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Abstract

Enzalutamide resistance has been observed in approximately 50% of patients with prostate cancer 

(PCa) bone metastases. Therefore, there is an urgent need to investigate the mechanisms and 

develop strategies to overcome resistance. We observed enzalutamide resistance in bone lesion 

development induced by PCa cells in mouse models. We found that the bone microenvironment 

was indispensable for enzalutamide resistance because enzalutamide significantly inhibited the 

growth of subcutaneous C4-2B tumors and the proliferation of C4-2B cells isolated from the 

bone lesions, and the resistance was recapitulated only when C4-2B cells were co-cultured with 

osteoblasts. In revealing how osteoblasts contribute to enzalutamide resistance, we found that 

enzalutamide decreased TGFBR2 protein expression in osteoblasts, which was supported by 

clinical data. This decrease was possibly through PTH1R-mediated endocytosis. We showed that 

PTH1R blockade rescued enzalutamide-mediated decrease in TGFBR2 levels and enzalutamide 

responses in C4-2B cells that were co-cultured with osteoblasts. This is the first study to reveal 

the contribution of the bone microenvironment to enzalutamide resistance and identify PTH1R as 

a feasible target to overcome the resistance in PCa bone metastases.
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1. Introduction

Enzalutamide, a second-generation small-molecule inhibitor of the androgen receptor (AR), 

has been approved for patients with metastatic castration-resistant prostate cancer (PCa) 

(mCRPC) after androgen deprivation therapy failure [1–3]. However, resistance develops 

within six months in patients with initial responses [4–9]. In addition, the bone is the 

most frequent site for PCa metastases, as nearly 90% of patients die from bone metastases 

[10]. Therefore, there is an urgent need to overcome enzalutamide resistance in PCa bone 

metastases.

Although various mechanisms of enzalutamide resistance have been identified [4, 5, 8, 

9, 11], targeting only cancer cells is unlikely to achieve the goal of overcoming drug 

resistance due to the heterogeneity and plasticity/evolution of the cancer cell population. 

In contrast, the microenvironment influences not only cancer initiation, progression, and 

metastases, but also treatment responses [12–24]. However, the systematic effects of 

the tumor microenvironment on drug resistance have not received significant attention. 

Therefore, we aimed to determine whether and how the effect of enzalutamide on the bone 

microenvironment contributes to PCa bone metastases and drug resistance.

The bone microenvironment, the “soil” for the PCa cell seeds that disseminate to the bone, 

consists of various types of cells, including osteoblasts (bone-forming cells) and osteoclasts 

(bone-absorbing cells). In PCa bone metastases, osteoblasts provide niches for PCa cell 

colonization and progression to overt metastases [25–31]. We found that enzalutamide 

treatment significantly inhibited C4-2B subcutaneous tumor growth, but not C4-2B induced 

bone lesion development. Similar results were observed when another AR-positive PCa cell 
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line VCaP was used. No differences were observed between cultured C4-2B cells sorted 

from subcutaneous and bone lesions, in terms of cell proliferation per se and enzalutamide-

inhibited cell viability, suggesting that the bone microenvironment may confer enzalutamide 

resistance in PCa bone metastases. We also observed enzalutamide resistance in C4-2B cells 

co-cultured with osteoblasts, but not with fibroblasts or mesenchymal stem cells, suggesting 

a potential specific role of osteoblasts in the observed enzalutamide resistance. Using PCa 

bone metastatic tissue microarray, we found lower TGFBR2 expression levels in osteoblasts 

in patients treated with enzalutamide or abiraterone. In cultured MC3T3-E1 osteoblasts, 

we also observed that enzalutamide significantly decreased the expression of TGFBR2 at 

protein level, but not at the transcription level, in a dose- and time-dependent manner. 

In a genetically engineered mouse model, we found that Tgfbr2 knockout in osteoblasts 

promoted C4-2B cell-induced bone lesion development and the incidence of bone lesions. 

Lastly, we determined the mechanism by which enzalutamide-induced decrease in the 

TGFBR2 level in osteoblasts was mediated by PTH1R (parathyroid hormone/parathyroid 

hormone-related peptide receptor), possibly through endocytosis. Blocking PTH1R activity 

rescued enzalutamide-induced TGFBR2 loss in osteoblasts and helped in overcoming 

enzalutamide resistance in the co-culture system of C4-2B and MC3T3-E1 cells. Our 

findings suggest a novel enzalutamide resistance mechanism through PTH1R-mediated 

decrease in the TGFBR2 level in osteoblasts and that blocking PTH1R might overcome 

enzalutamide resistance in PCa bone metastases.

2. Materials and Methods

The full materials and methods, including cell lines, reagents, and protocols, can be found in 

the Supplementary Data.

2.1 Mouse models

The genetically engineered mouse models, Tgfbr2FloxE2 and Tgfbr2Col1CreERT knockout 

(KO), used in the present study have been characterized and described previously [19]. In 

this study, the mice were crossed with the NSG-SCID (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) 

mouse background and confirmed to be immunodeficient at IgG levels for human PCa 

cells to grow in the bones. The research protocols using these Tgfbr2 engineered mice 

and NSG-SCID were approved by the Institutional Animal Care and Use Committee under 

protocol numbers 19-01-002/10-01-001 at Van Andel Institute and 400066/400067 at the 

University of Toledo.

2.2 In vitro co-culture

For co-culture, C4-2B/GFP cells were seeded simultaneously with MC3T3-E1, NIH3T3, or 

OP-9 cells at a 1:1 ratio at a density of 5,000 cells (2,500 cells each per well) in 48-well 

plates, in triplicate for each group. The mono-cultures of C4-2B/GFP cells were performed 

in 48-well plates at a density of 2,500 cells per well, to control the drug response. The 

cells were treated with various concentrations of the drugs or vehicle (dimethyl sulfoxide, 

DMSO). Fluorescence images and bright-field images at 10X magnitude were taken daily. 

The fluorescence areas in each image were quantified and normalized to the values of the 
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starting images in each group to obtain the relative confluency ratios. Plots were generated 

using GraphPad Prism v8.0 (GraphPad Software Inc, San Diego, CA, USA).

2.3 Statistical analysis

Lesion and tumor growth rates were analyzed using linear mixed-effects models with 

random slopes and intercepts per animal to account for repeated measures. Data were 

transformed as needed to better meet normality and homoscedasticity assumptions. For bone 

lesion proportion analysis, a two-sample proportion test was performed. For bone lesion 

area comparison, in the tibiae of Tgfbr2Col1CreERT KO and Tgfbr2FloxE2 mice, we performed 

the Wilcoxon rank-sum test with continuity correction and applied the Bonferroni-Holm 

multiple test correction. The drug response and cell viability results were analyzed using 

the Wilcoxon rank-sum test, followed by Fisher’s combined probability test. For in vitro co-

culture and quantitative reverse transcription polymerase chain reaction (qRT-PCR) results, 

the Welch t-test was used. All analyses were performed using R v 3.2.2 and statistical 

significance was set at p < 0.05.

3. Results

3.1 Enzalutamide resistance in C4-2B bone metastases is dependent on bone 
microenvironment

We injected AR-positive PCa C4-2B cells (1 million cells per injection) into the 

subcutaneous flank regions (Fig. 1A) or tibiae (Fig. 1B) of male NSG-SCID mice (5–6 

week old). Enzalutamide (20 mg/kg body weight) or vehicle was administered daily by 

oral gavage for 2 to 3 consecutive weeks when most of the subcutaneous tumors reached 

100 mm3 in size (starting from day 21 in the subcutaneous model) or day 1 post C4-2B 

cell injection in the intratibial model. The dosing was chosen based on the reported 

Cmax in previous studies [32–35]. Consistent with a previous report [36], enzalutamide 

treatment significantly inhibited C4-2B tumor growth in subcutaneous xenografts in two 

independent experiments (Fig. 1A). However, enzalutamide treatment had no effect on 

the C4-2B-induced bone lesion development (Fig. 1B). Similarly, enzalutamide inhibited 

subcutaneous tumor growth but not bone lesion development in the model of VCaP, another 

CRPC line (Supplementary Fig. S1A, B). Together, these data showed that enzalutamide 

resistance developed in PCa cells xenografted into the bone microenvironment.

To test whether the lack of enzalutamide response was due to the functional evolution of 

C4-2B cells or the context of the bone microenvironment, we isolated the GFP-labeled 

C4-2B cells from the subcutaneous tumors (C4-2B_subQ) or bone metastases (C4-2B_bone) 

by flow cytometry and cultured them for no more than three generations before testing. We 

found no difference in cell proliferation between C4-2B_subQ and C4-2B_bone (Fig. 1C, 

upper panel). We further treated the cells with enzalutamide and observed no difference 

in cell viability between C4-2B_subQ and C4-2B_bone(Fig. 1C, lower panel). These data 

suggest that enzalutamide resistance is not intrinsic to PCa cells, but is dependent on the 

context of the bone microenvironment, which likely causes enzalutamide resistance in bone 

metastases.
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3.2 Enzalutamide decreases TGFBR2 level in osteoblasts resulting in enzalutamide 
resistance in C4-2B cells

Using a set of mCRPC patient tissue microarrays (UWTMA79) supported by the 

Prostate Cancer Biorepository Network, the immunohistochemical analysis of TGFBR2 was 

performed. We found that the expression scores of TGFBR2 in osteoblasts were significantly 

lower in patients who had received second-line AR signaling blockers (n = 13, enzalutamide 

or abiraterone, an androgen biosynthesis inhibitor [37]) than in those who did not receive 

enzalutamide or abiraterone (n = 32) (Fig. 2A, B). No correlations were found between 

TGFBR2 expression in osteoblasts and any other treatment group (such as bisphosphonate 

medicine Zometa, or antifungal reagent ketoconazole) or between TGFBR2 expression in 

other cell types (such as tumor cells, stromal/fibroblasts, or osteoclasts) and any treatments 

(Supplementary Table 1, Supplementary Fig. S2A–C).

We compared the effect of enzalutamide on C4-2B cells cultured alone or co-cultured with 

mouse osteoblasts MC3T3-E1, fibroblasts NIH3T3, or mesenchymal stem cells OP-9. We 

found that enzalutamide significantly inhibited the growth of C4-2B cells that were cultured 

alone (mono-culture), or co-cultured with NIH3T3 fibroblasts or OP-9 mesenchymal 

progenitor cells (Fig. 1D and Supplementary Fig. S3). However, when co-cultured with 

MC3T3-E1 cells, C4-2B cells did not respond to enzalutamide at doses of 10 μM and 20 

μM. The average relative cell confluency of C4-2B at day 4 post 40 μM enzalutamide 

treatment compared to that of vehicle-treated group was 70% in MC3T3-E1 co-culture 

whereas the corresponding confluency was 47%, 43%, and 55% in C4-2B mono-culture, 

NIH3T3 co-culture and OP-9 co-culture, respectively, suggesting less C4-2B cell responses 

to enzalutamide even at high doses when co-cultured with osteoblasts (Fig. 1D). Altogether, 

these data suggest the key role of osteoblasts in the enzalutamide resistance of C4-2B bone 

metastases, possibly through a decrease in the TGFBR2 level.

We treated MC3T3-E1 osteoblasts with enzalutamide and found that enzalutamide 

significantly decreased the level of TGFBR2 protein, at 24 to 72 h, at 20 μM and 40 μM 

doses. Enzalutamide at 40 μM also decreased the TGFBR2 levels at 8 h and 12 h time 

points. No effects were observed upon 6 h of the treatment (Fig. 2C). Decreases in TGFBR2 

levels were also observed in a human fetal osteoblast cell line, hFOB1.19, and primary 

cultured mouse osteoblasts differentiated from bone marrow (Supplementary Fig. S4A, B). 

To rule out the non-specific effect of enzalutamide as a small molecule, we knocked down 

Ar in MC3T3-E1 osteoblasts and observed a consistent decrease in the TGFBR2 level (Fig. 

2D), suggesting the on-target effect of enzalutamide. Altogether, these data suggest that 

blocking AR signaling with enzalutamide can decrease TGFBR2 expression in osteoblasts, 

and that the decrease in TGFBR2 level in osteoblasts results in the enzalutamide resistance 

of C4-2B bone metastases.

3.3 Deletion of Tgfbr2 in osteoblasts promotes C4-2B bone metastases

The loss of TGFBR2 in osteoblasts promotes the bone metastases of AR-negative CRPC 

cells, such as PC-3 and DU145 [19]. To determine the function of TGFBR2 in osteoblasts 

in AR-positive C4-2B bone metastases, we injected C4-2B cells into the tibiae of the floxed 

control mice and the previously established mouse model Tgfbr2Col1CreERT KO mice, in 
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which Tgfbr2 was specifically knocked out in osteoblasts after tamoxifen induction [19]. We 

found that 21 out of 24 injected mouse tibiae developed C4-2B cell-induced bone lesions in 

the Tgfbr2Col1CreERT KO group, whereas only 7 out of 18 injected mouse tibiae developed 

bone lesions in the Tgfbr2FloxE2 (control) group (Fig. 3A). The proportions of the incidence 

of bone lesions in the two groups were significantly different in the two-sample proportion 

test. We also found that the knockout group had a significantly greater bone lesion area 

(median = 3.4996) than the control group (median = 0) at week 5 post-injection (Fig. 3B). 

These data suggested that the loss of TGFBR2 in osteoblasts promoted the bone metastases 

of AR-positive CRPC cells and possibly caused enzalutamide resistance.

3.4 Enzalutamide decreases TGFBR2 level through PTH1R-endocytosis-lysosome 
pathway

The mRNA levels of Tgfbr2 did not significantly change after enzalutamide treatment 

in MC3T3-E1 cells (Supplementary Fig. S5), suggesting that the TGFBR2 level in 

osteoblasts decreased because of post-translational regulation, such as protein degradation. 

As proteasomes and lysosomes are the final destinations for protein degradation, we 

treated MC3T3-E1 cells with enzalutamide for 24 h and introduced inhibitors of 

proteasome (MG132, carfilzomib, and bortezomib) and autophagy/lysosome (chloroquine 

and bafilomycin A) at different time points (Fig. 4A). We found that TGFBR2 levels 

were significantly decreased by all three proteasomal inhibitors, suggesting that TGFBR2 

loss induced by enzalutamide was not dependent on functional proteosomes (Fig. 4B, 

C). Autophagy/lysosome inhibitors, chloroquine or bafilomycin A, induced increases in 

TGFBR2 and rescued TGFBR2 in the presence of enzalutamide to the level of the vehicle-

treated group (Fig. 4D, E), suggesting that TGFBR2 protein levels, under normal and 

enzalutamide-regulated conditions, were partially controlled by lysosomes and lysosomal 

degradation.

A previous study revealed that parathyroid hormone (PTH) activates PTH1R to recruit 

TGFBR2, which phosphorylates PTH1R and undergoes endocytosis together with PTH1R 

for protein degradation [38]. PTH1R is the only known receptor for parathyroid hormone-

related protein (PTHrP), which is highly expressed and secreted by PCa cells [39, 40]. To 

test whether endogenous TGFBR2 and PTH1R also interact and go through the endocytosis 

pathway when enzalutamide treatment was administered, we used two dynamin inhibitors, 

dynasore and Dyngo-4a, to block endocytosis in osteoblasts [41, 42]. Indeed, blocking 

endocytosis rescued the decrease in the TGFBR2 level when the enzalutamide treatment was 

administered (Fig. 4C, F). Combined treatment with bafilomycin A and dynasore completely 

inhibited TGFBR2 loss after enzalutamide treatment (Fig. 4F). These data suggest that 

enzalutamide-induced TGFBR2 loss is dependent on endocytosis.

We found that enzalutamide treatment increased PTH1R expression before the decrease 

in TGFBR2 levels (Fig. 5A). PTH1R protein levels were increased after enzalutamide 

treatment at multiple time points from 2 to 24 h but were not affected at 48 h. The most 

significant increase in PTH1R levels was observed at 6 h, when there was no change 

in the levels of TGFBR2. The down-regulation of TGFBR2 expression was consistently 

observed at and after 24 h of treatment. These data suggested that enzalutamide induced 
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the expression of PTH1R, which may subsequently cause a decrease in the TGFBR2 

level via endocytosis. Furthermore, we treated C4-2B cells stably over-expressing TGFBR2 

(termed as C4-2B/TGFBR2, C4-2B cells have very low endogenous TGFBR2 levels [43]) 

or osteoclast RAW264.7 cells with enzalutamide and found that the PTH1R level was not 

increased, although the TGFBR2 level was decreased at certain time points (Supplementary 

Fig. S6A–C). These data suggest that the enzalutamide-induced PTH1R-mediated decrease 

in TGFBR2 level was specific to osteoblasts. We then applied a peptide antagonist of 

PTH1R, (Asn10, Leu11, and D-Trp12) PTHrP (7–34) amide at a concentration of 100 

ng/μL to block PTH1R activation and observed the rescue of TGFBR2 loss (Fig. 5B, 

C). Importantly, we found that blocking PTH1R restored the growth inhibition caused by 

enzalutamide in C4-2B and MC3T3-E1 co-culture (Fig. 5D).

3.5 Enzalutamide increases NR2F1 binding to Pth1r promoter

Using qRT-PCR, we observed that enzalutamide significantly increased the levels of Pth1r 
mRNA at early time points (1 h, 2 h, 4 h, and 6 h) (Fig. 6A). These data suggest regulation 

at the transcriptional level. We used a text-mining approach called MetaCore to search for 

candidates that are linked with both AR and PTH1R and found that the top hit was nuclear 

receptor subfamily 2 group F member 1 (NR2F1). NR2F1 is negatively associated with AR 

signaling and can activate the expression of Pth1r [44, 45]. We found that enzalutamide 

significantly increased NR2F1 at both mRNA (1 h, 2 h, and 4 h treatment) (Fig. 6B) 

and protein levels (Fig. 6C) in osteoblasts. No increase in NR2F1 levels was observed in 

either RAW264.7 or C4-2B/TGFBR2 cells (Supplementary Fig. S6A, B). We downloaded 

the binding element information of NR2F1 (5’-A/G-A/G-GGTCA-3’) from the JASPAR 

database and searched the elements across the upstream regulatory sequences of mouse 

Pth1r (Fig. 6D) [46]. There are at least three major transcript variants of mouse Pth1r 
(labeled as V1, V2, and V3, driven by at least three different promoters); the promoter of 

V1 (containing exons E1, E2, E4, and those follow) is considered absent or very weak in 

the bone, whereas those of V2 (containing E3, E4, and those follow) and V3 (containing 

E4’, E4, and those follow) are active in the bone [47]. We found multiple NR2F1 binding 

elements at the promoters of V2 and V3. We conducted ChIP-qPCR (primer amplicons 

termed as p1 for V2 and p2 for V3) and found that NR2F1 bound to both designed 

promoter regions and enzalutamide enhanced these bindings (Fig. 6D). These data suggest 

that enzalutamide directly induces Pth1r transcription by enhancing NR2F1 occupancy on 

the Pth1r promoter.

4. Discussion

Enzalutamide resistance is common in patients with PCa bone metastases. Various resistance 

mechanisms have been and are continuously being revealed and studied [5, 48–50]. In this 

study, we observed enzalutamide resistance in bone lesion development induced by PCa 

C4-2B and VCaP cells in a mouse model. Enzalutamide resistance was not observed in 

subcutaneously injected C4-2B tumors or in the C4-2B cells isolated from the bone lesions 

but was recapitulated only when C4-2B cells were co-cultured with osteoblasts, suggesting 

a dispensable role of the bone microenvironment in enzalutamide resistance. To reveal 

how the bone microenvironment contributes to enzalutamide resistance, we first searched 
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for clinical relevance. Using PCa bone metastatic tissue microarray, we found that the 

samples from patients receiving enzalutamide or abiraterone treatment had lower TGFBR2 

expression in osteoblasts. Further, we determined the links between enzalutamide resistance 

and TGFBR2 protein expression in osteoblasts. We found that enzalutamide treatment 

decreased TGFBR2 protein expression in osteoblasts in a dose- and time-dependent manner. 

This decrease was mediated by PTH1R-mediated endocytosis and subsequent degradation. 

Enzalutamide induced the transcription of Pth1r mRNA, possibly through enhanced NR2F1 

occupancy on the Pth1r promoter. Importantly, PTH1R blockade rescued the enzalutamide-

induced decrease in TGFBR2 levels and the enzalutamide response of C4-2B cells that were 

co-cultured with osteoblasts. To the best of our understanding, this is the first study to reveal 

the contribution of the bone microenvironment, specifically the osteoblasts, to enzalutamide 

resistance and that the key factor PTH1R has a therapeutic potential against enzalutamide 

resistance.

There are several possibilities for enzalutamide resistance observed in bone metastases. For 

example, 1) the evolution of metastasized PCa cells in the bone microenvironment, 2) the 

delivery of enzalutamide to the bone, 3) the physical drug absorption/competition by stromal 

cells in the bone, or 4) the effects of cells from the bone microenvironment. To rule out some 

of these possibilities, we first isolated C4-2B cells from either subcutaneous or intratibial 

xenografts and observed no significant differences in cell proliferation and enzalutamide 

responses. Second, a pharmacokinetic study in rats showed that the detectable enzalutamide 

and its active metabolites were similar between bone marrow and other tissues such as 

the prostate [51]. Third, using an in vitro co-culture model, we found the enzalutamide 

resistance of C4-2B cells only in the co-cultures of osteoblasts but not in those of NIH3T3 

fibroblasts or mesenchymal progenitor OP-9 cells. Therefore, we focused on the roles and 

effects of osteoblasts. Notably, we used the mouse osteoblasts for the co-culture because 

the optimal culture temperature for the human osteoblast cell line hFOB1.19 is 34°C, 

which is not same for PCa cells (37°C), and primary human osteoblasts are difficult to 

obtain. We showed that enzalutamide treatment decreased TGFBR2 levels in osteoblasts in 

a time- and dose-dependent manner. Importantly, clinical data showed a decreased TGFBR2 

expression only in osteoblasts in PCa bone metastatic patients who received enzalutamide 

or abiraterone treatment but failed, supporting the hypothesis that enzalutamide decreases 

TGFBR2 expression in osteoblasts and that this decrease causes drug resistance in PCa 

bone metastases. Although we recognized the limitations of this piece of clinical data, 

including the small sample size, the samples obtained from one center only, the subjectivity 

of the pathological readings, and the limitations of studies on decalcified tissues with bones, 

including the unsuccessful IHC of several important proteins, such as PTH1R and NR2F1, 

in our hands, the data we obtained from in vitro studies supported our hypothesis.

In this study, we found that the enzalutamide-NR2F1-PTH1R-TGFBR2 axis is specific to 

osteoblasts, but not PCa cells or osteoclasts, the other two major types of cells in bone 

metastases. This is important because the loss of TGFBR2 or blockade of TGF-β signaling 

in either myeloid lineage cells or cancer cells inhibited cancer metastases; only the loss of 

TGFBR2 in osteoblasts promoted PCa bone metastases (including C4-2B bone metastases 

shown in this study) [17, 19, 20, 52, 53]. Therefore, targeting PTH1R is osteoblast-specific. 

In contrast, PTHrP secreted from cancer cells activates PTH1R expression [54]. Blocking 
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PTHrP using neutralizing antibodies has been shown to be effective in preclinical bone 

metastasis prevention studies [55]. Altogether, blocking PTH1R is potentially effective and 

needs to be further tested in the context of overcoming enzalutamide resistance. PTH1R 

belongs to the family of G-protein coupled receptors, which are targets for approximately 

35% of currently approved drugs [56].

We showed that the TGFBR2 expression decreased by enzalutamide in osteoblasts within 

2 days, and enzalutamide resistance was observed after 3 days of C4-2B co-culture with 

osteoblasts in vitro. The time needed for enzalutamide resistant PCa clones to develop 

in vitro or in vivo was 2–3 days, which is much shorter than weeks or months [57–59]. 

Therefore, effectively targeting PTH1R to overcome enzalutamide resistance in mCRPC can 

prevent and eliminate the evolution of PCa cells to acquire resistance. Our future studies 

will explore the effectiveness and toxicity of the combination treatment of enzalutamide 

and PTH1R inhibition in vivo, as well as develop and test novel approaches to PTH1R 

inhibition.

Supplementary Material

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

• Enzalutamide resistance is observed in PCa bone metastases.

• Enzalutamide-induced TGFBR2 decrease in osteoblasts contributes to drug 

resistance in PCa bone metastases.

• TGFBR2 decrease in osteoblasts is possibly through PTH1R-mediated 

endocytosis.

• Blocking PTH1R potentially overcomes enzalutamide resistance in PCa bone 

metastases.
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Figure 1. Enzalutamide resistance was observed in C4-2B-induced bone lesion development in 
mouse and C4-2B cells co-cultured with osteoblasts.
A, Enzalutamide inhibited subcutaneous C4-2B tumor growth. Left panel, the experimental 

design of subcutaneous xenografting, drug treatments, and analyses. Middle panel, the 

representative images of individual tumors harvested at the end time point. Right panel, 

tumor volume progression (n=9 for vehicle and n = 8 for enzalutamide). The bold lines are 

the mean values of the individual tumor volumes, shown in each thin line. p = 0.001 using 

a linear mixed-effect model. B, Enzalutamide treatment showed no effect on bone lesion 

development. Left panel, the experimental design of intratibial injections, drug treatments, 

and analyses. Middle panel, the representative images of individual bone lesions imaged 

at the end time point. Right panel, bone lesion development monitored weekly by X-ray. 

The bold lines are the mean values of the individual bone lesion areas, shown in each thin 

line. p = 0.793 using a linear mixed-effect model (n = 8 tibiae each). The experiments 
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in A and B were repeated and the same results were obtained. C, Cell proliferation and 

responsiveness to enzalutamide were not different between C4-2B cells sorted from the 

subcutaneous or intratibial tumors. Upper panel, the relative proliferation of live cells at 

the indicated dates normalized to the first day (n=3). Lower panel, the percentages of cell 

viability in enzalutamide treatment groups normalized to respective vehicle-treated groups 

(n=6). A two-tailed Wilcoxon rank-sum test followed by the Fisher’s method was used to 

compare C4-2B_subQ and C4-2B_tibia, and no significant difference was observed, with 

p = 0.691 (upper) and p = 0.108 (lower). Cells were sorted from three individual mice. 

Experiments were repeated twice. D, Enzalutamide resistance was observed only in the 

co-culture of C4-2B cells with MC3T3-E1 cells. Relative confluency was determined as the 

GFP fluorescence area normalized to the confluent area observed at day 0. Results from 

three independent experiments (n=3) were plotted. The significance of difference in each 

enzalutamide-treated group compared to the corresponding vehicle-treated group at day 4 

was evaluated by the Welch t-test.

For all panels, *p <0.05, **p<0.01, ***p<0.001, n.s.: non-significant.
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Figure 2. Enzalutamide decreased TGFBR2 levels in osteoblasts.
A, Representative immunohistochemistry (IHC) images of TGFBR2 in osteoblasts. 

Negative, moderate, and strong signal intensities were scored as 0, 1, and 2, respectively, 

in osteoblasts. Each sample was scored three times and then the average scores were used 

for analyses in B. Lines in zoomed lower panel highlight osteoblasts. PCa, prostate cancer 

cells; B, bone. Scale bar, upper panel 300 μm, lower panel 50 μm. B, Mean IHC scores for 

TGFBR2 expression in osteoblasts in different patient groups. Error bars indicate standard 

errors. Enz, enzalutamide. Abi, abiraterone. p = 0.03 using a linear mixed-effect model (n 

indicates patient number). *p < 0.05. C, Time- and dose-dependent effects of enzalutamide 

in MC3T3-E1 cells. 0 = vehicle (DMSO). D, TGFBR2 expression in Ar-knockdown 

osteoblasts. The Ar knockdown (KD) cells were generated using the CRISPR-Cas9 system. 

Parental, cells without guide RNA manipulation. Ar KD #1 and KD #2 were cells generated 

from two independent guide RNAs. All western blotting experiments were repeated three 

times.
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Figure 3. Tgfbr2Col1CreERT KO promoted C4-2B bone metastases.
A, The proportion of tibiae with detectable C4-2B cell-induced bone lesions in all the 

injected tibiae was significantly higher (p<0.001, using a two-sample proportions test) in 

the Tgfbr2Col1CreERT KO group relative to the Tgfbr2FloxE2 control group. The number 

of tibiae with detectable bone lesions identified by X-ray scanning of each group was 

counted 8 weeks after injection. B, Bone lesion areas in all the injected tibiae in the 

control Tgfbr2FloxE2 and Tgfbr2Col1CreERT KO mice. Lesion area data collected at 5 weeks 

post-injection were plotted. p = 0.0414 using a Wilcoxon rank-sum test with continuity 

correction. For both panels, *p <0.05, ***p<0.001.
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Figure 4. Enzalutamide-induced decrease in TGFBR2 level was possibly via endocytosis in 
MC3T3-E1 cells.
A, Schedule of drug treatments. MC3T3-E1 cells were treated with DMSO (−) or 40 μM 

enzalutamide (+) from 0 h to 24 h. Various inhibitors were introduced at 0 h, 4 h, or 

12 h and cells were then harvested at 24 h. Total proteins were extracted from cells for 

western blotting. B-F, Representative western blots of MT3T3-E1 cells treated with: B and 
C, proteasome inhibitors bortezomib (Borte, 1 or 5 nM), carfilzomib (Carf, 1 or 5 nM), or 

MG132 (MG, 5 μM); D and E, autophagy/lysosome inhibitors chloroquine (CQ, 10 μM), 

bafilomycin A1 (Baf, 1, 10, or 100 nM); C and F, endocytosis inhibitors Dynasore (Dyn, 

10 μM) or Dyngo-4a (10 μM) as well as Dyn plus Baf (10 nM). All the western blotting 

experiments were repeated three times.
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Figure 5. PTH1R mediated enzalutamide-induced decrease in TGFBR2 level in osteoblasts and 
enzalutamide resistance in co-culture of C4-2B and osteoblasts.
A, Enzalutamide increased PTH1R protein level before the decrease in TGFBR2 levels. 

MC3T3-E1 cells were treated with vehicle (−, DMSO) or enzalutamide (Enz, +, 40 

μM). Total proteins were extracted from cells for western blotting. B and C, PTH1R 

antagonist rescued enzalutamide-decreased TGFBR2 in osteoblasts. MC3T3-E1 cells were 

pretreated with (Asn10, Leu11, D-Trp12) PTHrP (7–34) amide (PTH1R antagonist, PTHanta, 

10/20/50/100 ng/μL) for 20 h before the 24 h treatment of enzalutamide or vehicle (schedule 

shown in C). Total proteins were extracted from cells for western blotting (B). All the 

western blotting experiments were repeated three times. D, PTH1R antagonist restored 

enzalutamide response in the co-culture of C4-2B cells with MC3T3-E1 cells. Relative 

confluency was determined as the GFP fluorescence area normalized to the confluent area 

observed at day 0. Results from three independent experiments (n=3) were plotted. The 

significance of difference in each enzalutamide-treated group compared to corresponding 

vehicle-treated group at day 4 was evaluated by the Welch t-test. *p <0.05, **p<0.01, and 

n.s.: not significant.
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Figure 6. Enzalutamide induced NR2F1 expression and recruitment on Pth1r promoter.
A and B, Enzalutamide up-regulated the transcription of both Pth1r (A) and Nr2f1 (B) in 

osteoblasts. MC3T3-E1 cells were treated with vehicle (DMSO) or enzalutamide (Enz, 40 

μM) for the indicated time periods before being harvested for RNA extraction. *p < 0.05, 

**p < 0.01, ***p <0.001 using the Welch t-test. C, Enzalutamide increased NR2F1 protein 

levels in osteoblasts. MC3T3-E1 cells were treated with vehicle (−, DMSO) or enzalutamide 

(Enz, +, 40 μM) for the indicated time periods before being harvested for immunoblotting. 

D, Enzalutamide increased the occupancy of NR2F1 at the Pth1r promoter in osteoblasts. 

NR2F1 binding elements appear frequently across the Pth1r promoter(s) of different Pth1r 
transcript variants (V1, V2, and V3). ChIP assay in MC3T3-E1 cells with different targeting 

primers (amplicons termed as p1 and p2) showed an increase in NR2F1 occupancy on 

Pth1r regulatory regions after enzalutamide treatment. Scatter plots display the mean and 

individual values from biological replicates. E1–E4 indicate the exons of different variants. 

Note that the Pth1r genomic region plotted here is not proportional to the actual length. All 

experiments were repeated three times.

Su et al. Page 21

Cancer Lett. Author manuscript; available in PMC 2023 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Mouse models
	In vitro co-culture
	Statistical analysis

	Results
	Enzalutamide resistance in C4-2B bone metastases is dependent on bone microenvironment
	Enzalutamide decreases TGFBR2 level in osteoblasts resulting in enzalutamide resistance in C4-2B cells
	Deletion of Tgfbr2 in osteoblasts promotes C4-2B bone metastases
	Enzalutamide decreases TGFBR2 level through PTH1R-endocytosis-lysosome pathway
	Enzalutamide increases NR2F1 binding to Pth1r promoter

	Discussion
	References
	Figure 1.
	Figure 2
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

