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Purpose: To explore if bexarotene (BEX) synergistically enhances docetaxel (DTX) cyto-
toxicity in castration-resistant prostate cancer cell lines.

Materials and methods: MTT assay was used to measure the cytotoxic effect of DTX and
BEX on castration-resistant prostate cancer (CRPC) cell proliferation and the combination
index (CI) values calculated to analyze the interaction between DTX and BEX. Flow
cytometry and Western blot analysis identified the underlying mechanism for the synergistic
effect of BEX and DTX.

Results: When mitotic slippage happens, BEX can synergistically strengthen the anti-
proliferation of DTX in a way of significantly down-regulating cyclinB1 and CDK1 expres-
sion, and then arresting cells in G2 phase.

Conclusion: Results from this study showed that BEX-induced G2 arrest and DTX-induced
mitotic arrest probably contributed to the synergistic effect of BEX and DTX.

Keywords: docetaxel, bexarotene, prostate cancer, combination therapy, cell cycle arrest

Introduction

Prostate cancer (PCa) is the most prevalent cancer in males and has become the
third major cause of cancer-related death in men in the United States, with an
estimated 161,360 new cases, and 16,730 deaths in 2017.! Androgen deprivation
therapy (ADT) is the cornerstone for treating metastatic prostate cancer.
Nevertheless, a substantial proportion of patients who initially responded to
ADT would inevitably develop castration-resistant prostate cancer (CRPC),”
and warrant the development of other CRPC treatment approaches. In 2004,
docetaxel (DTX) was approved by the US Food and Drug Administration as a
first-line treatment for CRPC. However, dose-related DTX toxicities always
limit its clinical use, and most CRPC patients will ultimately develop resistance
to chemotherapy. Combination therapy of DTX with other agents has demon-
strated its potential to reduce dose-related toxicities and maintain or even
enhance efficacy.’

Retinoid X receptors (RXRs), a type of intracellular receptors of retinoids, serve
as transcriptional factors via homodimerization or heterodimerization with multiple
nuclear receptors, including retinoic acid receptors and peroxisome proliferator-
activated receptors. RXRs thus have a significant role in regulating tumor cell
proliferation, differentiation, and apoptosis.* Bexarotene (BEX) is a synthetic
retinoid analog that binds specifically and activates RXRs and approved for treating
cutaneous T-cell lymphoma (CTCL). Hypertriglyceridemia, hypercholesterolemia,
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and hypothyroidism, significant side-effects of BEX are
manageable and reversible with corresponding therapy.
Considering the nonoverlapping adverse-effect profile of
BEX with most cytotoxic agents, it is used frequently in
combination with most chemotherapy drugs. A phase I
trial of 15 patients identified a combination of 25 mg/m?/
week DTX and 400 mg/m?/day BEX as the maximum
dose in several solid tumors. Three of 10 non-small-cell
lung carcinoma (NSCLC) patients and one angiosarcoma
patient showed stable disease.” Another two randomized
phase III trials showed that BEX was well tolerated in
advanced NSCLC patients when added to the traditional
chemotherapy (cisplatin/vinorelbine or carboplatin/pacli-
taxel). Although BEX, in combination with chemotherapy,
failed to prolong survival in advanced NSCLC, a subgroup
of patients who suffered severe hypertriglyceridemia in the
BEX treatment group showed prolonged survival with
BEX.®® Previously, Yen et al (2006) showed that low-
dose BEX (1 uM) exposure reduced the spontaneous
mutation rate and thus effectively delayed the development
of resistance to chemotherapy drugs (paclitaxel, doxorubi-
cin, and cisplatin) in PC3 cells. Moreover, the addition of
BEX desensitized the resistant cells to the cytotoxic
agents.”!" However, the potential role of BEX and DTX
combination regime in treating CRPC is not thoroughly
addressed.

This study aimed to explore the ability of BEX to
enhance DTX therapeutic effects in CRPC. We showed
synergistic cytotoxicity of BEX and DTX in PC3 and
DU145 CRPC cell lines. Following prolonged DTX-
induced mitosis arrest, some prostate cancer cells “slip”
out of mitosis and this event can be related to drug
resistance.'>'> We revealed that when mitotic slippage
happens, BEX can synergistically strengthen the anti-pro-
liferation of DTX in a way of significantly down-regulat-
and CDKI1

arresting cells in G2 phase.

ing cyclinBl expression, subsequently

Materials and methods

Cell lines and reagents

The human PCa androgen-independent cell lines PC3 and
DU145 were from the Cell Bank of Type Culture Collection
of Chinese Academy of Sciences. The cells were cultured in
RPMI-1640 media supplemented with 10% fetal bovine
serum (Cellmax, Peking, China) and penicillin-streptomy-
cin. The cells were incubated at 37 °C and 5% CO, atmo-
sphere. DTX was obtained from Jiangsu Hengrui Medicine

Company (Jiangsu, China) and stored at 4 °C in the dark.
BEX was from the Ligand Pharmaceuticals Inc. (San
Diego, CA, USA.) and stored at —20 °C.

MTT assay

Cells (6x10°/well) were seeded in 96-well plates and allowed
to adhere overnight. Varying concentrations of DTX, BEX,
and combination of drugs added to cells. After 24 and 48 h of
incubation, one-tenth volume of MTT (5 mg/mL, dissolved
in PBS buffer) was added to each well, and the plate incu-
bated for another 2 h. The medium was removed, and 150 pL.
of dimethyl sulfoxide (DMSO) added to dissolve the forma-
zan crystals, and absorbance measured at 550 nm in a micro-
plate reader (Bio-Tek, VT, USA). The ICs, was defined as
half-maximum inhibitory concentration, and all results cal-
culated as percentages of controls.

Cell cycle

Analysis of cell cycle profile was by using the Cell Cycle
Staining Kit (Multi Science, Hangzhou, China) following
the manufacturer’s instructions. Cells were seeded in six-
well plates and treated with DTX (5 nM or 10 nM) and
BEX (20 and 40 uM) alone or with a combination of drugs
for 24 or 48 h. Cells were harvested, washed with PBS,
and resuspended in 500 pL. DNA staining solution contain-
ing 5 pL permeabilization solution. Cells were incubated
in the dark for 30 min, and cell cycle analysis performed
using FACSCalibur (BD, NJ, USA).

Apoptosis

Cell apoptosis was analyzed using the Cell Apoptosis Kit
(Multi Science, Hangzhou, China) following the manufac-
turer’s instructions. Cells were seeded in six-well plates and
treated with DTX (5 nM or 10 nM) and BEX (20 and 40 uM)
alone or with a combination of drugs for 24 and 48 h. Cells
were then harvested, washed with PBS, and resuspended in
500 pL binding buffer with 5 uL. Annexin V-FITC and 10 pL.
PI. Cells were incubated in the dark for 5 min, and cell
apoptosis analysis was performed using FACSCalibur (BD,
NJ, USA).

Western blot

Cells after treatment were washed with cold PBS and
lysed on ice for 10 min in cell lysis buffer (Beyotime,
China) containing PMSF (FDbio-tech,
China) and protease inhibitor
(Biotool, Huston, USA). Lysates collected and centrifuged

Shanghai,

Hangzhou, cocktail

at 12,000x g for 20 min. Protein concentrations quantified
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by BCA Protein Assay Kit (Thermo Fisher, MA, USA),
and 20 pg total protein separated on SDS/PAGE gels and
subsequently transferred to polyvinylidene difluoride
membranes. The membranes were blocked in 5% nonfat
milk at room temperature for 1 h. Afterward, the mem-
branes were incubated overnight at 4 °C with primary
antibodies  for anti-cyclinDl, anti-cyclinE2, anti-
cyclinB1, anti-CDK1, anti—phospho-histone H3 (Cell
Signal Technology, MA, USA), and GAPDH (Abcam,
MA, USA), and followed by incubation with appropriate
horseradish peroxidase-conjugated secondary antibodies
(anti-mouse IgG, HRP-linked antibody and anti-rabbit
IgG, and HRP-linked antibody) (Cell Signal Technology,
MA, USA) for 2 h at room temperature. The hybridization
signals detected using an Enhanced Chemiluminescence
Detection kit (Fdbio-tech, Hangzhou, China).

Statistical analyses
The results presented as the mean + SD of at least three
independent experiments. Student’s #-test and compared

the means. <0.05 considered

p-values, statistically

significant.
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Results
Effect of BEX and DTX alone or in

combination on cell viability

MTT assay was used to investigate the effects of DTX and
BEX on PC3 and DUI145 cell proliferation. We used
sequential DTX and BEX doses singly or simultaneously
to evaluate their antitumor efficacy and explore whether
they can act synergistically. As shown in Figure 1A, DTX
inhibited cells in a dose-dependent manner, and the ICs, of
DTX in PC3 and DU145 were 22.83+3.49 nM and 6.65
+1.45 nM, respectively. BEX monotherapy of cells
showed an antiproliferative effect at a high dose, and the
ICsos were 40.62+0.45 pM (PC3) and 50.20+4.10 pM
(DU145). The antiproliferative effects of DTX and BEX
combination were evaluated. In DU145 cells, a significant
reduction in cell viability was observed after adding either
20 or 40 uM BEX to 5 nM and 10 nM DTX; in PC3 cells,
only 40 uM BEX enhanced the effect of DTX (Figure 1B).
Based on the above ICsgs, we selected a DTX concentra-
tion of 10 nM and 5 nM; BEX concentration of 20 and
40 puM for PC3 and DU145 cells respectively for further
analysis. To characterize the interaction between DTX and
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Figure | Effects of BEX and DTX alone or in combination on cell viability. (A). Dose-response curves of DTX and BEX against PC3 and DU145 cells. (B). DTX and BEX
exhibited a synergistic effect on the inhibition of PC3 and DU 145 cell proliferation. The data represent the mean + SD of at least three independent experiments (*p<0.01,

#p<0,01, *Fp<0.005, *<p<0.0001, Student’s t-test).
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BEX, we analyzed the combination index (CI) values
using Chou and Talalay method, based on the median-
effect principle and widely accepted for characterizing
drug interactions.'*'> We treated PC3 and DU145 cells
with BEX and DTX alone or in combination at a ratio of
1:1000 (PC3) or 1:2000 (DU145) (Figure 2A) and calcu-
lated the CI values at different growth inhibition (Fa)
levels using CompuSyn software. CI values of >1 indicate
antagonism, =1 indicate additivity, and <1 show synergy.
Figure 2B shows that in PC3 cells, CI<l seen when
Fa>45%; in DU145 cells, CI<1 observed when Fa>35%.
For anticancer agents, synergism at a high Fa level is more
relevant to therapy than synergy at a low Fa level.
Conclusively, DTX, and BEX exhibited a synergistic
effect in inhibiting PC3 and DU145 cell viability.

Effect of BEX on DTX-induced cell cycle

arrest and cell apoptosis

The therapeutic activity of DTX is due to a two-step
mechanism: 1) stabilizing microtubules and triggering
mitotic cell cycle arrest, and 2) inducing cell apoptosis.'®
Similarly, previous studies showed that in CTCL cells,
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BEX exerted its antineoplastic effect by promoting cell
cycle arrest (both G1/S arrest and G2/M arrest) and cell
apoptosis.'”!? Given that, we hypothesized that BEX
could enhance DTX-induced cell cycle arrest or cell apop-
tosis in CRPC cell lines. First, we used the Cell Cycle
Staining Kit to assess DTX and BEX effects on the dis-
tribution of cell cycle phase in PC3 and DU145 cells.
After 24 h treatment, DTX dramatically arrested CRPC
cells in G2/M phase while BEX (40 uM) caused G1 arrest.
Compared to DTX monotherapy, although combination
treatment reduced DTX-induced G2/M arrest, it arrested
more cells in G1 phase, the effect attributed to an additive
effect of the different mechanisms of DTX and BEX
(Figure 3A and C). After 48 h of treatment, BEX alone
slightly arrested cells in G1 phase and DTX monotherapy
arrested cells in G2/M phase in the two cell lines
(Figure 3B and D). However, because of mitotic slippage,
DTX-induced G2/M arrest was reduced significantly in
PC3 cells, consistent with the previous study,”® and was
prominent in DU145 cells, but also showed a slight
decrease (Figure 3B). When compared with DTX mono-
therapy, concurrent treatment with BEX (20 puM and
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Figure 2 Cl plot for combinations of DTX and BEX in PC3 and DU 145 cells. (A). PC3 and DU145 cells were treated with a sequential dose of BEX and DTX alone or in
combination at a ratio of 1:1000 (PC3) or 1:2000 (DU145) for 48 h. Circles, BEX; square, DTX; triangle, BEX+DTX. (B). Cl values at different levels of growth-inhibitory
effect (Fa). Cl =1, >1, and <I indicate an additive, antagonistic, and synergistic effects, respectively; circles represent BEX: DTX combinations tested. The data represent the
mean * SD of at least three independent experiments. (**p<0.01, ****¥p<0.0001, Student’s t-test).
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Figure 3 Effects of BEX and DTX on cell cycle phase distribution. (A,B). PC3 were exposed to BEX (20 and 40 uM) and 10 nM DTX alone or in combination for 24h (A) or
48 h (B). (C,D). DU145 were exposed to BEX (20 and 40 uM) and 5 nM DTX alone or in combination for 24h (C) or 48 h (D). PC3 and DU 145 cells were exposed to BEX
(20 and 40 pM) and 10 nM (PC3) or 5 nM (DU145) DTX alone or in combination for 48 h. Cell cycle phase distribution determined by flow cytometry. The data represent
the mean # SD of at least three independent experiments (¥p<0.05, **p<0.01, **¥p<0.0005, Student’s t-test, # vs the DTX5 or DTXIO group.).

40 pM) and DTX resulted in a more significant G2/M
arrest in DU145 cells, indicating BEX had the potential
to enhance the DTX-induced G2/M arrest. However, in
PC3 cells, only 40 uM BEX triggered a statistically sig-
nificant increase in G2/M arrest, consistent with the MTT
assay (Figure 3B). Later, the apoptotic effect of DTX +
BEX detected using Annexin V-FITC/APC staining. As
shown in Figure 4, BEX monotherapy caused mild

apoptosis in PC3 while in DU145, the induced apoptosis
was stronger. Although, there were significant differences
between DTX alone, and DTX +40 uM BEX, the increase
in apoptotic cells is minimal. It appears that BEX failed to
increase the pro-apoptotic effect of DTX. Together, the
results mentioned above showed the synergistic antiproli-
ferative effect of DTX and BEX likely mediated by an
enhancement of G2/M arrest.
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Effect of BEX and DTX alone or in
combination on the expression of cyclins

and CDKI
Cyclin and cyclin-dependent kinases (CDKs) are a group
of crucial regulators in cell cycle progression. Abnormal

expression profile of these regulatory proteins will disrupt
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the transition between G1, S, and G2/M phases.2 ' we
examined the expression of several cell-cycle-related pro-
teins, such as cyclin D1, cyclin E2, CDKI, cyclin B1, and
phospho-histone H3 (p-H3), using Western blot analysis to
evaluate the synergistic effect of DTX and BEX. Figure 5
shows the similar expression pattern of these proteins in
two cell lines. After 24 h of BEX treatment, cyclin D1, and
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Figure 5 Effects of BEX and DTX on cell cycle regulation of cyclins and CDKI. PC3 and DU145 cells were exposed to BEX (20 and 40 pM) and 10 nM (PC3) or 5 nM
(DU145) DTX alone or in combination for 24h (A) or 48 h (B). The expression of cyclinDI, cyclinE2, cyclinBI, and CDKI| determined by Western blot analysis.
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cyclin E2 decreased while cyclin B1, CDKI1, and p-H3
remained similar, consistent with BEX-induced G1 arrest
(Figure 5A). Twenty-four hours after DTX treatment,
cyclin B1 and p-H3 (markers of mitosis) increased mark-
edly (Figure 5B), confirming cell cycle analysis results as
well as results from previous studies showing that antimi-
totic compounds lead to mitotic arrest.”* After 48 h, BEX
not only decreased the expression of cyclin D1 and cyclin
E2 but repressed cyclin Bl and CDKI1 expression, which
was also obtained by N. Nieto-Rementer1‘a.'” Cyclin B1 is
a central regulator of progression from G2 to mitosis. It
associates with CDK1 to form a complex that is essential
for G2/M transition.”® Reduced levels of cyclin B leave
the CDK1 inactive, which may contribute to cell cycle

arrest in G2.%

However, according to results from the
cell cycle analysis, it appeared that BEX monotherapy
failed to arrest CRPC cells in G2 phase (Figure 3B).
Forty-eight hours after DTX monotherapy, the expression
of cyclin B1 and p-H3 decreased to the expression level in
the control group in PC3 cells but remained overexpressed
in DU145 cells (Figure 5B). It suggested that PC3 were
reaching mitosis and subsequently undergoing mitotic slip-
page, which might potentially confer acquired resistance

following DTX treatment,”>*°

while slippage in DU145
cells was not distinct. This result was in absolute concor-
dance with the cell cycle analysis results (Figure 3B
and D). Interestingly, combined therapy led to a substantial
downregulation in the expression of cyclinBl and CDKI1.
The downregulation of cyclin B1 probably resulted from
BEX, but could also contribute to mitotic slippage,
because cyclin B1 falls below a threshold level that is
required to maintain the mitotic state during mitotic
slippage.”® Since the decrease in mitotic slippage resulted
in downregulation of both cyclin Bl and p-H3 levels,?
BEX monotherapy, and combined therapy did not affect
the expression of p-H3 (Figure 5B), indicating that the
enhanced downregulation of cyclin B1 was probably not
due to the mitotic slippage. Therefore, we considered that
it was BEX that led to the suppression of cyclin B1 and
CDKI1 in combination therapy, and subsequent G2 phase
arrest in cells. DTX also led to the downregulation of
cyclinD1 in either PC3 or DU145 cells after 24 or 48 h
of DTX treatment. Cyclin DI is involved in G1/S
transition,”’ but the results of cell cycle analysis showed
no DTX-induced G1/S arrest, suggesting an insignificant
role for cyclinD1 in the combination treatment. The above
data showed that although mitotic slippage hinders DTX
cytotoxicity by promoting cells to prematurely exit mitotic

arrest, BEX-induced repression of cyclin Bl and CDK1
would probably synergistically enhance the anti-prolifera-
tive activity of DTX by arresting cells in the G2 phase.

Discussion

DTX-based chemotherapy is a widely used treatment regi-
men for CRPC. However, long-term DTX administration
results in toxicity represented by myelosuppression and
drug resistance and eventually contributes to undesired
clinical outcomes.?’ Therefore, combination therapy has
become a popular approach against DTX cytotoxicity and
drug resistance.”* > BEX has nonoverlapping adverse
effect profile and previously shown to synergistically
enhance the growth inhibition activity of DTX in breast
cancer and NSCLC. BEX effectively prevents and over-
comes DTX resistance in several tumors.”'! In the current
study, we showed the synergy between DTX and BEX via
targeting the cell cycle regulators, thereby inhibiting pro-
liferation in androgen-independent PCa cell lines, which in
turn suppress the progression of CRPC.

The CI values were calculated in PC3 and DU145 cells
to examine the interaction between DTX and BEX. When
growth inhibition reached up to 50%, CI values of <1 were
detected suggesting that DTX and BEX exhibited a syner-
gistic effect on inhibiting PC3 and DU145 cells prolifera-
tion. Considering both DTX and BEX had the potential to
induce cell-cycle arrest and cell apoptosis, we hypothe-
sized that the underlying mechanism of synergism is due
to the enhancement of cell-cycle arrest or cell apoptosis.
Our data indicated that BEX-induced G2 arrest and
DTX-induced mitotic arrest contributed to the synergistic
therapeutic effects of BEX and DTX.

Cell cycle progression is positively governed by
cyclins (D, E, A, and B)/CDKs (CDK4, CDK6, CDK2,
and CDK1) complex, which mediate DNA replication, cell
division, and cell proliferation. G1, S, G2/M are three
checkpoints controlling the cell cycle progression in can-
cer cells.’’ As mentioned above, previous studies showed
that both DTX and BEX induce cell cycle arrest in cancer
cells. One study using three CTCL cell lines proposed that
BEX exerted its antineoplastic activity via induction of
apoptosis rather than cell cycle arrest.'” However,
Rementeria et al considered the cell cycle as the main
target of BEX. It was documented earlier that BEX acti-
vated the p53/p73 pathway by phosphorylating ataxia tel-
angiectasia-mutated protein, and also modulated several
downstream target genes, like cyclinB1, CDK1, and Bax,
ultimately leading to G1/S and G2/M arrest in malignant
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cells.'” In addition, BEX repressed cyclin D1 and cyclin
D3 expression in NSCLC.*'**? Consistent with the litera-
ture, our study confirmed the inhibitory effect of BEX on
the expression of cyclinD1, cyclinB1, and CDK1, suggest-
ing that BEX repressed cyclin D1 and cyclin E2 after 24 h,
but observed inhibition of cyclin B1 and CDK1 expression
only after 48 h. The above findings explain the underlying
mechanism of BEX arrest of CRPC cells in G1/S over
24 h and its role in enhancing the DTX effect by arresting
cells in the G2 phase over 48 h. Beyond that, our data
showed that BEX could also significantly inhibit the
expression of cyclinE2 in CRPC cell lines, which partly
gave rise to the G1 arrest induced by BEX monotherapy.
Taxanes (paclitaxel, docetaxel) bind to tubulin and pro-
mote tubulin polymerization, which interferes with the
function of the mitotic spindle resulting in mitotic arrest.>®
However, following long-term mitotic arrest, cells exit
mitosis by slippage into a tetraploid Gl state, from
which they either die, arrest in G1, or initiate a new
round of the cell cycle, and this event could be related to
paclitaxel resistance.'”** It was described that PC3 cells
reached mitosis arrest after 24 h of paclitaxel treatment,
but most cells would exit from mitosis by slippage, also
observed in our study.®® As seen from the results of cell
cycle analysis and Western blot, DU145 cells maintained a
more efficient mitotic arrest and underwent less mitotic
slippage, suggesting they are more sensitive to DTX.
When compared to DTX monotherapy, combination ther-
apy with DTX and BEX caused a more pronounced reduc-
tion in cyclinB1 and CDK1, while the expression of p-H3
was unchanged. The upregulation in cyclin B and p-H3,
two markers of DTX-induced mitotic arrest and mitotic
slippage, showed a decrease in their expression. As a
result, we inferred that the reduction in cyclin Bl and
CDK1 levels was caused by BEX, leading to G2 arrest.
As explained above, the synergistic effect of DTX and
BEX was likely due to the combination of DTX-induced
mitotic arrest and BEX-induced G2 arrest. Of note, in PC3
cells, 20 uM BEX failed to impose a synergistic arrest on
G2/M phase when combined with 10 nM DTX, explained
by the fact that CDK1 increased slightly with 10 nM DTX
and 20 uM BEX combination compared with 10 nM DTX
monotherapy.

Cell apoptosis was unrelated to the synergistic effect
between DTX and BEX, and DTX exerts its proapoptotic
effect by inducing Bcl-2 phosphorylation or downregulation
of Bel-xL, thereby subsequently promoting apoptosis.'®
Previous studies showed that BEX wupregulated the

expression of Bax and induced a redistribution of Bax
from the cytosol to the mitochondrial.'” Theoretically, as
both mechanisms reinforce the function of Bax, the combi-
nation therapy may have resulted in an enhancement of cell
apoptosis. However, practically, BEX failed to enhance the
proapoptotic effect of DTX.

One of the limitations of this study is that we have not
conducted in vivo experiments to validate the efficacy of
BEX and DTX combination therapy in CRPC. Further, in
vivo studies are warranted to elucidate the synergistic
effects of BEX and DTX. In summary, our study provides
a theoretical basis for BEX improving the therapeutic out-
comes of DTX in CRPC via enhancing G2/M arrest. A
combination of DTX and BEX has the potential to be a
new approach to battle CRPC in the future, and further
studies are warranted.

Conclusion

The present study identified the ability of BEX to enhance
the therapeutic effects of DTX in CRPC by synergistic
inhibition of cyclinB1 and CDK1 expression levels. Based
on these results, combination therapy with DTX and BEX
may become a new therapeutic strategy to battle CRPC in
the future. However, additional animal and patient studies
are required to validate this strategy.
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