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Androgen deprivation therapy suppresses tumor androgen
receptor (AR) signaling by depleting circulating testosterone and
is a mainstay treatment for advanced prostate cancer. Despite
initial treatment response, castration-resistant prostate cancer
nearly always develops and remains driven primarily by the
androgen axis. Here we investigated how changes in oxygenation
affect androgen synthesis. In prostate cancer cells, chronic hypoxia
coupled to reoxygenation resulted in efficient metabolism of
androgen precursors to produce androgens and activate AR.
Hypoxia induced 3BHSD1, the rate-limiting androgen synthesis
regulator, and reoxygenation replenished necessary cofactors,
suggesting that hypoxia and reoxygenation both facilitate potent
androgen synthesis. The EGLN1/VHL/HIF20, pathway induced

Introduction

Prostate cancer is the most commonly diagnosed nonskin cancer in
men in the United States. Prostate cancer growth is largely dependent
on the activation of androgen receptor (AR), a nuclear receptor,
by androgens such as testosterone (T) and the more potent dihydro-
testosterone (DHT; refs. 1-3). Thus, androgen deprivation therapy
(ADT) by medical or surgical castration, now often combined
with other agents, is standard treatment (4). However, despite an
initial response, advanced prostate cancer almost always develops
resistance to ADT, resulting in castration-resistant prostate cancer
(CRPC; ref. 4).

Multiple clinical studies have shown that CRPC relies on synthesis
of intratumoral androgens from precursor steroids such as dehydro-
epiandrosterone (DHEA) (5, 6). Despite ADT suppression of serum T,
intratumoral concentrations of T and DHT synthesized from extra-
gonadal precursor steroids are still sufficient to activate the AR
signaling pathway (7). That CRPC relies on intratumoral androgens
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3BHSD1 expression through direct binding of HIF2a to the 5’
regulatory region of HSD3BI to promote transcription. Over-
expression of HIF2a facilitated prostate cancer progression, which
largely depended on 3BHSD1. Inhibition of HIF20 with the small-
molecule PT2399 prevented prostate cancer cell proliferation.
These results thus identify HIF2a as a regulator of androgen
synthesis and potential therapeutic target in prostate cancer.

Significance: Hypoxia followed by reoxygenation in prostate
cancer drives androgen deprivation therapy resistance via
increasing the rate-limiting enzyme and cofactors for androgen
synthesis, revealing HIF20. as a therapeutic target to subvert
resistance.

is also exemplified by the benefit to patients treated with androgen
synthesis inhibitors (e.g., abiraterone) or potent AR antagonists (e.g.,
enzalutamide, apalutamide, and darolutamide; refs. 3, 8). A major
pathway of DHT synthesis in CRPC requires 5a-reduction of andro-
stenedione (AD) by steroid 50.-reductase 1 (SRD5A1) to produce 5¢t-
androstanedione (50-dione), which is then converted to DHT
(Fig. 1A; refs. 9, 10). This “5oi-dione” pathway bypasses the require-
ment for serum T.

AD is synthesized from DHEA/DHEA -sulfate, the major product of
the human adrenal reticularis, by 3B-hydroxysteroid dehydrogenase/
A>* isomerase (3BHSD). The human 3BHSD family has two mem-
bers: 3BHSD1 and 3BHSD2. 3BHSD1 is the peripherally expressed
isoenzyme that sequentially catalyzes the two step-conversion of 3f3-
OH to 3-keto and A>- to A*-steroids (11). 3BHSD activity requires
NAD™" as a cofactor, and NADH is required for the sequential
isomerase activity (12, 13). We first reported a germline-encoded
gain-of-function missense (N367T) in 3BHSDI that stabilizes the
protein, thus promoting androgen synthesis from adrenal precursor
steroids (14). In at least 10 clinical cohorts, men who inherit the more
stable (adrenal permissive) enzyme have significantly worse outcomes
after ADT, thus biochemically and genetically establishing the impor-
tance of this enzyme in driving clinical CRPC (15, 16).

Solid tumors commonly contain hypoxic areas due to dynamic
gradients of oxygen diffusion (17, 18). Hypoxia profoundly affects
tumor progression via inducing multiple downstream molecular
events (18). Hypoxia-inducible factor (HIF), a family of transcription
factors, is a major regulator of cellular response to hypoxia. Each
functional HIF is a heterodimer composed of an o-subunit and a
[-subunit (18, 19). Hypoxia prevents hydroxylation of HIFc, which
results in its accumulation and translocation to the nucleus where it
dimerizes with oxygen-insensitive HIF1f3, also called aryl hydrocarbon
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receptor nuclear translocator (ARNT), to induce the transcription of
numerous genes (18, 19).

Hypoxia has been reported to be a key driver in prostate cancer
progression (17, 20-23). However, how hypoxia affects androgen
metabolism is not understood. In addition, most prior studies of
hypoxia in prostate cancer have been done under acute hypoxia,
which does not reflect the in vivo state. Here, we investigated the
alteration of androgen synthesis under acute and chronic hypoxia and
cyclic hypoxia-reoxygenation in prostate cancer cells. Our surprising
results suggest that cyclic hypoxia-reoxygenation facilitates the effi-
cient metabolism of androgen precursors by prostate cancer cells to
produce active androgens.

Materials and Methods

Reagents (Supplementary Table S1), antibodies for immunoblotting
(Supplementary Table S2), antibodies for chromatin immunoprecip-
itation (ChIP) analysis (Supplementary Table S3), qPCR primers
(Supplementary Table S4), ChIP primers (Supplementary Table S5),
siRNA (Supplementary Table S6), and shRNA (Supplementary
Table S7) are described in Supplementary Information.

Cell culture

LNCaP, PC3, and HepG2 cell lines were purchased from ATCC.
The C4-2 cell line was generously provided by Dr. Leland Chung
(Cedars-Sinai Medical Center, Los Angeles, CA). The LAPC4 cell line
was generously provided by Dr. Charles Sawyers (Memorial Sloan
Kettering Cancer Center, New York, NY). HeLa and A549 cell lines
were generously provided by Dr. Zihua Gong (Cleveland Clinic
Foundation, Cleveland, OH). All cell lines were cultured in medium
with 10% FBS and 1% penicillin/streptomycin. LNCaP, C4-2, PC3,
and A549 cell lines were cultured in Roswell Park Memorial Institute
RPMI1640 medium. The LAPC4 cell line was cultured in Iscove’s
modified Dulbecco’s medium (IMDM). HeLa and HepG2 cell lines
were cultured in DMEM. To measure steroid metabolism, the cells
were cultured in phenol red-free medium with charcoal-stripped FBS.
All cell lines were cultured in a 5% CO, humidified incubator. Hypoxic
(1% O) culture conditions were achieved using an O,/CO, incubator
(BioSpherix) containing a gas mixture composed of 94% N, 5% CO,
and 1% O,. RPMI 1640 (10-500), phenol red-free RPMI1640 (16-
500), trypsin (589H100CUST) and PBS (121-500) were from the
media preparation core in the Cleveland Clinic Lerner Research
Institute. IMDM (I3395) and DMEM (D6429) were from Sigma-
Aldrich. FBS (100-106) and charcoal-stripped FBS (100-119) were
from Gemini Bio. All cell lines were routinely authenticated and tested
for Mycoplasma contamination prior to use, and cultured for ten
passages after thawing for experiments.

Plasmid construction

The vectors expressing constitutively active HIF1o. (HA-HIF1oi-
P402A/P564A/N803A-pcDNA3) and HIF20. (HA-HIF20-P405A/
P531A-pcDNA3) were gifts from William Kaelin (Addgene plasmid
#87261 and #18956). Plasmid HA-HIF20:-P405A/P531A/N847A-
pcDNA3 was generated from HA-HIF20.-P405A/P531A-pcDNA3
plasmid (Addgene plasmid #18956) by site-directed mutagenesis
using primer CCAGATATGACTGTGAGGTGGCCGTGCCCGTG-
CTGGGAAGCTC and the QuikChange Lightning Multi Site-Directed
Mutagenesis Kit (Agilent Technologies, 210515). Primers (forward:
TGGCCTAACTGGCCGAATTACCCAGGCATGGTG, reverse: TA-
TCCTCGAGGCTAGCTAAAAAGAGATGTCAAATGGTT) were
used to amplify the 5'-flanking region of human HSD3BI1 (—2880/
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+182) from LNCaP genomic DNA. This PCR-amplified fragment
was cloned into the pNL2.1[Nluc/Hygro]| luciferase vector (N1061,
Promega) to generate pNL2.1-HSD3B1-Luc using In-Fusion Snap
Assembly Starter Bundle (638945) from Takara Bio.

Plasmid transfection

Cells were grown to 70% confluence before transfection. Lipo-
fectamine 3000 was used following the manufacturer’s protocol.
Transfected cells were harvested after 48-72 hours. Antibiotics were
used to select for cells that stably express transfected DNA.

Knockdown and knockout studies

For siRNA-mediated gene knockdown, cells were grown to 70%
confluence, and then Lipofectamine RNAIMAX was used following the
manufacturer’s protocol. The cells were harvested after 48-72 hours.
For creating stable knockdown cells, sShRNA was expressed and anti-
biotics were used for selection. HSD3B1 was knocked out by using
guide RNA (CGTTTATACTAGCAGAAAGGC) in C4-2 cells. The
virus for HSD3BI knockout was produced using the LentiCRISPRv2
protocol (24).

NAD", NADH, NADP*, and NADPH measurement

NAD™, NADH, NADP", and NADPH were measured using the
NAD/NADH-Glo Assay Kit (G9071) and NADP/NADPH-Glo Assay
Kit (G9081) from Promega following the manufacturer’s instructions.

Quantitative PCR analysis

Total RNA was prepared using GenElute Mammalian Total RNA
Miniprep Kit (RTN350-1KT) from Sigma-Aldrich. Two micrograms
of total RNA was used in a reverse transcriptase reaction to synthesize
c¢DNA with iScript cDNA Synthesis Kit (170-8891) from Bio-Rad.
Quantitative PCR (qPCR) was performed by mixing together primers,
cDNA, and iTaq Universal SYBR Green Supermix (1725124) from
Bio-Rad and then loading the mixture in a real-time PCR instrument
(ABI-7500) from Applied Biosystems. Each mRNA was quantified by
normalizing the sample values to ACTB and then to control samples.
The qPCR results are shown as the mean values of three independent
experiments.

mRNA stability assay

Total RNA was prepared from the cells collected at the indicated
time points after actinomycin D (5 pmol/L) treatment as described
elsewhere (25).

Immunoblotting

Protein was extracted by lysing the cells with loading buffer (2%
SDS, 10% glycerol, 10 mmol/L Tris, pH6.8, 100 mmol/L DTT) and
then boiling the samples for 10min. The samples were loaded on an
SDS-PAGE gel using a standard Tris-glycine buffer system. The
proteins were then transferred to a polyvinylidene difluoride mem-
brane and incubated in TBST (137 mmol/L NaCl, 20 mmol/L Tris,
0.1% Tween-20, pH 7.6) containing 5% non-fat dry milk for 1 hour at
room temperature to block nonspecific binding sites. Then the mem-
brane was incubated with primary antibody at the appropriate dilution
(see Supplementary Table S2) at 4°C overnight. The membrane was
washed with TBST and incubated with secondary antibody at 1:10,000
atroom temperature for 1 hour. Then the membrane was washed again
with TBST and incubated with SuperSignal West Pico PLUS Chemi-
luminescent Substrate (34578) from Thermo Fisher Scientific at room
temperature for 5 minutes. Signal was detected on ProSignal ECL
Blotting Film (30-507L) from Genesee Scientific. The immunoblotting
experiments were repeated three times.
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Coimmunoprecipitation

107 cells overexpressing HA-tagged HIF20, were used to immu-
noprecipitate HA-tagged HIF20.. The coimmunoprecipitation (co-IP)
assay was performed using Pierce HA-Tag Magnetic IP/Co-IP Kit
(88838) from Thermo Fisher Scientific following the manufacturer’s
instructions. A total of 5x10” cells were used to immunoprecipitate
ARNT. The co-IP assay was performed using anti-ARNT antibody
(5537, 1:50 dilution) from Cell Signaling and Pierce MS-Compatible
Magnetic IP Kit, protein A/G (90409) from Thermo Fisher Scientific
following the manufacturer’s instructions.

ChIP analysis

ChIP analysis was performed using the SimpleChIP Enzymatic
Chromatin IP Kit (9003) from Cell Signaling Technology following the
manufacturer’s instructions.

Luciferase assay for pNL2.1-HSD3B1-Luc

The cells transfected with pNL2.1-HSD3B1-Luc were lysed by Glo
Lysis Buffer (E2661) from Promega, and the luciferase reaction was
performed by mixing the cell lysis with Nano-Glo Luciferase Assay
System (N1110) from Promega following the manufacturer’s
instructions.

Intracellular oxygen concentration assay

Intracellular oxygen concentration was measured using the Intra-
cellular Oxygen Concentration Assay kit (ab197245) from Abcam and
following the manufacturer’s instructions. The equation we used for
calculation is:

[O,]axLax(Lo — Lt)

(O]t = Ltx(Lo — La)

where:

[O,]a = oxygen concentration in air-saturated conditions.

Lo = intra O, probe signal measured in deoxygenated conditions.

La = intra O, probe signal measured in air-saturated conditions.

Lt = experimental intensity values generated during measurement.
Here we used ambient O, = 18.6%, as the test plates have equil-

ibrated in an environment containing 5% CO, and 95% humidity.

Cell viability assay

Cell viability was measured using either Trypan blue stain or the
CellTiter-Glo 2.0 Cell Viability Assay (G9241) from Promega follow-
ing the manufacturer’s instructions. Trypan blue stain was performed
by using Countess II FL automated cell counter and Countess Cell
Counting Chamber slides (C10283) from Thermo Fisher Scientific
following the manufacturer’s instructions.

Nuclear and cytoplasmic extraction

A total of 5 x 107 cells were used for nuclear and cytoplasmic
extraction. NE-PE Nuclear and Cytoplasmic Extraction Reagents
(78833) from Thermo Fisher Scientific were used following the
manufacturer’s instructions.

Mouse xenograft studies

All studies were performed under a protocol approved by the
Institutional Animal Care and Use Committee of the Cleveland
Clinic Lerner Research Institute. All NSG male mice (6-8 weeks
old) were purchased from Cleveland Clinic Lerner Research Insti-
tute. 107 cells with 50% Matrigel Basement Membrane Matrix
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(354234) from Corning were subcutaneously injected into each
mouse; at 19 days after injection, mice were surgically orchiecto-
mized and implanted with a 5 mg sustained-release DHEA
pellet. Xenografts were measured using digital calipers 3 times a
week after tumors became palpable. Tumor volume was calculated
as V= (W?x L)/2. Progression-free survival was assessed as time to
tumor volume of 800 mm’ from day 0, the day of tumor cell
injection. The numbers of mice in the CTRL/CTRL, CTRL/EPASI
OE, HSD3B1 KO/CTRL, and HSD3B1 KO/EPASI OE groups were
8,9, 9, and 10, respectively.

Human tissues

Fresh paired malignant and adjacent normal prostate tissue was
obtained from 6 patients with localized prostate cancer undergoing
radical prostatectomy at Cleveland Clinic under institutional review
board approved protocols with written informed consent obtained
from patients and in accordance with the Declaration of Helsinki.
The samples were weighed and suspended in RIPA buffer (9806)
from Cell Signaling Technology. The samples were prepared using a
Minilys homogenizer and hard tissue grinding kit (MK28) from
Bertin Technologies following the manufacturer’s protocol. The 3X
blue loading buffer (7722) from Cell Signaling was added to the
samples, which were then boiled for 10 minutes before being loaded
on an SDS-PAGE gel.

Mass spectrometry

For medium samples, 200 uL medium from steroid-treated cell
culture was collected and mixed with 200 uL H,O, 2mL methyl tert-
butyl ether, and 10 pL [2, 3, 4-'3C,] AD (50 ng/mL) as internal
standard. The mixture was vortexed for 10 minutes and then cen-
trifuged at 3,000 x g for 5 minutes at 4°C. The sample was then placed
on dry ice for 5 minutes to freeze the bottom layer, and the top organic
fraction with the steroid was transferred into a new glass tube. The
collected organic sample was evaporated with nitrogen gas at 40°C and
then reconstituted in 120 pL of 50% methanol. The sample was
vortexed for 5 minutes and then centrifuged at 3,000 x g for 3 minutes
at 4°C. The sample was transferred into a 1.5mL microcentrifuge tube
and then centrifuged at 14,000 x g for 10 minutes at 4°C. Ninety
microliters of supernatant was collected in an HPLC vial for mass
spectrometry. For xenograft tumor sample, the sample (>30 mg) was
weighed and transferred into hard tissue grinding tubes (MK28)
from Bertin Technologies. The sample was snap-frozen in liquid
nitrogen and then suspended in 900 UL cold acetonitrile with 10 uL
[2, 3, 4-'C5] AD (50 ng/mL) as primary internal standard. The
sample was then homogenized using a Minilys homogenizer following
the manufacturer’s protocol. The sample was centrifuged at 14,000 x g
for 10 minutes at 4°C, and the supernatant was transferred into a new
glass tube. Five-hundred microliters of cold H,O was added into the
tissue grinding tube, and the mixture was vortexed for 2 minutes.
The mixture was centrifuged at 14,000 x g for 10 minutes at 4°C,
and the supernatant was transferred and combined with the super-
natant from the previous steps. Ten microliters DHT-d3 (25 ng/mL)
was added as secondary internal standard. The steroids were then
extracted following the protocol for medium sample described above.
Mass spectrometry assay and analysis were performed as we have
described previously (26).

Statistical analysis

Statistical analyses were performed in GraphPad Prism. Unless
otherwise noted, error bars represent the SEM; P values were
calculated. P < 0.05 was considered statistically significant.
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Data availability
The data generated in this study are available within the article and
its Supplementary Data files.

Results

Acute hypoxia leads to decreased conversion of androgen precur-
sors to downstream metabolites and increased preservation of andro-
gen precursors. DHT is synthesized from adrenal precursors such as
DHEA and AD in peripheral tissues (Fig. 1A). Therefore, to determine
how acute hypoxia affects androgen synthesis, we compared the
metabolism of DHEA and AD under normoxia and acute hypoxia
in LNCaP and C4-2 cells, two AR-expressing prostate cancer cell lines.
A robust increase in GLUTI and VEGFA mRNA, two well-known
hypoxia-responsive genes, indicated a hypoxia response was induced
in both cell lines (Supplementary Fig. S1A). Most remarkably,
the androgen precursors persisted much longer under hypoxia as

compared to normoxia (Supplementary Fig. S1B and S1C). The
production of androstenediol (A5diol) from DHEA and T from AD
was strikingly increased in both LNCaP and C4-2 cells under hypoxia
(Supplementary Fig. S1B and S1C), which may be attributed to higher
activity of 17BHSD3 and 17BHSD5 (reductive 17BHSD preference), or
lower activity of 17BHSD2, 17BHSD4 (oxidative 17BHSD preference),
and 3BHSD1 (Fig. 1A).

To further determine the mechanism of altered androgen metab-
olism under hypoxia, we examined protein levels of a panel of
steroidogenic enzymes. Only 17BHSD4 demonstrated protein down-
regulation after 6 hours of hypoxia (Supplementary Fig. S1D). AR
protein decreased, consistent with previous studies showing AR is
degraded via hypoxia-induced autophagy (27).

Shifts in NAD", NADH, NADP ', and NADPH with acute hypoxia
Because all the enzymes we tested, except 17BHSD4, exhibited no
change in protein level under acute hypoxia, we examined the
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Figure 1.

Survey of androgen metabolism under acute reoxygenation. A, Androgen synthesis from DHEA. Gray, main pathway of DHT synthesis in CRPC. B, Hypoxia-resistant
(HR) cell line generation from hypoxia-sensitive (HS) cells. C and D, Metabolism of DHEA (C) and AD (D) was determined by mass spectrometry in HR cells with and
without reoxygenation. Time O represents the point of DHEA (C) and AD (D) addition, and hypoxia or reoxygenation. Both groups of cells were under hypoxia before
time 0. E, The enzymes involved in androgen metabolism were quantified by Western blot in HS cells under normoxia and in HR cells with and without reoxygenation.
B-Actin was a loading control. F, The cofactors were quantified in HR cells with and without reoxygenation. Error bars, mean + SEM. *, P< 0.05 using an unpaired two-

tailed t test.
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associated cofactors, NAD", NADH, NADP™, and NADPH, which
regulate multiple steroidogenic enzymes. Hypoxia induced a decrease
in all four cofactors, especially NADH and NADPH, in all prostate
cancer cell lines we tested, including AR-expressing and nonexpressing
cell lines (Supplementary Fig. SIE-S1G). These decreases may con-
tribute to the decreased androgen synthesis from precursors. Inter-
estingly, our results were contradictory with studies of other cancer
types, in which the NAD'/NADH ratio decreased in response to
hypoxia (28). To verify our results, we determined cofactor levels in cell
lines representing other cancer types, such as HeLa (cervical cancer),
HepG2 (liver cancer), and A549 (lung cancer), using the same method.
The results from these non-prostate cancer cell lines were highly
consistent with previous reports (28), showing increased NADH and
decreased NAD'/NADH (Supplementary Fig. S1H), which confirmed
our findings.

To further explore the significance of the cofactor decrease, we
tried to rescue cofactors under hypoxia to determine whether their
restoration influences androgen metabolism. Because the cell mem-
brane is not permeable to NAD", NADH, NADP™", and NADPH,
we supplemented the cells with their precursors, NA and NMN. NA
and NMN increased NAD" and NADH only slightly under hyp-
oxia, far from full restoration to the level seen under normoxia
(Supplementary Fig. S1I), suggesting that the decrease in cofactors
under acute hypoxia is not due to precursor reduction.

Chronic hypoxia decreased conversion and increased
preservation of androgen precursors

To systematically examine effects of oxygenation on androgen
metabolism, we set out to interrogate the effects of acute hypoxia,
chronic hypoxia and hypoxia-reoxygenation on androgen synthesis.
Cancer cells experience long-term hypoxia in vivo due to a disor-
ganized tumor vasculature, with periodic reoxygenation, so acute
hypoxia does not accurately reflect the in vivo state. We found that
neither LNCaP nor C4-2 cells survived more than 48 hours of
hypoxia, so this approach did not allow us to investigate the effects
of chronic hypoxia on androgen metabolism. Therefore, we devel-
oped a method to establish hypoxia-resistant cell lines that can
survive under chronic hypoxia to better simulate the hypoxic con-
dition in vivo. The cells were grown under cyclic hypoxia and
reoxygenation for several weeks with a gradual increase in hypoxia
exposure time (Fig. 1B). The cells became hypoxia resistant (HR)
after several passages. HR cells were flatter compared with their
normal hypoxia-sensitive (HS) counterparts (Supplementary
Fig. S2A). The intracellular hypoxic condition was confirmed in HR
cells (Supplementary Fig. S2B). Quantification of the hypoxia-
responsive genes HES6, KDM3A and SOX9 (29) revealed that
KDM3A and SOX9 were upregulated in HR cells at the mRNA level,
whereas HES6 was upregulated in HR LNCaP but not HR C4-2 cells
(Supplementary Fig. S2C). Although the protein expression of most
of the enzymes involved in androgen metabolism did not change
under acute hypoxia (Supplementary Fig. S1D), their expression was
strikingly upregulated in HR cells during chronic hypoxia, except for
17BHSD4 and UGT2B15 (Supplementary Fig. S2D). 17BHSD4
expression was significantly decreased, as we found for acute hypoxia
(Supplementary Figs. S1D and S2D). The alterations in enzyme levels
suggest these changes might be critical for tumor cell adaptation and
survival under chronic hypoxia. The changes in mRNA and protein
were consistent for 3BHSD1, 17BHSD4, and 17BHSD5, whereas the
change in mRNA and protein diverged for SRD5A1, 173HSD2 and
17BHSD3, which suggests a posttranscriptional regulation (Supple-
mentary Fig. S2D and S2E). AR downregulation occurred in HR cells,
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which may contribute to the slow growth of HR cells under hypoxia
(Supplementary Fig. S2C-S2E).

To investigate the net metabolic consequences of this altered
enzyme expression, we compared the metabolism of DHEA and AD
in HS cells and HR cells. Surprisingly, in HR cells, conversion of
androgen precursors to downstream metabolites decreased, with
much longer preservation of precursors compared with HS cells
(Supplementary Fig. S2G and S2H), despite much higher enzyme
levels. Levels of all four cofactors were lower in HR compared
with HS cells, especially NADH and NADPH (Supplementary
Fig. S2F), consistent with our results for acute hypoxia (Supple-
mentary Fig. SIE-S1G). This suggests that alteration in cofactors
may play a decisive role in androgen synthesis. The robust upre-
gulation of NAMPT (Supplementary Fig. S2D), the enzyme cata-
lyzing the rate-limiting step in NAD™ biosynthesis, may help HR
cells to compensate for the decreased cofactors, allowing adaptation
to chronic hypoxia.

Reoxygenation rapidly increases cofactors without reducing
enzyme protein

Because conversion of androgen precursors to downstream
metabolites decreased under both acute and chronic hypoxia, we
determined whether reoxygenation could reverse this effect in HR
cells. We compared the metabolism of DHEA and AD in HR cells
under hypoxia and reoxygenation. After reoxygenation, HR cells
exhibited decreased A5diol synthesis and increased 50i-dione syn-
thesis, as well as moderately increased DHEA and AD consumption
(Fig. 1C and D). Enzyme protein levels were unchanged up to
24 hours after reoxygenation, and an obvious change was detected
only after 48 hours (Fig. 1E; Supplementary Fig. S3A). However,
cofactors responded much more rapidly, such that 12 hours of
reoxygenation led to significant upregulation of all cofactors, espe-
cially NADH and NADPH (Fig. 1F). Therefore, the rapid increase
in cofactors may be critical in reoxygenation-mediated alteration of
androgen synthesis. Our study suggests that cyclic hypoxia-reox-
ygenation, a common feature of tumors, enables HR cells to
efficiently metabolize androgen precursors. During hypoxia when
cells lack the nutrients needed to proliferate, the androgen pre-
cursors persist much longer, and the enzyme levels are upregulated;
then reoxygenation facilitates androgen production by rapidly
increasing the cofactor level without reducing enzyme protein in
the short term.

Chronic hypoxia reversibly upregulates 33HSD1

We further compared the metabolism of DHEA and AD in HR cells
after a 48-hour reoxygenation (hypoxia-reoxygenation) with that in
HS cells (sustained normoxia). Compared with HS cells, HR cells with
hypoxia-reoxygenation exhibited faster conversion of androgen pre-
cursors, especially DHEA, to downstream metabolites (Fig. 2A and B),
as well as greater induction of AR target gene expression by DHEA
(Fig. 2C). To investigate the effect of reoxygenation on enzyme protein
level, we exposed HR cells to normoxia, then returned them to hypoxia.
GLUT1 and VEGFA mRNA levels changed rapidly in response to the
change in O, (Supplementary Fig. S3B). The viability of HS cells under
normoxia, and HR cells under hypoxia and reoxygenation was com-
pared by using the Trypan blue stain, and did not exhibit any difference
(Supplementary Fig. S3C). In HR cells, enzyme protein expression was
reversible: For all enzymes in which the protein level changed under
chronic hypoxia, upon reoxygenation, levels gradually reverted to
those seen in HS cells under normoxia (Fig. 2D; Supplementary
Fig. S3D). After incubating these HR cells for 7 days under normoxia,
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Figure 2.

Chronic hypoxia reversibly upregulates 3BHSD1. A and B, Metabolism of DHEA (A) and AD (B) was determined by mass spectrometry in both HS and HR cells under
normoxia. Time O represents the point of DHEA (A) and AD (B) addition. HR cells were under reoxygenation for 48 hours before time 0. C, AR-regulated transcripts
were determined by gPCR in both HS and HR cells under normoxia with or without 8h DHEA treatment. HR cells were under reoxygenation for 48 hours before DHEA
treatment. The numbers above the columns denote fold change. D, The enzymes involved in androgen metabolism were quantified by Western blot in HS cells under
normoxia and HR cells with and without reoxygenation. B-Actin was a loading control. “Back to Hyp.” indicates HR cells that, after 7-day reoxygenation, were
transferred back to hypoxia for 2 days. E, The cofactors were quantified in HS cells under normoxia and HR cells after 48-hour reoxygenation. Error bars, mean & SEM.

*, P < 0.05 using an unpaired two-tailed ¢ test.

we transferred them back to hypoxia. 17BHSD2 and 173HSD4 protein
levels quickly reverted to levels similar to those before transfer to
normoxia, whereas the other enzymes did not rapidly respond
(Fig. 2D; Supplementary Fig. S3D). Although the results from all
three HR cell lines were generally consistent, HR LAPC4 cells more
rapidly responded to the change in O, than HR LNCaP and C4-2 cells
(Supplementary Fig. S3D). 17BHSD3 and 17BHSD5 protein levels
increased after reincubation under hypoxia in HR LAPC4 cells but not
in HR LNCaP and C4-2 cells (Supplementary Fig. S3D; Fig. 2D).
Upon reoxygenation, 3BHSD1 protein level gradually reverted to that
seen in HS cells under normoxia, but then did not change rapidly when
reincubated under hypoxia (Fig. 2D). Compared with HS cells, HR
cells exhibited similar NAD ", NADP™", NADPH levels but a somewhat
higher NADH level after a 2-day reoxygenation (Fig. 2E). Because
DHEA conversion to AD is catalyzed by 3BHSD1, these data together
indicate that the prolonged higher 3BHSD1 level may contribute to the
faster conversion of DHEA to downstream metabolites in HR prostate
cancer cells.

Hypoxia upregulates 3BHSD1 by inhibiting the EGLN1/VHL
pathway

3BHSD1 directly catalyzes conversion of DHEA to AD in periph-
eral tissues for DHT synthesis, and egl nine homolog (EGLN)/von
Hippel-Lindau (VHL) pathway inhibition plays a pivotal role in the
hypoxic response (30). Therefore, we determined whether EGLN/VHL
pathway inhibition is responsible for 3BHSDI1 upregulation under
hypoxia. The EGLN inhibitor CoCl, increased 3HSD1 mRNA in

2422 Cancer Res; 82(13) July 1, 2022

HS cells under normoxia (Supplementary Fig. S4A). Using siRNA,
we then knocked down all three isoforms of EGLN individually.
Only EGLNI1 knockdown substantially upregulated HIFlo and
HIF20 as well as 3BHSD1 under normoxia, whereas EGLN2 or
EGLN3 knockdown had little to no effect (Supplementary Fig. S4B
and S4C). Interestingly, EGLN2 knockdown also strikingly down-
regulated EGLN3 by an unknown mechanism (Supplementary
Fig. S4B and S4C). Because VHL is responsible for degrading the
proteins hydroxylated by EGLN (prolyl hydroxylase), we deter-
mined whether VHL is involved in hypoxia-induced 3BHSD1
upregulation in LNCaP and C4-2 cells. VHL knockdown signifi-
cantly increased HIFla. and HIF2q, as well as 3BHSD1 under
normoxia (Fig. 3A and B). We also quantified several known HIF
targets as positive controls. Unlike the other targets, VEGFA level
remained unaffected by VHL knockdown for unknown reasons
(Fig. 3B). VHL knockdown also increased DHEA conversion to AD
as a consequence of 3BHSD1 upregulation (Fig. 3C). Furthermore,
DHEA-mediated upregulation of AR targets was enhanced by VHL
knockdown (Fig. 3D). These data together suggest that EGLN1/
VHL pathway inhibition is sufficient to induce 3BHSD1 expression
under normoxia.

3BHSD1 is upregulated by HIF20

In the presence of oxygen, the HIFa, subunit is hydroxylated on
conserved proline residues by EGLN (31). Prolyl-hydroxylated HIFo.
is then recognized by VHL for ubiquitylation and proteasomal deg-
radation (32). However, under hypoxia, HIF is activated by hypoxia-
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mean + SEM.

induced EGLN/VHL inhibition and is a major cellular response to
hypoxia. Our data suggested that 3BHSDI expression was elevated at
the mRNA level in HR cells (Supplementary Fig. S2E) and by
EGLNI1/VHL inhibition under normoxia (Supplementary Fig. S4;
Fig. 3A and B). Therefore, we determined whether 3BHSD1 is
a target of HIF. Because EGLN1/VHL inhibition stabilizes both
HIF1o and HIF2a, we knocked down each isoform in cells that had
VHL knockdown and thus, also had upregulated 3BHSDI under
normoxia. Only HIF2a knockdown abolished the 3BHSD1 upregula-
tion (Fig. 4A). Then we individually overexpressed dominant-
positive HIF1o, and HIF2o (P402A/P564A/N803A on HIFlo and
P405A/P531A/N847A on HIF2o) under normoxia, which abolish

AACRJournals.org

hydroxylation-mediated degradation and inhibition of coactivator
binding (18). Overexpression of mutant HIF2a. but not mutant
HIFlo. upregulated 3BHSD1 under normoxia (Fig. 4B and C).
These data together suggest that 3BHSD1 is a downstream target of
HIF20. but not HIFlo. Known HIF targets (positive controls)
exhibited distinct patterns of regulation when HIFla or HIF2a
was overexpressed (Fig. 4C). HIFo. overexpression did not affect
VEGFA level, which was consistent with our VHL knockdown
results (Fig. 3B).

As HIF1lo and HIF20. transcriptional activity requires association
with HIF1f, also known as ARNT, we also determined whether ARNT
is required for hypoxia-induced 3BHSD1 upregulation. Knockdown of
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Figure 4.

HIF20. upregulates 3BHSD1. A, HIF, VHL, and HSD3B1 mRNA was quantified by gPCR in cells with shRNA-mediated HIF and/or siRNA-mediated VHL knockdown (KD)
and control cells under normoxia. EPAST is the gene encoding HIF2a. B and C, HIF, 3BHSD1, and HIF target proteins (B) and mRNA (C) were determined by Western
blot (B) and gPCR (C) in cells with HA-tagged HIF overexpression (OE) and control cells under normoxia. D and E, HIF and 3BHSD1 protein (D) and mRNA (E) were
determined by Western blot (D) and gPCR (E), respectively, in HR cells with and without shRNA-mediated HIF knockdown under hypoxia. B-Actin was a loading
control. F, DHEA metabolism was determined by mass spectrometry in cells with and without HA-tagged HIF 20, overexpression under normoxia. Time O represents
the point of DHEA addition at 48 hours after transfection with HA-tagged HIF2c. or control plasmid. G, AR-regulated transcripts were determined by gPCR in cells with
or without 8-hour DHEA treatment, which was 48 hours after transfection with HA-tagged HIF 2. or control plasmid under normoxia. The numbers above the columns
denote fold change. *, P < 0.05 using an unpaired two-tailed ¢ test. Error bars, mean + SEM.
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either HIF20 or ARNT decreased 3BHSD1 in HR cells under hypoxia
(Fig. 4D and E). To determine the significance of HIF20.-mediated
upregulation of 3BHSD1, we compared DHEA metabolism in cells
with and without HIF20. overexpression. Conversion of DHEA to AD
was increased by HIF20 (Fig. 4F) but not HIF1o (Supplementary
Fig. S5A and S5B) overexpression under normoxia. DHEA-mediated

upregulation of AR targets was also enhanced by HIF20l overexpres-
sion (Fig. 4G).

HIF transcriptional activity is also regulated by asparaginyl
hydroxylation, mediated by factor inhibiting HIF-1 (FIHI).
Hydroxylation on the conserved asparagine residue in the HIFo
C-terminal transactivation domain prevents its interaction with
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HIF20. directly targets the 5’ regulatory region of HSD3BI1. A, HSD3BT mRNA was quantified by gPCR in cells with HA-tagged HIF2o overexpression (OE) and control
cells at different time points following actinomycin D treatment under normoxia. Time O represents the point of actinomycin D addition. B, HA-tagged HIF2o. was
overexpressed in both control cells and cells with shRNA-mediated ARNT knockdown (KD) under normoxia. EPAST and HSD3B1 mRNA was quantified by gPCR. The
numbers above the asterisks denote fold change. C, HA-tagged HIF2o. was overexpressed in cells with and without siRNA-mediated HIF knockdown under normoxia,
and HIF and 3BHSD1 protein expression was determined by Western blot. B-Actin was a loading control. D, The 5’ regulatory region of HSD3BI for the scanning ChIP
assay. Six regions were amplified by six pairs of primers (P1to P6). E, The six regions of the 5’ regulatory region of HSD3B7 were measured by qPCR in cells with HA-
tagged HIF20 overexpression under normoxia. gPCR was performed on the fragmented chromatin precipitated by anti-HA or control IgG antibody. The primers
targeting the promoter region of PDKT, which has been reported to bind HIF2, were used as a positive control. Human negative control primer set 1(71001) from Active
Motif was used as negative ChIP control (NC.). F and G, The P6 region of the HSD3B15' regulatory region was measured by gPCR in HR cells under hypoxia. gPCR was
performed on the fragmented chromatin precipitated by anti-HIF2c. (F), anti-ARNT (G), or control IgG antibody. The primers targeting the promoter region of PDKT
were used as a positive control. Human negative control primer set 1(71001) from Active Motif was used as negative ChIP control (NC.). H, The 5’ regulatory region of
HSD3B1was fused to a luciferase reporter to generate a promoter-luciferase construct that was then transfected into cells with HA-tagged HIF 2o, overexpression and
control cells under normoxia. Error bars, mean + SEM. *, P < 0.05 using an unpaired two-tailed ¢ test.

AACRJournals.org Cancer Res; 82(13) July 1, 2022

220z AIne 20 uo 18sn oD puelens|d AQ Jpd- 2L ¥2/88Y.LLE/LLYZIELIZ8/Pd-BoE/SO1I80URD/BI0"S|BUINOLIOEE)/:dPY WO papEojuMOq

2425



Qin et al.

the coactivator EP300 (18, 19), which has been suggested to be
critical for transcriptional activity of HIF1a, but not HIF2a (33).
However, our data suggest that EP300 knockdown decreases
3BHSD1 in HR cells under hypoxia (Supplementary Fig. S6A and
S6B). Moreover, the mutation of N847 to A, which abolishes the
FIH1-mediated HIF2a hydroxylation, further enhanced HIF2o.-
mediated 3BHSD1 upregulation under normoxia (Supplementary
Fig. S6C and S6D). These data together suggest that HIF2a-
mediated 3BHSD1 upregulation requires EP300 binding.

HIF2u directly targets the 5’ regulatory region of HSD3B7

We compared, using actinomycin D treatment-based mRNA half-
life measurements, the stability of HSD3B1 mRNA in cells with and
without dominant-positive HIF20. overexpression. Our results suggest

A B

Cell proliferation

that HIF20L overexpression cannot increase HSD3BI mRNA stability
under normoxia, indicating that HIF2o upregulates 3BHSDI1 by
increasing HSD3BI transcription (Fig. 5A). HIF20-mediated 33HSD1
upregulation was also largely abolished in cells with ARNT knock-
down (shRNA; Fig. 5B). siRNA-mediated ARNT knockdown also
largely dampened 3BHSD1 upregulation induced by HIF20o. over-
expression (Fig. 5C). We next examined whether HIF20ow directly
targets the 5 regulatory region of HSD3BI. Six pairs of primers (P1
to P6) were designed to amplify 6 regions of the HSD3B1 5' regulatory
region (Fig. 5D). ChIP assay results suggest that in the cells with HA-
tagged HIF20. overexpression, HA-tagged HIF20. binds to the P6
region under normoxia (Fig. 5E). ChIP assay in HR cells indicated
endogenous HIF2o. and ARNT also binds to the P6 region under
hypoxia (Fig. 5F and G). HA-tagged HIF20 overexpression also
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In vivo analysis of tumors with HIF2o overexpression. A, 3BHSD1and HA-tagged HIF2a protein expression in HSD3BT knockout (KO) and control C4-2 cells with and
without HA-tagged HIF2o. overexpression was determined by Western blot analysis. -Actin was a loading control. B, The proliferation of the cells in A was measured
by luciferase assay. The cells were treated with DHEA (100 nmol/L). The proliferation was compared using an unpaired two-tailed ¢ test on day 5. C, Change in tumor
volume and progression-free survival in a xenograft study using the cells in A, with DHEA treatment after castration. Castration and DHEA pellet implantation was
performed 19 days after cell injection. Tumor volume was compared using an unpaired two-tailed t test on day 34. Progression-free survival was assessed as time
from cell injection to tumor volume of 800 mm?® and compared using a log-rank (Mantel-Cox) test. D, T, DHT, and DHEA were measured in xenograft tumor samples
from C using mass spectrometry and the ratio of (T+DHT)/DHEA is shown in each xenograft group. E, 3BHSD1and HIF20 protein expression in radical prostatectomy
tissues from 6 patients with localized prostate cancer was determined by Western blot analysis. B-Actin was a loading control. “T” and “P” represent transitional zone

and peripheral zone, respectively. Error bars, mean £ SEM. NS, nonsignificant.
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increased the activity of a luciferase reporter fused with the 5’
regulatory region of HSD3BI under normoxia (Fig. 5H). These
findings suggest that HIF2c targets the P6 area of the HSD3B1 5’
regulatory region.

HIF2q. is required for 33HSD1-dependent tumor progression

To determine the role of HIF2a in tumorigenesis, especially that
dependent on 3BHSDI, we stably overexpressed dominant-positive
HIF20. in both wild-type and HSD3BI-deleted C4-2 cells. HIF20
overexpression upregulated 3BHSD1 (Fig. 6A) and promoted cell
proliferation in vitro, which largely depended on 3BHSD1 (Fig. 6B). A
xenograft study in surgically orchiectomized mice showed that HIF2o.
overexpression promoted tumorigenesis in vivo, which also largely
depended on 3BHSD1 (Fig. 6C). These data together suggest that
HIF2a acts to upregulate 3BHSD1 expression to promote prostate
tumorigenesis. We next analyzed androgen level in these tumor
samples by mass spectrometry. The production of active androgens,
such as T and DHT, was significantly increased by HIF2a over-
expression, which is dependent on 3BHSD1 (Fig. 6D). Next, we
compared the association between expression of HIF2o and 3BHSD1
in the peripheral and transitional zones of prostate tissues from
patients with localized prostate cancer. Radical prostatectomy tissues
generally exhibited greater 3BHSD1 protein expression where HIF20.
was also elevated (Fig. 6E).

Pharmacologic HIF2 inhibition suppresses cell growth via
inhibiting the transactivation activity of HIF2

Considering the critical role HIF2 plays in upregulating 33HSD1
expression, we tested whether PT2399, a selective HIF2 antagonist,
can downregulate 3HSD1. PT2399 has been shown to dissociate

Hypoxia-Reoxygenation and 33HSD1

the HIF2o. and ARNT complex in clear-cell renal cell carcinoma
and suppress tumorigenesis (34-36). PT2399 significantly
decreased nuclear HIF20o. expression in HR cells under hypoxia,
without affecting HIFlow nuclear localization (Fig. 7A). The
association of HIF2o. with ARNT was also abolished by PT2399
(Fig. 7B and C). PT2399 also decreased the expression of several
HIF2 targets, including HSD3B1 (Fig. 7D). In contrast, it robustly
increased VEGFA expression for unknown reasons (Fig. 7D), sug-
gesting that VEGFA regulation differs from that of the other HIF2
targets tested here. We next compared the effects of PT2399
treatment, androgen starvation, and the combination of both in
HR cells under hypoxia. Androgen starvation was achieved by
culturing the cells in charcoal-stripped media to mimic ADT in
vitro. Our results showed that the combination of both PT2399 and
androgen starvation resulted in a greater loss of cell viability
compared with the single treatments, which suggests that HIF2 is
critical to cell survival under hypoxia (Fig. 7E).

Discussion

Although increasing evidence indicates hypoxia is critical
to prostate cancer progression (17, 20-23), whether and how
it affects androgen metabolism—a major driver of CRPC—is
unknown. This issue is of critical importance because extragonadal
androgen synthesis is clinically validated as a central driver of tumor
progression. For example, the mechanism of abiraterone acetate,
which confers a survival benefit in advanced and metastatic prostate
cancer, is by blocking androgen metabolism (37, 38). Understanding
the effects of oxygenation on intratumoral androgen metabolism is
therefore essential.
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Figure 7.

Viability

Viability

PT2399 suppresses cell growth via inhibiting transactivation activity of HIF2. A, HIF and 3BHSD1in cytoplasm (Cy) and nucleus (Nu) in HR cells treated with either PT2399
(50 umol/L) or DMSO for 24 hours under hypoxia were determined by Western blot. Lamin A/C and GAPDH were determined as markers of the nucleus and cytoplasm,
respectively. B, Cells with HA-tagged HIF20. overexpression were treated with either PT2399 (50 umol/L) or DMSO for 24 hours under normoxia. HA-tagged HIF2c. and
ARNT were coimmunoprecipitated by anti-HA antibody. C, ARNT and HIF2o. were coimmunoprecipitated by anti-ARNT antibody in HR cells treated with either PT2399
(50 umol/L) or DMSO for 24 hours under hypoxia. D, HSD3B1 and HIF targets mRNA was determined by gPCR in HR cells treated with either PT2399 (50 umol/L) or
DMSO for 24 hours under hypoxia. E, HR cells were precultured in either complete media or charcoal-stripped media (CSM) for 48 hours, and then treated with either
DMSO (CTRL) or PT2399 (50 umol/L) for 24 hours under hypoxia. The cell viability was measured using a Promega luciferase assay. Error bars, mean 4 SEM. *, P< 0.05

using an unpaired two-tailed ¢ test.
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Our findings suggest that hypoxia induces changes in expression of
multiple steroidogenic enzymes. Many of these enzymes directionally
oppose one another by catalyzing competing reactions. For example,
we found that expression of multiple 17BHSD enzymes with oxidative
(17BHSD2, 17BHSD4) or reductive (17BHSD3, 17BHSD5) direction-
ality is altered with hypoxia. Such complex alterations in expression,
coupled with changes in cofactor regulation, are difficult to assess
individually. Instead, the most important experimental observation is
probably the net effect on androgen metabolism.

Of the androgen metabolism enzymes affected by hypoxia, 3BHSD1
catalyzes the only reaction that is rate-limiting, irreversible, and
genetically validated for clinical outcomes in prostate cancer as a
predictive genetic biomarker for resistance to gonadal testosterone
depletion therapy and overall survival (39, 40). Although our study
mechanistically implicates the HIF pathway in transcriptionally reg-
ulating HSD3B1, chronic hypoxia alone is insufficient for increasing
androgen metabolic flux through the enzymatic step catalyzed by
3BHSDI1. Instead, transcriptional upregulation of HSD3BI and
3BHSD1 by hypoxia must be coupled with reoxygenation to replenish
cofactors necessary for this step (Fig. 8).

Reoxygenation after chronic hypoxia occurs after neovasculariza-
tion, cell death, which provides increased oxygenation to the remain-
ing tumor, or modification of other determinants of blood flow (41).
ADT is used as standard of care both for localized prostate cancer (in
combination with radiotherapy) as well as for metastatic disease (42).
Therefore, the pathophysiology of hypoxia-reoxygenation and its role

Hypoxia

in androgen metabolism are relevant to both of these clinical settings.
In fact, HSD3B1-driven clinical outcomes have been demonstrated
for men with prostate cancer treated with local radiotherapy +
ADT (43), in addition to multiple studies in the setting of metastatic
prostate cancer (16). Our data suggest that hypoxia-reoxygenation can
augment the behavior of the less metabolically active adrenal-
restrictive HSD3BI to effectively mimic adrenal-permissive behavior.
Alternatively, hypoxia-reoxygenation could magnify the effects of
adrenal-permissive HSD3BI inheritance. Furthermore, the in vivo
data (Fig. 6C) suggest that HSD3BI is a major component necessary
for HIF-driven prostate cancer progression.

The functional outcomes associated with the hypoxic activation of
the two transcriptionally active isoforms of HIF, HIF1 and HIF2,
remain an area of active investigation. Although these transcription
factors share a subset of hypoxia-responsive target genes, their bio-
logical functions remain non-overlapping, perhaps due to the differ-
ences in (i) expression patterns in different tissues, (ii) sensitivity to
oxygen loss, (iii) the kinetics of their activation in response to hypoxia,
and (iv) the existence of isoform-specific targets. HIF1 is associated
with response to acute hypoxia, whereas HIF2 stabilization is sustained
in chronic hypoxia (44). Moreover, HIF2, but not HIF1, has been
identified as a key oncogenic driver in pVHL-deficient cancers (e.g.,
clear-cell renal cell carcinoma) (45-49). We find that expression of
3BHSD1 occurs upon chronic exposure to hypoxia, with kinetics that
are consistent with HIF2 activation. Our findings in prostate cancer
reinforce this notion of “division-of-labor” between the HIF isoforms

Reoxygenation
@0

@ Co-
1 factor

Co-
factor

HSD3B1

Figure 8.

’ >

Active f
androgen
AD l

Tumor progression

Proposed regulation of androgen synthesis by cyclic hypoxia-reoxygenation in CRPC. Hypoxia stabilizes HIF2c, which translocates to the nucleus and dimerizes with HIF1B to
induce the transcription of HSD3BI. Then reoxygenation increases androgen production by rapidly increasing the cofactors without reducing 33HSD1 protein in the short term.
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and suggest that activation of 3BHSD1 combats the metabolic stress
imposed by chronic oxygen loss in prostate cancer cells.

Our study suggests that HIF2 may be a therapeutic target in
prostate cancer and that PT2399 specifically blocks extragonadal
androgen synthesis, which is critical for driving CRPC. New ther-
apeutic strategies might include the addition of PT2399 to ADT in
order to delay the development of CRPC. Alternatively, PT2399
might be investigated in addition to upfront treatment with ADT in
combination with potent anti-androgens (e.g., abiraterone, enza-
lutamide, or apalutamide).

Separate from its role in prostate cancer, 3BHSD1 is also one step
upstream of aromatase and therefore has physiologic relevance for the
synthesis of estrogens in postmenopausal women. Homozygous adre-
nal-permissive HSD3B1 inheritance is linked to ER-positive postmen-
opausal breast cancer and accounts for about 5% of such cases (50).
Hypoxia-reoxygenation may therefore drive local estrogen synthesis in
postmenopausal breast cancer. Thus, these findings might have impli-
cations for the use and selection of systemic therapies (e.g., aromatase
inhibitors) for women with breast cancer.

In summary, we show that hypoxia coupled with reoxygenation
hastens the conversion from adrenal precursor steroids to potent
androgens by sequentially increasing the expression of HSD3B1 and
eliciting the production of cofactors required for activation of its
encoded enzyme (Fig. 8). Notably, the EGLN1/VHL/HIF2 pathway
is essential for promotion of HSD3BI transcription and development
of CRPC. HIF2 may be a therapeutic target in prostate cancer, and
PT2399 should be investigated to counter androgen metabolic
mechanisms that promote resistance to hormonal therapies.
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