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In brief

Hou et al. identify that progesterone of
different levels exerted oncogenic effects
in prostate cancer cells via different
mechanisms. Strategies targeting
3BHSD1 inhibit the transient and chronic
oncogenic effects of progesterone.
Serum progesterone is also found to be a
potential predictive biomarker for
abiraterone response.
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SUMMARY

Prostate cancer continuously progresses following deprivation of circulating androgens originating from the
testis and adrenal glands, indicating the existence of oncometabolites beyond androgens. In this study,
mass-spectrometry-based screening of clinical specimens and a retrospective analysis on the clinical
data of prostate cancer patients indicate the potential oncogenic effects of progesterone in patients. High
doses of progesterone activate canonical and non-canonical androgen receptor (AR) target genes. Physio-
logical levels of progesterone facilitate cell proliferation via GATAZ2. Inhibitors of 33-hydroxysteroid dehydro-
genase 1 (3BHSD1) has been discovered and shown to suppress the generation of progesterone, eliminating
its transient and accumulating oncogenic effects. An increase in progesterone is associated with poor clinical
outcomes in patients and may be used as a predictive biomarker. Overall, we demonstrate that progesterone
acts as an oncogenic hormone in prostate cancer, and strategies to eliminate its oncogenic effects may

benefit prostate cancer patients.

INTRODUCTION

The progression of prostate cancer is reliant on androgens.'
Testosterone synthesized from the testis is a major oncogenic
androgen in prostate cancer.® Androgen deprivation therapy
(ADT) significantly reduces the levels of circulating testosterone
to castration levels.” Consequently, dehydroepiandrosterone
(DHEA), the adrenal androgen precursor, is utilized by prostate
cancer cells for the synthesis of dihydrotestosterone (DHT).?
Abiraterone inhibits the steroidogenic enzyme cytochrome
P450 17A1 (CYP17A1) to suppress the generation of DHEA.®
The combination of ADT and abiraterone leads to an
androgen-deficient environment in patients. However, disease
progression is inevitable, and prostate cancer cells might utilize
alternative oncometabolites to fuel proliferation.

Multiple mechanisms have been proposed to explain this inex-
orable disease progression, including androgen-independent
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AR-v7 and neuroendocrine prostate cancer cells.”® Accumu-
lating evidence also supports the existence of other oncometa-
bolites in prostate cancer. AR mutations and the glucocorticoid
receptor (GR) facilitate the affinity of prostate cancer cells for
steroids beyond androgens.’® > The AR T878A mutant found
in LNCaP cells has expanded substrates, and the AR L702H
and T878A mutant found in MDA PCa2b cells responds to
corticosteroids.' "' Steroids share the common cyclopentano-
phenanthrene four-ring structure with androgens, and might
exert an oncogenic effect on prostate cancer, dependent or
independent on AR."% """ However, these effects are overshad-
owed by the potent function of androgens, and patients
receiving a combination therapy of ADT and abiraterone could
provide a unique model to discover novel oncometabolites.
Improvements in mass spectrometry (MS) also increase the
possibility of identifying novel oncometabolites, even with limited
patient specimens.
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Figure 1. The transient oncogenic effects of progesterone via the AR

(A) Alterations of plasma metabolites in prostate cancer patients after abiraterone treatment. Paired plasma samples were collected from 10 patients before and
after abiraterone treatment for mass spectrometry (MS) analysis. Circle, metabolites with determined structure; triangle, metabolites with undetermined
structure; square, abiraterone metabolites; Prog, progesterone; AD, androstenedione. Each data point represents the mean alteration of one metabolite in these
10 paired samples.

(B) Alterations in endocrine-hormone-related laboratory indices in patients after abiraterone treatment. Details on laboratory indices are shown in Figure S1C.
(C) Plasma progesterone levels in benign patients (n = 135) and prostate cancer patients receiving abiraterone treatment (n = 47). Paired Student’s t test.

(D) CRPC patients with high levels of plasma progesterone had a less potent PSA reduction after abiraterone treatment. Fisher’s exact test.

(E) CRPC patients with high levels of plasma progesterone had a shorter abiraterone treatment duration. Disease progression was determined by PSA according
to PCWG2 guidelines. Log rank test. Patients were grouped based on their plasma progesterone concentrations at the endpoint (D and E).

(F) Effects of progesterone on cell proliferation. Different prostate cancer cell lines were used for the cell proliferation assay.

(G) Gene set enrichment analysis (GSEA) on androgen response of MSigDB hallmark set in progesterone-treated VCaP cells. Progesterone (100 nM) was used to
treat VCaP cells before RNA sequencing (RNA-seq) assay. Biological replicate, n = 3.

(H) AR abundance in different cell lines. LAPC4-ARYT, LAPC4 cells expressing the doxycycline (Dox, 1 pg/mL) induced wild-type AR.

(I) Effects of progesterone in the LAPC4-AR"T cells on AR target gene expression.

(legend continued on next page)

2 Cell Reports Medicine 3, 100561, March 15, 2022



Cell Reports Medicine

Inthis study, we performed an MS-based metabolite screening
of plasma samples from patients receiving ADT and abiraterone
treatment. Clinical information was evaluated to identify novel
oncometabolites. We also investigated the functional mecha-
nisms and potential clinical applications of the identified
oncometabolites.

RESULTS

Screening of potential oncometabolites
To identify novel oncometabolites driving disease progres-
sion, paired plasma samples were collected from 10 patients,
before and after abiraterone treatment, and screened via
ultrahigh-performance chromatography (UHPLC)-MS (Table
S1). Untargeted metabolomics analysis (5,531 metabolites
detected) and targeted simultaneous quantification of lipido-
mic and sterol metabolites (1,094 metabolites detected)
were performed. Among the total 6,625 metabolites, proges-
terone was one of the most increased metabolites and
androstenedione (AD) had the greatest decrease, following
abiraterone treatment (Figure 1A). Further analysis of the
alterations in sterol levels in patient samples, determined by
a UHPLC-tandem MS (MS/MS) system in multiple-reaction
monitoring mode with a quantitative sensitivity well above
previous reports, revealed that most of the metabolites
involved in progesterone metabolism changed significantly
after abiraterone treatment (Figures S1A and S1B)."*'®
Clinical data from patients (N = 73) receiving ADT and abirater-
one treatment between August 2016 and April 2020 at the
Shanghai Tongji Hospital, including endocrine-hormone-related
laboratory indices and treatment response, were also evaluated
to identify potential oncogenic hormones (Table S2). Baseline
data were from the beginning of abiraterone treatment and the
endpoint of observation was either the date of disease progres-
sion or April of 2020. Among the 17 hormone-related laboratory
indices, progesterone was the most significantly increased
metabolite, following abiraterone treatment (Figures 1B, 1C,
and S1C). The increase in plasma progesterone was observed
in both castration-resistant prostate cancer (CRPC) patients
and hormone-sensitive prostate cancer (HSPC) patients (Fig-
ure S1D). Patients with a higher plasma progesterone concentra-
tion at the endpoint showed poor clinical outcomes, including a
less potent prostate-specific antigen (PSA) reduction and
shorter treatment duration (Figures S1E and S1F). To exclude a
potential disturbance in ADT, the correlation between plasma
progesterone concentration and treatment response was further
analyzed in CRPC patients only (Table S3). CRPC patients with
higher plasma concentrations of progesterone at the endpoint
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also exhibited a less potent PSA reduction and earlier disease
progression (Figures 1D and 1E). Together, these data corrobo-
rate previous findings that progesterone is important for prostate
cancer and indicate that progesterone is a potential oncogenic
hormone in prostate cancer.'”'®

Canonical AR signaling regulated by progesterone
To investigate the oncogenic effects of progesterone, different
prostate cancer cell lines were treated with progesterone for
the cell proliferation assay. Phenol red-free medium plus 5%
charcoal-stripped serum (CSS) was used for cell proliferation
assay and progesterone promoted cell growth in AR-positive
cell lines (LNCaP and VCaP) but not in AR-negative cell lines
(PC3 and DU145) (Figure 1F). In LNCaP and VCaP cells, proges-
terone activated the expression of AR target genes, which were
inhibited by the AR antagonist enzalutamide (Figures S2A and
S2B)."%2° Transcriptome analysis of VCaP cells confirmed the
activation of AR signaling after progesterone treatment (Fig-
ure 1G). Progesterone receptor (PR) was detectable in VCaP
cells but not in other prostate cancer cell lines (Figure S2C).
Knockdown of PR in VCaP cells resulted in limited effects on
cell proliferation in VCaP cells (Figures S2D and S2E). These
results demonstrate that the progesterone-induced cell
proliferation in LNCaP and VCaP cells is dependent on AR but
not PR. Due to the limited abundance of AR in LAPC4 cells,
progesterone had no effect on the proliferation of LAPC4 cells
(Figure 1F). A stable cell line was established in LAPC4 cells
with doxycycline (Dox)-induced AR expression (LAPC4-AR")
(Figure 1H). The addition of Dox induced AR but not PR expres-
sion in LAPC4-AR"T cells (Figure S2F). Progesterone activated
AR signaling in LAPC4-AR™T cells only when Dox was added
(Figure 11). Together, these data consistently demonstrate that
progesterone exerts its oncogenic effects via the AR."”"'8
Progesterone also increased AR abundance and facilitated AR
nuclear accumulation (Figures S2G-S2I). These effects were
more obvious in LNCaP cells, indicating that the AR genotype
is essential for the function of progesterone. Plasmids express-
ing different AR mutants were used to generate stable cell lines
in PC3 cells for competition assays. Progesterone showed a
high affinity for ART®"8* (with broadened ligands) and ARM875Y
(resistant to bicalutamide; sensitive to darolutamide),”’ but a
low affinity for AR"742- (activated by bicalutamide)®® and
ARM780T (Eigure 1J). A PSA-luciferase reporter was then used
to evaluate the oncogenic effects of progesterone. Progesterone
significantly activated AR™78* and AR™875Y but not ARV"#2- and
ARM780T i the reporter system (Figures S2J and S2K). Thus, pro-
gesterone activated AR signaling and promoted cell proliferation
in LAPC4 cell lines stably expressing Dox-induced AR™®A or

(J) Affinity of progesterone to different AR mutants. The PC3 stable cell lines expressing wild-type AR or different AR mutants were used for competition assays.
Progesterone was used to compete 1 nM [BH]-R1881 to bind to AR. Biological replicate, n = 3.
(K) Progesterone-activated AR™7°Y and ART"®A-mediated AR signaling. LAPC4 cells consistently expressing AR"87%Y or ART87%A were treated with 100 nM

progesterone.

(L) Progesterone promoted AR™87%Y- and ART®7®A-mediated cell proliferation. LAPC4 cells consistently expressing AR"87%Y or ART®78A were treated with

progesterone and DHT for cell proliferation assays.

(M) Oncogenic effect of progesterone on the LAPC4-ARM875Y

xenografts. LAPC4 cells expressing inducible Al

RM875Y were used for xenograft assays. Proges-

terone was administered via 15-mg sustained-release pellets. Dox, 2 mg/mL in water. Each group had 10 mice. Results are represented as means + SD.
Experiments were performed at least three times independently. **p < 0.01; *p < 0.05 (see also Figures S1, S2A-S2K; Tables S1-S3).
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AR™875Y: these effects were not observed in cells expressing
ARW72L (Figures 1K and 1L). Xenografts generated from
LAPC4-ARM875Y cells grew more rapidly with progesterone
treatment (Figure 1M). Together, these data indicate that
patients with ART378A or ARM®73Y may be more sensitive to the
oncogenic effects of progesterone.

Non-canonical AR target genes regulated by
progesterone

Transcriptome analysis of VCaP cells revealed that progester-
one and DHT differentially regulated several pathways,
according to molecular signatures database (MSigDB)
hallmark gene set collection (Figure 2A; Table S4).%° Different
gene signatures have been developed to indicate the aggres-
siveness of prostate cancer, including the 31-gene signature
of cell cycle progression (CCP) and 157-gene signature of
Gleason grade.?*?® These signatures were both enriched after
progesterone treatment, but not DHT treatment, consistent
with previous observation (Figure 2B) .°° Notably, although
AR signaling was enriched after progesterone treatment in
VCaP cells, the most significant pathways upregulated by
progesterone were E2F, G2M, and MYC-related pathways,
which were suppressed by DHT. Enzalutamide suppressed
the function of progesterone on these pathways, indicating
the involvement of AR (Figures 2C and 2D). Thus, we recog-
nize these progesterone-activated but DHT-repressed genes
as non-canonical AR target genes. Gene expression profiling
interactive analysis (GEPIA) revealed that patients with active
expression of these non-canonical AR target genes had a
shorter treatment duration (Figure 2E).?” The regulation of
non-canonical AR target genes by progesterone was further
confirmed by quantitative PCR (gPCR) in VCaP cells (Fig-
ure 2F).?” However, knockdown of PR cannot consistently
deregulate the expression of non-canonical AR target genes
in VCaP cells (Figure S2L). Knockdown of these non-canonical
AR target genes suppressed the proliferation of VCaP cells
(Figure 2G). Together, these data demonstrate that progester-
one promotes prostate cancer progression via AR through
regulation of canonical and non-canonical target genes.

Oncogenic effects of progesterone at the physiological
level

The transient oncogenic effects of progesterone were observed
at a dose of 10-100 nM. Although the dosage was achievable in
patients after abiraterone treatment, most abiraterone-treated
patients (38 out of 47; 80.85%) obtained a plasma concentration
lower than 10 nM (Figure 1C). The correlation between plasma
progesterone concentrations and poor clinical outcomes

¢ CellP’ress
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indicated an oncogenic effect of progesterone at physiological
levels. Patients treated with abiraterone experienced long-term
stimulation from progesterone, which may result in irreversible
alterations in the transcriptome of cancer cells. Thus, LAPC4
cells, with limited response to the transient treatment of proges-
terone, were treated with 5 nM progesterone or ethanol for
6 months to generate Prog_cells and Ctrl_cells, respectively.
Prog_cells exhibited higher proliferation than Ctrl_cells, even
when treated with no additional steroids, including progesterone
(Figure 3A). Interestingly, transient treatment with progesterone
did not promote the growth of Prog_cells or Ctr_cells (Fig-
ure S3A). Transcriptome analysis revealed an activated estrogen
response pathway in Prog_cells, while the expression of AR,
estrogen receptor 1 (ESR1), and PR was not changed in the
Prog_cells (Figure 3B, 3C, S3B, and S3C). Knockdown of PR
showed no effect on cell proliferation in Prog_cells (Figure S3D).
These genes, which are involved in the estrogen response
pathway, were further analyzed using different databases (Fig-
ure 3D).?®?° Frequent amplification of these genes in prostate
cancer and increasing expression as the disease progresses
were discovered (Figures S3E and S3F). Higher expression of
these genes was correlated with worse clinical outcomes in
prostate cancer patients (Figure S3G). The active expression of
genes involved in the estrogen response pathway was further
confirmed by qPCR of Prog_cells (Figure 3E). Knockdown of
these genes suppressed cell proliferation (Figure 3F). Together,
these data suggest that the physiological levels of progesterone
have accumulating oncogenic effects in prostate cancer.
Transcriptional factors that mediate the accumulating onco-
genic effects of progesterone were investigated. Eighty-seven
leading-edge genes of the estrogen response pathway were
selected for potential transcriptional factor prediction using the
ChEA3 Website.®® The predicted transcriptional factors were
further evaluated based on the gene expression in Prog_cells
and survival correlation using GEPIA (Figure 3G). GATA2 was
the only qualified transcriptional factor identified after this bio-
informatic screening. Frequent gene amplification of GATA2
and a positive correlation with treatment failure were found in
prostate cancer (Figures S4A and S4B). A positive correlation
between GATA2 and genes involved in the estrogen response
pathway in gene expression was also observed (Figures S4C
and S4D). The increase of GATA2 in Prog-cells was further
confirmed at the mRNA and protein levels (Figures 3H and 3I).
The GATAZ inhibitor, K7174, inhibited the expression of genes
involved in the estrogen response pathway in Prog_cells (Fig-
ure 3J).°" The function of K7174 was more significant in
Prog_cells than in Ctrl_cells in regulating gene expression
(Figure 3K). K7174 also suppressed cell proliferation more

Figure 2. The non-canonical AR target genes regulated by progesterone

A) Heatmap of pathway analysis in VCaP cells. Gene set variation analysis (GSVA) was performed according to Hallmark GeneSet.

B) Enrichment of aggressiveness associated gene signatures in progesterone-treated VCaP cells.

C) Genes upregulated by progesterone but not DHT on VCaP cells. RNA-seq was performed in VCaP cells. Enz, enzalutamide, 1 uM; DHT, 1 nM; Prog, 100 nM.

E) Correlation between progesterone-regulated non-canonical AR target genes and poor clinical outcomes analyzed via GEPIA.
F) Regulation of the progesterone-activated non-canonical AR target genes in VCaP cells.
G) Effects of the progesterone-activated non-canonical AR target genes on cell proliferation in VCaP cells. Technical replicate (n = 2) for gPCR; biological

¢
(
(
(D) GSEA on the progesterone-regulated non-canonical AR target genes.
(
(
(

replicate (n = 5) for cell proliferation assay (see also Figure S2L; Table S4).
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dramatically in Prog_cells (Figure 3L). GATA2 was also knocked
down using different small interfering RNAs (siRNAs) (Fig-
ure S4E). The expression of genes involved in the estrogen
response pathway was impaired by GATA2 knockdown (Fig-
ure 3M). The effect of GATA2 knockdown on gene expression
and cell proliferation was more pronounced in Prog_cells (Fig-
ures 3N and 30). Transcriptome analysis also revealed that
siRNAs targeting GATA2 suppressed the estrogen response
pathway in Prog_cells (Figure 3P; Figures S4F and S4G).
Xenografts generated from the Prog_cells grew more rapidly
than xenografts generated from the Ctrl_cells. The GATA2
inhibitor K7174 specifically suppressed Prog_cell-generated
xenograft growth (Figure 3Q). Together, these data demonstrate
that GATA2 mediates the accumulating oncogenic effects of
progesterone and is a potential target for prostate cancer
treatment.

Targeting progesterone metabolism to halt the
oncogenic effects of progesterone

Suppressing the generation of progesterone provides a poten-
tial strategy to eliminate the transient and accumulating onco-
genic effects of progesterone. Pregnenolone, generated from
cholesterol, is converted to progesterone by 3p-hydroxysteroid
dehydrogenase 1/2 (3BHSD1/2).? Based on our knowledge of
steroidal metabolism, we hypothesized that progesterone is
converted to 5a-progesterone (5aP), 5B-progesterone (58P),
and the related downstream metabolites in patients (Fig-
ure 4A).>*73* Pregnenolone, progesterone, and 5aP were used
to treat LNCaP cells to confirm the progesterone metabolic
pathway (Figure S5A). [*H]-pregnenolone was used to treat
fresh patient prostate biopsy samples ex vivo. Pregnenolone
was actively converted to progesterone and 5aP in biopsy
samples (Figure 4B).*° The distribution of progesterone-related
metabolites was also investigated with plasma samples from
seven abiraterone-treated patients to show that pregnenolone,

¢ CellP’ress

OPEN ACCESS

progesterone, and 50P were the main metabolites found in
patients (Figure S5B). The function of these metabolites was
further investigated, and we found that most metabolites
activated AR signaling in LNCaP and VCaP cells (Figure 4C).
Pregnenolone, progesterone, and 5aP activated AR target
gene expression in a dose-dependent manner (Figure S5C).
The docking model indicated that pregnenolone, progesterone,
and 5aP bound to the ligand-binding domain of AR comparably
(Figure S5D).°%*” However, the 30-OH-A-5 structure of
pregnenolone is not an ideal ligand for the AR. Competition
assays were performed on LNCaP and VCaP cells using all
progesterone-related metabolites, and results showed that
progesterone and 5aP had the most potent affinity for the AR
(Figure S5E). Pregnenolone exhibited limited binding affinity
for wild-type AR and the AR™"®A mutant (Figure 4D). Thus,
the oncogenic function of pregnenolone might result from its
conversion to progesterone. This hypothesis was further
validated using mouse tissues. Mouse prostate tissue
showed no 3BHSD1/2 activity and converted no DHEA to
AD (Figure 4E).>° Prostate organoids generated from PbCre/+
Pten™1°* mice could not convert pregnenolone and DHEA
to downstream metabolites (Figure 4F).%*® Thus, pregnenolone
did not enhance the formation of prostate organoids as proges-
terone (Figure 4G). Pregnenolone was not capable of activating
AR signaling in the mouse prostate organoids (Figure 4H).
Together, these data indicate that inhibiting the conversion of
pregnenolone to progesterone is a potential strategy for
prostate cancer treatment.

The adrenal gland is not the only source for pregnenolone and
progesterone.®®*° The periprostatic adipose tissue might also
contribute steroids to prostate cancer cells through paracrine
mechanisms. Fresh periprostatic adipose tissues were collected
from seven prostate cancer patients receiving radical prostatec-
tomy and cultured in DMEM for 2 days. The secretion of adipose
tissues from three patients activated AR target genes in LNCaP

Figure 3. The accumulating oncogenic effects of progesterone via GATA2

(A) Enhanced proliferation potential in Prog_cells. Prog_cells, LAPC4 cells treated with 5 nM progesterone for more than 6 months. Ctrl_cells, LAPC4 cells treated
with ethanol for more than 6 months. No extra steroids, including progesterone, were added for the proliferation assay.

(B) Pathway enrichment in Prog_cells. Transcriptome analysis of Prog_cells (without transient progesterone stimulation) and Ctrl_cells was performed.

(C) GSEA of the estrogen response pathway in Prog_cells and Ctrl_cells.
(D) Heatmap of the estrogen response signature genes in Prog_cells.

(E) Expression levels of the estrogen response signature genes in Prog_cells. Gene expression was determined in Prog_cells and Ctrl_cells without transient

stimulation of progesterone.

(F) Effects of the estrogen response signature genes on Prog_cells proliferation. Cell proliferation assays were performed without extra steroids, including

progesterone.

(G) Schema of transcription factor screening. Potential transcription factors involved in the estrogen response pathway in Prog_cells were screened. TF, tran-

scription factor.

(H and I) GATA2 expression in Prog_cells. mRNA and protein levels of GATA2 in Prog_cells and Ctrl_cells were determined.

(J) Effect of a GATA2 inhibitor on the expression of estrogen response signature genes. The GATA2 inhibitor K7174 was used to treat Prog_cells for 24 h.
(K) Effects of the GATA2 inhibitor on gene expression in Prog_cells and Ctrl_cells.

(L) Effects of the GATA2 inhibitor on cell proliferation. Prog_cells and Ctrl_cells were treated with K7174 for cell proliferation assays.

(

(

(

(

M) Gene expression in Prog_cells after GATA2 knockdown.
N) Gene expression in Prog_cells and Ctrl_cells after GATA2 knockdown.
O) Cell proliferation in Prog_cells and Ctr_cells after GATA2 knockdown.

P) Heatmap of estrogen response signature genes after GATA2 knockdown in Prog_cells. GATA2 was knocked down using different siRNAs in Prog_cells before

transcriptome analysis.

(Q) Effect of the GATAZ2 inhibitor on xenograft growth. Xenografts were generated from Ctrl_cells and Prog_cells, respectively, and treated with K7174 (25 mg/kg).
Ten mice for every group. Results are represented as means + SD. Experiments were performed at least three times independently. Technical replicate (n = 2) for
qPCR; biological replicate (n = 5) for cell proliferation assay. *p < 0.05 (see also Figures S3 and S4).
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cells (Figure 4l). Significantly higher concentrations of pregneno-
lone were detected in the secretion of these AR-activating
adipocyte tissues (Figure 4J). These results indicate that the
effects of pregnenolone are not limited to abiraterone-treated
patients.

To inhibit the conversion of pregnenolone to progesterone,
steroidogenic enzyme 3BHSD1 is a promising target (Fig-
ure 4A).35 Currently, there is no 3BHSD1 inhibitor available in
clinic. To discover novel 3BHSD1 inhibitors, a virtual screening
was conducted with a previously reported spliced 3pHSD1
structure model.®”*" Corylin, a flavonoid reported to have anti-
inflammatory and anti-cancer activity at a high dose (>10 uM),
was found to be a potential candidate to bind to 3BHSD1 in
our virtual screening system.*? Coincidently, mouse 3pHsd3/
3BHsd5, with high similarity to human 3BHSD1, were pulled
down by a photo-crosslinking probe of corylin in our previous
work.*® Thus, the effect of corylin on human 3BHSD1 was tested.
Corylin inhibited the conversion of DHEA to AD dose depen-
dently (Figure 5A). Corylin derivatives were further screened,
and biochanin A (BCA) was identified as the most potent
3BHSD1 inhibitor (Figures 5B and 5C). To determine the potential
interaction between BCA and 3BHSD1, cellular thermal shift
assay (CETSA) was performed and BCA increased the thermal
stability of 3BHSD1, similar to DHEA (Figure 5D).** A BCA probe
was synthesized and its function in suppressing 3HSD1 activity
was confirmed (Figures 5E and 5F). Purified glutathione S-trans-
ferase (GST)-3BHSD1 was pulled down by this BCA probe
in vitro. The addition of DHEA or BCA interrupted the binding
of the BCA probe to GST-3BHSD1 (Figure 5G). Consistently,
the docking model with the spliced 3BHSD1 structure also
indicated that BCA competed with DHEA to bind to the substrate
recognition pocket of 3pHSD1 (Figure 5H).%” Essential amino
acids of 3BHSD1 involved in BCA binding were predicted
according to the docking results and mutated for enzyme
activity assays. The E126A mutant impaired BCA function
completely, indicating the important role of E126 in recognizing
BCA (Figure 5l). Together, these data demonstrate that BCA
directly and potently suppresses the activity of 3HSD1.

The specificity of BCA as a 3BHSD1 inhibitor in biological
functions was also evaluated. BCA specifically inhibited DHEA-
but not DHT-induced AR target gene expression (Figure 5J).
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Transcriptome analysis of VCaP cells revealed that AR target
genes were specifically regulated by BCA (Figures S5F-S5H).
BCA, alone at a dose of 1 uM, affected limited genes or no
pathways in VCaP, PC3, and LNCaP cells (Figures S6A and
S6B). Furthermore, BCA at a dose of less than 10 uM, had no
effect on the proliferation of AR-negative PC3 cells (Figure SE6C).
These data together support the specificity of BCA, at a dose of
less than 10 uM, as a 3BHSD1 inhibitor.

To determine the function of BCA in regulating progesterone
synthesis, a VCaP cell line stably expressing Dox-induced
3BHSD1 was treated with pregnenolone with or without BCA.
The conversion from pregnenolone to progesterone was
accelerated by 3BHSD1 overexpression but reduced by BCA
(Figure 5K). By suppressing the conversion of pregnenolone to
progesterone, BCA successfully suppressed pregnenolone-
induced gene expression and cell proliferation in VCaP and
LNCaP cells, but showed no effect on progesterone (Figures
5L-5N). Pregnenolone and progesterone facilitated the growth
of xenografts generated from C4-2 cells in castrated mice.
BCA successfully suppressed pregnenolone- but not progester-
one-sustained xenograft development (Figure 50). Together,
these data demonstrate that inhibiting the synthesis of
progesterone is a feasible strategy to halt the oncogenic effects
of progesterone.

Progesterone as a predictive biomarker for abiraterone
response

Based on its oncogenic effects, progesterone might be a
predictive biomarker for abiraterone response if the increase in
plasma progesterone is an early event after abiraterone treat-
ment. The clinical information of abiraterone-treated patients
was re-examined (Table S5). A total of 17 CRPC patients had
plasma progesterone detected at baseline, 3 months after
abiraterone treatment, and at the endpoint. An increase in
plasma levels of progesterone was observed in these 17 patients
after 3 months of abiraterone treatment (Figure 6A). Patients with
higher plasma levels of progesterone at the endpoint had higher
plasma levels of progesterone after 3 months of abiraterone
treatment (Figure 6B). These data together confirm the
early onset of an increase in plasma progesterone levels in
abiraterone-treated patients.

Figure 4. Function of progesterone-related metabolites in prostate cancer

(A) Schema of progesterone metabolism in prostate cancer cells. Gray arrows indicate potential progesterone metabolism in the liver.

(B) Pregnenolone metabolism in patient biopsy samples. [*H]-pregnenolone was used to treat biopsy samples from prostate cancer patients.

(C) Effects of progesterone and other metabolites on AR target gene in VCaP and LNCaP cells. Cells were treated with 1 uM progesterone or related metabolites

before PSA detection.

(D) Affinity of progesterone and other metabolites to the AR. Progesterone and other metabolites at different doses were used to compete with 1 nM BH]-R1881in
LNCaP cells (expressing AR™"8* mutant) and LAPC4 cells (expressing wild-type AR).
(E) Lack of 3BHSD activity in mouse prostate tissue. Fresh tissues from mouse prostate and testis were minced and transiently cultured with [*H]-DHEA. AD,

androstenedione.

Lack of 3BHSD activity in the prostate organoids. Prostate organoids were generated from 3-month-old Pb®"®* Pten
(F) y p g g g9

pregnenolone, [*H]-DHEA, or [*H]-AD.

flox/flox mice and treated with [°H]-

(G) Effects of pregnenolone and progesterone on organoids formation. Pregnenolone, 500 nM; progesterone, 500 nM. Organoids were generated with prostate

gland from PbC®"* Pteno/iox mouse.

(H) Effects of pregnenolone and progesterone on Ar target gene expression in PbC* pten

floflox mouse prostate organoids.

(I) Secretions of periprostatic adipocyte tissues activated AR signaling in LNCaP cells. Periprostatic adipocyte tissues from seven patients were collected and
incubated in DMEM + 10% FBS for 2 days. This medium was utilized to treat LNCaP cells. DHEA, 40 nM; DHT, 0.1 nM.

(J) Relative fold of progesterone in the secretions of periprostatic adipocyte tissues. Results are represented as means + SD. Experiments were performed at
least three times independently. Technical replicate (n = 2) for gPCR; biological replicate (n = 3) for organoids assay (see also Figures S5A-S5E).
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Figure 5. BCA eliminates the oncogenic effects of progesterone as an inhibitor of 3HSD1

(A) Corylin inhibited DHEA conversion to AD. Cells were treated with [°H]-DHEA and the indicated drugs. The percentage of DHEA and downstream metabolites
was calculated. Cory, corylin; AD, androstenedione.

(B) Effect of corylin derivatives on DHEA metabolism.

(C) BCA significantly inhibited DHEA metabolism. LNCaP cells were treated with drugs with the indicated doses and [*H]-DHEA. BCA, biochanin A.

(legend continued on next page)
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The predictive role of plasma progesterone levels was further
investigated. Patients with plasma concentrations >3 nM after
3 months of abiraterone treatment had a shorter abiraterone
treatment duration (Figure 6C). PSA reduction after 3 months
of abiraterone treatment is frequently used in clinic to evaluate
patient response. In 11 out of 17 CRPC patients, a PSA reduction
more than 50% from the baseline was identified (Figure 6D).*°
Patients with a more significant PSA reduction had a lower
plasma progesterone concentration after 3 months of abirater-
one treatment (Figure 6E). We further expanded the analysis to
all abiraterone-treated patients, including both CRPC and
HSPC patients. The predictive role of progesterone was also
confirmed in these patients (Figure S7). Together, these data
indicate the potential of plasma progesterone levels as a
predictive biomarker for abiraterone response.

DISCUSSION

Metabolites beyond androgens may drive the progression of
prostate cancer. The discovery of these oncometabolites could
provide novel insights into disease management. Here, we
performed UHPLC-MS screening and retrospective analysis on
clinical data to identify progesterone as an oncogenic hormone
in prostate cancer. The investigation on the oncogenic effects
of progesterone provided potential targets, including AR,
GATA2, and 3BHSD1, for further disease management.

The oncogenic effects of other metabolites may be concealed
by androgens. ADT and abiraterone together eliminate the major
androgen resources from the testis and adrenal glands,
providing a relatively clear background to discover novel onco-
metabolites. Progesterone is considered a female hormone
involved in the menstrual cycle. It binds to the PR and regulates
fetus implantation and other essential physiological functions.*®
Progesterone and the PR have been reported as preventive
factors in breast, colon, and lung cancer.*’*° Patients with low
progesterone levels had a higher risk of premenopausal breast
cancer and overall mor‘tality.50 However, the enthusiasm for
investigating progesterone in prostate cancer is limited due to
the trace amount of endogenous progesterone in men.
Abiraterone significantly increased the plasma concentration of

¢ CellP’ress

progesterone, providing a unique scenario for progesterone to
exert its oncogenic effect.

The oncogenic effects of progesterone in prostate cancer may
be PR independent. PR is expressed mainly in stromal cells but
not in epithelial cells in the prostate.®’ PR might regulate stromal
cells and indirectly inhibit prostate cancer, independent of
progesterone.®’ Progesterone has been reported to inhibit
benign prostatic hyperplasia and prostate cancer, possibly due
to its effects on SRD5A and pituitary luteinizing hormone (LH)
release.®® However, in patients receiving ADT and abiraterone,
the significance of SRD5A and LH release may not be essen-
tial.>>** Recently, the progesterone-responsive AR®"8* mutant
was identified in abiraterone-treated patients, indicating a
potential progesterone-related resistance mechanism. '°

A high dose of progesterone bound to the AR directly, and its
affinity to AR was dependent on the AR genotype.®® Thus,
patients with ARY"#2- and ARM72°T are more suitable for abira-
terone treatment than patients expressing AR and
AR"875Y_ Progesterone has a relatively mild affinity for wild-
type AR, and increasing AR abundance magnifies the oncogenic
effect of progesterone, consistent with the clinical observation of
AR expression after abiraterone treatment.”® Progesterone also
uniquely regulates the expression of non-canonical AR target
genes. These non-canonical genes are involved in the cell cycle
and gene transcriptional regulation, which are essential for cell
survival. Previous reports also revealed different AR signatures
activated by different ligands or drugs, supporting the context-
specific function of AR in prostate cancer.”’:>®

More than 10 nM progesterone is needed to activate AR
signaling, and only 9 out of 47 (19.15%) patients achieved this
dose after abiraterone treatment in this study. Unlike the cell lines
with a transient treatment of progesterone, abiraterone-treated
patients encounter persistent progesterone stimulation in their
daily lives. Long-term stimulation of progesterone might result
inirreversible alterations in the genome or transcriptome of pros-
tate cancer cells.'” LAPC4 cells were not sensitive to transient
progesterone treatment due to their low AR expression. Howev-
er, a more aggressive LAPC4 cell line was generated after treat-
ment with physiological levels of progesterone for more than
6 months. Genes involved in the activated estrogen response

(D) BCA increased the thermal stability of 3HSD1. BCA or DHEA was added to FLAG-3BHSD1-expressing cells. Cell lysates were incubated at different
temperatures to determine the stability of 3HSD1. BCA, 20 uM; DHEA, 20 uM.

(E) Structure of the BCA-biotin probe.

(F) The BCA probe inhibited 3BHSD1 activity. GST-3BHSD1 (3 ng) was used for the in vitro enzyme activity assays. BCA, 1 uM; BCA probe, 1 uM.

(G) The BCA probe directly bound to GST-3BHSD1. GST-3BHSD1 (3 pg) was incubated with the BCA probe with or without DHEA or BCA for pull-down assays.
(H) Docking of BCA with the previously reported 3BHSD1 model. BCA, green. NAD, yellow. Hydrogen atoms, white; oxygen atoms, red; nitrogen atoms, blue;
phosphor atoms, orange.

(I) Amino acids of 3HSD1 essential for the function of BCA. Plasmids with different amino acids mutated were transfected in 293T cells for DHEA metabolism
assays.

(J) BCA inhibited DHEA-induced AR target gene expression. VCaP cells were treated with the indicated drugs. DHEA, 100 nM; DHT, 1 nM.

(K) Inhibition of progesterone generation by 3BHSD1 inhibitor BCA. VCaP-pLVX-HSD3B1, a stable cell line with Dox-induced 3BHSD1 expression in VCaP cells.
(L) BCA suppressed pregnenolone-induced gene expression in VCaP cells.

(M) BCA suppressed pregnenolone-induced gene expression in LNCaP cells. Pregnenolone and progesterone were used to treat LNCaP cells with or without
BCA.

(N) BCA suppressed pregnenolone-induced cell proliferation.

(O) BCA suppressed pregnenolone- but not progesterone-induced xenograft growth. Xenografts were generated with C4-2 cells. BCA, 50 mg/kg. Results are
represented as means + SD. Experiments were performed at least three times independently. Technical replicate (n = 2) for gPCR; biological replicate (n = 3) for
metabolism assay. *p < 0.05; **p < 0.01 (see also Figures S5F-S5H and S6).
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Figure 6. Progesterone as a predictive biomarker for the response to abiraterone treatment

(A) Alterations of plasma progesterone concentrations in CRPC patients. Progesterone concentrations at different time points (baseline, 3 months after abir-
aterone treatment, and endpoint) were compared. Alterations in plasma progesterone in the same patient are linked with lines.

(B) Correlation between plasma progesterone levels after 3 months of abiraterone treatment and that at the endpoint in CRPC patients. Pearson correlation for p

values.

(C) Higher plasma progesterone as a risk indicator for shorter treatment duration in CRPC patients. Plasma concentrations of progesterone in patients after
3 months of abiraterone treatment were used to predict clinical outcomes. Progression was determined via PSA according to PCWG2 guidelines.

(D) PSA response in CRPC patients after 3 months of abiraterone treatment.

(E) Comparison of plasma progesterone levels in CRPC patients. Patients were stratified by PSA response after 3 months of abiraterone treatment.
(F) Graph illustrating the oncogenic effects of progesterone in abiraterone-treated patients (see also Figure S7; Table S5).

pathway, including MUC1, MDK, and HMGCS2, have been re-
ported to promote neuroendocrine prostate cancer (NEPC) pro-
gression,”®%° maintain the stemness of prostate cancer,®’ and
promote disease progression,®” indicating a potential role of pro-
gesterone to promote NEPC progression. GATA2 mediated the
activation of the estrogen response pathway. GATA2 was re-
ported to be a pioneer transcription factor that facilitates nuclear
receptor recruitment.®*5* The positive correlation between
GATA2 and prostate cancer has been clarified and validated.®>°°
K7174, a GATAZ2 inhibitor, inhibited the accumulating effect of
progesterone in Prog_cells, providing a potential strategy for
prostate cancer management after abiraterone resistance.

The analysis of progesterone metabolism and the function of
progesterone-related metabolites revealed that 3pHSD1 is an
ideal target to eliminate the oncogenic effects of progesterone.
Enzalutamide and K7174 only restrained the transient and
accumulating oncogenic function of progesterone, respectively.
Since pregnenolone shows limited effects on prostate cancer
cells, inhibiting 3BHSD1 to suppress the conversion from
pregnenolone to progesterone is a more promising strategy.
Although the clinical significance of 3BHSD1 has been inten-
sively investigated only recently, there is no available 3HSD1
antagonist in clinic. Here, we identified BCA as a potent
3BHSD1 inhibitor and showed that BCA suppressed the

12 Cell Reports Medicine 3, 100561, March 15, 2022

generation and function of progesterone. Aside from progester-
one metabolism, 3BHSD1 also participates in abiraterone and
DHEA metabolism to facilitate drug clearance and androgen
accumulation.>®” Thus, 3BHSD1 is a promising target for
enhancing the clinical efficacy of abiraterone.

Reliable biomarkers are required for patient stratification and
personalized medicine.®® Currently, there are limited criteria to
identify patients who are suitable for abiraterone treatment. We
found that the plasma level of progesterone is a potential
predictive biomarker of abiraterone response. Patients showing
a significant increase in progesterone levels might benefit
more from enzalutamide than abiraterone, especially for those
expressing AR or AR875Y mutants. The increase in plasma
progesterone levels might also reflect the potency of 3HSD1 in
patients. Abiraterone inhibits CYP17A, leading to the accumula-
tion of pregnenolone and progesterone. 3pHSD1 catalyzes
pregnenolone to generate progesterone. Patients with higher
plasma levels of progesterone after abiraterone treatment might
have more potent activity of 3BHSD1, which has been reported
as a risk factor of treatment failure.°>’® However, the patients
enrolled in this real-world analysis were not as rigorously
examined as patients enrolled in clinical trials, and the patient
number should be increased to confirm the role of progesterone
as a predictive biomarker for the response to abiraterone.
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In summary, this work identified progesterone as an onco-
genic hormone in prostate cancer patients receiving abiraterone
treatment. BCA was discovered as a potent 3BHSD1 inhibitor
and prevented the oncogenic effects of progesterone by sup-
pressing the synthesis of progesterone. Higher plasma levels
of progesterone are correlated with poor clinical outcomes of
abiraterone treatment in patients (Figure 6F).

Limitations of the study

The limitations of our study include limited cell lines used for the
chronic effects of progesterone. The detailed mechanisms for
BCA to inhibit 3BHSD1 need to be further determined. The onco-
genic effect and predictive biomarker role of serum progester-
one should be further validated in a large cohort of patients.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-AR Santa Cruz Biotechnology Cat#sc-7305; RRID: AB_626671
Anti-GATA2 R&D Systems Cat#AF2046; RRID: AB_355123
Anti-ACTB ABClonal Cat#AC004; RRID: AB_2737399

Anti-ERa. (D8H8)

Anti-Mouse IgG (H + L)

Anti-Rabbit IgG (H+L)

anti-Goat IgG-HRP

Anti-AR (D6F11)

anti-Rabbit IgG (H+L) Secondary Antibody

Cell Signaling Technology
Jackson ImmunoResearch Labs
Jackson ImmunoResearch Labs
Absin Bioscience

Cell Signaling Technology
Thermo Fisher Scientific

Cat#8644; RRID: AB_2617128
Cat#115-035-003; RRID: AB_10015289
Cat#111-035-003; RRID: AB_2313567
Cat#abs20005; RRID: AB_2832210
Cat#5153; RRID: AB_10691711
Cat#A-11035; RRID: AB_2534093

Bacterial and Virus Strains

DH50 TIANGEN Biotch Cat#CB101
Biological Samples

Patient plasma Tongji Hospital (Shanghai) Table S1-S3
Patient biopsies Tongiji Hospital (Shanghai) Hou et al.*®
Chemicals, Peptides, and Recombinant Proteins

RPMI-1640 Medium, with L-glutamine and Sigma-Aldrich Cat#R8758
sodium bicarbonate

RPMI-1640 Medium, without L-glutamine Sigma-Aldrich Cat#R7509
and phenol red

DMEM - high glucose Sigma-Aldrich Cat#D7777
DMEM, without glucose, L-glutamine, phenol Sigma-Aldrich Cat#D5030
red, sodium pyruvate and sodium bicarbonate

IMDM Sigma-Aldrich Cat#13390
IMDM, without Gentamicin Sulfate and Sigma-Aldrich Cat#A10488
phenol red

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
Progesterone
5a-progesterone
3a-OH-5a-progesterone
3B-OH-5a-progesterone
5B-progesterone
3a-OH-5B-progesterone
3B-OH-5B-progesterone
Doxycycline hyclate
Polyethylenimine

Steraloids Inc.
Steraloids Inc.
Steraloids Inc.
Steraloids Inc.
Steraloids Inc.
Steraloids Inc.
Steraloids Inc.
Steraloids Inc.
Sigma-Aldrich
Sigma-Aldrich

Cat#Q5500-000
Cat#Q2600-000
Cas#566-65-4
Cas#516-54-1
Cas#516-55-2
Cas#128-23-4
Cas#128-20-1
Cas#128-21-2
Cat#10592-13-9
Cat#408727

(Continued on next page)

Cell Reports Medicine 3, 100561, March 15, 2022 e1



¢? CellPress

OPEN ACCESS

Cell Reports Medicine

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Biochanin A (BCA) MedChem Express Cat#HY-14595
K7174 MedChem Express Cat#HY-12743A

Dihydrotestosterone (DHT)
Dehydroepiandrosterone (DHEA)
Enzalutamide (MDV3100)
Protease inhibitor cocktails
Poly-DL-ornithine

MedChem Express
Steraloids
Foreversyn
MedChem Express
Sigma-Aldrich

Cas#521-18-6
Cat#A8500-000; Cas#3-43-0
Cas#915087-33-1
Cat#HY-K0011
Cat#P3655-1G

Progesterone pellets EZBioscience N/A
Pregnenolone pellets EZBioscience N/A
Ethyl alcohol Thermo Fisher Scientific Cat#AC 615095000
Corn oil ABCONE Cat#C67366
Corning® Matrigel® Basement Membrane BD biocoat (Corning) Cat#354234
Matrix, *LDEV-Free
[®H]-DHEA PerkinElmer NET 814001MC
[®H]-AD PerkinElmer NET 926005MC
[®H]-Pregnenolone PerkinElmer NET 039001MC
[®H]-R1881 PerkinElmer NET 590250VC
[®H]-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
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 Novagen Cat#71086-3
Glo Lysis Buffer, 1X Promega Cat#E266A
Bright-Glo™ Luciferase Assay System Promega Cat#E2160
VAHTS™ mRNA-seq V3 Library Prep Kit for lllumina Vazyme Cat#NR611
VAHTS™ RNA Adapters set3 - set6 for lllumina Vazyme Cat#N809/N810/N811/N812
Deposited Data
Raw sequencing data This paper OEP002363; OEP002519
Plasma metabolites This paper OED660544; OED660545; OED660546
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 N/A

(MSKCC, USA)
PC3 ATCC CRL-1435
DU145 ATCC HTB-81
HEK293T ATCC CRL-3216
HEK293 ATCC CRL-1573
PC3-AR™! This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
LAPC4-AR™ This paper N/A
VCaP-HSD3B1 This paper N/A
Ctrl_cells This paper N/A
Prog_cells This paper N/A
Experimental Models: Organisms/Strains

Mouse: NOD/SCID Shanghai Lingchang Biotechnology N/A
Mouse:PbS®*; Pten™*/fox (C57BL/6 background) Dr. Jun Qin (SINH, China) N/A
Oligonucleotides

Primers used for real-time quantitative PCR This paper Table S6
and RT-PCR

siRNA used for knocking down gene expression This paper Table S7
Recombinant DNA

pLVX-Tight-Puro (TetOn) Clonetech Cat#632162
pGL3-PSA-Luc reporter plasmid Dr. Jun Yan (Fudan University, China) ~ N/A

Software and Algorithms

GraphPad Prism v8.0

FastQC v0.11.7

Rv3.4.1
R Studio
pheatmap

survival

survminer

ggplot2

ChEA3
PyMOL

GraphPad Software Inc
Babraham Bioinformatics Institute

R Core Team
RStudio Team
R Core Team

R Core Team
R Core Team
R Core Team
Keenan et al.*°

The PyMOL Molecular Graphics
System, Version 2.0 Schrodinger, LLC.

https://www.graphpad.com/scientific-software/
prism
https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

https://www.r-project.org/
https://www.rstudio.com/

https://cran.r-project.org/web/ packages/
pheatmap/index.html

https://cran.r-project.org/web/packages/
survival/index.html

https://cran.r-project.org/web/packages/
survminer/index.html

https://cran.r-project.org/web/packages/
ggplot2/index.html

https://maayanlab.cloud/chea3/
https://pymol.org/2/

Data Availability

RNA-seq raw data

Metabonomics data

Published datasets

This paper

This paper

cBioPortal database

OEP 002363 (https://www.biosino.org/node/
project/detail/OEP002363) and OEP 002519
(https://www.biosino.org/node/project/
detail/OEP002519).

OED660544 (https://www.biosino.org/
download/node/data/OED660544),
OED660545 (https://www.biosino.org/
download/node/data/OED660545),
OED660546 (https://www.biosino.org/
download/node/data/OED660546)

http://www.cbioportal.org

RESOURCE AVAILABILITY

Lead contact

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

Li (zhenfei.li@sibcb.ac.cn).
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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 OEP 002363 (https://www.biosino.org/node/project/detail/OEP002363) and OEP
002519 (https://www.biosino.org/node/project/detail/OEP002519). Metabolites detected in Figure 1A were also deposited in
NODE with accession number OED660544 (https://www.biosino.org/download/node/data/OED660544), OED660545 (https://
www.biosino.org/download/node/data/OED660545), OED660546 (https://www.biosino.org/download/node/data/OED660546).
Published datasets used in this study are available through cBioPortal database (http://www.cbioportal.org). 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.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients

All investigations in this study were conducted according to the principles of the Declaration of Helsinki. All patient studies were
performed according to the relevant ethical standards and were approved by the Ethics Committee of Tongji Hospital, Shanghai,
China (ID: 2018009). Written consents from all patients were obtained. Clinical information of the patients receiving abiraterone
acetate treatment at the Shanghai Tongji Hospital between August 2016 and April 2020 were analyzed. A total of 103 patients
received abiraterone treatment and 90 patients with endocrine hormone related examination and regular follow-up were qualified
for further analysis. The castrate-level of testosterone was also confirmed in these patients. Endocrine hormone-related laboratory
indices were determined by clinical laboratory and the 16 indexes includes luteinizing hormone (LH), follicle-stimulating hormone
(FSH), pituitary prolactin, neuron-specific enolase (NSE), alanine aminotransferase (ALT), aspartate aminotransferase (AST), sex
hormone-binding globulin (SHBG), total cholesterol (TC), triglyceride (TG), dehydroepiandrosterone (DHEA), androstenedione
(AD), testosterone (T), free testosterone (FT), dihydrotestosterone (DHT), progesterone, and estradiol (E2). Paired Student’s t
test and false discovery rate (FDR) were used to compare the differences between the baseline and endpoint of abiraterone
treatment. Threshold criteria for all differential-expression analyses are an absolute value (log, (fold-change)) > 1 and FDR <
0.05. Among these 90 patients, 73 patients had the information of plasma progesterone levels at baseline or after abiraterone treat-
ment. PSA progression was determined according to the PCWG2 guidelines.”’

Cell lines

LNCaP, HEK293, HEK293T, PC3, DU145 cells were purchased from the American Type Culture Collection (Manassas, VA, USA) and
cultured in RPMI-1640 (LNCaP, PC3, DU145) or DMEM (HEK 293, HEK293T) with 10% or 5% (PC3) FBS (Lonsera, China). LAPC4
cells were grown in Iscove’s modified Dulbecco’s medium with 10% FBS and 1% L-glutamine (final c.c 2 mM; Gibco, Life
Technologies). VCaP was kindly provided by Dr. Jun Qin (SINH, Shanghai, China), and cultured in DMEM with 10% or 5% (PC3)
FBS and 1% Sodium Pyruvate (final c.c 1 mM; Gibco, Life Technologies). Stable PC3 and LAPC4 cell lines with AR and 3HSD1
overexpression were established using lentiviral plasmids pLVX-tight-puro and pLVX-tet-on. LAPC4 cells were cultured with ethanol
or 5 nM progesterone for 6 months to establish Ctrl_cells and Prog_cells. All experiments with LNCaP, VCaP, and LAPC4 were
performed in plates coated with poly-DL-ornithine (Sigma-Aldrich, St. Louis, MO, USA). All cell lines were authenticated by Hybribio
(Guangzhou, China).

Animal models

All mice were maintained in a specific-pathogen-free (SPF) facility, and all related protocols were performed in compliance with the
Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of
Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences. Male NOD-SCID mice (aged 6 to 8 weeks)
were obtained from Lingchang Biotech (Shanghai, China).

METHOD DETAILS

Reagents

2-picolinic acid (PA) and 2-methyl-6-nitrobenzonic anhydride (MNBA) were purchased from Aladdin (Shanghai, China), whereas 4-
dimethylaminopyridine (DMPA) and anhydrous pyridine were obtained from J&K Scientific (Shanghai, China). All sterol standards
examined in this study were purchased from J&K Scientific (Shanghai, China), Sigma-Aldrich (St Louis, MO, USA), Aladdin (Shanghai,
China) and TRC (Toronto, Canada) as appropriate. Cholesterol-d7, campesterol-d3, estrone-d2, dehydroepiandrosterone-d2, estra-
diol-d2, 24-hydroxycholesterol-d7, and B-Sitosterol-d7 were purchased from Sigma-Aldrich (St Louis, MO, USA), CDN ISOTOPES
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(Quebec, Canada) and CIL (Tewksbury, MA, USA) as appropriate. LC-grade acetonitrile and tert-butyl methyl ether were purchased
from Sigma-Aldrich (St Louis, MO, USA), and pure water was obtained from a Milli-Q system (Merck Millipore, Germany).

Preparation of standard solutions for calibration curves

Stock solutions of all steroid standards were prepared at a concentration of approximately 1 mg/mL in methanol-dichloromethane
(1:2 v/v); A set of standard solutions with concentrations of 0.003-390.6 pM were obtained by mixing the appropriate amounts of the
above stock solutions. These working solutions were then stored at —20°C, which were found to remain stable for 6 months, until
further analysis.

Preparation of plasma samples

Each plasma sample (50 plL) was added to 50 puL of an internal standard mixture consisting of cholesterol-d7, campesterol-d3,
estrone-d2, dehydroepiandrosterone-d2, estradiol-d2, 24-Hydroxycholesterol-d7, and B-Sitosterol-d7. Then, 500 pL of pre-cooled
methanol (—20°C) was added, vortexed, and centrifuged at 12000 rpm at 4°C for 10 min to obtain the supernatant. This extraction
procedure was repeated once more and the two supernatants from each sample were pooled and dried using nitrogen gas. The
residue was re-dissolved in 50 pL of acetonitrile. Five microliters of this solution was used directly to quantify steroids without hydrox-
yl groups, while the remaining solution was dried with nitrogen gas followed by derivatization to identify the sterols carrying the
hydroxyl groups.

Derivatization of sterol metabolites with 2-Picolinic acid

Derivatization of sterol metabolites was conducted as reported previously with some modifications. In brief, the nitrogen-dried
residue of the working solution (10 pL) and biological sample extracts were added to 100 uL pyridine solution of PA, MNBA, and
DMPA, respectively. The mixtures were heated at 80°C for 60 min, followed by the addition of pure water (200 uL) and extraction
with MTBE (1.5 mL). These MTBE extracts were dried with nitrogen gas and the resultant residues were reconstituted in 100 pL aceto-
nitrile for UHPLC- MS/MS analysis.

15,16

UHPLC-MS/MS analysis

Quantification was performed on an LC-30AD UHPLC system (Shimadzu Technologies, Japan) hyphenated with a 6500 plus
Qtrap mass spectrometer (AB Sciex Corp., USA) with an electrospray ionization (ESI) source. A Zorbax Eclipse Plus C18 column
(100 x 2.1 mm, 1.8 um; Agilent, USA) was used with water and acetonitrile containing 0.1% formic acid as mobile phases A and
B, respectively. The injection volume was 5 pL in all the cases. The ESI source parameters were as follows: ion spray voltage,
5500 V; curtain gas, 40 psi; temperature, 550°C; ion source gas 1.55 psi; ion source gas 2, 60 psi; entrance potential voltage, 10
V; collision cell exit potential, 10 V. Data were acquired and processed using Sciex software Analyst (V1.7) and OS (V2.0). The
quantification of these steroids as their PA derivatives was achieved against their corresponding internal standards with known
concentrations. The method was validated by assessing the linearity, limits of detection (LOD), and quantification (LOQ) at a
signal-to-noise ratio of 10. Such approach offered useful mass spectral fragment ions and achieved excellent quantitation sensitiv-
ities with the low limit of quantification (LLOQ at signal-to-noise ratio of 10:1) reaching 10~'® mol on column. This method also simul-
taneously covered these steroids carrying no hydroxyl groups as they were with LLOQ of about 10~"* mol on column.”® To the best of
our knowledge, such quantitative sensitivity is well above what have reported so far.

Untargeted metabonomics analysis with UPLC-QTOFMS

Plasma samples were respectively extracted with cold methanol with final the methanol: water ratio of 5:1 (v/v) by vortex-mixing (45 s)
followed with 10 min centrifugation (14,000 g, 4°C). The resultant supernatant was added with precooled water and MTBE with the
final water: methanol: MTBE ratio of 5:6:20 (v/v) followed with 60 s mixing and 5 min centrifugation (14,000 g, 4°C). The lower layer
was transferred into sample vials for LC-MS analysis. UPLC-QTOFMS analysis was conducted on a system consisting of a Waters
ACQUITY UPLC and Xevo G2-XS QTOF mass spectrometry with an electrospray ionization (ESI) source (Waters, Milford, USA)
equipped with a Waters ACQUITY UPLC HSS T3 column (2.1 x 100 mm, 1.8 um). Water and acetonitrile (LC grade, Fisher Scientific,
USA) both containing 0.1% formic acid (LC grade, Fisher Scientific, USA) were employed as the mobile phase A and B, respectively.
The flow rate was 0.5 mL/min; injection volume was 1 pL and the column temperature was 40°C. Elution was performed with an
optimized gradient condition as follows: 0-1 min, 1% B; 1-3 min, 1-15% B; 3-6 min, 15-50% B; 6-9 min, 50-95% B; 9-10 min,
95% B. The mass spectrometry data was acquired in both positive and negative ion modes as MSE Centroid format. The spectrom-
eter parameters were as follows: capillary voltage 2.5 kV; cone voltage 30 V; ion source temperature 120°C; desolvation gas
temperature 500°C; cone gas flow 50 L/h; desolvation gas flow 800 L/h; collision voltage range 10~50 V; scan time 0.1 sec; mass
range 50~1000 Da; low CE 4 eV; and high CE 10~50 eV. Lockspray was used for real-time acquisition and correction with the internal
calibrator as leucine-enkephalin (M + H]* = 556.2771, [M — H]~ = 554.2615). Acquired data were imported into Progenesis QI
software package to generate a list of peaks containing the mass-to-charge ratio (m/z), retention time (RT), and peak intensity. After
removal of variables with RSD > 30%, such data were then subjected to QC-based corrections and normalization followed with
statistical analysis and metabolite identification with in-house developed and publicly accessible databases (METLIN, HMDB,
LipidBlast and Elemental composition). The results of the untargeted metabonomics analysis and targeted sterol quantification

Cell Reports Medicine 3, 100561, March 15, 2022 e5




¢ CelPress Cell Reports Medicine

were analyzed together or separately. Paired Student’s t test and false discovery rate (FDR) were used to compare the differences
between baseline and endpoint of abiraterone treatment. Threshold criteria for all differential-expression analyses are an absolute
value (log; (fold-change)) > 3 and FDR < 0.25. Common different metabolites found through metabolite screening and hormone
screening in clinic were defined as potential cancer-associated metabolites.

Detection of plasma progesterone and its metabolites

For the detection of plasma progesterone and its metabolites, the extract of plasma samples was analyzed using 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 (Agilent, Santa Clara, CA). The separation of drug metabolites was achieved using an Eclipse Plus
C18 RRHD analytical column (3.0 mm x 50 mm, 1.8 uM; Agilent, Santa Clara, CA, USA) at 40°C with an isocratic mobile phase con-
sisting of 10% buffer A (0.1% formic acid in methanol: water, 60:40) and 90% buffer B (0.1% formic acid in acetonitrile: water, 60:40), at
aflow rate of 0.2 ml/min. The injection volume was 10 uL and sample injection was performed using an auto-sampler. All progesterone
metabolites were ionized using electrospray ionization in the positive ion mode (ESI). The temperature of the drying gas in the ionization
source was maintained at 225°C. The gas flow was 12 I/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 mass transitions and the param-
eters for each compound. Methanol and water were of LC-MS grade and all reagents were obtained from Thermo Fisher Scientific.

Chemical compounds

Pregnenolone, progesterone, 5a-progesterone, 3a-OH-5a-progesterone, 3B-OH-5a-progesterone, 5B-progesterone, 3a-OH-
5B-progesterone, and 3p-OH-5B-progesterone were purchased from Steraloids Inc. (Newport, RI, USA). R1881 was purchased
from Meilunbio Company (Dalian, China). DHT, BCA and K7174 were purchased from MCE (Shanghai Haoyuan Chemexpress,
China). Doxycycline hyclate was purchased from Sigma-Aldrich (St. Louis, MO, USA). Tritium labelled androgens (R1881, pregnen-
olone, progesterone, dehydroepiandrosterone, or androstenedione) were purchased from PerkinElmer (Waltham, MA, USA).

Steroidogenesis in patient biopsy samples

2-3 mg biopsy samples were minced and cultured with DMEM (Invitrogen, Waltham, MA), 10% FBS (ExCell Bio, China), and
Penicillin-Streptomycin (100 x; Invitrogen, Waltham, MA, USA) in a 12-well plate at 37°C as previously described.* Biopsy samples
were treated with [°H] labelled pregnenolone (100, 000-200,000 cpm; final concentration was 48 nM) (PerkinElmer, Waltham, MA,
USA). 250 pl medium was collected at 84 h for HPLC analysis. Then, samples were treated with B-glucuronidase (Novoprotein Sci-
entific Inc., Shanghai, China) at 37°C for 2 h. Steroids were extracted with a mixture of ethyl acetate and isooctane (1:1), concentrated
with a vacuum drier (Martin Christ Gefriertrocknungsanlagen, Osterode, Germany), and resuspended with a mixture of methanol and
water (1:1). An Acquity Arc System (Waters, Milford, MA, USA) and a B-RAM model 5 in-line radioactivity detector (LabLogic Systems)
were used to analyze metabolites in samples. A mixture of [°H] labelled androgens (AD, DHEA, Prog, Preg PerkinElmer, Waltham, MA,
USA) was used as the standard to distinguish metabolites. The percentages of metabolites were calculated based on the area under
curve (AUC) for each metabolite. For example, Preg % = (AUC of Preg)/ (AUC of Preg + AUC of all Preg metabolites) x 100 %.

Mouse prostatic organoids

Mouse prostatic organoids were generated as described previously.”® In brief, the prostate gland from Pb°™®*; Pten mice
(12 week, male) were minced and digested in collagenase type Il (5 mg/ml, Life Technologies) with 10 mM Y-27632 (#17101-015,
Life Technologies). The dissociated tissues were further digested with TrypLE™ Express (Gibco, Life Technologies), filtered with
a 40 um filter, and then stained with CD24-FITC (1:200, Biolegend) and PE conjugated CD49f (1:200, eBioscience). Cell sorting
was performed using FACS Aria Il (BD). For the organoid formation assay, the sorted mouse prostate cells were suspended and
mixed with Matrigel (v/v 1:1). 2,000 cells were seeded into a 24-well plate, and organoid medium was added on top of the Matrigel.
DHT was replaced with ethanol, progesterone, or pregnenolone in the culture medium and changed every 4 days. The number and
size of the organoids were determined after one-week of culture.

flox/flox

HPLC

Steroid metabolism and HPLC were performed as described previously.>® Briefly, cells or organoids were treated with [*H]-labeled
steroids (pregnenolone, DHEA, AD; 100,000-200,000 cpm per well; PerkinElmer, Waltham, MA). Aliquots of the medium were treated
with B-glucuronidase (Novoprotein Scientific Inc., Shanghai, China) and extracted using a mixture of ethyl acetate and isooctane
(1:1). Steroids were analyzed using an Acquity Arc System (Waters, Milford, MA, USA) and a 3-RAM model 3 in-line radioactivity de-
tector (LABLOGIC, USA). The percentages of metabolites were calculated based on the area under curve (AUC) for each metabolite.
For example, pregnenolone% = (AUC of pregnenolone) / (AUC of pregnenolone + AUC of all metabolites) x 100 %.

Effects of periprostatic adipose tissue medium

Periprostatic adipose tissues were collected from prostate cancer patients receiving radical prostatectomy. Fresh adipose tissue of
60 mg was culture in 6 ml DMEM+10% FBS for two days and 100 pl medium was used to treat LNCaP cells for target gene assay.
Pregnenolone was detected with LC-MS.
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Gene expression

Generally, prostate cancer cells were starved for 48 h with phenol red-free medium and 5% heat-inactivated charcoal stripped FBS
(CSS) (ExCell Bio, China) before treated with progesterone or other drugs. The Cell to cDNA Kit (EZBioscience, China) was used to
synthesize cDNA directly from the cells according to the manufacturer’s instructions. Real-time quantitative PCR (qPCR) was con-
ducted using the CFX96 system (Bio-Rad, Hercules, CA, USA), using 2x SYBR Green qPCR master mix (EZBioscience, China). Re-
sults were presented as the mean and standard deviation (SD) from one representative experiment.

Cell proliferation assay

Prostate cancer cells were starved for 48 h with phenol red-free medium and 5% heat-inactivated charcoal stripped FBS (CSS) (Ex-
Cell Bio, China) for cell proliferation assay. Cell proliferation assay was performed using the cell counting kit-8 (#C0038, Beyotime,
China) according to the manufacturer’s instructions. 10,000 cells per well were seeded in a 96-well plate and starved with 5% heat-
inactivated CSS (ExCell Bio, China) for 48 h. To count the viable cells, the absorbance was measured at 450 nm and 600 nm, using a
microplate reader (BioTeK, Winooski, VT, US). Lipofectamine™ RNAIMAX Transfection Reagent (Invitrogen, Waltham, MA, USA) was
used for siRNA transfection (GenePharma Co. Ltd, Shanghai, China). Results were presented as the mean and SD values from one
representative experiment.

Immunoblotting

Total protein was extracted from cells using RIPA buffer containing Pierce™ protease inhibitors (Thermo Fisher Scientific). Total pro-
tein was quantified with Pierce™ BCA Protein Assay (Thermo Fisher Scientific). The primary antibodies used were as follows: anti-AR
(#sc-7305, 1:1,000, Santa Cruz), anti-GATA2 (#ab37917, 1:1,000, R&D), anti-B-actin (#AC038, 1:10,000, ABclonal), and anti-ESR1
(#8644, 1:1000, CST). The HRP-conjugated secondary antibodies were goat anti-mouse (#115-035-003, JACKSON), goat anti-rabbit
(#111-035-003, JACKSON), rabbit anti-goat (#abs20005, absin).

Immunofluorescence

A total of 100,000 cells were seeded in a glass bottom cell culture dish (#801001, Nest) and starved for 24 h (VCaP) or 48 h (LNCaP).
Cells were treated with ethanol, progesterone, and DHT for the indicated times. Cells were fixed and incubated with anti-AR antibody
(#5153, 1:1000, Cell Signaling Technology) and goat anti-rabbit secondary antibody (#a11035, 1:500, Invitrogen) before analysis with
fluorescence microscopy (Zeiss LSM 880 Fast Airyscan Confocal).

AR competition assay

Approximately 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 1 nM [°H]-R1881 and other steroids at the indicated concentrations for 30 min. Intracellular radioactivity was measured
using a 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 an absorbance of 562 nm.

Luciferase reporter gene assay

The PSA-luciferase reporter was kindly provided by Dr. Jun Yan (Fudan University, Shanghai, China) and transfected together with a
plasmid expressing GFP into HEK 293T cells. Cells were treated with R1881 or progesterone for 24 h. Luciferase activity and GFP
intensity in cell lysates were determined as described previously.”*

Mouse xenograft studies

All mouse studies were conducted under a protocol approved by the Institutional Animal Care and Use Committee. Male NOD-SCID
mice (aged 6 to 8 weeks) were obtained from Lingchang Biotech (Shanghai, China) and kept in a specific pathogen free (SPF) facility.
A total of 10,000,000 cells were implanted subcutaneously into the right flank of intact mice with Matrigel (#354234, Corning, BD Bio-
coat). For LAPC4-ARM87%Y xenograft assay, mice were castrated and randomly assigned into different groups when the xenografts
reached approximately 150 mm? (length x width x width x 0.52). Water containing 5% sucrose and 2 mg/ml doxycycline was re-
placed every 2 days. The 90-day sustained-released progesterone pellets (15 mg, EZBioscience, China) were implanted subcutane-
ously for progesterone treatment. Each group consisted of 10 mice. For the GATAZ2 inhibitor assay, mice were castrated and
randomly assigned into different groups when the xenografts reached approximately 250 mm?® (length x width x width x 0.52).
Mice were treated with K7174 (25 mg/kg, 2% DMSO + 98% 0.9% NaCl) daily, and xenografts were measured every other day
with a caliper. Each group consisted of 10 mice. For the 3BHSD1 inhibitor assay, mice were castrated and randomly assigned
into different groups when the xenografts reached approximately 150 mm? (length x width x width x 0.52). The 90-day sus-
tained-released pregnenolone pellets (15 mg, EZBioscience, China) were implanted subcutaneously for pregnenolone treatment.
Mice were treated with BCA (50 mg/kg, 5% DMSO + 95% corn oil) every day. Each group had 8 mice. Xenografts were measured
every other day with a caliper. Student's t test was used for significance calculation. *, P <0.05; **, P <0.01.

Cell Reports Medicine 3, 100561, March 15, 2022 e7




¢ CelPress Cell Reports Medicine

BCA probe pull-down assay

Neutravidin resin (Thermo) was pre-incubated with GST at 4°C for 12 h before incubated with 50 uM biotin or BCA-biotin probe at
4°C. Purified GST-3BHSD1 protein as pre-incubated with DHEA (500 uM) or BCA (500 uM) before the addition of 25 pL packed
BCA-biotin beads. Reactions were incubated for 4 h at 4°C for affinity capture. The binding beads were washed and eluted with
loading buffer for immunoblotting detection.

CETSA

The assay was modified from a previously reported protocol. Cells were incubated with 20 uM DHEA (Steraloids Inc., USA),
biochanin-A (MedChemExpress, Shanghai), or ethanol for 1 h in a CO, incubator. Cell pellets were resuspended with sucrose buffer
(880 mM sucrose, 1.5 mM CaCl, in PBS), and centrifuged at 700 g for 30 min at 4°C. The supernatant was distributed and heated at
different temperature endpoints (50-80°C) for 3 min in the Veriti 96-well thermal cycler. The supernatant was then centrifuged at
20,000 g for 20 min at 4°C and the soluble protein fraction in the supernatant was detected by western blot. Experiments were
repeated at least three times independently.

Computational biochemistry

A homology model of human 3BHSD1 was built, as described in a previous report, based on the crystal structures of two related
enzymes: the ternary complex of E.coli UDP-galactose 4-epimerase (UDPGE) with an NAD+ cofactor and substrate (PDB ID:
1NAH) and residues 154-254 of the ternary complex of human 17B-hydroxysteroid dehydrogenase (178HSD1) with NADP and
androstenedione (PDB ID: 1QYX) by Prime (Schrodinger, NY).?” Protein minimization was then carried out by Prime. Virtual screening
was performed based on this model and small molecule library from chemical biology core facility of SIBCB was used. For docking
experiment, compounds were prepared and docked into the model at the SP precision by Induced Fit Docking (IFD) with NAD in the
binding site. Compounds with the best docking score and IFD score were identified. The docked ligand-protein complexes in 3D
were presented by PyMOL. Atoms of compound and NAD were represented as balls and sticks with carbon atoms in green and
yellow, respectively, hydrogen atoms in white, oxygen atoms in red, nitrogen atoms in blue, phosphor atoms in orange. The whole
protein is shown as cartoon, while the amino acids of the binding site are presented as lines, and those interacting with compounds
are shown as sticks. Dashed lines represent hydrogen-bonds.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq

Total RNA from each sample was extracted using the TRIzol reagent (Invitrogen, Waltham, MA, USA). VAHTS™ mRNA-seq V3 Library
Prep Kit for lllumina (NR611) was used for library construction, following the manufacturer’s instructions. Briefly, 1000 ng of total RNA
was used for the purification and fragmentation of MRNA. Purified mRNA was subjected to first- and second-strand cDNA synthesis.
cDNA was then ligated to sequencing adapters (VAHTS™ RNA Adapters set3 - set6 for lllumina, N809/N810/N811/N812) and
amplified by PCR (using 12 cycles). The final libraries were evaluated using a Qubit Fluorometer (Invitrogen, USA) and QIlAxcel
Advanced System (QIAGEN, Valencia, CA, USA). Next, sequencing was performed on NovaSeq 6000 (PE150; lllumina, San Diego,
CA, USA) by BerryGenomics Co., Ltd. (Beijing, China). The quality control of raw sequence data was evaluated by FastQC
(v. 0.11.7), and the quality trimming and adapter clipping were performed using Trimmomatic (v.0.36-5). Paired-end reads were
aligned to the GRCh38.91 human reference genome using hisat2 (v.2-2.1.0). Gene expression levels were quantified by HTSeq
(v.0.11.1). The normalization of counts was performed using DESeq?2 (v.1.24.0). Differential expression analyses were performed
using DESeqg2 based on the gene read count data. Biological triplicates were used in each treatment.

Pathway enrichment and gene set enrichment analysis

For pathway enrichment analysis, the differentially expressed genes were prepared for pathway enrichment with the MSigDB Inves-
tigate Gene Set module using hallmark gene sets (h.all.v7.2.symbols.gmt). For the gene set enrichment analysis, normalized counts
were prepared for analysis using the GSEA 3.0. The hallmark gene sets (h.all.v7.2.symbols.gmt) were used and the genes were
ranked as “Ratio_of_Classes” or “Signal2Noise”. The permutation type selected was “gene_set” and other sets followed the default
set of GSEA. The thresholds for inclusion were p <0.05 and g <0.25. The GSEA plot, normalized enrichment score, and the false
discovery rate (FDR) q values were derived from GSEA output.

Statistics

Student’s t-test, Fisher’s exact test, and Log-rank test were performed to compare the differences between two groups. Pearson’s
correlation coefficient was used for the correlation analysis. * and ** denote P < 0.05 and P < 0.01, respectively. All analyses were
performed using the GraphPad Prism 8.0 software. Data represent the mean + standard deviation (SD), unless indicated otherwise.
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Figure S1. Alterations in plasma progesterone in patients receiving abiraterone treatment.



Related to Figure 1. A, Alterations in plasma steroids in patients receiving abiraterone treatment.
Paired plasma samples from 10 patients were used for UHPLC-MS/MS analysis. Baseline, before
abiraterone treatment; AA, abiraterone acetate treatment. B, Alterations in metabolites in the
progesterone metabolic pathway in patients receiving abiraterone treatment. C, Endocrine hormone-
related laboratory indices in patients before and after abiraterone treatment. D, Alterations in plasma
progesterone in patients with CRPC or HSPC after abiraterone treatment. CRPC patients, ADT
resistant patients; HSPC patients, ADT sensitive patients. Paired t test. E, High levels of plasma
progesterone were associated with less potent PSA reduction in all abiraterone treated patients. More
patients with low levels of plasma progesterone after abiraterone treatment exhibited a PSA reduction
greater than 50%. Fisher’s exact test. F, High levels of plasma progesterone as an indicator of worse
clinical outcomes in all patients receiving abiraterone treatment. Disease progression was determined
by PSA. Log-rank test. Patients were grouped based on their plasma progesterone concentration at the
endpoint (E-F). **, P <0.01; *, P < 0.05.
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Figure S2. AR mediated oncogenic effects of progesterone. Related to Figure 1 and 2. A and B,
Effects of progesterone on AR target gene expression in LNCaP and VVCaP cells. C, PR abundance in
different prostate cancer cell lines. D, PR knockdown efficiency in VVCaP cells. E, Effects of PR on
progesterone-induced cell growth in VCaP cells. Cells were transfected with indicated siRNAs and



treated with phenol-red free medium plus 5% charcoal stripped serum (CSS) for cell growth assay. F,
PR expression in LAPC4-ARWT cells. Cells were cultured in medium with phenol-red and 10% FBS.
G, Effects of progesterone on AR abundance in LNCaP and VVCaP cells. H, Effects of progesterone on
AR translocation in LNCaP and VCaP cells. DAPI, blue; AR, red. I, Subcellular location of AR in
LAPC4-ARYT cells. Cells were starved with phenol-red free medium plus 5% CSS for 48 hrs before
progesterone and DHT treatment. J, The oncogenic effects of progesterone were associated with AR
genotype. Plasmids expressing PSA-luciferase and different AR mutants were transfected in 293 cells
before treatment with R1881 and progesterone. Biological replicate, n=3. K, Summary of progesterone
effects on different AR mutants. L, Effects of PR on gene expression. Cells were transfected with
indicated siRNAs and treated with phenol-red free medium plus 5% CSS for gene expression assay.
Technical replicate (n=2) for gPCR; Biological replicate (n=5) for cell proliferation assay.
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Figure S3. Gene alterations in long-term progesterone-treated cells. Related to Figure 3. A,
Effects of progesterone on cell proliferation in Prog_cells and Ctrl_cells. B and C, Expression levels of
AR, ESR1 and PR in Ctrl_cells and Prog_cells. D, Effects of PR on cell growth in Prog_cells. E,
Amplification of estrogen response signature genes in prostate cancer. Different databases in the
cBioPortal were used to analyze gene amplification in prostate cancer. F, Increased expression levels of
estrogen response signature genes during disease progression. Dataset from Taylor et al (GSE21032)
was used for analysis. G, Correlations between disease progression and expression levels of estrogen
response signature genes in different databases. Results are represented as means £SD. Experiments
were performed at least three times independently. Biological replicate (n=5) for cell proliferation
assay.
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Figure S4. GATA2 regulates the estrogen response pathway. Related to Figure 3. A, Amplification

of GATAZ in prostate cancer. Different databases in the cBioPortal were used to analyze gene
amplification in prostate cancer. B, Correlation between GATA2 and clinical outcomes in different
databases. C and D, Correlation between the expression of GATA2 and estrogen response signature
genes in different databases. Pearson correlation for P value. E, Knockdown efficiency of GATA2 in
Prog_cells. F and G, GATAZ regulated the estrogen response pathway in the Prog_cells. GATA2 was
knocked down with different siRNAs in Prog_cells before transcriptome analysis. GSEA and pathway
enrichment analysis of the estrogen response pathway were performed.



Figure S5. Function of progesterone metabolites
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5. A, Progesterone metabolism in LNCaP cells. 1 uM of pregnenolone, progesterone, and SaP were
used to treat LNCaP cells before MS detection. B, Distribution of plasma progesterone and related
metabolites in patients. Plasma samples from seven abiraterone-treated patients were used for MS

detection. C, Pregnenolone, progesterone, and S0P activated AR signaling dose dependently in LNCaP
and VCaP cells. D, Docking of progesterone and other metabolites with the AR ligand-binding domain.
E, Affinity of pregnenolone and its metabolites to the AR in LNCaP and LAPCA4 cells. F and G,
Heatmap and GSEA of BCA suppressed AR target genes in VCaP cells. DHEA, 100 nM; BCA, 1 uM;
Enz, 1 M. H, AR target genes regulated by BCA. Genes with more than 30% alteration in their
expression levels after related stimulation were identified as target genes. Preg, pregnenolone; Prog,



progesterone; SaP, Sa-progesterone; 3a5aP, 3a-OH-5a-progesterone; 335aP, 3f-OH-5a-progesterone;
5BP, 5B-progesterone; 3a5pBP, 3a-OH-5B-progesterone; 3B5BP, 33-OH-53-progesterone. Results are
represented as means £SD. Experiments were performed at least three times independently. Technical
replicate (n=2) for qPCR; Biological replicate (n=3) for cell metabolism assay.
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Figure S6. The specificity of BCA in regulating AR signaling. Related to Figure 5. A, Genes
regulated by BCA in different prostate cancer cell lines. RNA-seq was performed on VCaP, PC3, and
LNCaP cells. Genes with more than 30% alteration in their expression levels after related stimulation
were identified as target genes. B, No signaling was enriched after BCA treatment in different prostate



cancer cells. C, The effect of BCA on cell proliferation in PC3 cells. BCA at a dosage less than 10 M
had no effect on PC3 cells.



Figure S7
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Figure S7. Progesterone as a predictive biomarker for the response to abiraterone treatment in
all abiraterone-treated patients. Related to Figure 6. A, Alterations in plasma progesterone
concentration in all abiraterone-treated patients. CRPC and HSPC patients were included for analysis.
Progesterone concentrations at baseline, 3 months of abiraterone treatment, and endpoint were
compared. Alterations in plasma progesterone in the same patient are linked with lines. B, Correlation
between plasma progesterone concentrations after 3 months of abiraterone treatment and
concentrations at the endpoint in all abiraterone-treated patients. Pearson correlation for P value. C,
Higher plasma progesterone as a risk indicator for worse clinical outcomes in all abiraterone-treated
patients. Plasma concentration of progesterone in patients after abiraterone treatment for 3 months was
used to predict clinical outcomes. Progression was determined by PSA according to PCWG2
guidelines. D, PSA response in all abiraterone treated patients after 3 months of abiraterone treatment.
E, Comparison of plasma progesterone levels in all abiraterone-treated patients. Patients were stratified
by PSA response after 3 months abiraterone treatment. *, P < 0.05; **, P < 0.01.



Table S1. Baseline characteristics of patients treated with abiraterone acetate for

MS screening. Related to Figure 1A.

Variable Number (n=10)
Age (years) median 75.0 (66.5-80.5)
ISUP, n (%)
3 2 (20.0)
4 4 (40.0)
5 4 (40.0
Metastatic sites, n (%)
Lymph node 4 (40.0)
Bone
Oblige 3(30.0)
Multiple 7 (70.0)
Visceral organ 1(10.0)
Previous therapy, n (%)
ADT
LHRH-A 7 (70.0)
orchiectomy 3(30.0)
Docetaxel 1(10.0)
ECOG, n (%)
0 1(10.0)
1 3 (30.0)
2 4 (40.0)
3 2 (20.0)

Primary PSA ( ng/ml ) median 125.7 (7.4-337.4)

PSA still decrease, n (%)

Responding 5 (50.0)

Acquired resistance 5(50.0)
Stage before treatment, n (%)

mHSPC 4 (40.0)

mCRPC 6 (60.0)

ADT, androgen deprivation therapy; ECOG, eastern cooperative oncology group;
ISUP, international society of urological pathology; LHRH-A, luteinizing hormone
releasing hormone antagonist; mCRPC, metastatic castration resistant prostate
cancer; mHSPC, metastatic hormone sensitive prostate cancer; PSA, prostate-specific
antigen.



Table S2. Characteristics of patients receiving abiraterone treatment at Shanghai Tongji Hospital. Related to Figure 1.

. . . 3-month .
. Baseline characteristics Endpoint
Patient treatment
No. PSA Prog Clinical Gleason Prostatectomy Chemo ADT PSA Prog PSA Prog Disease PSA
stage score progression nadir
2 20.01 NA mCRPC 3+4 No Yes Surgery NA NA 3.12 2.64 1 1.05
3 83.56 0.32 mCRPC 4+3 No Yes Surgery NA NA 58.23 11.78 0 58.23
5 115.7 NA mCRPC NA No No Medicine NA NA 5.75 1.83 0 5.75
6 430 NA mCRPC 4+4 No No No NA NA 0.007 28.88 0 0.003
8 2347 NA mCRPC 4+3 Yes No Medicine NA NA 3054 2.23 1 2266
9 110 NA mCRPC 4+4 No No Medicine NA NA 16.85 1.22 0 16.78
13 123.2 0.28 mCRPC 4+5 No No Surgery 1.82 1.15 6 0.85 1 1.82
14 75.4 NA mCRPC NA No No Medicine 0.127 0.72  0.003 1.27 0 0.003
15 7672 1.75 mCRPC 3+4 No Yes Medicine NA NA 9891 54.12 1 9891
16 9.2 0.23 mCRPC NA No No Surgery 0.525 0.39 0.177 5.39 0 0.177
17 514.3 0.02 mCRPC NA No No Surgery 27.07 0.71 2.2 2.8 0 2.2
18 215 0.52 mCRPC 5+4 No No Medicine  7.58 0.54 11.6 0.58 1 6.88
19 56.65 0.46 mCRPC 4+5 No Yes Medicine NA NA 72.48 18.85 1 47.99
20 0.214 NA mHSPC 4+5 No No Medicine NA NA 0.003 2.78 0 0.003
21 12.41 0.34 mCRPC 4+5 No Yes Medicine NA NA 3.06 1.34 1 0.805
22 0.935 0.3 mHSPC 5+5 Yes No Medicine  0.29 0.22  0.258 0.34 0 0.256
23 4.2 12.68 mCRPC 5+4 Yes No Medicine NA NA 6.8 6.89 1 4.33
24 1424  0.28 mCRPC 4+4 No No Surgery 81.2 15.14 5138 6.8 0 47.44
25 6.05 NA mCRPC 4+4 No No Surgery NA NA 3.51 5.3 1 1.45
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2.97
14.73
4.83
0.84
0.59
2.12
5.63
0.46
5.95
0.31
2.04
2.04
1.36
0.63
7.63

O OO0 00000 FrRPR OO0 O0ODO0O0OFrRr OO0OFr OO0 OO0 OoOOoOL-Rr o

0.328
8.81
0.128
2.48
0.02
0.021
0.016
3.85
40.31
0.671
0.32
7.97
0.171
0.004
0.24
0.633
0.072
12.6
0.064
1.25
0.01
6.93
0.658
2.47
19.7
0.533



87 11.9 1.21 mHSPC 4+4 No No Medicine NA NA 0.139 8.59 0 0.139
88 6.08 NA mHSPC 5+5 No No Medicine NA NA 2.71 1.84 0 2.71

ADT, androgen deprivation therapy; Chemo, chemotherapy; mCRPC, metastatic castration resistant prostate cancer; mHSPC, metastatic
hormone sensitive prostate cancer; Prog, progesterone; PSA, prostate-specific antigen; NA, not available.



Table S3. Baseline characteristics of patients treated with abiraterone acetate.

Related to Figure 1 D and E.

Variable Number (n=50)
Age (years) median 74.0 (68-81)
ISUP, n (%)
1 1(2.0)
2 6 (12.0)
3 8 (16.0)
4 20 (40.0)
5 15 (30.0)
Metastatic sites, n (%)
Lymph node 33 (66.0)
Bone
Oblige 9(18.0)
Multiple 41 (82.0)
Visceral organ 2 (4.0)
Previous therapy, n (%)
ADT
LHRH-A 35 (70.0)
orchiectomy 15 (30.0)
Docetaxel 13 (26.0)
Cabazitaxel 0(0.0)
ECOG, n (%)
5 (10.0)
1 16 (32.0)
2 29 (58.0)

Primary PSA ( ng/ml ) median 26.9 (11.8-97.3)

ADT, androgen deprivation therapy; ECOG, eastern cooperative oncology group;
ISUP, international society of urological pathology; LHRH-A, luteinizing hormone
releasing hormone antagonist; PSA, prostate-specific antigen.



Table S4. GSVA enrichment scores for MSigDB hallmark gene sets for VCaP cells treated with progesterone or DHT. Related to Figure 2A.

MSigDB hallmark gene sets Prog_1 Prog 2 Prog_3 DHT_1 DHT_2 DHT_3 Ctrll Ctrl2 Ctrl3

ADIPOGENESIS 0.463572 0.46602 0.468058 0.482063 0.471699 0.473603 0.465166 0.462817 0.464731
ALLOGRAFT_REJECTION 0.252645 0.247409 0.252538 0.28232 0.282796 0.281318 0.23404 0.242662 0.230472
ANDROGEN_RESPONSE 0.723631 0.72714 0.725215 0.870147 0.868364 0.869085 0.684083 0.682082 0.686559
ANGIOGENESIS 0.413081 0.403474 0.405797 0.374104 0.3718 0.381982 0.409754 0.403559 0.416378
APICAL_JUNCTION 0.385086 0.384366 0.397457 0.426475 0.427686 0.433851 0.399851 0.405665 0.408659
APICAL_SURFACE 0.245984 0.240468 0.249472 0.246071 0.241207 0.248846 0.274025 0.263859 0.271056
APOPTOSIS 0.354153 0.346949 0.354123 0.370714 0.369901 0.371334 0.359923 0.3648 0.364375
BILE_ACID_METABOLISM 0.274525 0.275275 0.274656 0.318301 0.318381 0.311551 0.288925 0.287047 0.287099
CHOLESTEROL_HOMEOSTASIS 0.529783 0.536464 0.541369 0.66652 0.65885 0.662199 0.499105 0.492991 0.509689
COAGULATION 0.092309 0.095764 0.093145 0.143093 0.133825 0.134778 0.131216 0.130688 0.131984
COMPLEMENT 0.101246 0.109352 0.111151 0.16993 0.160446 0.154109 0.133437 0.120852 0.117961
DNA_REPAIR 0.394352 0.397598 0.397195 0.320851 0.315156 0.319689 0.358008 0.358503 0.355604
E2F_TARGETS 0.661145 0.659626 0.656281 0.38274 0.380386 0.382434 0.579697 0.579786 0.571903
EPITHELIAL_MESENCHYMAL_TRANSITION 0.120875 0.127369 0.121357 0.124711 0.124675 0.121802 0.135999 0.128988 0.132733
ESTROGEN_RESPONSE_EARLY 0.379172 0.381543 0.378687 0.422137 0.42104 0.417088 0.366057 0.370522 0.369425
ESTROGEN_RESPONSE_LATE 0.403998 0.407825 0.402562 0.423353 0.420577 0.41517 0.381409 0.385248 0.383467
FATTY_ACID_METABOLISM 0.47139 0.472765 0.474854 0.516506 0.503757 0.506669 0.466062 0.470163 0.467252
G2M_CHECKPOINT 0.721184 0.718957 0.716799 0.526359 0.524801 0.525368 0.672571 0.671392 0.666359
GLYCOLYSIS 0.378529 0.377576 0.381247 0.376364 0.374001 0.372273 0.370886 0.369977 0.375075
HEDGEHOG_SIGNALING 0.223855 0.212443 0.223237 0.161887 0.1679 0.174144 0.28441 0.292954 0.294915
HEME_METABOLISM 0.417012 0.41447 0.419748 0.444484 0.44401 0.441875 0.431426 0.432044 0.435564
HYPOXIA 0.257989 0.260086 0.260204 0.296788 0.291912 0.289008 0.285441 0.283289 0.282672
IL2_STAT5_SIGNALING 0.213461 0.213817 0.210344 0.244707 0.242625 0.239307 0.225434 0.223044 0.229676



IL6_JAK_STAT3_SIGNALING
INFLAMMATORY_RESPONSE
INTERFERON_ALPHA_RESPONSE
INTERFERON_GAMMA_RESPONSE
KRAS_SIGNALING_DN
KRAS_SIGNALING_UP
MITOTIC_SPINDLE
MTORC1_SIGNALING
MYC_TARGETS_V1
MYC_TARGETS_V2

MYOGENESIS

NOTCH_SIGNALING
OXIDATIVE_PHOSPHORYLATION
P53_PATHWAY
PANCREAS_BETA_CELLS
PEROXISOME
PI3K_AKT_MTOR_SIGNALING
PROTEIN_SECRETION
REACTIVE_OXYGEN_SPECIES_PATHWAY
SPERMATOGENESIS
TGF_BETA_SIGNALING
TNFA_SIGNALING_VIA_NFKB
UNFOLDED_PROTEIN_RESPONSE
UV_RESPONSE_DN
UV_RESPONSE_UP
WNT_BETA_CATENIN_SIGNALING

0.271149
0.148784
-0.000065
0.081994
-0.12195
-0.06649
0.6185
0.681513
0.831953
0.589981
0.218914
0.127814
0.564994
0.313041
0.170022
0.503521
0.606341
0.61885
0.447399
0.139678
0.546578
0.095356
0.616034
0.387497
0.452663
0.43799

0.262684
0.147619

0.00567
0.081548
-0.11775
-0.07442
0.615291
0.683146
0.838379
0.595826
0.221004

0.13019
0.576588
0.313919
0.168285
0.502938

0.60204
0.617316
0.453377
0.130581
0.539253
0.093828
0.616596
0.396284
0.450411
0.450736

0.268263
0.153129
0.017648
0.088015
-0.12985
-0.06955
0.616419
0.681135

0.83673
0.594693

0.22449
0.135753
0.583266
0.316101
0.184867

0.50672
0.607888
0.618655
0.449867
0.132943
0.545626
0.098377
0.610258
0.389669

0.45422
0.443345

0.335464
0.205877
0.064981
0.110816
-0.11481
0.001778

0.57154
0.680409
0.720105
0.378538
0.271165
0.151757
0.584402
0.338656
0.193952
0.509582
0.633499
0.713676
0.466614
0.099201
0.631899
0.193867
0.622896
0.396729
0.451206
0.396093

0.340206
0.197398
0.053561
0.103929

-0.1077
0.004767
0.575005
0.670956
0.705895
0.363506
0.265258
0.149159
0.559812
0.337528
0.188765
0.507227
0.631928
0.705941
0.451613

0.10745
0.633828
0.192811
0.619736
0.399485
0.448199

0.39118

0.330938
0.204357
0.05344
0.10192
-0.11385
0.001759
0.577423
0.671782
0.709334
0.35818
0.269972
0.166984
0.576019
0.339225
0.197625
0.503412
0.627701
0.70819
0.45801
0.1035
0.629184
0.192284
0.617193
0.396249
0.451013
0.401347

0.301561
0.212233

0.01718
0.103401
-0.11926
-0.05208
0.626206
0.634867
0.794684
0.510506
0.237659
0.129296
0.552712
0.320224
0.205086
0.504116
0.600286
0.631397
0.420135
0.124851
0.576765
0.119597
0.560582
0.416126
0.425474
0.426646

0.30114
0.197843
0.014276
0.112883
-0.12275
-0.04855
0.622455
0.636061
0.800814
0.519693
0.231965
0.130828
0.559814
0.319032
0.198853
0.506969
0.603714
0.630265
0.412983
0.131597
0.578295
0.115682
0.563212
0.412568
0.429756
0.430572

0.301806

0.21032
0.028864
0.109669
-0.11948
-0.04713
0.629359
0.640756
0.795572
0.518572
0.249369

0.13461
0.563264
0.323174
0.231113
0.506081
0.607229
0.630461
0.428146
0.128637
0.586987

0.13434
0.555845
0.414596
0.433483
0.429548



XENOBIOTIC_METABOLISM 0.311869 0.315277 0.319522 0.380892 0.37068 0.373376 0.32645 0.330772 0.330307

MSigDB, Molecular Signatures Database; Prog, progesterone 100nM; DHT, dihydrotestosterone 1nM; Ctrl, ethanol.



Related to Figure 6.

Table S5. Baseline characteristics of patients treated with abiraterone acetate.

Variable Number (n=22)
Age (years) median 74.0 (68-81)
ISUP, n (%)
2 1(4.5)
3 4 (18.2)
4 10 (45.5)
5 7 (31.8)
Metastatic sites, n (%)
Lymph node 6 (27.3)
Bone
Oblige 3(13.6)
Multiple 19 (86.4)
Visceral organ 2(9.1)
Previous therapy, n (%)
ADT
LHRH-A 9 (40.9)
Orchiectomy 13 (59.1)
Docetaxel 6(27.3)
Cabazitaxel 0(0.0)
ECOG, n (%)
2 (5.9)
1 4(11.8)
2 16 (47.1)

Primary PSA ( ng/ml )

31.9 (15.2-123.3)

ADT, androgen deprivation therapy; ECOG, eastern cooperative oncology group;
ISUP, international society of urological pathology; LHRH-A, luteinizing hormone
releasing hormone antagonist; PSA, prostate-specific antigen.



Table S6. Primers used for real-time quantitative PCR and RT-PCR. Related to STAR

Methods.

Forward primer

Reverse primer

hs-rt-
RPLPO

hs-rt-PSA

hs-rt-
TMPRSS2
hs-rt-
PMEPA1
hs-rt-
FKBP5
hs-rt-E2F1
hs-rt-E2F2
hs-rt-
ORC6
hs-rt-
MYBL2
hs-rt-
CLIC3
hs-rt-
KRT19
hs-rt-
RHOD
hs-rt-ASS1
hs-rt-
HMGCS2
hs-rt-
MUC1
hs-rt-
AGR2
hs-rt-MDK
hs-rt-
GATA2
ms-rt-
Actin
ms-rt-
Tmprss2
ms-rt-
Fkbp5
ms-rt-
Psap

5'-CGAGGGCACCTGGAAAAC

5'-

GCATGGGATGGGGATGAAGTAAG

5'-CCATTTGCAGGATCTGTCTG

5'-GTGCAACTGCAAACGCTCTT

5'-GCGAAGGAGAAGACCACGACAT

5'-GGACCTGGAAACTGACCATCAG

5'-CTCTCTGAGCTTCAAGCACCTG

5'-GAGAAGATTGGACAGCAGGTCG

5'-CACCAGAAACGAGCCTGCCTTA

5'-CATCCTGCTCTATGACAGCGAC

5'-AGCTAGAGGTGAAGATCCGCGA

5'-CCGAAGAAACGGATTGGAGCCT
5'-GCTGAAGGAACAAGGCTATGACG

5'-AAGTCTCTGGCTCGCCTGATGT

5'-CCTACCATCCTATGAGCGAGTAC

5'-GGTGACCAACTCATCTGGACTC
5'-GCTACAATGCTCAGTGCCAGGA

5'-ACTGACGGAGAGCATGAAGAT

5'-GGCTGTATTCCCCTCCATCG

5'-CAGTCTGAGCACATCTGTCCT

5'-TGAGGGCACCAGTAACAATGG

5'-CCTGTCCAAGACCCGAAGAC

5’-CACATTCCCCCGGATATGA

5'-

CATCAAATCTGAGGGTTGTCTGGA

5-GGATGTGTCTTGGGGAGCAA

5-AGCTTGTAGTGGCTCAGCAG

5’-TAGGCTTCCCTGCCTCTCCAAA

5’-CAGTGAGGTCTCATAGCGTGAC

5’-CTTGACGGCAATCACTGTCTGC

5-GGTTTATGTGGCATCTCCTCTAC

5’-CTCAGGTCACACCAAGCATCAG

5-GGTGTTGGACTCCCTGTAACGA

5’-GCAGGACAATCCTGGAGTTCTC

5’-AAGACGGCGTGGACGTTGTCAT
5’-GCCAGATGAACTCCTCCACAAAC

5’-TCCAGGTCCTTGTTGGTGTAGG

5-GCTGGGTTTGTGTAAGAGAGGC

5-TGACTGTGTGGGCACTCATCCA
5-CTTGGCGTCTAGTCCTTTCCCT

5’-CCGGCACATAGGAGGGGTA

5-CCAGTTGGTAACAATGCCATGT

5’-CTCGGAGCATACTGAGGCA

5’-CAACATCCCTTTGTAGTGGACAT

5’-CAAGGAAGGGATTTCGCTGTG




Table S7. siRNA used for gene knockdown. Related to STAR Methods.

Forward primer

Reverse primer

Si-GATAZ2-Hs-
1189
Si-GATAZ2-Hs-
1521
Si-ASS1-Hs-652
Si-ASS1-Hs-793
Si-ASS1-Hs-895
si-RHOD-Hs-
221
Si-RHOD-Hs-
355
Si-RHOD-Hs-
457
si-MDK-Hs-543
si-MUC1-Hs-
725
si-MUC1-Hs-
184
si-MUC1-Hs-
842
Si-E2F1-Hs-768
Si-E2F1-Hs-659
Si-E2F1-Hs-847
Si-E2F2-Hs-293
Si-E2F2-Hs-
UTR-3483
Si-MYBL2-Hs-
283
Si-ORC6-Hs-
266
Si-ORC6-Hs-
652
Si-ORC6-Hs-
188
Si-PGR-Hs-
1842
Si-PGR-Hs-
1973

5'-GGCUCGUUCCUGUUCAGAATT
5'-GGAACCGGAAGAUGUCCAATT
5'-CCCGCAAACAAGUGGAAAUTT

5'-GGAUGCCUGAAUUCUACAATT
5'-GCAUGGAUGAGAACCUCAUTT
5'-GGUCAACCUGCAAGUGAAATT
5'-GCCCGAACAGCUUUGACAATT

5'-GCAAGGACAAAUCACUGGUTT
5'-GAAGAAGGCGCGCUACAAUTT

5'-GGGAUACCUACCAUCCUAUTT

5'-UCGGCUACCCAGAGAAGUUTT

5'-GCAGCCUCUCUUACACAAATT

5'-CUGCAGAGCAGAUGGUUAUTT

5'-GACCACCUGAUGAAUAUCUTT

5'-GAUCUCCCUUAAGAGCAAATT

5'-CUGCAGAUAUAUCUCAAGATT

5'-GGGACCAGGUAGACUUUAATT

5'-CGAGCUGGUUAAGAAGUAUTT

5'-CUGGGCCUGAAUUCAAAUATT

5'-GCCACAUAAACCACAGAAATT

5'-GACAGGGCUUAUUUAAUUATT

5'-CACCUGAUCUAAUACUAAATT

5'-GCGUUCCAAAUGAAAGCCATT

5-UUCUGAACAGGAACGAGCCTT

5’-UUGGACAUCUUCCGGUUCCTT
5-AUUUCCACUUGUUUGCGGGTT
5-UUGUAGAAUUCAGGCAUCCTT
5-AUGAGGUUCUCAUCCAUGCTT
5-UUUCACUUGCAGGUUGACCTT
5-UUGUCAAAGCUGUUCGGGCTT

5’-ACCAGUGAUUUGUCCUUGCTT
5-AUUGUAGCGCGCCUUCUUCTT

5-AUAGGAUGGUAGGUAUCCCTT
5-AACUUCUCUGGGUAGCCGATT
5-UUUGUGUAAGAGAGGCUGCTT
5’-AUAACCAUCUGCUCUGCAGTT
5-AGAUAUUCAUCAGGUGGUCTT
5-UUUGCUCUUAAGGGAGAUCTT
5-UCUUGAGAUAUAUCUGCAGTT
5-UUAAAGUCUACCUGGUCCCTT
5’-AUACUUCUUAACCAGCUCGTT
5-UAUUUGAAUUCAGGCCCAGTT
5'-
UUUCUGUGGUUUAUGUGGCTT
5’-UAAUUAAAUAAGCCCUGUCTT

5-UUUAGUAUUAGAUCAGGUGTT

5-UGGCUUUCAUUUGGAACGCTT
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