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Abstract

Docetaxel resistance remains a major obstacle in the treatment of prostate cancer (PCa) bone
metastasis. In this study, we demonstrate that the dopamine D2 receptor (DRD2) agonist
bromocriptine effectively enhances docetaxel efficacy and suppresses skeletal growth of PCa in
preclinical models. DRD2 is ubiquitously expressed in PCa cell lines, and DRD?2 is significantly
reduced in PCa tissues with high Gleason score. Bromocriptine has weak to moderate cytotoxicity
in PCa cells, but effectively induces cell cycle arrest. At the molecular level, bromocriptine
inhibits the expression of c-Myc, E2F-1 and survivin, and increases the expression of p53, p21 and
p27. Intriguingly, bromocriptine markedly reduces androgen receptor (AR) levels, partially
through heat-shock protein 90 (Hsp90)-mediated protein degradation. The combination of
bromocriptine and docetaxel demonstrates enhanced in vitro cytotoxicity in PCa cells and
significantly retards the skeletal growth of C4-2-Luc tumors in mice. Collectively, these results
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provide the first experimental evidence for repurposing bromocriptine as an effective adjunct
therapy to enhance docetaxel efficacy in PCa.
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Introduction

Prostate cancer (PCa) is the most commonly diagnosed cancer in the US and the third
leading cause of cancer-related deaths. The American Cancer Society estimated that 164,690
new cases will be diagnosed and 29,430 patients die in 2018 (1). More than 85% of PCa
patients have bone metastasis at autopsy, and their quality of life can be significantly
compromised by skeletal complications (2). Docetaxel treatment remains a major type of
chemotherapy with survival benefits in PCa patients with bone metastasis. Unfortunately,
docetaxel therapy eventually leads to chemoresistance, posing a major obstacle in the
treatment of PCa bone metastasis (3). It is imperative to develop novel strategies to enhance
docetaxel chemotherapy and improve the survivorship and quality of life of patients.

Dopamine is a major neurotransmitter involved in a wide variety of physiological processes,
such as reward and motor functions (4). Aberrant dopamine secretion and signaling may
lead to various neurological disorders, including Parkinson’s disease, schizophrenia and
depression (5). Dopamine exerts its functions in target cells via selective ligation and
activation of distinct dopamine receptors (DRs), referred to as the D1-like (D1, D5) and D2-
like (D2, D3, D4) classes. Both classes are G protein-coupled receptors (GPCRs), whose
signaling is primarily mediated by coupling with specific heterotrimeric G proteins: the D1-
like DRs bind the adenylate cyclase stimulatory G protein Ga, increase cyclic AMP
(cAMP) and activate protein kinase A (PKA), while the D2-like DRs couple to the Gaj/o
protein, inhibit adenylyl cyclase, suppress cAMP and inactivate PKA (6).

DRD2 is the major subtype of D2-like DRs, playing a prominent role in psychiatric and
neurological disorders and being the primary target for most antipsychotic drugs (7).
Bromocriptine, a semi-synthetic ergot alkaloid, is a potent DRD2 agonist and has been
widely used in the treatment of Parkinson’s disease, hyperprolactinemia, pituitary tumors
and neuroleptic malignant syndrome (8-10). A quick release formulation of bromocriptine
(Bromocriptine-QR) was approved for the treatment of type 2 diabetes mellitus (11).
Although the underlying mechanisms associated with these clinical benefits remain poorly
understood, it is generally thought that they are primarily attributed to the specific DRD2
agonist activity of bromocriptine. For example, bromocriptine directly stimulates specific
pituitary cell membrane DRD2 and inhibits the synthesis and secretion of prolactin, the
major driver of prolactinoma (9).

Recent studies have implicated DRD2 in the progression of malignant tumors, although the
association between DRD2 signaling and these diseases appears to be tissue-specific and
sometimes remains inconclusive. On the one hand, elevated levels of DRD2 are associated
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with acute myeloid leukemia (AML), glioblastoma, esophageal squamous cell carcinoma,
pancreatic ductal adenocarcinoma and neuroendocrine tumors (12-17). In line with these
observations, several DRD2 antagonists were found to be capable of inhibiting the growth of
hematopoietic and solid tumors and enhancing chemotherapy in metastatic breast cancer
cells (14-16,18). On the other hand, however, it has been reported that DRD2 agonism
demonstrated inhibitory effects in preclinical models of lung cancer, gastric cancer and
leukemia, suggesting that re-activation of DRD2 signaling could have therapeutic benefits in
these malignancies (19-23). Intriguingly, bromocriptine exhibits promising anticancer
activity in AML, presumably via the inhibition of leukemia stem cells (24,25).

The expression profile of DRD2 and its targeting potential in PCa have not been
investigated. In this study, we present the first evidence demonstrating the correlation
between DRD2 expression and PCa progression. We have determined the mechanism of
action and /n vivo efficacy of bromocriptine in enhancing docetaxel chemotherapy and
treating PCa bone metastasis using preclinical models.

Materials and Methods

Cell Culture and Reagents

Human PCa cell lines LNCaP, PC-3 and DU145 were obtained from American Type Culture
Collection (ATCC), C4-2 and luciferase-tagged C4-2-Luc cells were provided by Dr. Leland
WK Chung (Cedars-Sinai Medical Center) in 2004, C4-2B cells and its docetaxel-resistant
derivative C4-2B-TaxR subline were provided by Dr. Allen C. Gao (University of California
Davis) in 2016. The above PCa cells were routinely maintained in T-medium (Life
Technologies, Carlsbad, CA) with 5% fetal bovine serum (FBS; Atlanta Biologicals,
Atlanta, GA). CWR22Rv1 cells were provided by Dr. Jin-Tang Dong (Emory University) in
2016, and maintained in RPM11640 2% L-glutamine (Thermo Fisher Scientific., Waltham,
MA\) supplemented with 10% FBS, 1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 10 mM
HEPES and 10 mM sodium pyruvate. All cell lines were authenticated by the providers and
were tested negative for mycoplasma using a detection kit from Lonza (Morristown, NJ). All
cells were passaged for less than 3 months before renewal from frozen, early-passage stocks.
Cycloheximide (CHX), dimethyl sulfoxide (DMSO), propidium iodide (PI) and sulpiride
were purchased from Sigma-Aldrich (St. Louis, MO). Bromocriptine mesylate was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA), and docetaxel was obtained from LC
Laboratories (Woburn, MA).

In Vivo Efficacy of Bromocriptine and Docetaxel in Intratibial Xenografts

All animal procedures were approved by Augusta University Institutional Animal Care and
Use Committee (IACUC). A total of 2.0 x 10% C4-2-Luc cells per mouse were inoculated
into the bilateral tibia of male athymic nude mice (Hsd: athymic nude-nu; 5 weeks; Harlan
Laboratories, Indianapolis, IN). Following the confirmation of tumor formation by rising
PSA levels in mouse sera (= 1.0 ng/ml), tumor-bearing mice were randomized, divided into
4 groups and treated with vehicle (DMSO; n = 5), docetaxel (5 mg/kg, once per week; n =
5), bromocriptine (5 mg/kg, 3 times per week; n = 6), or the combination of bromocriptine
and docetaxel (n = 7), via intraperitoneal (i.p) injection. Mice were weighed and tumor
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growth in bilateral tibia was followed by serum PSA once a week using an enzyme-linked
immunosorbent assay (ELISA) kit from United Biotech, Inc (Mountain View, CA). At the
end point, the bilateral tibia bones were removed, fixed and decalcified, then paraffin
embedded for hematoxylin and eosin (H&E) stain and immunohistochemistry (IHC)
analyses.

Immunohistochemistry

Human prostate cancer tissue microarray (TMA) was purchased from US Biomax
(Rockville, MD). IHC staining on TMA and PCa xenograft specimens was performed
following standard procedures. The antibodies are listed in Table S1.

Data Analysis

Results

All data represent three or more experiments. Errors are S.E values of averaged results, and
values of p < 0.05 were taken as a significant difference between means. To assess the
longitudinal effect of treatments on tumor growth in mouse bones, two-way ANOVA
analysis was performed to test the overall difference across the control and treatment groups
during the whole study period. GraphPad Prism 7.0 program (GraphPad Software Inc., La
Jolla, CA) was used to perform the statistical analyses. The significance levels were set at
0.05 for all tests.

Supplementary materials and methods for cell proliferation assay, cell cycle and apoptosis
analyses, gene transfer, quantitative PCR, Western blot analysis, protein half-life
determination and immunoprecipitation are described in Supplementary Data. The
antibodies and primers are described in Tables S1 and S2.

Expression of DRD2 in human PCa cell lines and tissues

Previous studies have reported that DRD?2 is expressed in several types of human cancers
(12-17). However, it remains unclear regarding the expression pattern of DRD2 in PCa (26).
We first examined the protein levels of DRD2 in established PCa cell lines, including
androgen receptor (AR)-positive (LNCaP, C4-2, C4-2B, C4-2B-TaxR, CWR22Rv1) and -
negative (DU145, PC-3) cells. Western blot analyses showed that all the examined PCa cells
express DRD2, although the levels of expression vary among these cells (Fig. 1A).

We further examined tissue expression of DRD2 in a human prostate TMA. IHC study found
that DRD?2 is expressed in both normal/benign and cancerous prostate tissues (Fig. 1B, 1C).
The average intensity of DRD2 expression is 1.63 = 0.15 in normal/benign tissues (n = 19),
2.39 + 0.12 in PCa with Gleason score 6—7 (n = 28), and 1.81 + 0.11 in PCa with Gleason
score 8-10 (n = 43), respectively. Compared with the low-grade tumors, high-grade PCa
express significantly increased DRD2 (p < 0.001), indicating that the tissue expression of
DRD? is inversely associated with clinical PCa progression.
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In vitro effects of bromocriptine on PCa cell viability and proliferation

Given the observation that DRD2 is reduced in high-grade PCa tissues, we postulated that
re-activation of DRD2 signaling may have inhibitory effects on the proliferation and/or
viability of PCa cells. To test this hypothesis, we first treated PCa cells with escalating doses
of bromocriptine for 72 h and examined its cytotoxicity /in vitro. Interestingly, the viabilities
of both AR-positive and -negative PCa cells were significantly affected only by treatments
of low-concentration (< 20 uM) bromocriptine, then reached a plateau with the percentages
of viable cells over 50% at higher concentrations of bromocriptine (up to 80 pM) (Fig. 2A).
These results suggested that bromocriptine is not a potent cytotoxic agent in PCa cells. We
then examined the effects of bromocriptine on the /n vitro proliferation of C4-2 cells, an AR-
positive PCa cell line that closely mimics the clinical pathology of human PCa (27), at
extended time points of up to 5 days. Cell counting results showed that compared with the
vehicle control, bromocriptine effectively suppressed C4-2 proliferation at the
concentrations of as low as 20 uM (Fig. 2B). These results indicated that bromocriptine is an
inhibitor of PCa cell proliferation.

We performed flow cytometry analyses of apoptosis and the cell cycle in C4-2 cells treated
with bromocriptine. Compared with the vehicle control, increased concentrations of
bromocriptine (20, 40 and 80 uM) did not affect surface expression of Annexin V, a marker
of apoptosis (Fig. 2C). On the other hand, starting from a concentration of 20 M,
bromocriptine treatment significantly induced cell cycle arrest at the G1/S checkpoint and to
a lesser degree, the G2/M checkpoint (Fig. 2D). Taken together, these results are in line with
the notion that bromocriptine mainly inhibits PCa cell proliferation through the induction of
cell cycle arrest.

Effects of bromocriptine on the expression of DRD2 and cell cycle regulators in PCa cells

At the molecular level (Fig. 3A), a significant change following bromocriptine treatment (for
example, at 20 uM) was an increase in endogenous expression of DRD2 in a time-dependent
manner, as early as at 24 h. Pre-incubation of C4-2 cells with the DRD2 antagonist sulpiride
attenuated this inductive effect of bromocriptine on DRD2 expression, suggesting a possible
autoregulation mechanism. Western blot analyses of apoptotic markers found that
bromocriptine could reduce protein expression of poly (ADP-ribose) polymerase 1 (PARP1)
and caspase-3 at 72 h. Markedly, bromocriptine treatment resulted in a rapid reduction of
survivin (Fig. 3B), an important anti-apoptotic protein implicated in PCa progression and
therapeutic response (28). Quantitative PCR (gPCR) analysis showed that survivin mRNA
levels were also significantly suppressed after 24 h-treatment with bromocriptine in a dose-
dependent manner (Fig. S1).

Since bromocriptine induces cell cycle arrest in PCa cells, we determined protein expression
of several key regulators of the cell cycle, particularly those involved in the G1/S
checkpoint. Bromocriptine significantly inhibited the expression of c-Myc, S-phase kinase
associated protein 2 (Skp2) and E2F transcription factor 1 (E2F1), and increased the
expression of p53, p27 Kipl and p21, with most events starting at 24 h (Fig. 3C, left panel).
A close examination of the protein expression of mouse double minute 2 homolog (MDM2),
a p53-specific E3 ubiquitin ligase, and its phosphorylation at serine 166 found that
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bromocriptine reduced the levels of total MDMZ2 and to a greater degree, p-MDM2, which
may be responsible for the increase in p53 protein expression (29) (Fig. 3C, right panel).

Effects of bromocriptine on DRD2 downstream signaling pathways in PCa cells

As a classical GPCR, DRD2 transmits dopamine signals to several downstream effectors,
including cAMP response element binding protein (CREB), extracellular signal-regulated
protein kinases 1 and 2 (ERK1/2) and Akt (6). We examined the effects of bromocriptine on
these intracellular signaling pathways and found that bromocriptine inhibited the expression
of total CREB and p-CREB (Ser133) in a time-dependent manner, suggesting an inhibition
of cCAMP synthesis in the presence of bromocriptine. Bromocriptine treatment also
significantly increased the phosphorylation of ERK1/2 kinases without affecting the
expression of total ERK1/2. Pre-incubation of C4-2 cells with sulpiride antagonized the
effects of bromocriptine on p-CREB and p-ERK1/2. In comparison, neither total Akt nor
phosphorylated Akt was markedly changed following bromocriptine treatment. These results
indicated that bromocriptine may act as a DRD2 agonist by inhibiting cAMP signaling and
activating the ERK1/2 pathway in PCa cells. Interestingly, bromocriptine also significantly
inhibited the phosphorylation of Stat3, a transcription factor involved in the regulation of
multiple genes (such as survivin). The presence of sulpiride reversed the suppression of p-
Stat3 by bromocriptine, in a similar manner to that on the expression of p-CREB and p-
ERK1/2 (Fig. 3D).

Effects of DRD2 expression on PCa cell signaling

To determine whether the effects of bromocriptine on PCa cell signaling is DRD2-specific,
we performed “gain-of-function” in DRD2-low C4-2 cells and “loss-of-function” in DRD2-
high LNCaP cells using gene manipulation approaches. As shown in Fig. 3E, ectopic
expression of DRD2 in C4-2 cells led to decreased expression of AR, c-Myc, Skp2, p-
Stat3(S727) and survivin, and increased expression of p53, p27 and p21. Conversely, short
hairpin RNA (shRNA) depletion of DRD2 in LNCaP cells significantly reduced the
expression of p53, p27 and p21 and increased the expression of p-Stat3(S727) and survivin.
Taken together, these results in general support the notion that DRD2 affects the expression
of key regulators of proliferation and survival in PCa cells.

Effects of bromocriptine on AR expression in PCa cells

AR plays a central role in PCa progression and remains one of the most significant targets
for PCa treatment. Intriguingly, bromocriptine treatment resulted in a significant reduction
of AR proteins, an effect that was antagonized by pre-treatment with sulpiride (Fig. 4A). It
appears that bromocriptine can also inhibit AR expression at the RNA levels (Fig. S1). Since
the decline in AR proteins occurs shortly after bromocriptine treatment (less than 4 h) (Fig.
4A), it is plausible that bromocriptine may affect the stability of AR proteins. Indeed,
bromocriptine promoted AR degradation in the presence of CHX, an inhibitor of de novo
protein synthesis. The half-life (T1/) of AR protein was reduced from 20.7 h to 4.1 h upon
bromocriptine treatment, whereas the pre-incubation with sulpiride prior to bromocriptine
treatment attenuated the effect of bromocriptine on AR stability (T1, = 12.9 h) (Fig. 4B).
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As a chaperon protein, heat-shock protein 90 (Hsp90) binds and protects AR from
proteasome-dependent degradation (30). To determine whether Hsp90 is involved in the
bromocriptine’s regulation of AR stability, co-immunoprecipitation (co-1P) was performed
using an anti-Hsp90 antibody. Compared with that in control cells, AR expression in the
immunoprecipitates from bromocriptine-treated C4-2 cells (for 6 h) was significantly
decreased, whereas the pre-incubation with sulpiride (for 1 h) prior to bromocriptine
treatment antagonized the reduction in AR expression. As the loading control, Hsp90 levels
in the three Hsp90 immunoprecipitates remained unchanged. Consistently, compared with
that in control cells, ubiquitinated AR was significantly increased in C4-2 cells treated with
bromocriptine, an effect attenuated by the sulpiride pretreatment (Fig. 4C). These results
indicated that bromocriptine activation of DRD2 may interrupt the physical association
between Hsp90 and AR, thereby promoting AR degradation in PCa cells.

In vitro cytotoxicity of the combination of bromocriptine and docetaxel in PCa cells

As a single agent, bromocriptine lacks potent cytotoxicity in PCa cells but significantly
suppresses their proliferation, indicating a novel function of bromocriptine as a cell cycle
inhibitor. Given the fact that the chemotherapeutic docetaxel mainly targets the mitotic
phase, it is plausible that the combination of bromocriptine (an inhibitor of the G1/S and
G2/M checkpoints) and docetaxel (an apoptosis inducer at the M phase) may synergize in
interrupting multiple checkpoints and demonstrate superior activity to either drug in PCa
cells. To test this hypothesis, C4-2 cells were treated with two different combination orders
of bromocriptine and docetaxel: (1) treatment with bromocriptine at the indicated
concentrations for 48 h prior to the addition of docetaxel for 24 h; and (2) treatment with
docetaxel for 24 h prior to bromocriptine treatment for a further 48 h. Compared with the
bromocriptine-first, docetaxel-second order, the addition of bromocriptine at the
concentrations of as low as 2.5 uM to docetaxel-pretreated C4-2 cells significantly enhanced
the cytotoxicity of docetaxel (p< 0.001) (Fig. 5A). The interaction between bromocriptine
and docetaxel was further evaluated by the combination index (CI) isobologram method
using the CompuSyn program, which demonstrated that the docetaxel-first, bromocriptine-
second order achieved significant synergy between the two agents than the reverse order,
particularly when both agents were used at relatively high concentrations (Fig. 5A, Table
S3). Western blot analyses showed that compared with the docetaxel-only treatment, the
docetaxel-first, bromocriptine-second treatment synergistically inhibited the expression of
AR, c-Myc, E2F-1 and survivin, and increased the expression of DRD2, p53, p21 and p27
(Fig. 5B). These results indicate that bromocriptine can be an adjuvant agent to enhance the
cytotoxicity of docetaxel, presumably via the induction of cell cycle arrest in the PCa cells
escaping docetaxel treatment and entering next the cell cycle (Fig. 5C).

In vivo efficacy of bromocriptine and its combination with docetaxel against bone
metastatic growth of PCa in athymic nude mice

We evaluated the /n vivo efficacy of bromocriptine and its combination with docetaxel in
treating bone metastatic PCa. Athymic nude mice bearing intratibial C4-2-Luc xenografts
were randomized into 4 groups and treated with vehicle control, bromocriptine (5 mg/kg,
three times per week), docetaxel (5 mg/kg, once per week) or the combination, respectively.
Serum PSA level was used as an indicator of C4-2-Luc tumor growth in mouse skeletons.
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Following a 9-week treatment, the average PSA level for each treatment group was 206.52
+ 59.32 ng/ml (control), 204.37 + 45.65 ng/ml (bromocriptine), 71.49 + 16.34ng/ml
(docetaxel) and 36.23 + 13.67 ng/ml (combination), respectively (Fig. 6A, left). The
pairwise comparisons in PSA values between any two groups are summarized in Fig. 6A,
right panel. Statistical analyses did not find significant differences between the control and
bromocriptine alone (p = 0.3374) groups. However, the combination regimen resulted in a
significant reduction in PSA values, when compared with the vehicle control (p < 0.0001).
Importantly, there was a significant difference in the PSA levels between the combination
regimen and the single treatment with either bromocriptine (o < 0.0001) or docetaxel (p =
0.0011) respectively, indicating a synergistic effect between the two agents in suppressing
the bone metastatic growth of C4-2-Luc cells. Consistently, X-ray radiography showed that,
compared with the vehicle control, tumor-bearing bones treated with either docetaxel or the
combination displayed improved skeletal architecture with reduced osteolytic destruction
and osteoblastic lesions (Fig. 6B), indicating an inhibitory effect of docetaxel or the
combination treatment on tumor-induced bone turnover. Although the combination regimen
slightly reduced the average body weight of mice (Fig. S2), neither the combination nor
bromocriptine alone exhibited significant toxicities, as demonstrated by normal animal
behaviors during the treatments and ex vivo examination of major organs. Taken together,
these results indicated that bromocriptine can enhance the /n vivo efficacy of docetaxel and
retard the skeletal growth of PCa.

IHC analyses were performed to determine the /n vivo effects of long-term bromocriptine
treatment on several putative targets in C4-2-Luc bone tumor specimens (Fig. 7). Compared
with the control group, bromocriptine significantly increased the tissue level of DRD2 (p=
0.03) and reduced the expression of AR (p=0.02), p-CREB (p < 0.001) and survivin (o <
0.001). Docetaxel treatment also suppressed p-CREB expression (p < 0.001), with no
significant effects on the levels of DRD2 or AR. Interestingly, survivin was slightly elevated
in the tissues treated with docetaxel, an effect we have observed previously (31). The
combination treatment resulted in increased expression of DRD2 (p = 0.02) and decreased
level of p-CREB (p = 0.001) in bone tumors. In addition, the treatments with bromocriptine
(0 <0.001) or the combination (p = 0.003) significantly reduced the expression of CD31, an
indicator of angiogenesis, as well as tumor-associated microvessels. These results indicated
that bromocriptine is effective in affecting its molecular targets in the C4-2 xenografts.

Discussion

Aberrant DRD2 signaling plays a prominent role in neurological disorders. However, the
implication of DRD2 in human cancers remains inconclusive, and sometimes controversial.
In this study, we demonstrated that DRD2 is ubiquitously expressed in PCa cell lines and
tissues. Significantly, DRD2 expression is reduced in clinical PCa specimens with high
Gleason scores. We further found that bromocriptine can increase DRD2 expression and
activate DRD2 signaling in PCa cells, and significantly affect the expression of critical
regulators of PCa cell proliferation and survival, including AR. Importantly, bromocriptine
exhibits strong anticancer activity when combined with docetaxel, resulting in the
suppression of tumor growth in mouse skeletons. These findings support the promise of
bromocriptine as a novel agent to enhance docetaxel chemotherapy and treat PCa bone
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metastasis. To our knowledge, this is the first study investigating the existence of DRD2 in
PCa and its therapeutic significance in treating PCa bone metastasis.

Previous studies showed that bromocriptine exerted anticancer efficacy in the xenograft
models of AML and small cell lung cancer (SCLC). Although the mechanisms of action
were not thoroughly elucidated, it appeared that a primitive subpopulation of leukemia cells
with the CD34*CD38™ profile is more sensitive to bromocriptine treatment than the bulk
population, suggesting that bromocriptine may selectively target leukemia stem cells (24). In
SCLC models, bromocriptine dose-dependently suppressed the growth of patient-derived
xenografts and NCI-H69 tumors in mice, and the effects seemed to be mediated via DRD2
expressed by these tumors (32). Given the expression profile of DRD2 in PCa cells, we
postulated that bromocriptine may activate classical DRD2 signaling. Indeed, bromocriptine
significantly inhibited the expression of p-CREB and increased ERK1/2 phosphorylation,
two common consequences of DRD2 activation (6). Bromocriptine also suppressed the
phosphorylation of Stat3 at Serine 727, in a similar manner to that of the DRD2 agonist
quinpirole in mouse hypothalamus (33). Pre-incubation with the DRD2 antagonist sulpiride
effectively abrogated these effects, suggesting that DRD?2 is required for the inhibition of p-
CREB and p-Stat3 and the activation of p-ERKZ1/2. In comparison, bromocriptine did not
affect the phosphorylation of Akt, another known downstream effector of the DRD2-
phosphoinositide 3-kinase (P1-3K) pathway (6). These results suggested that bromocriptine
may act as a “biased agonist” of DRD2 in PCa cells, i.e., inhibiting the CREB and Stat3
pathways while activating ERK1/2 signaling.

The inhibitory effect of bromocriptine on p-CREB and p-Stat3 may be of significant
relevance to its biological functions in PCa cells, since the activation of both signaling
pathways has been implicated in PCa progression towards an invasive and aggressive status
(34,35). Our previous studies showed that bone metastatic PCa expresses elevated levels of
p-CREB when compared to primary PCa. We further observed a close correlation between
serum VEGF and clinical bone metastasis, and elucidated a mechanism by which p-CREB
activates VEGF expression via a hypoxia-inducible factor (HIF-1)-dependent mechanism in
normoxic PCa cells (36). Consistent with the role of p-CREB as a transcription activator of
VEGF, the suppression of p-CREB by bromocriptine is associated with reduced protein
expression of VEGF in PCa cells, which may lead to the inhibition of angiogenesis in bone
metastatic tumors (Fig. 7). Interestingly, it was unexpected for us to observe a significant
inhibition of survivin expression in the presence of bromocriptine, since bromocriptine does
not induce massive apoptosis and significantly inhibit the viability of PCa cells.
Mechanistically, previous studies from us and others have demonstrated Stat3 as a direct
regulator of survivin transcription (31,37), which may provide an explanation on the
inhibitory effect of bromocriptine on survivin transcription (Fig. S1). At the cellular levels,
survivin functions not only as an anti-apoptotic protein but also a critical regulator of
proliferation, specifically by initiating cell cycle entry and accelerating the S phase shift
(38). Therefore, the inhibition of survivin by bromocriptine could have a two-fold effect in
PCa cells: sensitizing them to programmed death and blocking their entry into the cell cycle,
eventually enhancing the cytotoxicity of chemotherapeutics (Fig. 5C).
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Our study identified AR as a novel molecular target of bromocriptine in PCa cells. As a
major driver of PCa progression, AR is tightly regulated at multiple levels (39).
Bromocriptine appears to inhibit AR expression at both the RNA (Fig. S1) and protein (Fig.
4A) levels. Since AR protein is rapidly decreased following bromocriptine treatment, we
hypothesized that bromocriptine may promote the degradation of AR in PCa cells. Post-
translationally, the molecular chaperone Hsp90 binds AR protein and protects it from
proteasome-dependent degradation (40). Although bromocriptine did not affect Hsp90
expression, it may disrupt the physical interaction between Hsp90 and AR proteins and
subject AR to ubiquitination and degradation. In search of the priming signal(s) leading to
AR polyubiquitination and degradation, we further found that bromocriptine treatment led to
a rapid increase in the phosphorylation of AR at residue serine 650 (Fig. S3). Previously, it
has been shown that protein phosphatase 1a. (PP1a)) promotes the dephosphorylation of AR
at serine 650, which plays a crucial role in stabilizing AR proteins (41,42). It would be
interesting to examine whether bromocriptine promotes AR degradation via a PPla-
dependent mechanism, thereby contributing to its inhibition on PCa cell proliferation.

Although it exhibited relatively weak cytotoxicity in PCa cells, bromocriptine effectively
induces cell cycle arrest at both the G1/S and G2/M checkpoint. This novel characteristic of
bromocriptine as a cell cycle inhibitor may be an underlying mechanism by which
bromocriptine synergizes with docetaxel, a potent apoptosis inducer mainly affecting the M
phase (Fig. 5C), and demonstrates enhanced cytotoxicity /7 vitro and suppresses PCa growth
in vivo. At the molecular level, bromocriptine treatment consistently resulted in a significant
change in the expression profile of a panel of key cell cycle regulators, including c-Myc,
E2F-1, p21 and p27. Skp2, an F-box protein responsible for the ubiquitination and
degradation of p27 (43), was also suppressed by bromocriptine. Interestingly, as an
oncoprotein frequently upregulated in PCa, Skp2 is associated with paclitaxel resistance in
PCa cells (44). Therefore, bromocriptine-induced reduction of Skp2 may restore
chemosensitivity in PCa cells. It is worth noting that bromocriptine may rescue p53 from
degradation in an MDM2-dependent manner, as the treatment decreased the phosphorylated
form of MDM2 that is required for the ubiquitination and degradation of p53 (29).
Subsequently, elevated p53 expression may not only disrupt cell cycle progression but also
inhibit the expression of certain oncogenes, such as survivin (45), resulting in the
suppression of cellular proliferation and sensitization to docetaxel treatment.

At a low dose of 5 mg/kg, bromocriptine significantly enhances the /n vivo efficacy of
docetaxel against C4-2 growth in mouse bones. These results provided the first “proof-of-
concept” evidence demonstrating the potential of bromocriptine in the treatment of PCa
bone metastasis. Given the fact that bromocriptine and docetaxel may have different
mechanisms of action in PCa cells, it would be interesting to test whether the use of
bromocriptine, docetaxel or both drugs at lower doses (such as 2.5 mg/kg) could achieve
similar levels of tumor suppression as the 5 mg/kg dosage while exhibiting improved safety
profile in animals. It would also be interesting to test whether bromocriptine treatment via
oral gavage, a more clinically-relevant route than intraperitoneal injection, delivers sufficient
bromocriptine within bone tumors and effectively inhibits PCa growth. These studies will
provide important pharmacological knowledge for clinical testing of bromocriptine in PCa
patients.
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Bromocriptine is a standard treatment for prolactinoma, the most frequent pituitary adenoma
characterized by excessive and autonomic production of prolactin by lactotroph cells (46).
Interestingly, activation of prolactin receptor signaling has been associated with prostate
tumorigenesis and cancer progression, leading to the hypothesis that the blockade of
pituitary prolactin production by bromocriptine could benefit PCa patients (47). Indeed,
several pilot trials have been performed in castration-resistant PCa (48-50), which showed
that bromocriptine administration (for example, 2.5 mg, three times per day) was well
tolerated and significantly reduced the plasma levels of prolactin and testosterone. However,
the bromocriptine-associated responses varied among these studies from an overall objective
regression of 22.2% (and 50% of the patients had a prompt relief of bone pain) to no
complete or partial responses in evaluable patients. While well-designed, large-scale trials
are clearly needed to determine the clinical efficacy of bromocriptine, the lack of significant
therapeutic benefits in these pilot trials suggest the necessity of a better understanding of the
mechanism of action of bromocriptine in PCa cells.

Our study demonstrated, for the first time, the existence of functional DRD2 signaling in
PCa cells, which can be exploited as a hew prognostic marker indicative of PCa progression
and a therapeutic target to design effective treatment for PCa. The targeting strategy of
DRD2 agonism is particularly attractive when considering the availability of large numbers
of DRD2 agonists, many of them marketed as antipsychotic drugs (13). Novel molecular
targets of bromocriptine, including AR, Skp2, p53, c-Myc and survivin, could serve as
reliable surrogate biomarkers to evaluate the clinical effects of bromocriptine in humans.
Importantly, the results from our xenograft models showed that bromocriptine significantly
enhances the /n vivo efficacy of docetaxel treatment. Therefore, it is plausible to postulate
that the adjunctive administration of bromocriptine in PCa patients along with docetaxel
chemotherapy could demonstrate improved therapeutic responses in this particular
population. Given its favorable safety profile and extensive use in neurological and
endocrinological disorders, the efficacy of bromocriptine against PCa can be readily
evaluated in clinical settings. Taken together, our study provides a strong rationale to
repurpose bromaocriptine, an FDA-approved non-cancerous drug, as a novel adjunct therapy
to enhance docetaxel chemotherapy and treat PCa bone metastasis. Clinical trials
investigating the combination of docetaxel and bromocriptine are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of DRD2 in human PCa cell lines and prostate tissue specimens
(A) Western blot analysis of DRD2 protein expression in PCa cell lines. p-actin or Hsp90

was used as loading control. (B) Relative DRD2 intensity in a human TMA containing
normal/benign prostate tissues and PCa. *, ** p< 0.001 (£test). (C) Representative IHC
staining of DRD2 expression in normal/benign human prostate tissues (#1) and PCa tissues
with different Gleason scores of 6 (#2), 7 (#3), 8 (#4), 9 (#5) and 10 (#6).
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Figure 2. In vitro effects of bromocriptine on PCa cells
(A) MTS assay of the viability of C4-2 cells treated with varying concentrations of

bromocriptine for 72 h. (B) Proliferation of C4-2 cells in response to varying concentrations
of bromocriptine. Cell numbers were counted with an automated cell counter at different
time points. * p< 0.05. (C) Flow cytometry assay of Annexin V expression in C4-2 cells
treated with varying concentrations of bromocriptine (72 h). p< 0.05 in all pairwise
comparisons (£test). (D) Flow cytometry assay of the cell cycle of C4-2 cells treated with
varying concentrations of bromocriptine (48 h). *, **, ***. p< 0.05 (#test).
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Figure 3. Effects of bromocriptine on the expression of DRD2 and cell signaling molecules
(A) Upper panel: Western blot analysis of protein expression of DRD2 in C4-2 cells treated

with 20 uM bromocriptine; Lower panel: Cells were pre-incubated with sulpiride (1 uM) for
1 h prior to bromocriptine treatment. (B) Western blot analysis of protein expression of
survivin, PARP1 and caspase-3 in C4-2 cells treated with 20 uM bromocriptine for varying
times. (C) Left: Western blot analysis of protein expression of cell cycle regulators in C4-2
cells treated with 20 uM bromocriptine for varying times; Right: Western blot analysis of p-
MDM2(S166) and MDM?2 in C4-2 cells treated with 20 uM bromocriptine for varying times.
(D) Left: Western blot analysis of protein expression of key DRD2 downstream effectors in
C4-2 cells treated with 20 uM bromocriptine for varying times; Right: Cells were pre-
incubated with sulpiride (1 pM) for 1 h prior to bromocriptine treatment, then cell lysates
were analyzed using Western blotting. (E) Left: Western blot analysis of protein expression
of potential bromocriptine targets in C4-2 cells transfected with control or expression vector
for GFP-tagged human DRD?2 (48 h); Right: Western blot analysis of protein expression of
potential bromocriptine targets in LNCaP cells transfected with a DRD2 shRNA or scramble
control construct.
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Figure 4. Effects of bromocriptine on AR stability and ubiquitination
(A) Upper panel: Western blot analysis of AR protein expression in C4-2 cells treated with

20 uM bromocriptine for varying times; Middle panel: Cells were pre-incubated with
sulpiride (1 uM) for 1 h prior to bromocriptine treatment; Lower panel: Western blot
analysis of AR protein expression in C4-2 cells treated with 20 UM bromocriptine for short
term. (B) Upper paenel: Western blot analysis of AR expression in C4-2 cells pre-treated
with CHX (50 pg/ml; 2 h) followed by treatment with DMSO or bromocriptine (20 uM) for
the indicated times, or pre-treated with CHX for 1 h, followed by sulpiride for 1h and
bromocriptine for the indicated times. Lower panel: T/, of AR proteins was calculated
using SigmaPlot 13.0. (C) Left: Western blot analysis of protein expression of AR and
Hsp90 in Hsp90 immunoprecipitates from C4-2 cells treated with DMSO (6 h),
bromocriptine (20 uM, 6 h) or sulpiride (1 uM, 1 h) followed by bromaocriptine (20 uM, 6 h).
Right: Western blot analysis of expression of AR and ubiquitin in AR immunoprecipitates
from C4-2 cells treated with DMSO (6 h), bromocriptine (20 uM, 6 h) or sulpiride (1 uM, 1
h) followed by bromocriptine (20 uM, 6 h).
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Figure5. In vitro cytotoxicity of the combination of bromocriptine and docetaxel in C4-2 cells
(A) In vitro effects of different combination orders of bromocriptine and docetaxel. Upper

panel: C4-2 cells were first treated with bromocriptine at the indicated concentrations for 48
h prior to the addition of docetaxel for 24 h. (Left) MTS assay of cell viability. *, **, ***: p
< 0.05 (two-way ANOVA); (Right) combination index (CI) between docetaxel and
bromocriptine. Fa: the fraction affected. Lower panel: C4-2 cells were first treated with
docetaxel for 24 h prior to bromocriptine treatment at the indicated concentrations for 48 h.
(Left) MTS assay of cell viability. p < 0.05 for all pairwise comparisons (two-way ANOVA);
(Right) CI between docetaxel and bromocriptine. (B) Western blot analysis of protein
expression of key cell cycle and survival regulators in C4-2 cells first treated with docetaxel
(1 nM) for 24 h prior to bromocriptine treatment for 48 h. (C) A possible mechanism of
synergy between bromocriptine and docetaxel in PCa cells. Bromocriptine may primarily
induce cell cycle arrest at the G1/S and G2/M checkpoints; therefore the combined treatment
in the order of docetaxel-first (mainly causing apoptosis by targeting the M phase),
bromocriptine-second may have better efficacy in PCa cells than the combination with the
order of bromocriptine-first, docetaxel-second.
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Figure6. In vivo anticancer activity of bromocriptine and its combination with docetaxel in

C4-2-Luc intratibial xenogr afts

(A) Left: serum PSA levels of tumor-bearing mice under different treatments; Right: Two-
way ANOVA of pairwise comparison of the PSA values between any two treatment groups.
p< 0.05 was considered as statistically significant. (B) Upper panel: X-ray radiography of
tumor-bearing tibias under different treatments. Yellow arrow: osteoblastic lesion; pink
arrow: osteolytic lesion. Lower panel: H&E staining of bone tumor tissues. Bar scale: 200

um.
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Figure 7. IHC analyses of tissue expression of potential bromocriptinetargetsin C4-2-L uc bone
tumors

Bar scale: 100 pm. Weighted index was calculated as the average (intensity x percentage of
positive cells) from 4 random tissue areas. p values were calculated using Student’s #test.
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