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Abstract

A fraction of patients undergoing androgen deprivation therapy (ADT) for advanced prostate 

cancer (PCa) will develop recurrent castrate-resistant PCa (CRPC) in bone. Strategies to prevent 

CRPC relapse in bone are lacking. Here we show that the cholesterol-lowering drugs statins 

decrease castration-induced bone marrow adiposity in the tumor microenvironment and reduce 

PCa progression in bone. Using primary bone marrow stromal cells (BMSC) and M2-10B4 

cells, we showed that ADT increases bone marrow adiposity by enhancing BMSC-to-adipocyte 

transition in vitro. Knockdown of androgen receptor abrogated BMSC-to-adipocyte transition, 

suggesting an androgen receptor-dependent event. RNAseq analysis showed that androgens 

reduce the secretion of adipocyte hormones/cytokines including leptin during BMSC-to-adipocyte 

transition. Treatment of PCa C4-2b, C4-2B4 and PC3 cells with leptin led to an increase in 

cell cycle progression and nuclear Stat3. RNAseq analysis also showed that androgens inhibit 

cholesterol biosynthesis pathway, raising the possibility that inhibiting cholesterol biosynthesis 

may decrease BMSC-to-adipocyte transition. Indeed, statins decreased BMSC-to-adipocyte 

transition in vitro and castration-induced bone marrow adiposity in vivo. Statin pre-treatment 
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reduced 22RV1 PCa progression in bone after ADT. Our findings with statin may provide one of 

the mechanisms to the clinical correlations that statin use in patients undergoing ADT seems to 

delay progression to “lethal” PCa.
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Introduction

Androgen-deprivation therapy (ADT) is the standard treatment for patients with high 

risk prostate cancer (PCa) [1]. However, a fraction of these patients will develop castrate

resistant PCa (CRPC), which frequently occurs in bone [2]. The striking predilection of PCa 

to progress in bone suggests that the bone microenvironment plays a central role in disease 

progression. Metastatic PCa in bone is the lethal progression of the disease and is difficult 

to treat [3]. So far, there is no established strategies to prevent or delay PCa progression in 

bone. Delineating bone microenvironment components that are involved in the development 

of CRPC in bone may lead to strategies to prevent or delay PCa progression in bone.

Recently, several clinical correlative studies found that the use of the cholesterol-lowering 

drug statin seems to have a beneficial effect in preventing or delaying bone metastasis in 

patients undergoing androgen-depletion therapy (ADT). Platz et al. [4] analyzed data from 

a prospective cohort study of 34,989 US male health professionals and found that statin 

use was associated with a reduced risk of advanced PCa, especially metastatic or fatal, but 

not with overall risk of PCa. In the international retrospective observational STABEN study 

that included patients receiving abiraterone or enzalutamide for metastatic CRPC, statin 

use was significantly associated with both prolonged overall survival and cancer-specific 

survival, and increased >30% early PSA declines [5]. In another study that examined an 

ADT cohort of 926 patients, it was found that men taking statins had a longer median 

time-to-progression during ADT compared with nonusers [6]. These clinical observations 

raise the intriguing possibility that statins may have an effect on preventing or delaying PCa 

relapse in bone. However, due to inconsistent clinical observations [7], statin use for bone 

metastasis prevention has not been recommended.

We and others have shown that PCa cells in bone are in close communication with the 

bone microenvironment that supports cancer cell survival, proliferation and resistance to 

chemotherapy [8, 9]. The mechanisms by which bone marrow microenvironment supports 

CRPC growth in bone are not completely understood. Bone marrow is comprised of a 

variety of cells, including hematopoietic stem cells, adipocytes, osteoclasts, osteoblasts, 

and immune cells. Some cells, e.g., bone marrow stromal cells, can be induced to 

differentiate into various cell lineages when triggered by different environmental conditions 

[10]. One of the major cell types in bone marrow are adipocytes. Adipocytes in prostate 

tumor microenvironment have been shown to promote PCa progression [11]. Studies have 

demonstrated that high fat diet leads to an increase in bone marrow adipocytes that support 
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PCa progression in bone [12], suggesting that bone marrow adipocytes play a role in PCa 

progression in bone.

While ADT is effective in inhibiting PCa growth, ADT also leads to many changes in the 

bone microenvironment. One side effect of long-term ADT is the loss of bone density that 

leads to an increase in fractures [13]. A better understanding of the mechanisms that lead 

to PCa relapse in bone after ADT could identify strategies for preventing bone metastasis. 

Here, we examined the effect of ADT on bone marrow stromal cell (BMSC)-to-adipocyte 

transition and found that cholesterol synthesis pathways are involved in this process. We 

further showed that the cholesterol biosynthesis inhibitor statin reduces BMSC-to-adipocyte 

transition and castration-induced bone marrow adiposity, and that statin treatment delays 

PCa progression in bone.

Results

Androgen depletion enhances BMSC-to-adipocyte transition

We examined androgen-depletion therapy (ADT)-induced changes in bone marrow using 

castration. Male CD1 mice (22-week-old) were castrated and histological analysis of the 

femurs was performed 6 weeks post-castration. H&E staining (Fig. 1A, left) and bone 

histomorphometry analysis (Fig. 1A, middle) showed that there were more adipocytes in the 

bone marrow of femurs from castrated mice compared to control mice. Quantification of the 

number of adipocytes per area showed a significant increase in adipocyte density from 3.81 

± 1.73 in intact mice to 21.89 ± 8.39 per mm2 after castration (Fig. 1A, right). We isolated 

bone marrow cells from femurs of mice with or without castration. qRT-PCR of the RNAs 

from these cells showed that the expression of adipocyte markers, including adiponectin 

(Adipoq), perilipin (Plin) and nuclear receptor peroxisome proliferator-activated receptor-γ 
(PPARγ), were all significantly increased in bone marrow cells prepared from castrated 

mice relative to intact normal mice (Fig. 1B). These observations suggest that castration has 

an effect on bone microenvironment by increasing the density of adipocytes.

Bone marrow stromal cell (BMSC) have been shown to be able to become adipocytes 

through BMSC-to-adipocyte transition [14, 15]. Castration-mediated increases in bone 

marrow adiposity may be through a direct effect of androgens on BMSC-to-adipocyte 

transition or indirectly through other castration-induced events. We isolated BMSCs from 

femurs of CD1 mice (6-week-old), cultured them in medium containing charcoal-stripped 

serum (CSS) for 7 days, followed by treatment with androgens DHT or R1881 in adipocyte 

differentiation medium (ADM) for an additional 5 days. Under this ADM condition, 

BMSCs differentiated into adipocytes that contained a large amount of lipid droplets in 

the cytoplasm, as determined by Oil red-O (ORO) staining, whereas significantly less ORO

positive cells were observed after DHT (10 nM) or R1881(10 nM) treatment (Fig. 1C). 

The reduction in adipocytes were also determined by counting the number of ORO-positive 

cells and by quantification of ORO extract (Fig. 1C, left). Similarly, culturing M2-10B4 

cells, a BMSC-derived cell line [16], in ADM with DHT or R1881 resulted in the inhibition 

of adipocyte formation compared to its non-treated control (Fig. 1C, right). Inhibition of 

adipogenic differentiation by DHT or R1881 was confirmed by qRT-PCR, which showed 

that expression of adipocyte-related genes Adipoq, Plin, Fabp4 and lipoprotein lipase (Lpl) 
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were also significantly reduced by DHT or R1881 in both BMSC and M2-10B4 cells 

(Fig. 1D). These results suggest that androgens have a direct effect in suppressing BMSC-to

adipocyte transition.

Androgen receptor mediates the suppression of BMSC-to-adipocyte transition by DHT

As androgens have genomic and non-genomic effects [17], we examined whether androgen 

receptor (AR) plays a role in DHT-mediated inhibition of BMSC-to-adipocyte transition. 

Ar gene expression was transiently knocked down in M2-10B4 cells by Ar siRNAs. Both 

AR protein (Fig. 2A) and Ar mRNA (Fig. 2B) levels were reduced in Ar knockdown 

clones M2-10B4-#73siAr, M2-10B4-#75siAr and M2-10B4-#79siAr when compared with 

M2-10B4-NS non-silencing control. Forty-eight hours after siRNA transfection, cells 

were cultured in ADM with or without DHT for an additional 5 days. We found that 

DHT-mediated inhibition of adipocyte formation was partially abrogated in all three Ar 
knockdown clones, as determined by ORO staining, counting ORO-positive cells and 

quantification by ORO extraction (Fig. 2C). Similar results were observed when AR 

was knocked down in BMSCs isolated from bone marrow of CD1 mouse femurs (Fig. 

2D). These results suggest that DHT-mediates inhibition of BMSC-to-adipocytes transition 

through AR (Fig. 2E).

RNAseq analysis of androgen-mediated events during BMSC-to-adipocyte transition

We used RNAseq to examine androgen-mediated events during BMSC-to-adipocyte 

transition. We found that when M2-10B4 cells were cultured in ADM, 1542 genes were 

up-regulated and 102 canonical pathways were markedly (z score > 2) and significantly 

(p < 0.05) up-regulated as compared to control. The top 10 up-regulated pathways include 

adipogenesis-related pathways, such as fatty acid beta-oxidation, oxidative phosphorylation, 

TCA cycle II, and amino acid degradation (Fig. 3A, left), suggesting an increase in fatty 

acid synthesis accompanied with an inhibition of protein synthesis. The top 10 up-regulated 

genes include those that are related to fatty acid oxidation and fatty metabolism such as 

Adipoq, Cidec, Fabp4, Cyp2e1, Cd36, and Plin1 (Fig. 3A), consistent with the activation 

of adipogenesis program. We found that 94 pathways and 1628 genes were significantly 

down-regulated when M2-10B4 cells were induced in ADM as compared to control. The 

top 10 down-regulated pathways during adipogenesis include EIF2 signaling, kinetochore 

metaphase signaling pathway, and cell cycle control of chromosomal replication (Fig. 3B, 

left), suggesting an inhibition of cell cycle progression during adipocyte differentiation. 

The top 10 down-regulated genes include Tnmd, which is a marker for tendon and 

ligament lineage cells and its deletion in tendon stem/progenitor cells accelerates adipogenic 

differentiation accompanied with increased Pparγ and Lpl mRNA levels [18], and BMP4, 

which stimulates osteoblast differentiation, osteoblast mineralization, bone mineralization 

and bone growth (Fig. 3B, right). These results suggest a coordinated up-regulation 

of adipogenesis-related genes and inhibition of cell cycle progression during BMSC-to

adipocyte transition.

Androgen-mediated events are represented by genes whose expression is up-regulated 

during adipogenesis but down-regulated by DHT treatment and, conversely, genes whose 

expression is down-regulated during adipogenesis but up-regulated by DHT. We found 
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that when BMSC cells were treated with DHT during adipogenesis (ADMDHT), 610 

genes were down-regulated by DHT (Fig. 3C, left). Amongst these DHT down-regulated 

genes are 463 genes that are found to be up-regulated during adipogenesis (ADM vs 

control). The cellular distribution of these 463 commonly regulated genes is shown (Fig. 

3C, right). Fig. 3D shows the top 10 DHT down-regulated pathways and the top 10 DHT 

down-regulated genes during BMSC-to-adipocyte transition. Consistent with the inhibition 

of adipogenesis by DHT, adipogenesis-related pathways such as fatty acid beta-oxidation, 

oxidative phosphorylation and TCA cycle II were down-regulated by DHT treatment (Fig. 

3D). Interestingly, we observed that the cholesterol biosynthesis pathway is inhibited by 

DHT (Fig. 3D, red arrow), and the most DHT down-regulated gene, Ephx2, is a gene 

whose mutations are associated with familial hypercholesterolemia [19]. These observations 

suggest that inhibitors of cholesterol biosynthesis may be used to overcome ADT-mediated 

BMSC-to-adipocyte transition.

Adipocyte-secreted factors including leptin stimulate prostate cancer cell cycle 
progression and cell proliferation

As secreted factors may have effects on cells in the adjacent environment, we analyzed 

adipocyte-secreted factors whose expression was inhibited by DHT. RNAseq analysis 

showed that 32 genes belong to this group. Three growth factors including Lep, Nrg4, Vegfb 
and three cytokines including GPr151, Cxcl13, Il1rn were significantly increased in ADM 

(vs control) and decreased in ADMDHT (vs ADM) as indicated by FPKM values shown 

in the heatmap (Fig. 4A). The fold changes in the expression of these 6 adipocyte-secreted 

factors in response to various culture conditions are shown (Fig. 4B). We found that with 

ADM treatment, the levels of leptin, Nrg4 and Cxcl13 were increased by 3.3-, 2.1- and 

1.6-fold, respectively. We further confirmed the up-regulation of leptin, Nrg4 and Cxcl13 

in adipogenesis (ADM) condition and their down-regulation by DHT (ADMDHT) by qRT

PCR analysis (Fig. 4C). Protein levels of leptin in the conditioned medium from the four 

experimental groups were further confirmed using ELISA (Fig. 4D). These results indicate 

that androgen-mediated inhibition of adipocyte formation also reduces the release of growth 

factors and cytokines from adipocytes into the bone marrow microenvironment.

We next examined whether conditioned medium from bone marrow adipocytes (Adipo-CM) 

affects the growth of PCa cells. We generated C4-2B4-FUCCI (fluorescent ubiquitination

based cell cycle indicator) cells [20], which stably co-express a G1 phase reporter (red 

fluorescence) and an S-G2M phase reporter (green fluorescence) (Fig. 4E, left). Briefly, 

the G1 and S-G2M reporters are regulated by cell cycle-dependent E3 ubiquitin ligase 

activities that oscillate over the cell cycle to label nuclei red during G1 and green during 

S-G2M. Using live-cell imaging, we monitored the dynamic shift of C4-2B4-FUCCI cells 

from G1 (red) into S-G2M (green) at the single cell level (Fig. 4E, right). We found that 

in the presence of Adipo-CM, the percentage of C4-2B4-FUCCI cells entering S-G2M was 

significantly increased as compared to media control (Fig. 4F, left). Given that leptin was 

highly expressed during BMSC-to-adipocyte transition (Fig. 4D), we further tested the effect 

of leptin on PCa cell cycle progression. We found that the percentage of C4-2B4-FUCCI 

cells entering S-G2M was significantly higher in leptin-treated cells than in control cells 

(Fig. 4F, right), indicating that leptin stimulates PCa cell cycle progression from G1 into 
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S phase. We found that leptin also significantly increased the proliferation of C4-2b and 

PC3 cells by Presto blue assay and cell counting (Fig. 4G). It was reported that leptin 

induces growth of cancer cells via activation of Stat3 [21]. We found an increase in Stat3 

translocation into the nucleus of C4-2B4 cells treated with Adipo-CM (Fig. 4H) or leptin 

(Fig. 4I) as compared to their controls, suggesting that leptin mediates PCa cell proliferation 

through Stat3 activation. Taken together, our studies suggest that androgen depletion 

enhances BMSC-to-adipocyte transition, leading to an increase in adipocyte-secreted factors, 

some of which stimulate PCa cell proliferation (Fig. 4J).

Statins suppress BMSC-to-adipocyte transition in vitro

We considered whether strategies that reduce BMSC-to-adipocyte transition may delay or 

prevent PCa progression in bone. Our RNAseq analysis showed that cholesterol biosynthesis 

pathway was inhibited by DHT (Fig. 3D). Thus, we examined whether statins, the 

cholesterol biosynthesis inhibitors [22, 23], can be used to inhibit BMSC-to-adipocyte 

transition. BMSC or M2-10B4 cells were cultured in ADM to stimulate BMSC-to-adipocyte 

transition with or without statins. We found that both atorvastatin and rosuvastatin reduced 

adipocyte formation, as determined by ORO-positive cell numbers and ORO extraction, 

by about 50% in BMSC (Fig. 5A) and M2-10B4 cells (Fig. 5B) relative to non-treated 

controls. qRT-PCR analysis showed that transcript levels of adipocyte markers, including 

Adipoq, Plin, Fabp4, Lpl and Pparγ, were significantly decreased by atorvastatin and 

rosuvastatin treatment (Fig. 5C). Similar suppressive effects on adipocyte formation were 

also observed with additional statins, including fluvastatin, lovastatin, mevastatin and 

simvastatin (Supplementary Fig. S1). Furthermore, atorvastatin and rosuvastatin caused a 

significant decrease in transcript and protein levels of leptin (Fig. 5D). These observations 

suggest that statins can inhibit BMSC-to-adipocyte transition in vitro (Fig. 5E).

Statins reduce BMSC-to-adipocyte transition in vivo

We further examined the effect of statins on castration-induced bone marrow adiposity 

in vivo. Male CD1 mice (12-week-old) were administered orally with atorvastatin (10 

mg/kg/day) or vehicle once a day for one week followed by castration or sham-operation. 

Atorvastatin treatment was continued for an additional 6 weeks (Fig. 6A) and femurs were 

collected for analyses. Bone histomorphometry analysis showed that castration caused a 

significant increase in adipocyte numbers (Ad N/TV or Ad N/BV), which were reduced 

with atorvastatin treatment (Fig. 6B). Castration also caused an increase in osteolysis, as 

reflected in an increase in bone surface covered with osteoclasts (OC.S/BS), surface eroded 

by osteoclasts (ES/BS) and eroded surface with osteoclasts (ES(OC+)/BS) (Fig. 6C). Such 

increases were not reversed by atorvastatin treatment (Fig. 6C). Castration seemed to cause 

a slight change in the levels of osteoblasts, as reflected in Ob.S/BS and N.Ob/B.Pm.; 

however, other osteoblast-related parameters, including OS(Ob+)/BS and N.Ob/T.Ar, did 

not reach significance with castration, nor did atorvastatin treatment further affect these 

parameters (Fig. 6D). Overall, castration led to decreases in bone volume (BV/TV), bone 

surface density (BS/TV) and trabecular bone density (Tb. N), and an increase in trabecular 

separation (Tb. Sp) (Fig. 6E). Although there was a slight trend towards reversal of such 

decreases by atorvastatin, no statistical significance was reached (Fig. 6E). We further 

conducted micro-CT scans of femurs (Fig. 6F). Analysis of trabecular area showed that 
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castration caused a decrease in trabecular bone mineral density (Tb. BMD), trabecular bone 

volume (Tb. BV/TV), trabecular bone surface density (Tb. BS/TV), and trabecular bone 

thickness (Tb. Th), and such decreases were either not significantly or only marginally 

reversed by atorvastatin (Fig. 6F), findings that are similar to those measured by bone 

histomorphometry (Fig. 6E). These results indicate that atorvastatin treatment can reduce 

castration/ADT-mediated increase in adipocytes, but not osteoclasts or other bone-related 

parameters.

Stain pre-treatment reduces prostate cancer progression in bone after androgen depletion 
therapy

Our studies showed that castration generates a bone microenvironment enriched with 

adipocytes, which secrete growth factors/cytokines, e.g. leptin, which may enhance PCa 

progression in bone. Because we also showed that statins can reduce adiposity from 

castration, we examined whether statin pre-treatment can reduce PCa progression in bone 

after androgen depletion therapy. SCID mice (20-week-old) were orally administered with 

atorvastatin or vehicle for 10 days before castration and throughout the duration of the 

study. Mice were then castrated to generate an adipocyte-enriched bone microenvironment. 

Two weeks after castration, mice were inoculated with luciferase-Tomato labeled 22RV1 

cells (22RV1/LT) by intracardiac injection to allow PCa cells to disseminate to bone (Fig. 

6G). Metastasis of 22RV1/LT cells to bone was monitored by bioluminescence imaging. 

However, because the disseminated cells were too low to be detected by bioluminescence 

imaging at four-weeks post tumor cell inoculation, qPCR for human Alu repetitive 

sequences was used to quantify the number of tumor cells in mouse femurs. Alu qPCR 

showed that 22RV1 cells have disseminated to and proliferated in the femurs of both control 

and atorvastatin-treated mice (Fig. 6H, left). However, atorvastatin treatment significantly 

reduced the number of 22RV1 PCa cells in femur (Fig. 6H, right). These observations 

suggest that statin pre-treatment can reduce PCa progression in bone after androgen 

depletion therapy.

Discussion

We have shown that androgen depletion increases bone marrow adiposity through BMSC-to

adipocyte transition and statins partially reverse such an event (Fig. 6I). Adipocytes have 

long been considered to play a role in enhancing PCa growth in primary site [11, 24–27]. 

Podgorski’s group [12, 28] further showed that high fat diet enhances the development 

of metastatic PCa in bone. We found that DHT has a direct effect in suppressing BMSC

to-adipocyte formation. Thus, reducing ADT-induced increases in bone marrow adiposity 

may be one strategy to prevent or delay PCa relapse in bone. Interestingly, we found 

that cholesterol biosynthesis pathway was downregulated during DHT-mediated BMSC-to

adipocyte suppression, allowing us to explore inhibition of this pathway for reducing 

BMSC-to-adipocyte transition. While statins are well-known for its inhibitory effect on 

HMG-CoA reductase, statins have been shown to reduce adipocyte formation through 

inhibiting the synthesis of farnesyl pyrophosphate that functions as an endogenous PPARγ 
agonist [23]. Indeed, we showed that statin treatment can reduce bone marrow adiposity 

and decrease the proliferation of PCa cells in bone when tumor cells were delivered by 
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intracardiac injection. Our work suggests that statins may be considered as an approach 

to prevent or delay PCa relapse in bone before initiation of androgen depletion therapy. 

Our study is consistent with the clinical observations that statin use in patients undergoing 

androgen depletion therapy seems to have a beneficial effect in decreasing the incidence 

of “advanced” or “lethal” PCa [4–6]. Preventing or delaying PCa recurrence in bone will 

improve the survival of patients with PCa.

Tumor microenvironment (TME) has been shown to play a critical role in tumor 

progression. Bone marrow TME is especially important as PCa cells preferentially 

metastasize to bone and metastatic PCa cells in bone are resistant to therapies. That 

androgen depletion-induced changes in bone marrow adiposity may be involved in the 

progression of PCa in bone has not been considered. We showed that androgen depletion, 

the standard treatment for advanced PCa, leads to an increase in bone marrow adiposity 

that plays a role in enhancing PCa progression in bone. Bone marrow adipocytes develop 

from a unique progenitor when compared to white adipocytes [29, 30]. Their phenotypes 

resemble both brown and white adipose tissue [29]. Bone marrow adipocytes have been 

shown to exhibit endocrine-like functions and release cytokines such as IL-6, IL-1β, TNF-

α, leptin, and adipsin, some of which have been shown to affect proliferation, apoptosis 

and migration of cancer cells [31–34]. Our studies showed that ADT-induced BMSC-to

adipocyte transition increases leptin that enhances PCa cell entry into mitosis and increases 

cell proliferation. In addition to protein factors, it is possible that increases in bone marrow 

adiposity has an effect on the metabolic reprogramming of metastatic PCa cells in bone and 

that may also promote PCa growth in bone [12, 28, 33, 35].

We showed that BMSC transition to adipocytes in castrated mice is directly mediated by 

AR in bone marrow stromal cells. In human bone/bone marrow, AR has been shown to 

express in many cell types, including bone marrow stromal cells [36, 37]. These AR-positive 

cells in the bone marrow stroma are also targets for androgen depletion therapy for prostate 

cancer. Interestingly, Crnalic et al. [38] showed that in bone metastasis specimens, only few 

AR-positive cells were found in the metastasis microenvironment. How the invading tumor 

cells affect the AR status of the stromal cells in the bone marrow is unknown. Whether these 

observations imply that castration or ADT-induced increase in bone marrow adiposity may 

be more apparent in patients with non-bone metastatic prostate cancer, as compared to bone 

metastatic prostate cancer, is also unknown.

We observed that androgens (Fig. 4B) or statins (Fig. 5D) reduce the secretion of leptin 

during BMSC-to-adipocyte transition. The mechanism, by which androgens or statins 

repress leptin transcription, is unknown. One possibility is that liganded androgen receptor 

binds to leptin promoter and represses leptin transcription. However, no androgen receptor 

binding sequence was found in leptin promoter according to the human gene database 

GeneCards. The other possibility is that androgen-mediated downregulation of leptin 

expression is associated with inhibition of adipocyte formation. According to GeneCards, 

353 transcription binding sites are found in leptin promoter, including PPARγ, RXRα, 

and CEBPα. Zhang et al. [39] identified a 17-bp noncanonical PPARγ/RXRα binding site 

in leptin promoter that is necessary for the fat-regulated control of reporter expression. 

In our RNAseq analysis, we identified 463 adipogenesis genes, the expressions of which 
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are suppressed by androgens (Fig.3C). We found that 44 of these 463 gene products are 

localized in the nucleus based on Ingenuity Pathway Analysis (Fig. 3C). Among these 

44 genes, 14 are categorized as transcription factors (Supplementary Table S1), including 

Pparγ and Cebpα. These observations suggest that androgens likely downregulate leptin 

expression through inhibition of Pparγ and Cebpα expressions. We also found that statins 

inhibited the expression of Pparγ (Fig. 5C). Together, these observations suggest that both 

androgens and statins downregulate leptin through inhibition of Pparγ expression.

Several mechanisms have been presented for how statins may inhibit PCa proliferation. 

Statins affect many pathways essential for cancer formation and progression through both 

cholesterol-mediated and non-cholesterol-mediated mechanisms [7]. We found that statins 

inhibit BMSC-to-adipocyte transition, prompting us to consider that this effect of statins 

on bone marrow adiposity may contribute to the decrease of PCa progression in bone after 

androgen depletion therapy. However, because statin affects multiple biological processes, 

it is possible that statins may affect other processes in addition to BMSC-to-adipocyte 

transition to inhibit PCa proliferation and PCa progression in bone. Nevertheless, our studies 

provide a mechanistic understanding to the clinical observations that statin use decreases the 

incidence of “advanced” or “lethal” PCa but not the overall risk of PCa [4].

In addition to adipocytes, ADT also increases osteoclasts in bone marrow. Ottewell et 

al. [40] showed that androgen ablation results in growth of disseminated tumor cells in 

bone through osteoclast-mediated mechanisms. Increased osteolysis may release factors 

from bone, e.g. TGFβ1, which has been shown to enhance PCa progression in bone [41]. 

Recently, Jiao et al. [42] reported that osteoclast-mediated bone resorption releases TGFβ 
that restrains Th1 lineage development. Thus, controlling ADT-induced changes in bone 

microenvironment, including adipocytes, osteoclasts and immune cells, will be required to 

further improve treatment outcomes for bone metastatic PCa.

Castrate-resistant recurrence of PCa frequently occurs in bone. However, strategies to 

prevent such a lethal event are lacking. Our studies raise the possibility of ADT-induced 

changes in bone marrow adiposity is one contributing factor for PCa recurrence in bone, and 

further suggest that statins may be considered as a secondary PCa prevention approach to 

prevent or delay PCa relapse in bone. Further investigation into the effectiveness of statin 

use in delaying castrate-resistant PCa relapse in bone is warranted.

Material and Methods

Cell lines, antibodies and reagents

Cell lines: Human PCa C4-2B4 (Robert Sikes, University of Delaware, 2006) [43, 44], 

C4-2b (Leland Chung, Cedars-Sinai Medical Center, 2004) [45], PC3 (ATCC, 2019), 22RV1 

(ATCC, 2015) [46, 47]; primary bone marrow-derived stromal cells (BMSCs) were isolated 

from femurs and tibias of 6-week-old male CD1 mice (Charles River) and maintained 

in DMEM containing 10% FBS; M2-10B4 cells (ATCC, 2018), a BMSC-derived line 

from C57BL/6J×C3H/HeJ F1 mouse [16], were maintained in RPMI-1640 with 10% heat

inactivated FBS. Mouse cells were used between 6 to 20 passages. Cell line identity was 

verified by Short Tandem Repeat analysis. All cells are mycoplasma free. Antibodies: Stat3 
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(Cell Signaling). Reagents: androgens DHT, R1881; atorvastatin, rosuvastatin, fluvastatin, 

lovastatin, mevastatin, simvastatin (Sigma-Aldrich); recombinant mouse leptin; mouse leptin 

quantikine ELISA kit (R&D).

Adipogenic differentiation of BMSC

Confluent cultures of BMSC were changed into adipocyte differentiation medium (ADM) 

containing 10% charcoal-stripped serum (CSS) supplemented with insulin (2 μg/mL), 

dexamethasone (1 μM), and rosiglitazone (2 μM) (Sigma-Aldrich). ADM was changed every 

third day. CSS was prepared from heat-inactivated Opti-Gold FBS (GenDEPOT). Cells in 

ADM were treated with androgens or statins as indicated. Adipocytes containing oil droplets 

were visualized with Oil Red O (ORO) staining and ORO-positive cells were counted. ORO 

was then extracted with 100% isopropyl alcohol and its OD measured at 510 nm.

RNA sequencing and analysis

Total RNA was prepared using TRIzol (Invitrogen) and RNeasy purification kit (Qiagen). 

RNA sequencing was conducted by Arraystar Inc. (Rockville, MD). RNA sequencing results 

were analyzed using QIAGEN Ingenuity Pathway Analysis (IPA). To identify pathways 

that are affected during adipogenesis with or without DHT, datasets with gene identifiers, 

corresponding expression fold changes, and p values were uploaded to IPA with default 

settings to match the gene types and locations contained in the Ingenuity Knowledge 

Base, followed by core analyses. The canonical pathways involved in upregulated and 

downregulated genes were sorted based on z-scores provided by the IPA program.

Quantitative Real-time PCR Analysis

cDNA was synthesized from 1 µg of total RNA using TaqMan Reverse Transcription 

Reagents (Life Technologies). To quantify mRNA expression, real-time RT–PCR 

was performed with a Multiplex Quantitative PCR System (STRATAGENE, Model 

Mx3000pTM) using SYBR green (Applied Biosystems, CA, USA) fluorescence signals 

under the following PCR conditions: 40 cycles of 15-second denaturation at 95°C and 

1-minute amplification at 60°C. All reactions were run in duplicates and normalized to a 

mouse housekeeping gene, Glyceraldehyde-3-phosphate dehydrogenase (Gapd). The oligo 

sequences of the primers used are shown in Supplementary Table S1. The relative mRNA 

level for each gene was determined using Gapd as a control. DNA from mouse hind legs was 

quantified by real-time qPCR using human Alu sequence primers (Supplementary Table S2). 

The number of tumor cells in bone was calculated based on Alu PCR of serial dilutions of 

DNA from PCa cells.

Short interfering RNA (siRNA)-mediated knockdown of androgen receptor

Androgen receptors in BMSC and M2-10B4 cells were knocked down using siRNA oligos 

(Supplementary Table S1) and MISSION siRNA reagents (Sigma-Aldrich) according to the 

manufacturer’s instructions.
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Fluorescent ubiquitination-based cell cycle indicator (FUCCI)

C4-2B4 cells were sequentially transduced with two retroviral vectors, one marking G1 

and other S-G2M cell cycle phases. Cells were first transduced with pRetroX-G1-Red 

G1 reporter containing DNA replication factor 1 (CDT) fused with mCherry and selected 

with puromycin for 7 days [20]. Cells were subsequently transduced with pRetroX-SG2M 

reporter containing Geminin fused with Cyan and selected with neomycin plus puromycin 

for 7 days. CDT-mCherry levels peak in G1 but drop after S as CDT-mCherry is degraded 

by SCF E3 ubiquitin ligase. Geminin-Cyan levels are high in S-G2M but drop in G1 as 

Geminin-Cyan is degraded by APC ubiquitin ligase. The dynamic shift of C4-2B4-FUCCI 

cells from G1 (red) into S-G2M (green) was monitored live at the single cell level in a 

BioStation (Nikon) [48].

Immunofluorescence

C4-2B4 cells treated as indicated were immunostained with Stat3 antibody. Images were 

acquired on a Nikon TE2000 widefield microscope system. Stat3 fluorescence per nucleus 

was quantified using NIS-Elements AR5.21.02 (Nikon) software [48].

Animal studies

All animal procedures were performed according to an approved protocol from MD 

Anderson’s Animal Care and Use Committee, in accordance with the recommendations 

in the NIH Guide for the Care and Use of Laboratory Animals. For statin treatment, male 

CD1 mice (Taconic Biosciences) were orally administered with atorvastatin (10 mg/kg/day) 

or vehicle once a day. After 7-10 days, mice were castrated or sham-operated. Atorvastatin 

treatment was continued for additional 6 weeks. The hind limbs of mice in groups Control 

(n=5), Castrated (n=5), and Atorvastatin/Castrated (n=7) were used for micro-CT and bone 

histomorphometry analyses. To examine statin pre-treatment on PCa progression in bone, 

20-week-old SCID mice (Taconic Biosciences) were orally administered with atorvastatin or 

vehicle for 10 days followed by castration. Two weeks after castration, luciferase-Tomato 

labeled 22RV1 cells (22RV1/LT) (1 × 106 cells in 50 µL per mouse) were injected intra

cardially [49]. Four weeks after tumor inoculation, hind limbs of the mice without (n=9) or 

with atorvastatin pretreatment (n=10) were extracted for analyses.

Micro-computed tomographic evaluation (micro-CT)

Femurs were fixed in 10% paraformaldehyde for 48 hours at 4°C and analyzed by micro-CT 

using Bruker SkyScan 1276 (Bruker, Kontich, Belgium). CT Analyzer (Bruker) software 

(version 1.17.7.2) was used for data analyses.

Bone histomorphometry

Bone histomorphometry analysis was performed on non-decalcified mouse femurs in 

our Bone Histomorphometry Core Laboratory. Osteoblast and osteoclast measurements 

were performed on two separate 5 µm thick Toluidine Blue and TRAP stained sections, 

respectively, separated by a distance of 50 µm, and the data pooled.
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Statistical analysis

All data were collected from three or more independent experiments. Results were expressed 

as mean ± S.D. Graphpad 8.0 Prism was used to perform statistical analyses. Significance 

of differences between groups was evaluated by Student’s t-test or ANOVA. p < 0.05 was 

considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

This study provides mechanistic insights into how statins suppress BMSC-to-adipocyte 

transition in the tumor microenvironment and offers a rationale for developing statins as a 

secondary prevention to delay PCa relapse in bone.
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Fig. 1. Castration enhances while androgens suppress BMSC-to-adipocyte transition.
(A) H&E of femur in intact and castrated mice (left). Bone histomorphometry analyses 

(Toluidine blue staining) of adipocytes in the femur of intact and castrated mice (middle). 

Number of adipocytes per area was measured based on bone histomorphometry (right). (B) 

Bone marrow cells from femurs of intact and castrated mice were analyzed by qRT-PCR 

for adipocyte markers adiponectin (Adipoq), perilipin 1 (Plin1) and PPARγ. (C) Bone 

marrow stromal cells (BMSC) and bone marrow stromal cell line M2-10B4 were cultured in 

adipocyte differentiation medium (ADM), in the presence or absence of androgens DHT or 

R1881 (10 nM each) for 5 days. Adipocyte formation was determined by Oil red-O (ORO) 

staining, counting ORO-positive cells in 10 – 15 fields each, and quantification of ORO after 
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extraction from 3 – 4 independent experiments. (D) qRT-PCR for adipocyte-related gene 

expression in cells treated in C. *p <0.05; **p <0.01.
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Fig. 2. Androgen receptor mediates suppression of BMSC-to-adipocyte transition by DHT.
Transient knockdown of androgen receptor (AR) by siRNA in M2-10B4 cells was verified 

by (A) western blot and (B) qRT-PCR. (C) Oil red-O (ORO) staining and quantification 

in M2-10B4-#73siAr, M2-10B4-#75siAr and M2-10B4-#79siAr clones and M2-10B4-NS 

(non-silencing) control following ADM with or without DHT. (D) AR was knocked down 

in BMSC as in A and analyzed as in C. *p <0.05; **p <0.01. (E) Illustration depicting that 

DHT directly suppresses BMSC-to-adipocyte transition.
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Fig. 3. RNAseq analysis of changes in gene expression during BMSC-to-adipocyte transition with 
or without DHT treatment.
RNAs prepared from M2-10B4 cells cultured with or without ADM and treated with or 

without DHT were subjected to RNAseq analysis. (A) Pathways and gene transcripts up

regulated during adipogenesis (ADM vs control). (B) Pathways and gene transcripts down

regulated during adipogenesis (ADM vs control). (C) Venn diagram of genes up-regulated 

during adipogenesis and genes down-regulated by DHT treatment during adipogenesis (left). 

Cellular distribution of commonly regulated genes (right). (D) Pathways and gene transcripts 

down-regulated by DHT during BMSC-to-adipocyte transition (ADMDHT vs ADM).
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Fig. 4. Adipocyte-conditioned medium and leptin stimulate prostate cancer cell cycle progression 
and cell proliferation.
(A) Heatmap and (B) expression (fold over control) of DHT-regulated growth factors 

and cytokines in M2-10B4 cells treated as indicated. (C) qRT-PCR for mRNA of three 

secreted factors in cells treated as indicated. (D) ELISA of leptin protein levels in the 

conditioned media (CM) of cells treated as indicated. (E) Fluorescent ubiquitination-based 

cell cycle indicator (FUCCI) system containing two fluorescent reporters that label G1 

phase nuclei red and S-G2M phase nuclei green (left). Live cell imaging following a single 

C4-2B4-FUCCI cell through G1 (red) into S-G2M (green) and back to G1 (red) after cell 
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division (right). (F) % cells entering S phase when C4-2B4-FUCCI cells were incubated 

with Adipo-CM or control CM, or with or without 100 ng/mL leptin. n, number of cells 

analyzed in N independent experiments: CM (N=5 each), leptin (N=3) or control (N=2). (G) 

Leptin stimulates C4-2b and PC-3 cell proliferation, as measured by Presto blue assays and 

cell counting. C4-2B4 cells were treated with either Adipo-CM (H) or leptin (I) as indicated 

and immunostained with Stat3 antibody. Nuclear Stat3 fluorescence signals were quantified 

by NIS-Elements. n, number of nuclei analyzed. Bars, 20 µm. *p <0.05, **p <0.01, ***p 

<0.001. (J) Summary. ADT enhances BMSC-to-adipocyte transition, leading to an increase 

in adipocyte-secreted factors, some of which stimulate PCa cell proliferation.
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Fig. 5. Statins inhibit BMSC-to-adipocyte transition in vitro.
Treatment of (A) BMSC or (B) M2-10B4 cells with atorvastatin or rosuvastatin during 

adipogenesis (ADM) followed with ORO staining, cell counting and ORO quantification. 

(C) qRT-PCR for adipocyte markers in M2-10B4 cells treated as in B. (D) Leptin RNA 

(qRT-PCR) and protein (ELISA) levels in cells treated as in B. *p <0.05, **p <0.01. (E) 

Illustration depicting that statins inhibit BMSC-to-adipocyte transition.
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Fig. 6. Statins suppress BMSC-to-adipocyte transition and reduce prostate cancer progression in 
bone in vivo.
(A) Atorvastatin treatment in castrated CD1 mice. (B-E) Bone histomorphometry analysis 

of (B) adipocytes, (C) osteoclasts (red arrows), (D) osteoblasts, (E) bone volume and 

trabecular bone. (F) Micro-CT analysis of trabecular bone. Upper, high-resolution scans 

of femur and cross sections of trabecular bone. Lower, analysis of trabecular bone area. (G) 

SCID mice with or without atorvastatin oral administration were castrated and 22RV1/LT 

cells inoculated by intracardiac injection as indicated. (H) Left, number of 22RV1 cells 

per individual femur was determined by qPCR using primers specific for human Alu 
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repetitive sequence. Right, average number of tumor cells in femurs of mice with or without 

atorvastatin treatment. n, number of mice per group. *p <0.05, **p <0.01, ***p <0.001, 

****p <0.0001. (I) Summary. Androgen depletion enhances BMSC-to-adipocyte transition, 

leading to increased secretion of adipocyte factors, which stimulate PCa cell proliferation 

and PCa progression in bone. Statins suppress BMSC-to-adipocyte transition, lower the 

levels of adipocyte-secreted factors and reduce PCa progression in bone.
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