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Abstract

Androgen deprivation therapy (ADT) is a cornerstone of prostate
cancer (PCa) management. Although tumors initially regress, many
progress to a hormone-independent state termed castration-
resistant PCa (CRPC), for which treatment options are limited. We
here report that the major luminal cell population in tumors of
Pten”P~/~ mice, generated by luminal epithelial cell-specific dele-
tion of the tumor suppressor PTEN after puberty, is castration-
resistant and that the expression of inflammation and stemness
markers is enhanced in persistent luminal cells. In addition,
hypoxia-inducible factor 1 (HIF1) signaling, which we have previ-
ously demonstrated to be induced in luminal cells of Pten®P¢~/~
mice and to promote malignant progression, is further activated.
Importantly, we show that genetic and pharmacological inhibition
of HIF1A sensitizes Pten-deficient prostatic tumors to castration
and provides durable therapeutic responses. Furthermore, HIF1A
inhibition induces apoptotic signaling in human CRPC cell lines.
Therefore, our data demonstrate that HIF1A in prostatic tumor
cells is a critical factor that enables their survival after ADT, and
identify it as a target for CRPC management.
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Introduction

Prostate cancer (PCa) is the second most commonly diagnosed neo-
plasia in men worldwide and one of the major causes of cancer-
related death (Siegel et al, 2017; Rebello et al, 2021). Curative
options of localized tumors include radical surgical prostatectomy,
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external beam radiotherapy, or low-dose-rate brachytherapy. How-
ever, these treatments often induce side effects, such as impotence,
incontinence, and infertility (Resnick et al, 2013). The benefit of
adding neoadjuvant and adjuvant androgen deprivation therapy
(ADT) to achieve castrate levels of testosterone by either surgical
orchiectomy or medical castration is well established for men with
high-risk localized and advanced disease. Although initially effec-
tive, about 30% of patients relapse after first-line treatment
(Rebello et al, 2021). Moreover, nearly all metastatic patients pro-
gress to an androgen-independent state, termed castration-resistant
prostate cancer (CRPC) (Parker et al, 2020; Rebello et al, 2021).
Key regulators implicated in the progression of localized disease to
CRPC include PTEN, a tumor suppressor gene that is mutated in
12% of localized and metastatic castration-sensitive prostate can-
cer, and in more than 40% of CRPC patients (Cancer Genome Atlas
Research, 2015; Robinson et al, 2015). Numerous studies have
identified mechanisms of castration resistance, including tumor
cell-intrinsic ones, such as androgen receptor (AR) amplifications
and mutations, as well as microenvironmental ones, such as the
enrichment of immunosuppressive myeloid-derived suppressor
cells (MDSCs) (Rebello et al, 2021). Despite these findings, the
therapeutic arsenal for CRPC is limited (Heidenreich et al, 2013).
Indeed, a combination of second-generation AR pathway inhibitors
(e.g., abiraterone and enzalutamide) and conventional taxane-
based chemotherapy (e.g., docetaxel) only improves the survival of
CRPC patients by about 5 months (Fizazi et al, 2012). Moreover,
the inhibition of AR signaling in CRPC by such potent AR inhibitors
has been linked to the emergence of lethal neuroendocrine PCa
(Davies et al, 2018). While the use of PARP inhibitors, such as
olaparib and rucaparib, has broadened the therapeutic landscape in
the context of metastatic CRPC with alterations in homologous
recombination repair genes (ATM, BRCA1, BRCA2), resistance may
also emerge (Loehr et al, 2022), and the overall survival is
improved by around 3 months (Hussain et al, 2020). Therefore,
elucidating additional targetable mechanisms of castration resis-
tance is highly desired to develop effective therapeutic strategies
for CRPC.
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We have previously shown that prostatic intraepithelial neopla-
sia (PIN) of Pten®P*~/~ mice, generated by luminal epithelial cell-
specific deletion of the tumor suppressor PTEN after puberty, is hyp-
oxic and that enhanced hypoxia-inducible factor 1 (HIF1) signaling
in luminal cells drives the malignant evolution of such lesions (Abu
El Maaty et al, 2022). In this study, we analyzed the molecular
underpinnings enabling luminal cell survival in tumors of Pten®Pe~/~
mice under androgen deprivation conditions and found that castra-
tion resistance is associated with further activation of hypoxic sig-
naling and a shift in luminal cell state. Importantly, we demonstrate
that genetic or pharmacological inhibition of hypoxia-inducible fac-
tor 1A (HIF1A) overcomes castration resistance and provides a
durable therapeutic response. Our results therefore demonstrate that
inhibiting HIF1A is a therapeutic strategy for the management of
CRPC.

Results

Androgen deprivation further enhances hypoxic signaling in
prostatic luminal-C cells

To study the impact of androgen deprivation on Pten-deficient pros-
tatic luminal cells, Pten**"? (control) and Pten®P*~/~ mice were
orchiectomized at 3 months after gene invalidation (AGI), and ana-
lyzed 1 month after surgery. As expected, the weight of androgen-
responsive tissues (e.g., seminal vesicles and bulbocavernosus mus-
cle) was strongly reduced in castrated mice of both genotypes com-
pared with sham-operated ones (Figs EV1A and 1B). Although the
prostate weight was reduced by castration in both mouse lines, his-
tological analyses revealed a shrinkage of the dorsolateral prostate
(DLP) glands only in castrated Pten**"? mice (Figs 1A and EVIC
and D). Importantly, a similar proportion of PIN and adenocarci-
noma were present in the DLP of sham-operated and castrated
Pten®™P*~/~ mice (Fig 1A and B). Of note, immunohistochemical
detection of AR revealed a strong nuclear staining in prostates of
sham-operated control and mutant mice and cytoplasmic staining in
those of castrated ones (Fig 1A). Collectively, these results demon-
strate that androgen deprivation impairs AR nuclear translocation
but does not induce regression of Pten-deficient prostatic lesions.

To characterize the molecular underpinnings enabling luminal
cell survival under androgen deprivation in an unbiased manner,
we performed droplet-based single-cell RNA sequencing (scRNA-
seq) on 6,166 and 9,940 cells isolated 1 month after surgery from
prostates of Pten”’P*~/~ mice, sham-operated and castrated at
3 months AGI, respectively. Analysis of these 16,106 cells identified
21 prostatic clusters (Fig EV1E), which were classified into epithelial
cells (Epcam; clusters 3, 11, and 17) and mesenchymal cells, the lat-
ter comprising leukocytic (Ptprc; clusters 1, S, 6, 7, 9, 10, 12, 14, 15,
16, 18, 20, 21) and nonleukocytic (Vim; clusters 2, 4, 8, 13 and 19)
cells (Fig EV1E-G). The leukocytic clusters included T- (Cd3g) and
B-(Cd79a) lymphocytes, MDSCs (S100a8), dendritic cells (Fit3),
macrophages (Adgrel), and mast cells (Cpa3 and Mcpt4) (Fig 1C).
Nonleukocytic mesenchymal cells included endothelial cells
(Pecam1) and stromal fibroblasts (Collal). Epithelial clusters com-
prised basal cells (KrtS), as well as two luminal subsets (Krt8),
termed luminal-A and -C (Fig 1C), characterized by elevated levels
of androgen-responsive genes (e.g., Pbsn, Nkx3-1, and Tgm4)
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(Rennie et al, 1993; He et al, 1997; Lopez-Bujanda et al, 2021), and
stemness-associated markers (Tacstd2 [encoding Trop2]/Krt4/
Lyé6a), respectively (Fig 1C and D). Luminal-C cells are a minor pop-
ulation in control prostates, and the predominant epithelial subset
in Pten-deficient prostatic lesions (Abu El Maaty et al, 2021, 2022).
Cells with similar characteristics have been recently suggested to be
intrinsically castration-resistant (Baures et al, 2022). Interestingly,
the abundance of luminal-A but not luminal-C cells was reduced
after castration (Figs 1D and EVI1F and H). These data therefore
demonstrate that only a minor population of prostatic luminal cells
is eliminated by castration of Pten”P*~/~ mice, and indicate intrin-
sic castration-resistant properties for luminal-C cells.

Differential expression analysis revealed that the transcript levels
of around 380 genes were altered in luminal-C cells by castration
(Dataset EV1). As expected, enrichment analysis of the genes down-
regulated in luminal-C cells of castrated mice compared with those
of sham-operated ones using the Molecular Signatures Database
(MSigDB) identified “androgen response” among the top 10 downre-
gulated pathways (Fig 1E; Table EV1), with the expression of a
number of androgen-responsive genes, including Pbsn, Tgm4, and
Fkbp5, reduced by androgen deprivation (Fig 1F; Dataset EV1). On
the other hand, enrichment analysis of the genes upregulated in
luminal-C cells of castrated mice identified inflammation-related
pathways, including “TNFA signaling via NF-kB” and “IL2-STAT5
signaling” (Fig 1G; Table EV1). A number of genes encoding cyto-
kines, including Il1b, Cxcll, and the MDSC-recruiting factor Cxcl5,
were induced by castration (Fig 1H; Dataset EV1), the latter poten-
tially underscoring the enrichment of MDSCs in prostatic tumors of
castrated Pten”’P*~/~ mice (Figs 11 and EV1F).

Interestingly, enrichment analyses also identified “Hypoxia,” a
major feature of Pten-deficient prostatic lesions, among the hall-
marks upregulated in luminal-C cells of castrated mice (Fig 1G;
Table EV1). Castration induced the expression of 11 hypoxia-related
genes in luminal-C cells (Table 1 and Dataset EV1), including Pfkfb3
(6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3), Cp (Ceru-
loplasmin), and Car12 (Carbonic anhydrase 12) (Fig 1J).

Cd44 and Ly6d, which have been previously reported to identify
prostate stem cells/progenitors (Barros-Silva et al, 2018; Wang
et al, 2021), were also among the genes upregulated in persistent
luminal-C cells (Fig 1K; Dataset EV1), suggesting induced plasticity
by castration. We thus determined the levels of Transglutaminase 2
(TGM2), which we have recently shown to be a marker of HIF1A-
driven disease progression and luminal plasticity (Abu El Maaty
et al, 2022). Immunohistochemical analyses revealed that TGM2
was expressed at low levels in less than half of the prostatic epithe-
lial cells of sham-operated Pten?°~/~ mice at 3 months AGI and at
high levels in most epithelial cells of castrated ones (Fig 1L).

Collectively, these data demonstrate that the abundance of
luminal-A is strongly decreased in castrated PtenVP*~/~ mice,
whereas hypoxic signaling is further activated in castration-resistant
luminal-C cells, which acquire a high plasticity state and promote
an immune-suppressive microenvironment.

Luminal HIF1A enables cellular survival in response to
androgen deprivation

Since hypoxic signaling was enhanced in luminal-C cells of castrated
Pten”P*~/~ mice, we determined whether luminal HIF1A is

© 2023 The Authors
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Figure 1. Characterization of prostate tumors of castrated Pten®P¢~/~ mice.

Julie Terzic et al

A Representative H&E staining and immunohistochemical analysis of the androgen receptor (AR) in the dorsolateral prostate (DLP) of Pten”*2 and PtenPe~/~ mice,
sham-operated (sham), or castrated (CTX) at 3 months after gene inactivation (AGI), and analyzed at 1 month after surgery. Scale bars: 100 um. N = 3 mice per

condition.

B Histological scoring of DLP of sham and CTX Pten®Pe~/~ mice analyzed at 1 month after surgery. ADK, adenocarcinoma. N = 4 mice per condition. Data presented
are mean, and error bars correspond to SEM. P-values were determined using an unpaired t-test.

C Dot plot depicting the expression of cell-lineage specific markers in the various clusters generated after scRNA-seq analysis of prostates of sham and CTX Pten!

mice analyzed at 1 month after surgery.

i\pe—/—

D  Uniform Manifold Approximation and Projection (UMAP) of cells from prostates of sham or CTX Pten®?*~/~ mice. Luminal-A and Luminal-C cells are indicated by

arrows.

E  Bar chart depicting the identified hallmarks through Gene Set Enrichment Analysis (GSEA) of the genes downregulated in luminal-C cells of Pten®P*~/~ mice with

castration. FDR, False Discovery Rate.

F  Violin plots depicting transcript levels of androgen-responsive genes in luminal-C cells of sham and CTX Pten'

rank-sum test.

G Bar chart depicting the identified hallmarks through GSEA of the genes upregulated in luminal-C cells of Pten!

e/~ mice. P-values were determined by the Wilcoxon

e/~ mice with castration.

H  Violin plots depicting the transcript levels of inflammation-related genes in luminal-C cells of sham and CTX Pten®P°~/~ mice. P-values were determined by the

Wilcoxon rank-sum test.

| Flow cytometric analysis of myeloid-derived suppressor cells (MDSC) in prostates of pten®

N = 4 mice per group. P-values were determined by a two-tailed t-test.

Pe~/~ mice, sham and CTX at 3 months AGI and analyzed 1 month later.

b iolin plots depicting the transcript levels o oxia-relate enes an asticity-relate enes In luminal-C cells of Sham an ten mice. P-values
K Violin plots depicting th ipt levels of hypoxia-related g d plasticity-related genes (K) in luminal-C cells of sh d CTX Pten®~/~ mice. P-val

were determined by the Wilcoxon rank-sum test.

L Representative immunohistochemical detection of TGM2 in DLP of sham and CTX Pten®

Source data are available online for this figure.

Table 1. List of hypoxia-related genes induced in luminal-C cells of
castrated Pten®P*~/~ mice versus sham-operated ones.

Gene Average

name P-value log2FC pct.l pct.2 P val_adj
Cp 1.55E-34 2.229 0.595 0343 3.30E-30
Carl2 2.42E-32 0.813 0.409 0.157 5.17E-28
Zfp36 9.50E-15 0.754 0.850 0.807 2.03E-10
Bhlhe40 2.77E-14 0.640 0.668 0.592 591E-10
Map3kl 3.07E-13 0.403 0.598 0.518 6.54E-09
Pfkfb3 357E-13 0.473 0.346 0.209 7.61E-09
Fos 7.68E-10 0.594 0.904 0.851 1.64E-05
Errfil 4.09E-09 0.457 0.862 0.824 8.73E-05
Ndrgl 2.07E-08 0.412 0.416 0.306 4.42E-04
KIfe 1.97E-06 0.453 0.924 0.889 4.20E-02
Cenl 3.82E-04 0.629 0.697 0.679 1.00E+00

Average log2FC: log fold change of the average expression between the two
groups. Positive values indicate that the gene is more highly expressed in the
first group. Pct.1: percentage of cells where the gene is detected in the first
group. Pct.2: percentage of cells where the gene is detected in the second
group. P val adj: Adjusted P-value, based on Bonferroni correction using all
genes in the dataset.

involved in resistance to androgen deprivation. To this end, Pten/
Hifla®”P*~/~ mice, in which both Pten and Hifla are selectively inac-
tivated in luminal cells after puberty (Abu El Maaty et al, 2022),
were castrated at 3 months AGI and analyzed 1 month after sur-
gery. The prostate weight of castrated Pten/Hifla®™Pe~/~
markedly lower than that of sham-operated ones, and similar to that
of castrated controls (Pten™*“*/Hif1a"*’** mice; Fig 2A). Histologi-
cal analyses revealed a striking gland shrinkage in the DLP of cas-
trated Pten/Hifla®™P®~/~ mice (Fig 2B and C), as observed in
castrated controls (Figs 1A and 2C). Moreover, whereas about 75%

mice was
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Pe=/~ mice. N = 3 mice per condition. Scale bars: 100 pm.

of glands contained PINs or adenocarcinoma in sham-operated
Pten/Hif1a’P*~/~ mice, > 80% of glands in castrated ones had a
neoplastic-free appearance and no adenocarcinoma was observed
(Fig 2B and D). Of note, immunohistochemical analyses showed that
most of the remaining luminal cells of castrated Pten/Hifla®Pe~/~
mice expressed the luminal-C marker TROP2 (Abu El Maaty
et al, 2022) and AR in the cytoplasm (Fig 2E).

To further characterize the impact of HIF1A deficiency on andro-
gen deprivation, we analyzed Pten”P*~/~ and Pten/Hifla®”P®~/~
mice at 1 to 3 days after surgery. Although AR was already cyto-
plasmic 1 day after castration and the weight of the seminal vesi-
cles was reduced after 3 days in both mouse lines (Fig EV2A-C),
histological analyses revealed tumor regression in prostates of
Pten/Hifla®”’?*/~ mice but not in those of Pten®*~/~ ones
(Fig 2F). Furthermore, the proliferation rate of epithelial cells was
decreased in both mouse lines 1-3 days after castration (Fig EV2D
and E). Note, however, that while cell proliferation further
decreased 1 month after castration in Pten/Hifla®”’P*~/~ mice, it
increased in Pten”P*~/~ mice to reach levels similar to those
before castration (Fig EV2D and E). Remarkably, castration
induced a time-dependent increase in the number of cleaved
caspase-3 (CC3)-positive and cleaved poly(ADP-ribose) polymerase
(CPARP)-positive epithelial cells within 3 days in prostates of
Pten/Hif1a®?”P*/~ mice, but not in those of Pten®P*~/~ ones
(Figs 2G and H, and EV2F-H). Note that < 5% of apoptotic cells
were detected in Pten/Hifla®™P®~/~ mice at 30 days after surgery
(Figs 2G and H, and EV2F-H). Thus, androgen deprivation impairs
epithelial cell proliferation within 3 days in both Pten®Pe~/~
Pten/Hif1a®”’P*~/~ mice but induces rapid cell death only in the lat-
ter. In addition, the antiandrogen enzalutamide induced CC3 levels
in organoids generated from prostates of Pten/Hifla®™P*~/~ mice
but not of Pten”P*~/~ ones (Fig 2I). Collectively, these data dem-
onstrate that luminal HIF1A is a key driver of castration resistance
in Pten-deficient prostatic tumors and that its inactivation over-
comes this resistance.

and

© 2023 The Authors
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Figure 2. Effects of castration on prostates of Pten/Hif1la®P¢~/~ mice.

Julie Terzic et al

A Prostate weight of control (Pten'?*?/Hif1a"¥'2) and Pten/Hif1a®P*~/~ mice sham or CTX at 3 months AGI and analyzed 1 month after surgery. N = 5-18 mice/
condition. Data presented are mean + SEM. P-values were determined by one-way ANOVA followed by a post hoc Tuckey test.

B Representative H&E staining of DLP of sham and CTX Pten/Hifla®?*~/~ mice. Scale bars: 100 um. N = 3 mice/condition.

C Gland areas in DLP of sham and CTX control and Pten/Hifla®?®~/~ mice. Five glands per mouse were quantified. N = 3 mice/condition. Data presented are
mean + SEM. P-values were determined by one-way ANOVA followed by a post hoc Tuckey test.

D Histological scoring of DLP of sham and CTX Pten/Hifla®?*~/~ mice. N = 3-5 mice/condition. Data presented are mean, and error bars correspond to SEM. P-values

were determined by an unpaired t-test.

E Representative immunohistochemical detection of AR and TROP2 in DLP of sham and CTX Pten/Hif1a®P*~/~ mice. N = 3-5 mice/condition. Scale bars: 100 um.
F  Representative H&E stained DLP of Pten®P*~/~ and Pten/Hif1a®P~/~ mice sham or CTX at 3 months AGI and analyzed 1 or 1, 2, and 3 days after surgery, respectively.

N = 3-5 mice/condition. Scale bars: 100 pum.

G Representative immunohistochemical detection of cleaved caspase 3 (CC3) in DLP of pten@Pe~/~ and Pten/Hif1a”P*~/~ mice, sham or CTX at 3 months AGI and
analyzed 1 or 1, 2, 3, and 30 days after surgery, respectively. N = 3 mice/condition. Scale bars: 100 um.

H Quantification of CC3-positive prostatic epithelial cells in DLP of sham-operated and castrated Pten®”*~/~ and Pten/Hif1a®P*~/~ mice. N = 3-5 mice/condition. Five
glands per mouse were quantified. Data presented are mean & SEM. P-values were determined by one-way ANOVA followed by a post hoc Tuckey test.

| Western blot analysis of CC3 in protein lysates of organoids generated from prostates of Pten®”*~/~ and Pten/HifLa”P*~/~ mice at 3 months AGI and treated with
enzalutamide (Enz) for 24 h at the indicated concentrations. B-actin was used as a loading control. Data are representative of two independent biological replicates.

Source data are available online for this figure.

Luminal HIF1A inactivation provides a durable therapeutic
response to castration

To investigate whether the lack of luminal HIF1A provides long-
term therapeutic responses to castration, we analyzed control and
Pten/Hifla"’P*~/~ mice 5 months after surgery. The prostate weight
and gland size of castrated Pten/Hifl1a®’"*~/~ mice were markedly
lower than those of sham-operated ones, and similar to those of cas-
trated controls (Fig 3A-C). Moreover, while around 60 and 20% of
glands contained PIN and adenocarcinoma in sham-operated mice,
respectively, > 80% of glands had a normal-like appearance in cas-
trated ones and no glands contained adenocarcinoma (Fig 3B and
D). The remaining luminal cells after castration expressed AR in the
cytoplasm and were TROP2-positive (Fig 3E), in agreement with our
results above (Fig 2E). Altogether, our findings demonstrate that
HIF1A is a key factor for Pten-deficient luminal cell survival after
castration, making HIF1A inhibition a highly attractive approach to
overcome castration resistance of prostatic tumors.

Pharmacological HIF1A inhibition sensitizes Pten-deficient
tumors to androgen deprivation

Since we demonstrated that HIF1A is a critical mediator of luminal
cell response to androgen deprivation, we determined whether phar-
macologically inhibiting this factor sensitizes Pten-deficient lesions
to castration. We therefore treated Pten™P®~/~ mice at 3 months
AGI for 5 days with PX-478, an orally bioavailable HIF1A inhibitor
(Koh et al, 2008), after which mice were either castrated or sham-
operated, and treated 1 week later with PX-478 for 3 additional
weeks (Fig 4A). In agreement with our previous study (Abu El
Maaty et al, 2022), immunohistochemical analyses revealed that PX-
478 treatment strongly reduces HIF1A levels in prostatic epithelial
cells of Pten™P®~/~ mice (Fig EV3A). Histological analyses of the
DLP revealed adenocarcinoma in around 20% of glands in vehicle-
treated sham-operated and castrated mice, as well as in PX-478-
treated sham-operated ones. By contrast, such lesions were found in
< 3% of glands in PX-478-treated castrated mice (Fig 4B and C).
Moreover, 40% of the glands had a neoplastic-free appearance in
PX-478-treated castrated mice compared with around 20% in the 3
other groups. Importantly, PX-478 induced CC3 and CPARP levels in
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the human C4-2B PCa cells, a castration-resistant subline of the
LNCaP-derived C4-2 cells (Spans et al, 2014), which were further
enhanced when combined with enzalutamide (Fig 4D). Moreover,
PX-478 induced CC3 and CPARP levels in the human castration-
resistant prostate cancer cell lines DU-145 and PC-3 (Fig EV3B and
C), in keeping with previous results showing reduced survival of
these cells in presence of PX-478 (Palayoor et al, 2008). Further-
more, HIF1A silencing in PC-3 cells enhanced CC3 levels
(Fig EV3D), demonstrating that pharmacological inhibition of HIF1A
induces profound anticancer effects in castration-resistant prostate
tumor cells.

To determine whether HIF1A inhibition also impacts tumors after
androgen deprivation-induced cell plasticity, Pten™P®~/~ mice were
treated with PX-478 1 month after castration (Fig 4E). While only 5
and 25% of the DLP glands had a normal architecture in vehicle-
treated castrated and PX-478-treated sham-operated Pten®Pe~/~
mice, respectively, > 50% of the glands were tumor-free in PX-478-
treated castrated Pten P~/ mice (Fig 4F and G). Moreover, PX-478
treatment of castrated mice markedly reduced the DLP gland area
(Fig 4H). Therefore, these data demonstrate that inhibiting HIF1A
overcomes resistance to castration even after androgen deprivation-
induced luminal cell plasticity.

Discussion

Androgen deprivation therapy is a cornerstone in the management
of men with high-risk localized and advanced PCa. However,
despite initial efficacy, many tumors progress to CRPC for which
treatment options remain limited. Therefore, elucidating new targets
for CRPC management is in demand. By analyzing castration-
resistant Pten-deficient prostatic lesions, we discovered that andro-
gen deprivation further enhances hypoxic signaling in luminal cells
and induces a high plasticity state in them. Furthermore, we
found that it triggers inflammation-related pathways, increases the
expression of cytokines in such lesions, and enhances the prostatic
infiltration of MDSCs, thus promoting an immunosuppressive envi-
ronment. Importantly, we demonstrate that HIF1A is a critical factor
enabling tumor cell survival in response to ADT and that genetic
or pharmacological inhibition of HIF1A sensitizes Pten-deficient
lesions to castration, and leads to durable therapeutic responses.

© 2023 The Authors
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Figure 3. Long-term effects of castration on prostates of Pten/Hifla®?*~/~ mice.

A Prostate weight of control (Pten/Hifla*¥'?) and Pten/Hif1a”?*~~ mice, sham or CTX at 3 months AGI and determined at 5 months after surgery. N = 4-9 mice/
condition. Data presented are mean & SEM. P-values were determined by one-way ANOVA followed by a post hoc Tuckey test.
B Representative H&E staining of DLP of Pten/HifLa®P®~~ mice, sham and CTX at 3 months AGI and analyzed at 5 months after surgery. N = 4-5 mice/condition. Scale

bars: 100 um.

C Gland areas in DLP of control and Pten/Hif1la®?*~/~ mice, sham and CTX at 3 months AGI and analyzed at 5 months after surgery. N = 3-4 mice/condition. Five
glands per mouse were quantified. Data presented are mean, and error bars correspond to SEM. P-values were determined by one-way ANOVA followed by a post hoc

Tuckey test.

D Histological scoring of DLP of Pten/HifLa®P*~/~ mice, sham and CTX at 3 months AGI and analyzed at 5 months after surgery. Data presented are mean, and error
bars correspond to SEM. N = 3-5 mice/condition. P-values were determined by an unpaired t-test.
E Representative immunohistochemical detection of AR and TROP2 in DLP of Pten/HifLa®P*~~ mice, sham and CTX at 3 months AGI and analyzed at 5 months after

surgery. N = 3-4 mice/condition. Scale bars: 100 pum.

Source data are available online for this figure.

Furthermore, our study demonstrates that inhibiting HIF1A relieves
castration resistance even after castration-induced plasticity of lumi-
nal cells.

Prostatic tumors of mouse models based on the prostate-specific
deletion of Pten have been previously shown to be castration-
resistant (Wang et al, 2003; Mulholland et al, 2011). Our scRNA-seq
analysis revealed that distinct luminal subsets in the prostatic epi-
thelium of Pten®P®~/~ mice exhibit different sensitivities to andro-
gen deprivation, where most luminal-A cells are eliminated by
castration, whereas luminal-C cells are castration-resistant, which is
in line with the identification of Tacstd2 (TROP2)-expressing lumi-
nal cells as intrinsically castration-resistant (Baures et al, 2022).
Importantly, our results demonstrate that in addition to promoting

© 2023 The Authors

the plasticity and malignant progression of luminal-C cells (Abu El
Maaty et al, 2022), HIF1A signaling underscores their castration-
resistant phenotype. The persistent luminal-C cells are characterized
by the enrichment of stemness- and inflammation-related pathways.
Recent studies have reported that JAK/STAT inflammatory signaling
drives lineage plasticity in PCa, and that inhibiting JAK and FGFR
sensitizes castration-resistant tumors to ADT (Chan et al, 2022;
Deng et al, 2022). In view of the established crosstalk between
HIF1A and inflammatory transcription factors including STAT3 and
NF-kB (Palazon et al, 2014), it is conceivable that hypoxia- and
inflammation-driven therapeutic resistance pathways are linked.
Previous studies have demonstrated the impact of microenviron-
mental cells, including MDSCs (Calcinotto et al, 2018), macrophages
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Figure 4. Effects of pharmacological HIF1A inhibition on prostates of castrated Pten®?*~/~ mice.
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A Schematic representation of the experimental protocol investigating the effects of combining HIF1A inhibition with androgen deprivation.
B Representative H&E staining of DLP of sham and CTX Pten®P®~/~ mice, treated with PX-478 or vehicle, as depicted in (A). Scale bars: 100 pm. N = 46 mice/condition.
C Histological scoring of DLP of sham-operated and CTX PtenP~/~ mice, treated with PX-478 or vehicle, as depicted in (A). N = 4-6 mice/condition. Data presented

are mean, and error bars correspond to SEM. P-values were determined by an unpaired t-test.

D Representative western blot analysis of CPARP and CC3 in human C4-2B PCa cells treated for 24 h with PX-478, increasing concentrations of enzalutamide (Enz), or a

combination of both. Beta-actin was used as a loading control.

E  Schematic representation of the experimental protocol investigating the potential of PX-478 to reverse castration resistance in Pten®?*~/~ mice.
F  Representative H&E staining of DLP of sham and CTX Pten®P*~/~ mice, treated with vehicle or PX-478, as depicted in (E). Scale bar: 100 pm. N = 3-4 mice/condition.
Histological scoring of glands in DLP of sham and CTX Pten®Pe~/~ mice, treated with vehicle or PX-478, as depicted in (E). Data presented are mean, and error bars

correspond to SEM. N = 3-5 mice/condition. P-values were determined by an unpaired t-test.

H Gland areas of DLP of sham and CTX PtenP*~/~ mice, treated with vehicle or PX-478, as depicted in (E). N = 3-4 mice/condition. Data presented are mean + SEM.
Five glands per mouse were quantified, and P-values were determined by one-way ANOVA followed by a post hoc Tuckey test.

Source data are available online for this figure.
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(El-Kenawi et al, 2021), and cancer-associated fibroblasts (Zhang
et al, 2020), on the development of CRPC and sensitivity to antian-
drogens. As luminal HIF1A promotes MDSC recruitment to prostatic
lesions (Abu El Maaty et al, 2022), the reduced prostatic infiltration
of MDSCs by HIF1A inhibition might contribute to the enhanced
sensitivity of Pten-deficient luminal cells to androgen deprivation.
Our findings support the results of Calcinotto et al (2018), who
showed that treating prostate cancer mouse models with a CXCR2
antagonist decreases the number of MDSCs and prevents the pro-
gression to CRPC. However, our data demonstrating apoptotic acti-
vation by enzalutamide in organoids generated from prostates of
Pten/Hif1a’P°~/~ mice but not in those generated from Pten®»*~/~
ones show that cell-autonomous mechanisms play an important role
in the enhanced sensitivity to AR signaling blockade by HIF1A inhi-
bition. Importantly, HIF1A inhibition also triggered apoptotic signal-
ing in human CRPC cell line C4-2B that was enhanced by
enzalutamide, and in the PTEN-expressing and PTEN-null human
CRPC cell lines DU-145 and PC-3, respectively, that express high
levels of CD44 and TROP2 (Tang et al, 2022). Thus, these results
are in line with our in vivo data showing that PX-478 sensitizes to
castration luminal-C cells that also express such stem cell markers.

In conclusion, our study demonstrates that HIF1A inhibition
overcomes castration resistance in Pten-deficient prostatic tumors in
mice and induces apoptotic signaling in human castration-resistant
cell lines. These compelling findings therefore highlight the impor-
tance of analyzing tumoral HIF1 signaling in patients whose disease
progresses after ADT and pave the way for the clinical evaluation of
HIF1A inhibitors in men with CRPC.

Materials and Methods
Mice

Pten"*/™2, Pten®P*~/~, Pten/Hif1a"*"?, and Pten/Hif1a®?*~/~ male
mice (all on a C57BL/6 genetic background) were generated as
described (Ratnacaram et al, 2008; Abu El Maaty et al, 2022). Mice
were maintained in a temperature- and humidity-controlled animal
facility, with a 12-h light/dark cycle. Standard rodent chow
(2,800 kcal/kg, Usine d’Alimentation Rationelle, Villemoisson-sur-
Orge, France) and water were provided ad libitum. Mice breeding
and maintenance were done in the accredited IGBMC/ICS animal
house (C67-2018-37), in compliance with French and EU regulations
on the use of laboratory animals for research. Animal experiments
were approved by the Ethical committee Com’Eth (Comité d’Ethique
pour I'Expérimentation Animale, Strasbourg, France) and the
French ministry of Higher Education and Research (#34298-
2021121009278850 v5).

Tamoxifen was administered at 2 months of age, as described
(Ratnacaram et al, 2008). Bilateral orchiectomy was performed
under aseptic conditions by trained operators. Control animals
underwent an abdominal laparotomy without resection of testicles
(sham operation). Surgery was performed 3 months AGI under
anesthesia with isoflurane (4%). Mice were intraperitoneally treated
with buprenorphine (0.1 mg/kg) before surgery and with melox-
icam (2 mg/kg) at the end of the surgery to prevent pain. Mice were
monitored for 3 days after surgery, and buprenorphine was admin-
istered once a day to those that developed pain signs.

© 2023 The Authors
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PX-478 2HCl (Selleck Chemicals; catalog Nr S7612) was
dissolved in water and administered to mice at a daily dose of
20 mg/kg via oral gavage (Abu El Maaty et al, 2022). Mice were
randomized and analyzed by investigators not blinded to the geno-
type and treatment. A sample size calculation was not performed.
No outliers were eliminated. Mice were euthanized by cervical dislo-
cation and tissues were harvested.

Organoid and cell cultures

Prostate organoid cultures were established from Pten”P*~/~ and
Pten/Hif1a"”’?*~/~ mice at 3 months AGI and cultured as described
(Karthaus et al, 2014; Drost et al, 2016; Abu El Maaty et al, 2022)
and treated for 24 h with enzalutamide (MDV3100; Selleckchem;
catalog No0.S1250) at 25 and 50 puM, or vehicle (DMSO). C4-2B
(CRL-3315), DU-145 (HTB-81), and PC-3 (CRL-1435) cells were
obtained from ATCC and cultured in DMEM (4.5 g/1 glucose, 10%
FCS, 1% penicillin/streptomycin) at 37°C and 5% CO,. Cell lines
used were mycoplasma-free but not recently authenticated. HIF1A
silencing in PC-3 cells was performed as described (Abu El Maaty
et al, 2022).

C4-2B cells were treated for 24 h with PX-478 (Selleck Chemicals;
catalog N0.57612) at 50 uM and/or with enzalutamide (MDV3100;
Selleckchem; catalog No0.S1250) at 10, 25 and 50 pM, or vehicle
(DMSO). DU-145 and PC-3 cells were treated for 24 h with PX-478
at 50 uM.

Histological examination

Five micrometre sections were prepared from paraffin-embedded
prostates and dried overnight at 37°C. Hematoxylin and eosin (H&E)
staining was performed on prostate sections according to standard
protocols. Slides were scanned in brightfield mode using the Nano-
Zoomer digital slide scanner (Hamamatsu) and analyzed using the
NDP.view2 Viewing software (Hamamatsu). Representative images
of the DLP are provided. Histopathological assessment was
performed on the DLP. The number of glands with a normal archi-
tecture, PINs, and adenocarcinomas was determined by a resident
in oncology, as described (Shappell et al, 2004). The area of at least
five representative glands of the DLP was determined in each sam-
ple using the Qu-Path software (Bankhead et al, 2017).

Immunostaining

Five micrometre prostate sections were deparaffinized according to
standard protocols and incubated for 20 min in SignalStain® Citrate
Unmasking Solution (10x) (CST 14746) in a pressure cooker for
heat-induced antigen retrieval. The following primary antibodies
were used: TROP2 (Abcam ab214488; dilution 1:200), Androgen
receptor (Abcam ab108341; dilution 1:200), TGM2 (CST, 3557; dilu-
tion 1:100), HIF1A (Abcam, ab51608; dilution 1:100), Ki-67
(Thermo Fisher Scientific, MA5-14520; dilution 1:200), cleaved
caspase 3 (CST 9664; dilution 1:200), and cleaved PARP (Asp124)
D6X6X (CST, 94885; dilution 1:50). One drop of SignalStain® Boost
IHC Detection Reagent (CST 8114) was added to each section and
SignalStain® DAB Substrate Kit (CST 8059) was used to develop the
signal, according to the manufacturer’s instructions. The sections
were counterstained with hematoxylin and mounted.
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The number of Ki-67-positive, CC3-positive, and CPARP-positive
cells was determined using the Qu-path software (Bankhead
et al, 2017).

Western blotting

Prostatic organoids and PCa cell lines were lysed in RIPA buffer,
supplemented with protease (05892970001; Sigma-Aldrich) and
phosphatase PhoSTOP (PHO SS-RO; Sigma-Aldrich) inhibitors. Pro-
tein concentrations were determined using Bradford assay (Abcam;
ab119216). Equal amounts of proteins were resolved on SDS-PAGE,
and transferred onto nitrocellulose membranes using Trans-blot
turbo transfer system (Bio-Rad).

Membranes were incubated with anti-CC3 (CST 9664), anti-
cleaved PARP (CST 9544), anti-HIF1A (CST, 36169), anti-histone H3
(CST, 4499S), and anti-R-actin (SCBT SC-47778 or Sigma-Aldrich
A5441) primary antibodies diluted at 1:1,000. Membranes were then
incubated with anti-Mouse IgG (CST 7076S) or anti-Rabbit IgG (CST
7074S) HRP-linked antibodies diluted at 1:5,000. Signals were devel-
oped using Lightning Plus-ECL Enhanced Chemiluminescence Sub-
strate (Perkin Elmer; ref: NEL104001EA) and detected using an
Amersham™ Imager 600 (GE Healthcare).

MDSC quantification

Mice prostates were dissociated into single cells as described (Abu
El Maaty et al, 2022). Cells were incubated on ice for 15 min with
anti-CD16/32 antibody (BD Pharmingen; 1:50). To quantify MDSCs
(CD45°Gr-1"CD11b"), cell suspensions were incubated with anti-
CD45 (BioLegend; ref. 103128; conjugation: Alexa Fluor 700), anti-
Ly6G/Ly-6C (Gr-1) (eBioscience; ref. 11-5931-82; conjugation: fluo-
rescein isothiocyanate [FITC]), and anti-CD11b (eBioscience; ref.
45-0112-82; conjugation: PerCP-Cy5.5) antibodies for 15 min on ice.
All antibodies were diluted 1:200 in DMEM (glucose [4.5 g/1], 1%
penicillin/streptomycin, and 2% bovine serum albumin, without
phenol red). Cells were analyzed using a BD LSR II flow cytometer
and the FlowJo software.

Living cell FACS-sorting for scRNA-seq analysis

Mice prostates were dissociated into single cells as described (Abu
El Maaty et al, 2022). Cells from three prostates for each condition
were pooled and stained with DAPI, and living cells (DAPI-
negative) were FACS-sorted using a BD FACSAria™ Fusion flow
cytometer.

scRNA-seq and data analysis

Cell number and viability of FACS-sorted cells were performed
with trypan blue exclusion assay, as described (Abu El Maaty
et al, 2022). Cells with a viability of > 95% were processed using
the Chromium Controller (10x Genomics, Leiden, The Netherlands).
Ten thousand cells were loaded per well to capture between 5,000
and 10,000 cells in nanoliter-scale Gel Beads-in-Emulsion (GEMs).
Libraries were generated and sequenced on Illumina NextSeq 550 as
100 bases paired-end reads, as described (Abu El Maaty et al, 2022).
RA 2.7.7 and Cell Ranger 3.0.2 mkfastq were used for image analy-
sis, base calling, and demultiplexing. Cell Ranger 6.0.2 count and
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The paper explained

Problem

Hormonal therapy known as androgen deprivation therapy is used to
treat men with prostate cancer. While tumors initially respond to this
treatment, disease relapse occurs in a subset of patients, and tumors
progress to an advanced stage known as castration-resistant prostate
cancer (CRPC), for which treatment options remain limited. In this
study, we sought to identify novel therapeutic targets for the man-
agement of men with CRPC.

Results

We analyzed prostates of castration-resistant genetically-engineered
mice using single-cell transcriptomics and unraveled that hypoxia-
inducible factor 1 (HIF1) signaling is induced in persistent Pten-
deficient prostatic luminal cells. We found that genetic and pharma-
cological inhibition of HIFLA in prostatic lesions sensitizes them to
androgen deprivation, and leads to durable therapeutic responses. In
addition, we demonstrate that HIF1A inhibition induces apoptotic sig-
naling in human CRPC cell lines.

Impact

Our study demonstrates that HIF1A inhibition is an efficient strategy
to target castration-resistant prostatic tumors, and paves the way for
the clinical evaluation of HIF1A inhibitors in the management of
CRPC.

the mouse reference 2020-A (GRCm38 Ensembl release 98 and
Gencode release M23) were used for alignment, barcode, and UMI
filtering and counting.

Seurat R package (Butler et al, 2018) version 4.0.5 was used to
perform the single-cell analysis. Briefly, for each sample, cells
expressing more than 8,000 genes, < 200 genes, and with a percent-
age of mitochondrial reads > 30% were discarded from the analysis.
Sample counts were then normalized using LogNormalize method
before being integrated together with anchors found using the 20
first dimensions. Cells expressing Pate4 (normalized count > 4)
were discarded from the analysis, as they have been previously
reported to be epididymal contaminants (Abu El Maaty et al, 2021,
2022). The resulting integrated object was then scaled, and a UMAP
was constructed using the 20 first principal components of a PCA
analysis. Cell clustering was performed using FindNeighbors and
FindClusters (with a resolution of 0.5). Differentially expressed
genes between samples were identified using a Wilcoxon test whose
performance for single-cell differential expression analysis has been
evaluated (Mou et al, 2019). Pathway analysis was performed using
the MSigDB (Subramanian et al, 2005; Liberzon et al, 2015).

Statistical analysis

Error bars represent the standard error of the mean. Comparison
between two groups was performed using a two-tailed Student’s
t-test. One-way ANOVA followed by a Tuckey test was performed
to compare more than two groups. P-values < 0.05 were consid-
ered significant. Specific P-values are indicated in the figures. The
number of replicates is indicated in the figure legends. DEGs were
defined as having a log, fold change > 0.4 and a P-value < 0.05,
calculated using the Wilcoxon rank-sum test.

© 2023 The Authors
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Data availability

scRNA-seq data used in this study are deposited in the Gene Expres-
sion Omnibus repository (accession numbers: GSE216158). https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE216158.

Expanded View for this article is available online.
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