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SUMMARY
Novel strategies for prostate cancer therapy are required to overcome resistance to abiraterone and enza-
lutamide. Here, we show that increasing 3bHSD1 after abiraterone and enzalutamide treatment is essential
for drug resistance, and biochanin A (BCA), as an inhibitor of 3bHSD1, overcomes drug resistance. 3bHSD1
activity increases in cell lines, biopsy samples, and patients after long-term treatment with enzalutamide or
abiraterone. Enhanced steroidogenesis, mediated by 3bHSD1, is sufficient to impair enzalutamide function.
In patients, accelerated abiraterone metabolism results in a decline of plasma abiraterone as disease
progresses. BCA inhibits 3bHSD1 and suppresses prostate cancer development alone or together with
abiraterone and enzalutamide. Daidzein, a BCA analog of dietary origin, is associated with higher plasma
abiraterone concentrations and prevented prostate-specific antigen (PSA) increases in abiraterone-resis-
tant patients. Overall, our results show that 3bHSD1 is a promising target to overcome drug resistance,
and BCA suppresses disease progression as a 3bHSD1 inhibitor even after abiraterone and enzalutamide
resistance.
INTRODUCTION

Prostate cancer is the most common cancer among men in the

US, and its incidence is rapidly increasing in China.1,2

Androgen-deprivation therapy (ADT) deprives the prostate of

testosterone synthesized by the testis. However, some tumor

cells are fueled by dehydroepiandrosterone (DHEA), originating

from the adrenal gland, which leads to dihydrotestosterone

(DHT) synthesis and the development of castration-resistant

prostate cancer (CRPC).3 Abiraterone and enzalutamide, which

suppress steroidogenesis and androgen receptor (AR), respec-

tively, have been approved for the treatment of CRPC.4,5

However, despite a tumor response to abiraterone and enza-

lutamide, drug resistance eventually occurs. Although an

increasing incidence of neuroendocrine prostate cancer has

been reported, AR-positive adenocarcinoma is still the dominant

subtype even after abiraterone or enzalutamide resistance de-

velops.6–8 The intratumoral androgen concentration is high,

and increasing prostate-specific antigens (PSAs) remains an

important clinical indicator for disease progression once abira-

terone or enzalutamide resistance arises.9,10 However, previous

studies have shown that abiraterone achieved limited clinical
Cell R
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efficacy in patients with enzalutamide resistance and vice

versa.11–13 Such findings indicate that the mechanisms underly-

ing resistance may be common to both these next-generation

AR pathway inhibitors (ARPIs).14

Steroidogenic enzymes are logical potential targets to over-

come abiraterone and enzalutamide resistance. The most chal-

lenging questions are how to identify an ideal target among the

dozens of steroidogenic enzymes and how to prove clinical rele-

vance. Recently, a gain of function of the HSD3B1 (A1245C)

variant was identified as a potential predictive biomarker for

treatment response and disease progression.15,16 The enzyme

3bHSD1 regulates both steroidogenesis and abiraterone meta-

bolism and so may be involved in resistance to abiraterone

and enzalutamide.3 However, the regulation and involvement

of 3bHSD1 in patients with either abiraterone or enzalutamide

resistance has not been investigated. Thus, whether 3bHSD1

is a useful therapeutic target to overcome abiraterone and enza-

lutamide resistance remains elusive.

In this study, we investigated drug-resistance mechanisms in

prostate cancer cell lines and patients to identify potential targets

for prostate cancer treatment. Related inhibitors were identified,

and their function in overcoming drug resistance was explored.
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RESULTS

Enhanced 3bHSD1 activity after enzalutamide
treatment
To investigate mechanisms underlying enzalutamide resistance,

vertebral cancer of the prostate (VCaP) cells were treated with

1 mM enzalutamide or ethanol for more than 3 months. The con-

trol cells (VCaP-Ctr) were more sensitive to enzalutamide

compared with the enzalutamide-resistant cells (VCaP-Enz), as

indicated by the cell-growth assay (Figure 1A). The differences

in the transcriptome between VCaP-Enz and VCaP-Ctr cells

were analyzed with RNA sequencing.17–21 The AR pathway

was enriched in VCaP-Enz cells (Figures 1B and 1C).22 Steroido-

genesis was further investigated to explain the activated AR

signaling in VCaP-Enz cells. DHEA was more efficiently con-

verted to androstenedione (AD) in VCaP-Enz cells, indicating

increased 3bHSD1 activity in VCaP-Enz cells (Figures 1D and

S1A). 3bHSD1 mRNA and protein expression were determined;

VCaP-Enz cells expressed more 3bHSD1, consistent with the

potent 3bHSD1 activity and the activated AR pathway in

VCaP-Enz cells (Figures 1E and 1F). These data together demon-

strate that long-term enzalutamide treatment of VCaP cells leads

to increased expression of 3bHSD1.

To explain the increased 3bHSD1 abundance and AR

signaling in VCaP-Enz cells, the regulation of 3bHSD1was inves-

tigated. Neither the gain of function due to amutation ofHSD3B1

(A1245C) nor the DNA methylation status of the HSD3B1 pro-

moter was altered in VCaP-Enz cells (Figures S1B and S1C).23

An enrichment of AR after androgen stimulation around the

HSD3B1 locus was detected in LNCaP and VCaP cells (GEO:

GSE55062, GSE28126, GSE62492, and GSE69043; Fig-

ure S2A).24–27 AR enrichment around HSD3B1 was also

observed in human tumor samples (GEO: GSE56288; Fig-

ure S2B).28 The androgen-regulated expression of HSD3B1

was further confirmed in different VCaP and LNCaP cells

(Figures S2C–S2E). Thus, long-term enzalutamide treatment

selected a subpopulation with higher basal AR signaling activity,

which stimulated HSD3B1 expression as a feedforward loop to
Figure 1. Increasing 3bHSD1 activity impairs enzalutamide efficacy

(A) Cell growth of VCaP-Enz and VCaP-Ctr cells when treated with different conce

ethanol (VCaP-Ctr) for more than 3 months.

(B) Pathway enrichment in VCaP-Enz cells.

(C) Higher basal AR signaling activity in VCaP-Enz cells. DHT-upregulated genes

(D) Increased DHEA metabolism in VCaP-Enz cells. Cells were treated with [3H]-

(E and F) Increased expression of HSD3B1 mRNA (E) and 3bHSD1 protein (F) in

(G) Abundance of 3bHSD1 in enzalutamide-treated LNCaP cells. LNCaP cells w

(H) Increased 3bHSD1 activity in biopsy samples (n = 9 patients) treated with 10

(I) DHT had significantly higher affinity for wild-type AR compared with enzalutam

cellular radioactivity was measured and normalized to protein abundance.

(J) DHEA activated AR signaling more effectively in VCaP-Enz cells. DHEA, 100

(K) Cell growth of VCaP-Enz and VCaP-Ctr cells when treated with enzalutamide

(L) Expression of HSD3B1 induced by doxycycline (Dox; 1 mg/mL) diminished enza

200 nM; DHT, 1 nM; Enz, 1 mM.

(M) Expression of 3bHSD1 impaired enzalutamide function in suppressing DHEA

(N) Overexpression of 3bHSD1 impaired the inhibition of enzalutamide on DHEA-in

mice with DHEA pellets for xenograft assay. Ctr group, n = 12; Enz group, n = 14; D

kg.

*p < 0.05; **p < 0.01. Results are presented as mean ± SD. Experiments were pe

See also Figures S1–S3.
counter enzalutamide. To determine whether the enzaluta-

mide-induced 3bHSD1 increase was limited to VCaP cells,

LNCaP cells and patient biopsy samples were treated with enza-

lutamide. An increased abundance of 3bHSD1 was detected in

LNCaP cells treated with enzalutamide (1 or 10 mM) for more

than 4 weeks (Figures 1G and S2F). Accelerated DHEA meta-

bolism was also observed in the enzalutamide-treated LNCaP

cells (Figure S2G). Nine prostate biopsy samples were collected

from 4 patients. Each biopsy was split equally and cultured

ex vivowith 10 mMenzalutamide or ethanol for 1 week. Increased

3bHSD1 activity was observed in 7 out of 9 enzalutamide-treated

biopsy samples, as indicated by the accelerated conversion of

DHEA to AD (Figure 1H).10 These data together demonstrate

that long-term treatment with enzalutamide frequently results

in increased 3bHSD1 activity in prostate cancer cells.

3bHSD1 is sufficient to provide enzalutamide resistance
An increasing expression ofHSD3B1 as disease progressedwas

observed in patients (Figure S2H).29 To clarify how the enhanced

steroidogenesis impaired the function of enzalutamide, a

competition assay was performed. DHT, generated from

DHEA, showed much higher affinity for wild-type AR than enza-

lutamide in VCaP cells (Figure 1I).30 Thus, enhanced steroido-

genesis in VCaP-Enz cells provided more intracellular DHT to

significantly antagonize enzalutamide function. Consistently,

DHEA-induced AR target gene expression was more potent

and resistant to enzalutamide treatment in VCaP-Enz cells (Fig-

ure 1J). VCaP-Enz cells were more resistant to enzalutamide

when treated together with DHEA but responded comparably

to VCaP-Ctr cells when treated with DHT, indicating that enzalu-

tamide was not acting off target in VCaP-Enz cells and that

mechanisms related to steroidogenesis were involved in enzalu-

tamide resistance (Figure 1K). These data together suggest that

enhanced 3bHSD1-mediated steroidogenesis impairs the effi-

cacy of enzalutamide.

To further demonstrate that 3bHSD1 itself was sufficient to

provide enzalutamide resistance, a doxycycline (Dox)-induced

3bHSD1-expressing cell line was established in VCaP cells.
ntrations of enzalutamide. VCaP cells were treated with 1 mMEnz (VCaP-Enz) or

in VCaP cells were used as AR-signaling signature genes.

DHEA.

VCaP-Enz cells.

ere treated with enzalutamide (1 or 10 mM) for more than 4 weeks.

mM enzalutamide for 1 week.

ide. VCaP cells were treated with [3H]-R1881 and the indicated drugs. Intra-

nM; DHT, 1 nM; cortisol, 100 nM.

together with DHEA (200 nM) or DHT (1 nM).

lutamide inhibition of AR signaling in VCaP-pLVX-HSD3B1 stable cells. DHEA,

-induced cell growth. DHEA, 200 nM; DHT, 1 nM.

duced xenograft growth. VCaP-pLVX-HSD3B1 cells were injected in castrated

ox group, n = 13; Dox + Enz group, n = 13. Dox, 2 mg/mL in water; Enz, 10 mg/

rformed at least three times independently.
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Figure 2. Accelerated abiraterone metabolism facilitates drug clearance in patients
(A) Schema of the steroidal metabolic pathway for abiraterone.

(B) Decline in plasma abiraterone concentration observed in 6 of 11 patients with acquired resistance to abiraterone. Day 0 indicates the baseline PSAs before

abiraterone treatment. Plasma samples were collected approximately 3 h after abiraterone administration. Abi, abiraterone.

(C) Plasma concentration of abiraterone and its metabolites before and after abiraterone resistance in the 6 patients. The mean abiraterone metabolite quantity in

each patient during the response period (decreasing PSAs) and progression period (increasing PSAs) was calculated and compared.

(D) Relative percentage of abiraterone and its metabolites before and after abiraterone resistance. 5a-Abis, 5a-Abi, and its downstream metabolites; 5b-Abis,

5b-Abi, and its downstream metabolites.

(E) Western-blot analysis of 3bHSD1 expression in abiraterone- or ethanol-treated Huh7 cells. Huh7 cells were treated with 1 mM abiraterone (Huh7-Abi) or

ethanol (Huh7-Ctr) for more than 2 weeks before the detection of 3bHSD1.

(legend continued on next page)
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The induction of 3bHSD1 expression impaired enzalutamide’s

ability to antagonize DHEA- but not DHT-induced target gene

expression and cell growth, which mimicked the results in

VCaP-Enz cells (Figures 1L and 1M). The expression of

3bHSD1 led to faster VCaP xenograft growth in vivo (Figure 1N).

Although enzalutamide suppressed xenograft growth signifi-

cantly, the Dox-induced 3bHSD1 expression rescued the growth

of xenografts (Figures 1N and S3). Together, these data demon-

strate that 3bHSD1-mediated steroidogenesis is sufficient to

provide enzalutamide resistance.

Accelerated abiraterone metabolism facilitates drug
clearance in patients
Currently there is no ideal model to investigate abiraterone resis-

tance in cell lines or mice.3 To investigate abiraterone-resistant

mechanisms in patients, sequential plasma samples were

collected from 11 metastatic CRPC (mCRPC) patients to trace

the alteration of abiraterone metabolites as disease progresses

(Figure 2A; Table S1). The abiraterone plasma concentration

declined in 6 of the 11 patients as PSAs increased (Figures 2B

and S4A). However, the total amount of plasma abiraterone

and its downstream metabolites was comparable during treat-

ment response (PSAs decreasing) and during progression

(PSAs increasing), indicating limited alteration in drug absorption

(Figure 2C). The relative percentage of plasma abiraterone

declined significantly in every patient as PSAs increased, indi-

cating abiraterone metabolism accelerates in patients as dis-

ease progresses (Figure 2D). Notably, the percentage of

5b-Abis (5b-Abi + 3a-OH 5b-Abi + 3b-OH 5b-Abi), but not

5a-Abis (5a-Abi + 3a-OH 5a-Abi + 3b-OH 5a-Abi), increased

as disease progressed, suggesting increased activity of

3bHSD1 and AKR1D1 in patients (Figures 2D and 2A).

The HSD3B1 genotype in these 11 patients was determined,

and no HSD3B1 (1245C) was found after abiraterone treatment,

consistent with previous reports showing a rare frequency of

HSD3B1 (1245C) in East Asian patients (�2%) (Figure S4B).31,32

Mechanisms underlying the accelerated abirateronemetabolism

were further investigated. The liver is the main organ for drug

metabolism. Huh7, a liver cell line, was treated with abiraterone

for more than 2 weeks. Expression of 3bHSD1 increased in the

abiraterone-treated Huh7 cells (Figure 2E). Potent 3bHSD1 activ-

ity in the abiraterone-treated Huh7 cells was confirmed by

enhanced conversion of DHEA to AD (Figure 2F). Thus, abirater-

one-treated Huh7 cells converted abiraterone to downstream

metabolites more robustly (Figure 2G). These data indicate that

long-term treatment with abiraterone enhances 3bHSD1 expres-

sion and accelerates abiraterone elimination.

The decline in plasma abiraterone concentration was also

observed in two other patients with gastrointestinal irritation after

the long-term treatment with abiraterone. Both patients showed

a trend of PSA progression (Figure 2H). When a proton pump in-

hibitor (PPI) was added to suppress the gastrointestinal irritation,
(F and G) DHEA (a mixture of 10 nM DHEA and �20 nM [3H]-DHEA) and abirateron

(H) Plasma abiraterone and PSA alteration in patients receiving abiraterone plus

pump inhibitor.

Experiments were performed at least three times independently. Student’s t test

See also Figure S4 and Table S1.
plasma abiraterone increased in both patients, accompanied by

an improved PSA response (Figure 2H). These data indicate that

plasma abiraterone concentration is essential to its clinical

efficacy.

Dutasteride inhibition of SRD5A partially regulates
abiraterone metabolism
Dutasteride (3.5 mg/day), an SRD5A inhibitor, has been reported

to effectively regulate abiraterone metabolism by suppressing

the conversion of the abiraterone metabolites D4-abiraterone

(D4A) to 5a-Abi, providing a potential strategy to increase

plasma abiraterone and overcome drug resistance (Figure 2A).33

A total of 19 patients with abiraterone resistance received com-

bination therapy of abiraterone and dutasteride (0.5 mg/day)

(Table S2). The combination therapy was successful in 1 patient,

with a maximum PSA reduction greater than 30% and a

response lasting more than 12 weeks (Figure 3A). However,

overall, the effect of the combination therapy was not robust. A

limited reduction in the PSA level was observed in 7 of 19 pa-

tients (range: -1.9% to -32%) (Figure 3B).

To elucidate why the combination therapy had limited efficacy,

plasma levels of abiraterone and its metabolites were deter-

mined. Dutasteride, at a dose of 0.5 mg/day, successfully

blocked the generation of 5a-Abi in all patients (Figure 3C). In

addition, the levels of 5a-Abis significantly decreased after the

addition of dutasteride (Figure 3D). However, the percentage of

5b-Abis increased, which hindered the accumulation of abirater-

one and D4A (Figure 3D). These data suggest that dutasteride is

sufficient to effectively block the generation of 5a-Abis. How-

ever, with more abiraterone converted to 5b-Abis, the clinical ef-

ficacy of dutasteride was hampered.

A relatively low level of plasma 5a-Abis was noticed in our pa-

tient cohort. More 5b-Abis, rather than 5a-Abis, was generated in

our patients when treated with abiraterone alone (Figure 3E).

Only 5 of 19 patients generated more 5a-Abis than 5b-Abis (Fig-

ure 3F). Comparison with the abiraterone metabolite distribution

in patients from western countries confirmed the lower level of

5a-Abis in our patient cohort (Figure 3G).34 The relatively low

levels of 5a-Abis indicate that SRD5A is not an ideal target to

regulate abiraterone metabolism in our patients.

The differences between patients with or without PSA reduc-

tion after combination therapy were further analyzed. Consid-

ering the transient clinical response, abiraterone metabolism at

baseline and the first month after combination therapy were

investigated. These data were available for 18 of the 19 patients.

Dutasteride effectively changed the distribution of abiraterone

metabolites in one month in all patients, by significantly

decreasing the percentage of 5a-Abis, while increasing that of

D4A (Figure 3H). Notably, patients with PSA reduction had a

lower level of 5b-Abis, indicating low AKR1D1 activity (Figure 3I).

Thus, dutasteride increased the percentage of D4A in patients

that had PSA reduction (Figure 3I). Furthermore, a higher
e (100 nM) metabolism in Huh7-Abi and Huh7-Ctr cells. AD, androstenedione.

PPI. The red arrows indicate the time point of PPI administration. PPI, proton-

. *p < 0.05; **p < 0.01.
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percentage of abiraterone was observed in patients with PSA

reduction (Figure 3I). These data suggest that the combination

therapy would only benefit patients who have a lower level of

5b-Abis.

BCA antagonizes 3bHSD1-related cancer development
and enzalutamide resistance
Recently, we revealed that corylin and its derivatives, including

biochanin A (BCA) and daidzein, bound to and inhibited

3bHSD1 (Figure 4A).35,36 BCA, as themost potent 3bHSD1 inhib-

itor discovered so far, inhibited the conversion of DHEA to AD in

a dose-dependent fashion (Figure 4B). Furthermore, BCA sup-

pressed the function of the 3bHSD1 (367T) and 3bHSD1 (367N)

isoforms comparably (Figure 4C). An in vitro enzyme assay

with purified 3bHSD1 protein revealed that BCA competitively in-

hibited 3bHSD1 (Figure 4D). BCA and corylin showed no direct

effect on pregnenolone or AD metabolism, supporting their spe-

cific function in steroidogenesis (Figures 4E and 4F). Androgens

bind to AR and increase AR abundance.37 Thus, by suppressing

3bHSD1-mediated DHEA metabolism, BCA antagonized the ef-

fect of DHEA on AR abundance in LNCaP and VCaP cells (Fig-

ure 4G) and consequently antagonized DHEA’s effects on

VCaP cell proliferation (Figure 4H). BCA also inhibited DHEA-

induced VCaP xenograft growth in mice (Figures 4I and S5A).

The function of BCA was also evaluated in C4-2 cells. BCA in-

hibited DHEA- but not DHT-induced AR target gene expression

(Figure S5B). BCA also enhanced the function of enzalutamide

to antagonize the DHEA effect (Figure S5C). Furthermore,

BCA suppressed DHEA-induced C4-2 xenograft growth (Fig-

ure S5D).These data together demonstrate that BCA specifically

and potently inhibits 3bHSD1 function to suppress prostate can-

cer development.

To evaluate BCA antagonism of 3bHSD1-related enzaluta-

mide resistance, BCA and corylin were used to halt 3bHSD1 ac-

tivity in VCaP-Enz cells. BCA and corylin, together with enzaluta-

mide, inhibited DHEA- but not DHT-induced gene expression

more potently in VCaP-Enz cells (Figures 4J and 4K). Further-

more, BCA and corylin suppressed DHEA-induced cell growth

together with enzalutamide (Figures 4L and 4M). In mice, BCA
Figure 3. Inhibition of dutasteride on SRD5A partially regulates abirate

(A) Treatments and changes in PSAs in patient 6. Green, androgen deprivation the

(Dut) treatment.

(B) Maximum PSA reduction during the combination therapy in 19 patients.

(C) Change in 5a-Abi% after combination treatment. The mean percentage of 5a-

treatment was compared.

(D) The effect of dutasteride on abiraterone metabolism. Average percentages of

compared.

(E) Distribution of abiraterone metabolites in 19 patients at baseline. Plasma sam

combination therapy) were used for analysis of abiraterone metabolites. Plasma

(F) Comparison of the percentages of 5a-Abis and 5b-Abis in each patient recei

same patients were linked with lines for comparison. Patients with more 5a-Abis

(G) The ratio of 5b-Abis to 5a-Abis in two patient cohorts. Red, patients with mo

(H) Immediate effect of the combination therapy on abiraterone metabolism. Pla

dutasteride (Abi + Dut) in 18 of the 19 patients were analyzed to evaluate the imm

(I) Distributions of abiraterone and its metabolites in patients with or without PSA

abiraterone metabolism was compared between patients with and without PSA

indicate the 5th and 95th percentiles. The percentage of each metabolite was calc

Student’s t test; **p < 0.01.

See also Table S2.
and enzalutamide together suppressed VCaP-Enz xenograft

growth more than either drug alone (Figures 4N and S5E).

Together, these data demonstrate that BCA antagonizes

3bHSD1-related enzalutamide resistance.

BCA regulates abiraterone metabolism to enhance
abiraterone efficacy
Investigation of the effect of BCA on abiraterone metabolism

showed that BCA inhibited abiraterone metabolism in both

LNCaP cells and patient prostate biopsy samples, where D4A

was mainly converted to 5a-Abis (Figures 5A and 5B). BCA

also inhibited abiraterone metabolism in liver cells, including

Huh7 and HepG2, where D4A was mainly converted to 5b-Abis

(Figures 5C and 5D). Furthermore, BCA inhibited abiraterone

metabolism in mouse and increased the plasma concentration

of abiraterone significantly (Figure 5E). For steroidogenesis,

BCA and abiraterone synergistically inhibited pregnenolone

metabolism in VCaP cells expressing CYP17A. Less DHEA and

AD were generated when cells were treated with combination

abiraterone and BCA (Figure 5F). Thus, abiraterone and BCA

together inhibited pregnenolone but not DHEA-induced target

gene expression and cell growth more potently (Figures 5G

and 5H). By simultaneously inhibiting drug metabolism and ste-

roidogenesis, BCA enhanced the tumor antagonist effect of abir-

aterone in mice. Growth of xenografts generated with VCaP cells

was more potently suppressed by combination BCA and abira-

terone (Figures 5I and S6). These data demonstrate that BCA en-

hances the efficacy of abiraterone.

Daidzein enhances the clinical efficacy of abiraterone
Daidzein is a BCA analog obtained in the diet, mainly in soybeans

and other legumes (Figure 4A). Daidzein inhibited abiraterone

metabolism in VCaP and Huh7 cells, although not as potently

as corylin and BCA (Figures 6A and 6B). Because daidzein can

be acquired in the diet, we measured the plasma concentration

of daidzein in 32 patients after abiraterone treatment for

�12 weeks (Table S3). Although daidzein was not detected in

the plasma of 20 patients (group I), it was found in the plasma

of the remaining 12 patients (group II). Interestingly, in patients
rone metabolism

rapy (ADT); black, abiraterone (Abi) treatment; red, abiraterone and dutasteride

Abi in each of the 19 patients during abiraterone treatment or the combination

plasma abiraterone and its metabolites during different treatment periods were

ples collected at baseline (patients treated with abiraterone alone before the

samples were collected �3 h after drug administration.

ving abiraterone treatment. The percentages of 5a-Abis and 5b-Abis from the

than 5b-Abis were marked with red lines.

re 5a-Abis than 5b-Abis.

sma samples collected at the baseline (Abi) and 1 month after the addition of

ediate function of dutasteride.

reduction after combination therapy. The immediate effect of dutasteride on

reduction. The box indicates the median and interquartile range. Whiskers

ulated as follows: metabolite/(abiraterone + abiraterone metabolites) 3 100%.
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in whom daidzein was detected, a higher concentration or rela-

tive percentage of abiraterone was also found (Figure 6C). Pa-

tients in whom daidzein was detected also tended to have a bet-

ter response to abiraterone, as indicated by the progression-free

survival (Figure 6D). Overall, these data highlight the potential of

BCA and its derivatives for regulating abiraterone metabolism

and efficacy in patients.

Daidzein is used in clinics in China as an adjuvant therapy for

hypertension or osteoporosis. A clinical trial is being conducted

to treat abiraterone-resistant patients with daidzein together with

abiraterone (ChiCTR: ChiCTR2000034019). Currently, 9 patients

have been recruited with a treatment duration of more than

3 months. Daidzein halted PSA increase (n = 1 patient) or

reduced PSAs (n = 4 patients) (Figure 6E; Table S4). The dynamic

alterations of PSAs after daidzein treatment in 2 patients are

shown in Figure 6F. Considering that daidzein more weakly sup-

presses 3bHSD1 activity, BCA may produce a better clinical

response by regulating drug metabolism and steroidogenesis

simultaneously.

DISCUSSION

Novel targets and drugs are required to overcome abiraterone

and enzalutamide resistance in advanced prostate cancer.

Here, we showed that the steroidogenic enzyme 3bHSD1 is

essential for drug resistance and that it might be a promising

target for prostate cancer management. BCA and its derivatives

inhibit 3bHSD1 to suppress prostate cancer development.

The androgen-AR axis remains a significant driver of tumor

progression even after abiraterone and enzalutamide resistance

develops. However, multiple enzymes are involved in DHT syn-

thesis, and certainly not all of them will be suitable therapeutic

targets: dutasteride, an SRD5A inhibitor, was ineffective for

prostate cancer.38,39 Steroidogenic enzyme function has mainly

been investigated in prostate cancer cell lines, making it difficult

to evaluate clinical relevance. An adrenal-permissive HSD3B1

(1245C) allele of 3bHSD1 increases protein stability,23 and the

HSD3B1 genotype in patients receiving ADT is now well estab-

lished as a predictive biomarker.16,40–42 However, its correlation
Figure 4. BCA antagonizes 3bHSD1-related cancer development and e

(A) Structures of corylin, BCA, and daidzein.

(B) BCA inhibited DHEA conversion to AD. Cells were treated with [3H]-DHEA and

were calculated. AD, androstenedione.

(C) BCA showed comparable inhibition to different isoforms of 3bHSD1. Plasmid

293T cells, and the related cell lysates were used for a metabolism assay.

(D) Lineweaver-Burk plots of BCA inhibition of 3bHSD1 activity. Lysates of 293T

(E) Effect of BCA on CYP17A activity. HEK 293 cells with stable CYP17A overex

(F) Effect of BCA on SRD5A activity. LAPC4 cells were treated with [3H]-AD and

(G) BCA suppressed DHEA regulation of AR protein abundance in VCaP and LN

(H) BCA inhibited DHEA-induced cell growth. VCaP cells were treated with indic

(I) BCA inhibited DHEA-induced VCaP xenograft growth. BCA, 30 mg/kg. Ctr gro

(J) BCA and enzalutamide synergistically inhibited DHEA- but not DHT-induced

(K) Corylin and enzalutamide synergistically inhibited DHEA- but not DHT-induce

(L) BCA and enzalutamide synergistically inhibited DHEA- but not DHT-induced

(M) Corylin and enzalutamide synergistically inhibited DHEA- but not DHT-induc

(N) The combination of BCA and enzalutamide more effectively inhibited DHEA-i

create the xenograft. BCA, 30 mg/kg; Enz, 10 mg/kg. n = 9 for each group.

*p < 0.05; **p < 0.01. Student’s t test. Results are presented as mean ± SD. Exp

See also Figure S5.
with abiraterone response remains controversial.15,16,43 Further-

more, it is still unclear whether 3bHSD1 is regulated by abirater-

one and enzalutamide and whether it may serve as a therapeutic

target to overcome abiraterone and enzalutamide resistance.

Here, we report that 3bHSD1 expression increases after abira-

terone and enzalutamide treatment in preclinical models and pa-

tients, highlighting its clinical relevance in disease treatment.

A 3bHSD1-initiated abiraterone metabolic pathway in patients

has been found, but its clinical significance is yet to be deter-

mined.33,44 Here, we demonstrated that the increased 3bHSD1

protein expression in abiraterone-treated patients resulted in

accelerated abiraterone metabolism and decreased plasma

abiraterone concentration, which eroded the efficacy of abirater-

one. Clinical approaches to increase plasma abiraterone con-

centration, such as proton-pump inhibitors (PPIs) and a high-

fat diet, have been reported to enhance its clinical efficacy.45,46

Consistently, previous reports found that patients with abirater-

one Cmin >8.4 ng/mL had a better prognosis than patients with a

low Cmin, indicating that the plasma abiraterone concentration is

important to its efficacy.47,48 However, increasing the dose of

abiraterone after drug resistance resulted in no obvious change

in the plasma concentration or efficacy.46,49 This may be due to

limitations in drug absorption and accelerated drug metabolism.

Thus, regulation of abiraterone metabolism may be a more

promising strategy to overcome abiraterone resistance.

Multiple enzymes participate in abiraterone metabolism, and

we previously hypothesized SRD5A to be a potential target for

regulating abiraterone metabolism to overcome drug resis-

tance.33 However, we found here that combination therapy

with dutasteride and abiraterone benefited only patients with

high SRD5A/low AKR1D1 activity. Of note, genomic and meta-

bolic differences were present between patients of different eth-

nicities. Abiraterone was convertedmore often to 5b-Abis in East

Asian (Chinese) patients, whereas in patients fromwestern coun-

tries, more 5a-Abis were generated. Thus, 3bHSD1 appears to

be a better target than SRD5A to slow abiraterone metabolism.

3bHSD1 is also involved in enzalutamide resistance.

Enhanced steroidogenesis was observed in enzalutamide-resis-

tant cell lines. Enzalutamide could still bind to ARs as an
nzalutamide resistance

the indicated drugs. The percentages of DHEA and downstream metabolites

s expressing 3bHSD1 (367T) or 3bHSD1 (367N) isoforms were transfected in

cells expressing 3bHSD1 were incubated with BCA and DHEA.

pression were treated with [3H]-pregnenolone and the indicated drugs.

the indicated drugs.

CaP cells. DHEA, 200 nM; DHT, 1 nM; BCA, 1 mM; Enz, 1 mM.

ated drugs.

up, n = 9; BCA group, n = 10.

gene expression in VCaP-Enz cells. ns, not significant.

d gene expression in VCaP-Enz cells. DHEA, 100 nM; DHT, 1 nM.

cell growth in VCaP-Enz cells. DHEA, 100 nM; DHT, 1 nM.

ed cell growth in VCaP-Enz cells. DHEA, 200 nM; DHT, 1 nM.

nduced xenograft growth than either drug alone. VCaP-Enz cells were used to

eriments were performed at least three times independently.
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Figure 5. BCA regulates abiraterone metabolism to enhance the efficacy of abiraterone

(A) BCA regulated abiraterone metabolism in the LNCaP cell line. LNCaP cells were treated with 10 nM abiraterone, with or without BCA.

(B) BCA regulated abiraterone metabolism in patient biopsy tissues. Three fresh biopsy tissues were collected from each of 4 patients with localized prostate

cancer (patients #A–D). Each biopsy sample was equally divided in 2 halves and treated with 100 nM abiraterone, with or without 1 mM BCA.

(C and D) BCA regulated abiraterone metabolism in Huh7 (C) and HepG2 (D) cells. Liver cells were treated with 100 nM abiraterone with or without 1 mMBCA for

24 h.

(E) BCA regulated abiraterone metabolism in mouse. Mice were treated with 50 mg/kg BCA and 0.5 mmol/kg abiraterone acetate. Blood samples were collected

at the indicated time points.

(F) BCA and abiraterone inhibited pregnenolone metabolism. VCaP cells expressing CYP17A were treated with [3H]-pregnenolone and the indicated drugs.

(G and H) BCA and abiraterone inhibited pregnenolone-induced AR signaling activity (G) and cell growth (H) more effectively. Pregnenolone, 100 nM; DHEA, 100 nM.

(I) BCA and abiraterone inhibited DHEA-induced xenograft growthmore effectively than abiraterone alone. BCA, 50mg/kg; abiraterone acetate, 0.1mmol/kg. Ctr,

n = 8; Abi, n = 7; BCA, n = 8; BCA + Abi, n = 9. Red *, Abi versus BCA + Abi; green *, BCA versus BCA + Abi.

*p < 0.05; **p < 0.01. Student’s t test. Results are presented as mean ± SD. Experiments were performed at least three times independently.

See also Figure S6.
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Figure 6. Daidzein enhances the clinical efficacy of abiraterone

(A) Daidzein regulated Abi metabolism in VCaP cells. Abi, 10 nM; BCA and its derivatives, 1 mM.

(B) Daidzein regulated Abi metabolism in Huh7 cells. Abi, 100 nM; BCA and its derivatives, 1 mM.

(C) Patients with detectable plasma daidzein had a higher concentration and relative percentage of plasma abiraterone. Group I, n = 20; group II, n = 12.

(D) Progression-free survival of patients with or without detectable plasma daidzein. Significance was calculated using the Gehan-Breslow-Wilcoxon test.

(E) Maximum PSA reduction after daidzein treatment in 9 patients with abiraterone resistance.

(F) PSA change in 2 patients before and after daidzein treatment.

*p < 0.05. Student’s t test. Results are presented as mean ± SD. Experiments were performed at least three times independently.

See also Tables S3 and S4.
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antagonist. However, 3bHSD1 activity facilitated the generation

and accumulation of intracellular DHT to compete with enzaluta-

mide. As a next generation of AR antagonist, enzalutamide still

has weaker affinity for ARs than that of endogenous androgens.

Potent 3bHSD1-mediated steroidogenesis has also been

observed in patients with abiraterone resistance: biopsy sam-

ples collected from a patient with resistance showed recovered

3bHSD1 activity.10 These results all support the importance of

the androgen-AR axis after abiraterone or enzalutamide resis-

tance.9,50 Notably, long-term treatment of enzalutamide resulted

in an increase of 3bHSD1 activity in VCaP cells, which also ex-

press ARv7, indicating the co-existence of multiple resistant

mechanisms.

Persistent efforts have been made to discover inhibitors of

3bHSD1 for the management of multiple diseases.23,40,51,52

Trilostane is a well-known 3bHSD1 inhibitor, but it activates
AR directly.53,54 D4A, a metabolite of abiraterone, potently in-

hibits 3bHSD1.44 However, its clinical application is limited

due to its rapid conversion to 5a-Abi.33 Here, we showed

that BCA is a potent non-steroidal 3bHSD1 inhibitor. The

plasma concentration of daidzein, a derivative of BCA that

less potently inhibits 3bHSD1, was associated with higher

plasma abiraterone. Plasma concentrations of genistein and

daidzein, originating from the daily diet, have been reported

to be inversely correlated with the risk of prostate cancer in

Japanese patients.55 In our abiraterone-resistant patients,

daidzein halted PSA increases in 5 patients and resulted in a

maximum PSA reduction of more than 50% in 2 patients,

highlighting the potential clinical application of BCA as a

3bHSD1 inhibitor. Previous investigations in rats found that

BCA has low bioavailability (�4%) and is rapidly converted

to genistein, which would hinder the efficacy of BCA in
Cell Reports Medicine 3, 100608, May 17, 2022 11



Figure 7. Schema of 3bHSD1 and BCA function in prostate cancer

The steroidogenic enzyme 3bHSD1 facilitates DHT generation fromDHEA to impair the function of enzalutamide. 3bHSD1 also promotes abirateronemetabolism

to accelerate drug clearance. BCA inhibits 3bHSD1 to overcome resistance to enzalutamide and abiraterone.
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clinic.56,57 Consequently, structural modification of BCA or a

novel drug delivery system may be needed to improve the

function of BCA in clinic.

In summary, we demonstrate that 3bHSD1 is essential in the

development of resistance to abiraterone and enzalutamide.

By targeting 3bHSD1, BCA and its derivatives inhibit prostate

cancer development by simultaneous regulation of androgen

and drug metabolism (Figure 7).
Limitations of the study
There are several limitations of this study. The major limitations

were small sample size and patient selection (only Chinese pa-

tients were recruited for this investigation). Daidzein is used for

the clinical research, and BCA, as the most potent 3bHSD1 in-

hibitor, is not available in clinic.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-AR Santa Cruz Biotechnology Cat#sc-7305

mouse anti-3bHSD1 Abcam Cat#ab55268

mouse anti-FLAG Sigma Cat#F1804

rabbit anti-b-actin Abclonal Cat#AC026

mouse anti-Lamin B1 Proteintech Cat#66095

mouse anti-Tubulin Proteintech Cat#66031

Daidzein MedChem Express Cat#HY-N0019; Cas#486-66-8

Bacterial and virus strains

DH5a TransGen Biotech Cat#P1050425

BL21 TIANGEN Cat#CB105

BL21 (DE3) TIANGEN Cat#CB108

Biological samples

Patient plasma Tongji Hospital (Shanghai) Tables S1–S4

Patient biopsies Tongji Hospital (Shanghai) Hou et al., 202110

Chemicals, peptides, and recombinant proteins

RPMI-1640 Medium, with L-glutamine and

sodium bicarbonate

Sigma-Aldrich Cat#R8758

RPMI-1640 Medium, without L-glutamine

and phenol red

Sigma-Aldrich Cat#R7509

DMEM - high glucose Sigma-Aldrich Cat#D7777

DMEM, without glucose, L-glutamine,

phenol red, sodium pyruvate and sodium

bicarbonate

Sigma-Aldrich Cat#D5030

IMDM Sigma-Aldrich Cat#I3390

IMDM, without Gentamicin Sulfate and

phenol red

Sigma-Aldrich Cat#A10488

Trypsin-EDTA solution Sigma-Aldrich Cat#T4049

Fetal Bovine Serum Lonsera Cat#S711-001S

Charcoal stripped FBS Lonsera Cat#S883811

L-Glutamine solution Sigma-Aldrich Cat#G7513

Sodium pyruvate Sigma-Aldrich Cat#11360070

Lipofectamine 3000 Invitrogen Cat#L3000-015

Lipofectamine RNAiMAX Invitrogen Cat#13778150

Puromycin GIBCO Cat#A1113802

G418, Geneticin GIBCO Cat#10131035

Pregnenolone Steraloids Inc. Cat#Q5500-000; Cas#145-13-1

Progesterone Steraloids Inc Cat#Q2600-000; Cas#57-83-0

Doxycycline hyclate Sigma-Aldrich Cat#10592-13-9

Polyethylenimine Sigma-Aldrich Cat#408727

Dihydrotestosterone (DHT) MedChem Express Cas#521-18-6; Cas#521-18-6

Dehydroepiandrosterone (DHEA) Steraloids Inc Cat#A8500-000; Cas#53-43-0

Biochanin A(BCA) MedChem Express Cat#HY-14595; Cas#491-80-5

Corylin MedChem Express Cat#HY-N0236; Cas#53947-92-5

Enzalutimide Shanghai Forever Synthesis Co Cas#915087-33-1

Abiraterone Shanghai Forever Synthesis Co Cas#154229-19-3

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cortisol Steraloids Inc Cas#50-23-7

R1881 Meilunbio Cas#965-93-5

D4A Shanghai Forever Synthesis Co N/A

Protease inhibitor cocktails MedChem Express Cat#HY-K0011

Poly-DL-ornithine Sigma-Aldrich Cat#P3655-1G

Pregnenolone pellets EZBioscience N/A

DHEA pellets EZBioscience N/A

Ethyl alcohol Thermo Fisher Scientific Cat#AC 615095000

Corning� Matrigel� Basement Membrane

Matrix, *LDEV-Free

BD biocoat (Corning) Cat#354234

[3H]-DHEA PerkinElmer NET 814001MC

[3H]-AD PerkinElmer NET 926005MC

[3H]-Pregnenolone PerkinElmer NET 039001MC

[3H]-R1881 PerkinElmer NET 590250VC

[3H]-Progesterone PerkinElmer NET 381

Methanol Thermo Fisher Scientific Cat#A454K4

Ethyl acetate Sigma-Aldrich Cat#34858-4L

Iso octane Thermo Fisher Scientific Cat#03014

Liquiscint scintillation cocktail Thermo Fisher Scientific Cat#5089990170

Tert-butyl methyl ether Thermo Fisher Scientific Cat#AC 389050025

TRIzol reagent Thermo Fisher Scientific Cat#15596026

G418 Thermo Fisher Cat#10131035

Puromycin Invitrogen-Gibco Cat#A1113803

Matrigel Corning Cat#354234

Critical commercial assays

Cell Counting Kit-8 Beyotime Cat#C0038

Cell to cDNA Kit EZBioscience Cat#B0003

2x SYBR Green qPCR master mix EZBioscience Cat#A0001-R2

Pierce BCA Protein Assay Kit Thermal Fisher Scientific Cat#23225

Pierce ECL Western Blotting Substrate Thermal Fisher Scientific Cat#32209

KOD Hot Start DNA Polymerase Merck Cat#71086-3

Glo Lysis Buffer, 1X Promega Cat#E266A

Bright-GloTM Luciferase Assay System Promega Cat#E2160

VAHTSTMmRNA-seq V3 Library Prep Kit for

Illumina

Vazyme Cat#NR611

VAHTSTM RNA Adapters set3 - set6 for

Illumina

Vazyme Cat#N809/N810/N811/N812

HiScript II Q RT SuperMix for qPCR (+gDNA

wiper)

Vazyme Cat#R223-01

ClonExpress II One Step Cloning Kit Vazyme Cat#C112-01

Deposited data

Raw sequencing data This paper OEP000587

Experimental models: Cell lines

LNCaP ATCC CRL-1740

VCaP Dr. Jun Qin (SINH, China) N/A

C4-2 ATCC CRL-3314

LAPC4 Dr. Charles Sawyers (MSKCC, USA) N/A

PC3 ATCC CRL-1435

DU145 ATCC HTB-81

(Continued on next page)
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HEK293T ATCC CRL-3216

HEK293 ATCC CRL-1573

Huh7 Cell Bank/Stem Cell bank, CAS N/A

HepG2 Dr. Lijian Hui (SIBCB, Shanghai, China) N/A

VCaP-Ctr This paper N/A

VCaP-Enz This paper N/A

LNCaP-Ctr This paper N/A

LNCaP-Enz-1uM This paper N/A

LNCaP-Enz-10uM This paper N/A

Huh7-Ctr This paper N/A

Huh7-Abi This paper N/A

VCaP-pLVX-HSD3B1 This paper N/A

VCaP-CYP17A This paper N/A

Experimental models: Organisms/strains

Mouse: NOD/SCID Shanghai Lingchang Biotechnology N/A

Oligonucleotides

Primers for q-PCR or Clone Table S5 N/A

Recombinant DNA

pLVX-Tight-Puro (TetOn) Clonetech Cat#632162

pCDH-CMV-MCS-EF1-Puro Biofeng Cat#CD500B

Software and algorithms

FastQC v0.11.7 Babraham Bioinformatics Institute https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Trimmomatic v0.36-5 Bolger et al., 201417 http://www.usadellab.org/cms/?

page=trimmomatic

HISAT2 v2.2.1.0 Pertea et al., 201618 http://ccb.jhu.edu/software/hisat2/index.

shtml

Samtools Li et al., 200919 http://samtools.sourceforge.net/

HTSeq v.0.11.1 Anders et al., 201520 https://htseq.readthedocs.io/en/release_0.

9.1/

R v3.4.1 R Core Team https://www.r-project.org/

R Studio RStudio Team https://www.rstudio.com/

DESeq2 v1.24.0 Love et al., 201421 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Gene Set Enrichment Analysis v3.0 Subramanian et al., 200522 https://www.gsea-msigdb.org/gsea/index.

jsp
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Lead contact
Further information and request for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Dr. Zhenfei

Li (zhenfei.li@sibcb.ac.cn).

Materials availability
The plasmids, antibodies, stable cell lines and chemical compounds generated in this study have not been deposited to any repos-

itories yet, however, these materials would be available from the Lead Contact without restriction.

Data and code availability
All RNA-seq data generated during this study have been deposited in the National Omics Data Encyclopedia/NODE (https://www.

biosino.org/node) under the accession number OEP000587. This paper does not report original code. Any additional information

required to reanalyze the data reported in this work paper is available from the Lead Contact upon request.
Cell Reports Medicine 3, 100608, May 17, 2022 e3

mailto:zhenfei.li@sibcb.ac.cn
https://www.biosino.org/node
https://www.biosino.org/node
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
http://ccb.jhu.edu/software/hisat2/index.shtml
http://ccb.jhu.edu/software/hisat2/index.shtml
http://samtools.sourceforge.net/
https://htseq.readthedocs.io/en/release_0.9.1/
https://htseq.readthedocs.io/en/release_0.9.1/
https://www.r-project.org/
https://www.rstudio.com/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp


Article
ll

OPEN ACCESS
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient recruitment
Plasma samples were collected from four different patient cohorts. All patients provided written informed consent, and all

studies were approved by the local institutional review board. For each group, plasma samples were collected 3 h after abir-

aterone administration, according to the pharmacokinetics of abiraterone metabolism.34 Plasma concentrations of abiraterone

and its metabolites were determined with liquid chromatography-tandem mass spectrometry (LC-MS) as described

previously.58 The percentage of each metabolite was calculated as follows: metabolite/ (abiraterone + abiraterone

metabolites) 3 100%.

One group (n = 11) consisted of patients with CRPC undergoing abiraterone treatment (abiraterone, 1000 mg/day; prednisone, 5

BID) at Tongji Hospital (Shanghai, China) per a protocol approved by the institutional review board (ID: 2018009) (Table S1). Abira-

terone resistance was determined based on the Prostate Cancer Working Group (PCWG) 2 guidelines.59 Sequential plasma samples

were collected from 11 mCRPC patients to trace alterations in abiraterone metabolism as disease progressed. A decrease of more

than 25% from the abiraterone peak concentration, which was confirmed by a second value 3 or more weeks later, was recognized

as a decline in plasma abiraterone concentration.

The second cohort consisted of patients (n = 19) who were enrolled and completed treatment in a single-arm, non-randomized

clinical trial (ChiCTR1800015510; ID: 2018-LCYJ-003) investigating the clinical efficacy and limitations of dutasteride-regulated abir-

aterone metabolism in abiraterone-resistant patients with mCRPC (Table S2). Patients were treated with dutasteride (0.5 mg/day),

abiraterone (1000 mg/day) and prednisone (5 mg twice daily). The primary outcome was progression-free survival as assessed by

PSA level (PSA-PFS). Twenty-two patients (median age, 75 years) were enrolled, and 19 patients completed the treatment with a

median follow-up of 4.0 months (3-18 months).

In the third cohort, plasma samples were collected from mCRPC patients (n = 32) receiving abiraterone treatment for at least

3 months at Tongji Hospital Shanghai from November 2017 to May 2019 (ID: 2018009) (Table S3). The plasma concentration of abir-

aterone and daidzein was determined with LC-MS.

Lastly, a single arm, non-blinded clinic trial (ChiCTR2000034019; ID: 2019080; Table S4) in June 2020 started enrollment of patients

with abiraterone-resistant metastatic CRPC (mCRPC) to evaluate the safety and clinical efficacy of the combination of abiraterone

and daidzein. Signed informed consents were collected. Patients were treated with daidzein (50 mg Bid), abiraterone (1000 mg/day),

and prednisone (5 mg twice daily).

Mouse xenograft studies
MaleB-NDG� (B-NDG)mice (B: Biocytogen; N: NODbackground; D: DNAPK (Prkdc) null; G: IL2rgknockout) mice (aged 4 to 6weeks)

were obtained from Beijing Biocytogen. All mouse studies were conducted under a protocol approved by the Institutional Animal

Care and Use Committee. Cells (1 3 107 cells) were implanted subcutaneously into the right flank of the intact mice with Matrigel

(Corning, #354234). Mice were castrated and implanted with DHEA sustained-released pellets (EZBioscience, China) and randomly

assigned into different groups when the xenografts reached approximately 200 mm3 (length 3 width 3 width 3 0.5). Stratified

randomization was applied. Mice were first separated into different groups, according to the tumor size. Groups were then randomly

assigned with different treatments. Tumor growth was measured every 2-3 days with a caliper. Student t test was used for signifi-

cance calculation. *, p < 0.05; **, p < 0.01.

Xenograft tissues harvested from mice at the endpoint were homogenized in 1x RIPA buffer containing 10 mMMG132 and EDTA-

free protease inhibitor cocktail via OMNI Bead Ruptor Elite (OMNI international, USA). The homogenate were further clarified by son-

ication and centrifugation before ready for western blot detection.

Cell lines
LNCaP and HEK 293T cells were purchased from the American Type Culture Collection (Manassas, VA) and maintained in

RPMI-1640 (LNCaP) or DMEM (HEK 293T) with 10% FBS (ExCell Bio, China). VCaP was kindly provided by Dr. Jun Qin

(SINH, Shanghai, China). Huh7 were purchased from Cell Bank/Stem Cell bank, the Chinese Academy of Sciences.

HePG2 cells was kindly provided by Lijian Hui (SIBCB, CAS). All experiments with LNCaP and VCaP were done in plates

coated with poly-DL-ornithine (Sigma-Aldrich, St. Louis, MO). Cell lines were authenticated by Hybribio (Guangzhou, China)

and determined to be mycoplasma free with primers 50-GGGAGCAAACAGGATTAGATACCCT-30 and 50-TGCACCATCTGT

CACTCTGTTAACCTC-30. The following primary antibodies were used: anti-3bHSD1 (Abcam, #ab55268) and anti-b-actin

(ABclonal, #AC026).

VCaP cells were treated with ethanol or 1 mMEnz for 3 months to generate VCaP-Ctr and VCaP-Enz cells, respectively. VCaP cells

were abruptly exposed to medium containing 1 mM Enz. LNCaP cells were treated with ethanol, 1 mM Enz, and 10 mM Enz for one

month to generate LNCaP-Ctr, LNCaP-1 mM, and LNCaP-10 mM Enz cells.
e4 Cell Reports Medicine 3, 100608, May 17, 2022
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Metabolism in cell line, biopsies, and mouse
For cell line metabolism, cells were treated with Abi (10 nM for LNCaP or 100 nM for Huh7 and HepG2) and BCA (1 mM) at 37 �C.
Medium were collected at the indicated time and analyzed by LC-MS. Results represented the mean and sd value from one repre-

sentative experiment. Experiments were performed in biology triplicate and repeated at least three times independently.

For biopsy tissue metabolism in Figure 1H, nine biopsy samples were collected from four patients with localized prostate cancer

and cultured ex vivo transiently as previously reported.10 Each biopsy was divided equally to two part. One was treat with 10 mM

enzalutamide +100 nM DHEA ex vivo for one week and the other with ethanol with 100 nM DHEA. Then, biopsy samples were all

treated with [3H]-DHEA for steroidogenesis analysis. For biopsy tissue metabolism in Figure 5B, biopsy samples were collected

from four patients with localized prostate cancer (three biopsy tissues/patient) with signed consent following a protocol approved

by the institutional review board. Each biopsy tissue was divided equally with the same weight into two groups. One group was

treated with 100 nM Abi and the other was treated with 100 nM Abi +1 mM BCA. Medium was collected after incubation for the indi-

cated time and analyzed by LC-MS. The collection of biopsy samples met relevant ethical standards and was approved by the Ethics

Committee of Tongji Hospital. All patients signed informed consent form.

For Abi metabolism inmouse,micewere randomly divided into two groups, Abi acetate (n = 5mice, 0.5mmol/kg) and Abi acetate +

BCA (n = 4 mice; Abi, 0.5 mmol/kg; BCA, 50 mg/kg) were administrated through intraperitoneal injection. Plasma samples were

collected from orbital veins at the indicated time and analyzed by LC-MS.

Mass spectrometry
A liquid chromatography-mass spectrometry (LC-MS) method was established to detect all 8 abiraterone metabolites and daidzein

at the same time.58 The extract of plasma samples were analyzed on a high-performance liquid chromatography station (Agilent,

Santa Clara, CA) equipped with G4204A pumps, a G1367E auto-sampler, a G1316A column oven and a triple quadrupole 6490 (Agi-

lent, Santa Clara, CA). Separation of drug metabolites was achieved using an Eclipse plus C18 RRHD analytical column

3.0 mm3 50 mm, 1.8 mM (Agilent, Santa Clara, CA) at 40�C with an isocratic mobile phase consisting of 70% buffer A (0.1% formic

acid in methanol: water, 60:40) and 30% buffer B (0.1% formic acid in acetonitrile: water, 60:40), at a flow rate of 0.2 mL/min. The

injection volume was 10 mL and sample injection was performed with the auto-sampler. Androgen was ionized using electrospray

ionization in positive ion mode (ESI). The temperature of the drying gas in the ionization source was 225�C. The gas flow was 12

L/min, the nebulizer pressure was 35 psi, and the capillary voltage was 4000 V (positive) and 3000 V (negative). The analytes were

quantified using multiple reaction monitoring with the mass transitions and parameters for each compound. Methanol and water

were of LC-MS grade and all reagents were obtained from Thermo Fisher Scientific.

HPLC
High-performance liquid chromatography (HPLC) was performed as previously described (36). Briefly, cells were seeded and incu-

bated in 24-well plate for �24 h and then treated with the indicated drugs and [3H]-labeled steroids (�1,000,000 cpm/well;

PerkinElmer, Waltham, MA) at 37 �C. Aliquots of medium were collected and treated with b-glucuronidase (Novoprotein Scientific

Inc, China) at 37 �C for 2h, extracted with ethyl acetate: isooctane (1:1), and dried in a freeze dryer (Martin Christ Gefriertrocknung-

sanlagen, Germany). Dried samples were reconstituted in 100 mL of 50% methanol and injected into the HPLC. Metabolites were

separated on CORTECS C18 reverse-phase column (Waters, Ireland), using a methanol/water gradient at 40 �C. The column effluent

was analyzed using b-RAM model 3 in-line radioactivity detector (LABLOGIC, USA). Results showed the mean and standard devi-

ation (sd) value from one representative experiment. All HPLC studies were run in duplicate and repeated at least three times in in-

dependent experiments.

Gene expression assay
Cells were starved for at least 48 h with phenol red-free and 10% Charcoal stripped serum (Lonsera, China) and treated with DHEA,

DHT, or pregnenolone (Steraloids Inc., US) or other drugs. Cell to cDNA Kit (EZBioscience, China) was used for cDNA synthesis

directly from cells. Quantitative PCR (qPCR) experiment was conducted in Bio-Rad CFX96 (Bio-Rad), using EZBioscience 23

SYBRGreen qPCRmastermix (EZBioscience, China). The primers for qPCRhave been showed in Table S5 and have been described

in a previous study.60 Results were presented as the mean and sd value from one representative experiment. All gene expression

assays were performed in technical duplication and repeated at least three times in independent experiments.

AR competition assay
200,000 cells were seeded in 24-well plate and starved with phenol red-free medium and 5% CSS for 48 h. Cells were treated with

1nM [3H] R1881 and other steroids at indicated concentrations for 30 min. Intracellular radioactivity was measured with Tri-Carb�
5110TR Low Activity Liquid Scintillation Analyzer (PerkinElmer, Waltham, MA, USA) and protein concentration was detected by a

microplate reader (BioTeK, Winooski, VT, US) at 562nm absorbance.
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RNA-seq
Total RNA of each sample was extracted by TRIzol reagent (Invitrogen, Waltham, MA). VAHTSTMmRNA-seq V3 Library Prep Kit for

Illumina (NR611) was used for library construction, following the manufacturer’s instructions. In brief, 1000 ng of total RNA was used

for purification and fragmentation of mRNA. Purified mRNA underwent first and second strand cDNA synthesis. cDNA was ligated to

sequencing adapters (VAHTSTM RNA Adapters set3 - set6 for Illumina, N809/N810/N811/N812), and amplified by PCR (using 12

cycles). Final libraries were evaluated by Qubit Fluorometer (Invitrogen, Waltham, MA) and BioAnalyzer (Agilent 2100). Next, the

sequencing was performed on HiSeq (PE150). The quality control of raw sequence data was evaluated by FastQC (v. 0.11.7), and

quality trimming and adapter clipping by Trimmomatic (v.0.36-5). Paired-end reads were aligned to the GRCh38.91 human reference

genome using hisat2 (v.2-2.1.0). The gene expression level was quantified by HTSeq (v.0.11.1). Normalization of counts was done

using the DESeq2 (v.1.24.0). Differential expression analyses were performed using DESeq2 based on the gene read count data.

Biology duplication were used for each treatment.

GSEA analysis and ChIP-seq analysis
The normalized counts were prepared for gene set enrichment analysis (GSEA). Gene set of ‘‘VCaP_DHT_UP.grp’’ was derived from

top 1000 upregulated genes (log2FoldChange > 1; FDR < 0.05) when induced by DHT in VCaP.

Genes were ranked by ‘‘Ratio_of_Classes,’’ and the permutation type was ‘‘gene set’’ and other sets using the GSEA default. The

thresholds for inclusion were p < 0.05 and q < 0.25. GSEA was performed using the JAVA program (http://software.broadinstitute.

org/gsea/downloads.jsp) and run in pre-ranked mode to identify enriched signatures. The GSEA plot, normalized enrichment score

and FDR and q values were derived from GSEA output.

ChIP-Seq genomic traces were generated using IGV for visualization. Data (normalized bigwig files) were downloaded from the

public database Cistrome, and the biological duplicate samples were combined and averaged.

Cell proliferation assay
Cells were starved for at least 48 h with phenol red-free and 10% Charcoal stripped serum (Lonsera, China) and then treated with

indicated drugs. Cell proliferation assay was performed with cell counting kit-8 (Beyotime, China), in accordance with the manufac-

turer’s instructions. Briefly, 20,000 cells/well dispensed in 100 mL aliquots were seeded in a 96-well plate. The viable cell count was

measured according to the manufacturer’s protocol. The absorbance was read at 450 and 600 nm, using a microplate reader

(BioTeK, US). The growth curve was calculated by Graphpad Prism 8.0 software (San Diego, CA, US). Results were represented

as the mean and SD value from one representative experiment. Experiments were performed in five replication and repeated at least

three times independently.

Pyrosequencing
DNA was extracted with QIAamp DNAMini Kit (QIAGEN) and pyrosequencing was performed by Genergy Biotechnology (Shanghai,

China). Briefly, genomic DNA of VCaP was treated with bisulfite conversion using Qiagen EpiTect� Bisulfite Kit (QIAGEN). Primers

selectively amplified either methylated or unmethylated DNA were used. PCR products were sequenced on PyroMark Q96 ID

(QIAGEN).

QUANTIFICATION AND STATISTICAL ANALYSIS

The percentage of each metabolite was calculated as follows: metabolite/ (abiraterone + abiraterone metabolites) 3 100% in Fig-

ures 2, 3, and 6. Statistical analyses between groups were performed using the Student’s t-test. Gehan-Breslow-Wilcoxon test

was used to calculate the p value for PSA biochemical recurrence. *, p < 0.05; **, p < 0.01. All analyses were performed using

GraphPad Prism� 8.0 software. Data represent mean ± SD, unless indicated specifically. There were nomethod were used to deter-

mine whether the data met assumptions of the statistical approach.
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