) and importazole was purchased from Merck Millipore 
(Billerica, MA, USA).

Western blot analysis. Western blot analysis was carried out as 
previously described (25,26). Briefly, cell proteins were isolated 
using RIPA buffer (Beyotime Institute of Biotechnology, 
Jiangsu, China) supplemented with a protease inhibitor mixture 
stock solution (Roche Molecular Biochemicals, Mannheim, 
Germany) and phenylmethanesulfonyl fluoride (PMSF). 
Equivalent amounts of protein were resolved by 10% SDS 
polyacrylamide gels and transferred to polyvinylidene fluoride 
(PVDF) membranes, which then, were blocked with 5% (w/v) 
nonfat dried-milk and incubated with the indicated primary 
antibody in Tris-buffered saline overnight at 4̊C. Primary 
antibodies were FAK antibody (Epitomics, Burlingame, 
CA, USA), CAPNS1 antibody (ABclonal, Cambridge, MA, 
USA), AR-V7 monoclonal antibody (A&G Pharmaceutical, 
Columbia, MD, USA) (AR-V7 monoclonal antibody recog-
nizes AR-V7, but does not cross-react with intact AR or other 
AR-Vs), AR antibody (N-20) (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) [AR antibody (N-20) recognizes AR-FL, 
AR-V7 and other non-specific AR-Vs], PSA antibody (Ruiying 
Biology, Jiangsu, China), lamin B1 antibody, α-tubulin 
antibody (both from Abcam, Cambridge, UK) and β-actin 
(Santa Cruz Biotechnology). The blots then were stained with 
the appropriate horseradish peroxidase-conjugated secondary 
antibodies, goat anti-rabbit (ProSci, Inc., Poway, CA, USA) 
and goat anti-mouse (Santa Cruz Biotechnology). Bands were 
visualized with enhanced chemiluminescence (Thermo Fisher 
Scientific Inc., Waltham, MA, USA) using the ChemiDoc 
XRS+ system (Bio-Rad, Hercules, CA, USA).

Cell viability and proliferation assay. To verify the effects on 
cell viability, we used the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay (27). Cells were 
seeded at a density of 1x104 in 96-well culture dishes and 24 h 
later the medium was removed and replaced with new medium 
alone (control) or with medium containing the drug. After 
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72 h, the cells were incubated with 0.1 µg/µl of aqueous MTT 
solution for 4 h at 37˚C. Afterwards, formazan complexes were 
solubilized by the addition of 150 µl of DMSO, and the color 
absorbance was assessed on a microplate spectrophotometer 
(Molecular Dynamics) at 450 nm (test wavelength) and 620 nm 
(reference wavelength). The percentage of surviving cells 
was estimated by dividing the A450-A620 nm of the treated 
cells by the A450-A620 nm of the control cells. Similarly, 
cell proliferation was assessed at 24, 48, 72 and 96 h under 
different treatments at a density of 3x103 cells/well by MTT 
method as previously described.

Migration assay. The migratory ability of the PC3-DR and 
Rv1-DR cells under docetaxel, calpeptin, docetaxel combined 

with calpeptin and DMSO treatment was assessed using a 
Corning Transwell assay according to the manufacturer's 
protocol. A total of 1x105 cells in 200 µl of serum-free medium 
containing drugs were seeded into the upper chamber of the 
system. The lower chambers were filled with 0.75 ml of 20% 
FBS complete medium. After 24 h of incubation, the cells in 
the upper chamber were removed with a cotton swab, and the 
transmigrated cells were fixed in methanol and stained with 
crystal violet. The stained cells were counted by photographing 
5 fields/membrane.

Cell cycle assay. After 24 h of starvation and synchronization in 
serum-free medium, the cells were cultured in complete media 
containing different drugs for 2 days (3x105 cells/well), and 

Figure 1. Identification of two in vitro docetaxel-resistant prostate cancer cell sublines. (A) Two docetaxel-resistant prostate cancer cell sublines and their 
parental cell lines were treated with various concentrations of docetaxel (DTX) for 72 h and the cell viability was determined using an MTT assay. Data repre-
sent the mean ± SD values of at least 3 experiments; *p<0.05, **p<0.01, ***p<0.001. (B) Two docetaxel-resistant prostate cancer cell sublines and their parental 
cell lines were treated with a certain concentration of docetaxel and cell apoptosis was determined by FACS assay. The lower left quadrant (LL) represents 
viable cells, the lower right quadrant (LR) represents early apoptotic cells, the upper left quadrant (UL) represents necrotic cells and the upper right quad-
rant (UR) represents late apoptotic cells. (C) Bar graphs compared the percentage of each quadrant with different treatments. Data represent the mean ± SD 
values of at least 3 experiments.
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then harvested and washed twice with cold PBS. Subsequently, 
the cells were fixed in ice-cold 75% ethanol at 4̊C overnight 
and incubated with 50 µg/ml of propidium iodide and 50 µg/ml 
of RNase A at 37̊C for 30 min in the dark. The percentage 
of cells in the G0/G1, S and G2/M phases was assessed by 
FACS (BD Biosciences, Franklin Lakes, NJ, USA). Data were 
analyzed with the ModFit LT software.

Cell apoptosis assay. Cells were cultured in complete media 
containing different drugs for 2 or 3 days (3x105 cells/well). 
Adherent and detached cells were pooled, washed and labeled 
with Annexin V-FITC and propidium iodide (PI) using the 
Annexin V-FITC/PI apoptosis detection kit (KeyGen Biotech, 
Jiangsu, China) according to the manufacturer's instructions. 
The percentage of cells displaying Annexin V-FITC/PI 
staining were measured by FACS (BD Biosciences). Data were 
analyzed using the ModFit LT software.

Statistical analysis. Statistical comparisons of at least 3 inde-
pendent measurements were performed using the unpaired 
Student's t-test with a 95% confidence interval. For all statis-
tical analyses, results of p≤0.05 were considered statistically 
significant. Data are provided as the mean ± SD.

Results

Establishment and identification of 2 in vitro docetaxel-resis-
tant prostate cancer cell sublines. We used CRPC cell lines 
Rv1 and PC3 as the parental cell lines. The docetaxel-resistant 
CRPC cell sublines were established by continuous exposure 
to gradually increasing concentrations of docetaxel. The PC3 
and Rv1 docetaxel-resistant cell sublines (named PC3-DR 
and Rv1-DR) were established with abilities of stable growth 
and proliferation at a final concentration of 20 and 10 nM 
docetaxel, respectively. The identification was carried out 
using MTT assay and a FACS cell apoptosis assay. Compared 
with their parental cells both docetaxel-resistant cell sublines 
had a higher survival rate (Fig. 1A), and a lower apoptosis 
rate (Fig. 1B and C) when exposed to docetaxel.

Activation and overexpression of calpain is induced by 
docetaxel treatment. To assess the expression of calpain in 
docetaxel-resistant CRPC cell sublines and parental cell lines, 
we performed western blot analysis. As shown in Fig. 2A, 
high expression of calpain S1 was clearly observed in Rv1-DR 
cells compared with Rv1 cells, but no specific difference in the 
expression levels of calpain was observed between the PC3 and 
PC3-DR cells. Furthermore, to assess the activity of calpain, 
we chose focal adhesion kinase (FAK) as the marker. FAK 
(125 kDa) can be specifically cleaved into 90 kDa fragments 
by calpain (28). As shown in Fig. 2B, the bands at 90 kDa were 
upregulated under docetaxel treatment (100 nM) in both Rv1 
and PC3 cells; while with calpeptin (a calpain inhibitor) treat-
ment (10 µM for Rv1 and 20 µM for PC3 cells), the 90 kDa 
bands remained steady, and with calpeptin + docetaxel treat-
ment, the 90 kDa bands were ‘rescued’ from upregulation.

Effects of calpain inhibitor combined with docetaxel on 
biological functions in PC3-DR and Rv1-DR cells. To assess 
docetaxel susceptibility in docetaxel-resistant cell sublines we 

used an MTT assay and found that docetaxel susceptibility 
was significantly increased with exposure to calpeptin (20 µM 
for PC3-DR and 10 µM for Rv1-DR) in both PC3-DR (Fig. 3A) 
and Rv1-DR (data not shown) cells. To compare the efficiency 
between calpeptin combined with docetaxel and docetaxel 
alone in terms of cell proliferation, migration, cell cycle 
and cell apoptosis, we used MTT and Transwell migration 
assays, and FACS cell cycle and apoptosis assays, respec-
tively. The results revealed that calpeptin combined with 
docetaxel had a distinct advantage over docetaxel alone in 
terms of inhibition of cell proliferation and cell migration in 
both PC3-DR (Fig. 3B and C) and Rv1-DR (data not shown) 
cells. G2/M phase arrest was more clearly observed after 
calpeptin combined with docetaxel treatment for 2 days than 
docetaxel alone in PC3-DR cells (Fig. 3D), but not in Rv1-DR 
cells (Fig. 3E). Early stage cell apoptosis was more obvious after 
calpeptin combined with docetaxel treatment for 2 days than 
docetaxel alone in Rv1-DR cells (Fig. 3G), but not in PC3-DR 
cells (Fig. 3F). However, when we prolonged the exposure time 
to 3 days, early- and late-stage cell apoptosis were both more 

Figure 2. Activation and overexpression of calpain is induced by docetaxel 
treatment in PC3-DR and Rv1-DR cells. (A) Protein expression of CAPNS1 
in Rv1-DR and PC3-DR and their parental cell lines; hormone-naïve prostate 
cancer (HNPC) cell line (LNCaP) was used as control. (B) Western blotting 
detection of focal adhesion kinase (FAK) expression and its cleaved frag-
ments with different treatments. DTX represents docetaxel, CPP represents 
calpeptin (a calpain inhibitor). The experiments were carried out 3 times, 
obtaining essentially similar results.
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obvious under calpeptin combined with docetaxel treatment 
than docetaxel alone in PC3-DR cells (Fig. 3H).

Changes in the expression of AR during docetaxel resistance. 
To assess the changes in the expression of AR-FL, AR-Vs 

Figure 3. Effects of calpain inhibitor combined with docetaxel on biological functions in PC3-DR and Rv1-DR cells. (A) PC3-DR cells were treated with 
various concentrations of docetaxel (DTX) for 72 h with or without CPP pretreatment. The cell viability was determined using an MTT assay. (B) Cell prolif-
eration was monitored after different treatments. Statistical significance was compared between DTX+CPP and DTX alone. (C) Bar graphs comparing the cell 
migration with different treatments, and the cell images were captured at a magnification of x200. Statistical significance was compared between DTX+CPP 
and DTX alone. (D and E) Cell cycle of (D) PC3-DR and (E) Rv1-DR were monitored with different treatments. Bar graphs compared the percentage of each 
cell cycle stage. (F-H) Cell apoptosis was monitored with different treatments. Bar graphs compared the percentage of each quadrant with different treatments. 
Data represent the mean ± SD values of at least 3 experiments; *p<0.05, **p<0.01, ***p<0.001.
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and AR-V7 in Rv1-DR and its parental cell line Rv1, we 
used prostate cell line BPH-1, LNCaP, PC3 and PC3-DR as 
controls. Compared with LNCaP and Rv1, we found that the 
expression of AR-V7 remained at a high level in the Rv1-DR 
cells (Fig. 4A), while the expression of AR-FL remained very 
low expression (Fig. 4A), and other non-specific AR-Vs were 
significantly downregulated (Fig. 4B).

Effects of importin-β inhibitor on AR nuclear import and 
transcriptional activity. To explore the effect of importin-β 
inhibitor on AR nuclear import and transcriptional activity, 
we used a specific importin-β inhibitor (importazole). After 

a 48-h treatment with gradually increasing concentrations of 
importazole, nuclear and cytoplasmic protein were isolated 
using a Nuclear and Cytoplasmic Protein Extraction kit 
(P0027; Beyotime Institute of Biotechnology) for assessing 
AR and whole cell protein was isolated for assessing the tran-
scriptional activity (measured with PSA). The results revealed 
that after using importazole AR-FL and AR-Vs in the nucleus 
were significantly downregulated at a concentration as low as 
10 nM (Fig. 5A) and the expression of PSA decreased slightly 
with the increase of drug concentration (Fig. 5B); while AR-V7 
in the nucleus was not significantly altered. (Fig. 5A).

Discussion

As docetaxel chemotherapy remains a mainstay in the treat-
ment of CRPC, it is imperative to derive a better understanding 
of the mechanisms underlying the inherent and acquired 
docetaxel-resistance, both of which are commonly observed 
clinically. In the present study we established 2 in vitro 
docetaxel-resistant prostate cancer cell sublines (PC3-DR 
and Rv1-DR) by continuously exposing these sublines to 
gradually increasing concentrations of docetaxel as described 
in previous studies (29), and identified a docetaxel-resistant 
character using MTT and FACS cell apoptosis assays.

Previous studies showed that calpain activity played 
an important role in tumor biology functions. Calpain 
can promote cell invasion and migration by cleaving the 
cytoskeleton-related protein FAK (30). However, the role 
calpain plays in cell survival and apoptosis is still unclear. 
Calpain can cleave wild-type p53 and induce suppres-
sion of p53-dependent apoptosis restrained (31). Calpain 
is also capable of cleaving anti-apoptotic molecules of the 
Bcl-2 family leading to the promotion of apoptosis (32,33). 
This uncertainty may be due to the cellular localization of 
calpain when it is activated. Recently, it was reported that 
calpain-dependent proteolysis of the AR into AR-Vs may 
be androgen-independent mechanism (34-36). Furthermore, 
calpain can cleave FHL2 and remove the AR and AR-Vs 
inhibited effect of FHL2, suggesting that AR and AR-Vs are 
easily imported to the nucleus as transcription factors which 
drive CRPC progression (37). The promoting role calpain 
plays in HNPC developing into CRPC has been described, 
however, the impact of calpain in the process of CRPC devel-
oping into docetaxel-resistant CRPC has not been reported. In 
the present study we assessed the common regulatory subunit 
CAPNS1 of µ-calpain and m-calpain in 2 docetaxel-resistant 
CRPC cell sublines and their parental cell lines, and found that 
CAPNS1 was upregulated in Rv1-DR in comparison to Rv1. In 
the detection of calpain activity, we chose FAK as the marker, 
and found that calpain was activated with docetaxel treatment 
in PC3 and Rv1 cells. Since short-term docetaxel treatment 
can activate calpain, and long-term docetaxel induction can 
upregulate calpain expression, can we assume that calpain is 
a key factor that promotes CRPC resistance to docetaxel? Or 
is this just an accompanying phenomenon along with other 
cell physiological functions due to environmental changes? 
In order to identify this hypothesis, we studied the effects of 
calpain inhibitor combined with docetaxel on biological func-
tions in PC3-DR and Rv1-DR cells subsequently. We found 
that calpain inhibition sensitized PC3-DR and Rv1-DR cells to 

Figure 4. Changes in the expression of androgen receptor (AR) during 
docetaxel resistance. (A) Western blotting detection of AR-V7 and AR-FL 
expression in Rv1 and Rv1-DR. BPH-1, LNCaP, PC3 and PC3-DR were used 
as controls. (B) Western blotting detection of the expression of AR-Vs in Rv1 
and Rv1-DR. BPH-1, LNCaP, PC3 and PC3-DR were used as controls. The 
experiments were carried out 3 times, obtaining essentially similar results.

Figure 5. Effects of importin-β inhibitor on AR nuclear import and transcrip-
tional activity. (A) Western blotting detection of nuclear and cytoplasmic 
AR-FL, AR-Vs and AR-V7 expression in Rv1-DR cells after treatment with 
various concentrations of importazole (a importin-β inhibitor) for 48 h. 
(B) Western blotting detection of PSA expression in Rv1-DR cells after the 
treatment with various concentrations of importazole for 48 h. The experi-
ments were carried out 3 times, obtaining essentially similar results.
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docetaxel, and calpeptin combined with docetaxel exhibited a 
distinct advantage over docetaxel alone in terms of inhibition 
of cell proliferation, inhibition of cell migration, G2/M phase 
arrest and induction of cell apoptosis. These results indicate 
that calpain plays a promoting role in acquired docetaxel-
resistance of PC3 and Rv1.

Notably, Rv1-DR cells did not exhibit obvious G2/M arrest 
in calpeptin combined with docetaxel therapy, but exhibited 
distinct cell apoptosis in combination therapy. These results 
indicated that Rv1-DR may possess a different mechanism 
prior to G2/M arrest inducing cell apoptosis. This mechanism 
may be the inhibition of the AR-signaling pathway since 
Rv1-DR cells are very rich in AR (6,38). In addition, we 
found that PC3-DR cells exhibited an obvious G2/M arrest at 
a lower concentration of 40 nM of docetaxel and 20 µM of 
calpeptin treatment, but when we increased the concentration 
of docetaxel to 100 nM, we still did not observe distinct cell 
apoptosis. Subsequently, we prolonged the exposure time 
from 2 to 3 days, and observed both early- and late-stage 
cell apoptosis after calpeptin was combined with docetaxel 
treatment, suggesting that the cell apoptosis induced by the 
combintion of calpeptin with docetaxel is more time-dependent 
than concentration-dependent in PC3-DR.

However, it should be noted that, the present study only 
examined the common regulatory subunit CAPNS1 expres-
sion of the heterodimers µ-calpain and m-calpain and further 
exploration is warranted, whether to expand the molecular 
mechanism more accurately or to develop highly selective 
targeting drugs. We used the degradation of only one substrate 
to determine calpain activity, however further validation of 
calpain activity with other substrates may be more persuasive. 
A deeper elucidation of the underlying mechanism in the 
combination of calpeptin with docetaxel therapy and a in vivo 
animal experiment evaluating the efficacy and safety of the 
therapy are both important topics for further study.

To date, a variety of mechanisms involved in docetaxel-
resistance have been described, but the mechanisms described 
in literature are mostly common mechanisms which are found 
in many tumor cells, such as structural and functional changes 
of microtubules, increasing drug efflux and alterations in 
apoptosis-related proteins (39), while mechanisms specific 
to prostate cancer are poorly understood. AR-V7 exists in 
benign and malignant prostatic tissue, but is mostly enriched 
in metastatic disease (21,22). The recurrence rate of HNPC 
after radical surgery has a close and positive correlation to the 
expression level of AR-V7 in prostatic tissue (21). Moreover, 
in CRPC bone metastases, overall survival exhibits a strong 
negative correlation to the expression level of AR-V7 (22). 
These results indicate that AR-V7 often marks a poor prog-
nosis of malignant prostate cancer. Additionally, previous 
studies have shown that AR-V7 plays an important role in ADT 
resistance (23,40), particularly Antonarakis et al demonstrated 
with strong evidence that the expression of AR-V7 in circu-
lating tumor cells had a negative correlation to abiraterone 
and enzalutamide treatment outcomes (24). AR-V7 has been 
widely accepted to be involved in the resistance of ADT, mean-
while, various laboratory studies and clinical studies suggest 
that there is a cross-resistance phenomenon between docetaxel 
and second-line ADT drugs (7,9-11), however it is poorly 
understood whether AR-V7 also confers docetaxel-resistance 

to prostate cancer cells. Recently, Martin et al observed that 
a small molecule inhibitor targeting the N-terminal of AR-Vs 
sensitized prostate cancer cells to docetaxel (41). In addition, 
Steinestel et al discovered that docetaxel-treated patients had 
a higher expression of AR-V7 in circulating tumor cells (42). 
Taking into the consideration the aforementioned facts, we 
assessed the changes in the expression of AR-FL, AR-Vs 
and AR-V7 in Rv1-DR and its parental cell line Rv1, and 
found that the expression of AR-V7 remained at a high level 
in the docetaxel-resistant cell subline, while full-length the 
expression of AR remained very low and other non-specific 
AR-Vs were significantly downregulated. This is a possible 
consequence of the participation of the constitutively and 
transcriptionally active AR-V7 in the acquired resistance to 
docetaxel and overcoming drug toxicity in Rv1 cells.

The human AR is an 110 kDa, 919 amino acid protein 
composed of 4 domains: i) the amino terminal activation 
domain (NTD); ii) the DNA-binding domain (DBD); iii) the 
hinge region; and iv) the carboxyl ligand-binding domain 
(LBD) (43). The NTD includes the majority of the AR and 
determines androgen specific transcriptional activity (44), while 
the nucleus localization is a crucial step in the process of the AR 
signaling pathway (45). AR-V7 lacks the hinge region and LBD, 
thus making AR-V7 very different from AR-FL (21). Canonical 
AR nuclear localization signal (NLS) is located in the hinge 
region that AR-V7 lacks and Chan et al demonstrated that 
mysterious exon 3-encoded DBD of AR-V7 joined with NLS to 
reconstitute a bipartite AR NLS which enhanced AR-V7 nuclear 
localization (46). In prostate cancer cells, AR-FL is transported 
into the nucleus mediated by microtubules and actin. However, 
docetaxel which is a microtubule stabilizing agent, can block 
AR-FL and inhibit the AR signaling pathway by microtubule 
stabilization. Nevertheless, due to the lack of a hinge structure 
which binds to microtubules, AR-V7 may have a microtubule-
independent way of translocating to the nucleus, hence AR-V7 
nuclear translocation is not regulated by docetaxel (6,38).

Kaku et al assessed the nuclear import abilities of each 
domain of AR and their mechanisms were related to Ran and 
importin-α/β. They discovered that NTD and DBD showed 
ligand-independent nuclear import ability, and importin-β 
knockdown strongly blocked DBD import (47). Importazole 
is a small molecule inhibitor of the transport receptor 
importin-β (48). A former study suggested that importazole 
blocked the nuclear import of AR-V7 as was determined by 
FRAP assay, however, docetaxel was only capable of blocking 
nuclear import of AR-FL, but not AR-V7 (49). Moreover, 
the concentration they used to treat the cells was as much as 
50 µM and under such a high concentration it is hard to guar-
antee that the results of the experiment are still caused by the 
normal pharmacological effects of importazole. Furthermore 
it is hard to achieve such a concentration in human prostate 
cells. In the present study we used gradient increasing doses 
of importazole to treat Rv1-DR cells for 48 h. The nucleus 
and cytoplasm proteins were isolated to assess the distribu-
tion of AR-FL, AR-Vs and AR-V7, in order to study the effect 
of importazole on their nuclear import. To illustrate that the 
isolation of nuclear and cytoplasmic protein was successful, 
we chose β-actin as a cytoplasmic marker and lamin B as a 
nuclear marker. We found that gradient increasing doses of 
importazole could not block the nuclear import of AR-V7. 
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Furthermore, we studied the effect of importazole on AR 
transcriptional activity, and observed that PSA was only 
slightly downregulated with the increase of drug concentra-
tion. Although, importazole could block the nuclear import of 
AR-FL and non-specific AR-Vs significantly at a concentration 
as low as 10 nM, the AR transcriptional activity was slightly 
inhibited. These results indicated that the expression of AR-FL 
which remains at a low level and non-specific AR-Vs which 
are significantly downregulated are not the key factors of the 
AR signaling pathway in Rv1-DR. Moreover, AR-V7 which 
remains highly expressed in Rv1-DR and is not regulated by 
importazole may be the key factor of the AR signaling pathway 
and confer docetaxel-resistance to Rv1-DR cells.

We have to point out that only using PSA expression to illus-
trate the AR transcriptional activity is not convincing enough, 
we could also use other AR target gene products or luciferase 
assay to assess AR transcriptional activity. We suggested that 
importazole can block the nuclear import of AR-FL and AR-Vs. 
A Co-IP assay study on the interaction between importin-β and 
AR-FL as well as AR-Vs may provide us with more powerful 
evidence. Additionally, the effect of importazole on the biolo-
gical functions of prostate cancer has not been reported yet. 
These issues are all urgent and warrant elucidation in the future.

In the present study we demonstrated that overexpression 
and activation of calpain confers chemoresistance to CRPC 
cells. Targeting calpain sensitized PC3-DR and Rv1-DR cells 
to docetaxel. The calpain-induced insensitivity to docetaxel 
was partially reversed by calpeptin (a calpain inhibitor). These 
results concerning the biological functions collectively highlight 
an important role for calpain in the modulation of docetaxel-
resistance of prostate cancer cells. Moreover, we suggested that 
AR-V7 may play a promoting role in CRPC-acquired docetaxel-
resistance. An importin-β inhibitor was only capable of slightly 
decreasing the transcriptional activity of the AR signaling 
pathway via blocking nuclear import of AR-FL and some non-
specific AR-Vs, instead of AR-V7.

In conclusion, we provided evidence that calpain and AR-V7 
play crucial roles in mediating the chemoresistance of CRPC 
cells to docetaxel. In addition, the expression status of calpain 
and AR-V7 could potentially be used as biomarkers to aid treat-
ment selection and sequencing in prostate cancer. Furthermore, 
targeting calpain and AR-V7 may thus have potential benefits in 
improving the effectiveness of chemotherapy and overcoming 
docetaxel-resistance in prostate cancer.
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