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CANCER

Hypoxia-mediated stabilization of HIF1A in prostatic
intraepithelial neoplasia promotes cell plasticity
and malignant progression

Mohamed A. Abu el Maaty1’2’3’4, Julie Terzic""***, Céline Keime'*>*, Daniela Rovito'>>*,
Régis Lutzing1’2’3’4, Darya Yanushko'?3#, Maxime Parisotto"*3*, Elise Grelet*34,
Izzie Jacques Namer®>, Véronique Lindner®, Gilles Laverny1’2’3’4*, Daniel Metzger1’2’3'4*

Prostate cancer (PCa) is a leading cause of cancer-related deaths. The slow evolution of precancerous lesions to
malignant tumors provides a broad time frame for preventing PCa. To characterize prostatic intraepithelial neo-
plasia (PIN) progression, we conducted longitudinal studies on Pten"P*~~ mice that recapitulate prostate carcino-
genesis in humans. We found that early PINs are hypoxic and that hypoxia-inducible factor 1 alpha (HIF1A)
signaling is activated in luminal cells, thus enhancing malignant progression. Luminal HIF1A dampens immune
surveillance and drives luminal plasticity, leading to the emergence of cells that overexpress Transglutaminase 2
(TGM2) and have impaired androgen signaling. Elevated TGM2 levels in patients with PCa are associated with
shortened progression-free survival after prostatectomy. Last, we show that pharmacologically inhibiting HIF1A
impairs cell proliferation and induces apoptosis in PINs. Therefore, our study demonstrates that HIF1A is a target
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for PCa prevention and that TGM2 is a promising prognostic biomarker of early relapse after prostatectomy.

INTRODUCTION

Prostate cancer (PCa) is the second most commonly occurring can-
cer in men worldwide and one of the leading causes of cancer-related
deaths (I). Patients with localized PCa are managed either by active
surveillance, radiotherapy, or radical prostatectomy, with or with-
out androgen deprivation (2, 3). However, current treatments are
associated with side effects such as urinary incontinence and erec-
tile dysfunction, which negatively affect patients” quality of life (2).
Moreover, widespread prostate-specific antigen (PSA) screening for
the early detection of PCa has been linked to overdiagnosis and over-
treatment, whereas no biomarker is available to discern between
tumors that will remain indolent and those that will progress (2).
Furthermore, current therapies for metastatic PCa are also associated
with major side effects and ultimately fail. Hence, preventing disease
emergence and identifying prognostic markers are needed to im-
prove the management of PCa.

Prostatic intraepithelial neoplasia (PIN) are premalignant lesions
that are precursors of PCa (2). A number of processes, including
cellular senescence and oxidative stress (4), as well as alterations in
the microenvironment, are associated with the progression of PINs
to adenocarcinoma, which can take decades. However, no therapeutic
modality has so far been identified for the treatment of PINs. Inhibi-
tors of 5a-reductase such as finasteride, which limit androgen re-
ceptor (AR) signaling by impairing the conversion of testosterone
to dihydrotestosterone, have been investigated in the context of PCa
prevention (5). However, they did not reduce the risk of developing
high-grade tumors and thus were not approved (5). Therefore,
deciphering the molecular events supporting PIN progression is
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required to develop new diagnostic tools and effective chemopre-
ventive strategies.

The rapid proliferation of cancer cells coupled with insufficient
vascularization induces solid tumor hypoxia (6). Hypoxia-inducible
factors (HIFs) are critical mediators of cellular response to hypoxia.
HIFs are transcriptional heterodimers comprising an oxygen-labile
alpha (HIFA) subunit and a stable beta subunit (7-9). Under hypoxic
conditions, HIFA is stabilized and regulates the expression of genes
encoding proteins involved in angiogenesis, erythropoiesis, energy
metabolism, cell growth, and survival (7-9). HIF1A expression has
been shown to be elevated in a number of human cancers (7-10).
Hypoxic regions have been found in localized prostate adenocarcinoma
(11, 12), and elevated expression of hypoxia markers, including
HIF1A and vascular endothelial growth factor (VEGF), have been
shown to identify patients with PCa with elevated risk of biochemical
recurrence (13). Although the up-regulation of HIF1A has been
previously reported in high-grade PINs (14), the presence of hypoxia
and the functional relevance of HIF1A in these lesions have not
been demonstrated. Furthermore, whether HIF1A plays a role in
PIN progression is unknown.

We found that early PIN lesions in Pten”?*”'~ mice, which har-
bor a prostatic luminal epithelial cell-specific deletion of the tumor
suppressor Pten at adulthood (15), are hypoxic and have elevated
HIF1A expression. Moreover, we identified HIF1A as a key driver
of malignant progression in prostatic lesions, and Transglutaminase 2
(TGM2), the expression of which correlates with HIF1A signaling
in mice and humans, as a potential biomarker of early relapse after
prostatectomy in patients with PCa.

RESULTS

HIF1A signaling is activated in PINs and promotes their
survival and progression

Pten¥P*”'~ mice develop PINs between 1 and 3 months after gene
inactivation (AGI) (early lesions), which enter a latency phase until
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9 months AGI and evolve into adenocarcinoma between 9 and
12 months AGI (15, 16). To elucidate the transcriptomic changes
that occur in various cell types of early PIN lesions, we performed
droplet-based single-cell RNA-sequencing (scRNA-seq) on 9956
and 7122 cells isolated from prostates of Pten**"? (control) and
Pten P/~ mice, respectively, 3 months AGI. On the basis of the un-
biased analysis of the 16,686 cells, 25 clusters were identified,
which we broadly classified into epithelial cells (Epcam; clusters 5,
11, 12, 14, 15, 18, 20, and 24) and mesenchymal cells, the latter com-
prising leukocytic (Ptprc; clusters 4, 8, 9, 10, 17, 21, 22, and 23) and
nonleukocytic (Vim; clusters 0, 1, 2, 3, 6, 7, 13, 16, and 19) cells (fig.
S1, A and B, and table S1). The leukocytic clusters included T (Cd3e) and
B (Cd79a) lymphocytes, myeloid-derived suppressor cells (MDSCs;
§100a8), and other immune cells expressing the macrophage marker
Adgrel (Fig. 1, A and B). Nonleukocytic mesenchymal cells included
endothelial cells (PecamI) and stromal fibroblasts (Collal) (Fig. 1,
A and B). Epithelial clusters comprised basal cells (Krt5), as well as
three luminal subsets (Krt8), including a cluster expressing elevated
levels of AR target genes such as Pbsn, Nkx3-1, and Tmprss2; a cluster
expressing the epididymal marker Pate4, indicating the nonprostatic
origin of these cells; and a cluster expressing Krt4 and Tacstd2
[TROP2 (Trophoblast cell-surface antigen 2)], termed luminal-A, -B,
and -C, respectively (Fig. 1, A and B) (17). Flow cytometry and im-
munostaining studies revealed that luminal-C cells are the major
epithelial subset in Pten”P*”'~ prostates at 3 months AGI but are only
a minor population in control ones (fig. S1, C and D). Moreover,
despite expressing lower levels of canonical AR target genes (Fig. 1B),
strong nuclear AR staining was observed in TROP2-positive luminal
cells of Pten"P*"~ mice (fig. S1E).

Comparison of the transcriptomes of luminal cells of Ptenpe~/~
and control mice identified more than 600 differentially expressed
genes (DEGs) (table S2). As expected, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of genes up-regulated
in prostatic luminal cells of PtenP*”/~ mice revealed a number of
cancer-associated pathways, such as “proteoglycans in cancer,” “PCa,”
and “PI3K-Akt signaling” (Fig. 1C). HIF1 signaling was among the
top 10 identified pathways (Fig. 1C and table S3), and transcript
levels of a number of HIF1A target genes (e.g., Slc2al, Hk2, Pgkl,
and Ldha) were higher in luminal cells of Pten V"'~ mice than in
those of control mice (Fig. 1D). Furthermore, immunohistochemical
analysis at 3 months AGI on independent samples revealed elevated
HIF1A protein levels in epithelial cells of Pten”P*”'~ PINs compared
to those of control mice, as well as of carbonic anhydrase IX (CA-IX),
which is encoded by the HIF1A target gene Car9 (9) (Fig. 1E). More-
over, Western blot analysis demonstrated elevated levels of the HIF1A
target genes Hk2, Enol, Ldha, and Gapdh in prostates of Pten P/~
mice 3 months AGI compared to control mice (fig. SIF). Together,
these results demonstrate that HIF1A levels are increased in early PIN
lesions and that HIF1A signaling is activated. Of note, our scRNA-seq
analyses showed that unlike their luminal counterparts, HIF1A signal-
ing was not enhanced in basal cells of Pten”P*/~ mice (tables S4 and S5).

As hypoxia leads to HIF1A protein stabilization, we determined
whether these early lesions were hypoxic. We therefore administered
pimonidazole, an agent that is reductively activated under hypoxic
conditions and subsequently forms protein adducts in tissues, to
control and Pten”P*”~ mice 3 months AGI. Immunohistochemical
analyses revealed that most PIN cells were pimonidazole positive, in
contrast to epithelial cells of control mice (Fig. 1F). Remarkably, a
large number of epithelial cells of Pten VP~ prostates were also
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pimonidazole positive at 1 and 2 months AGI and expressed elevated
HIF1A levels (fig. S1G), together indicating that early PIN lesions
are hypoxic and that HIF1A protein levels are stabilized. In addition
to hypoxia, Akt signaling has been shown to induce HIF1A levels
(9). Since Akt signaling is activated in prostatic luminal cells of
Pten"P*~ mice [(15) and fig. SIH)], we determined whether it in-
duces HIF1A in these cells, independent of hypoxia. We therefore
generated organoids from Pten"”? and Pten"P*”~ prostates at 3 months
AGI and cultured them under normoxic conditions. HIF1A protein
was detected at very low levels in such organoids, despite enhanced
Akt signaling activity in those from Pten™P*”'~ mice (fig. S1I). In
contrast, HIF1A levels were strongly induced in both Pten"*"? and
PtenP*”"~ organoids by the pharmacological HIF1A stabilizer DMOG
(Dimethyloxallyl Glycine). Collectively, these findings demonstrate
that hypoxia occurs in PINs at an early stage in their formation and
leads to the stabilization of HIF1A protein.

Since HIF1A signaling was activated in prostatic premalignant
lesions, we investigated whether inhibiting this pathway would
affect early PINs. We thus treated Pten"?*”'~ mice at 3 months AGI
with PX-478, an orally bioavailable HIF1A inhibitor (18, 19) for
5 days. PX-478 reduced HIF1A levels in prostates of Pten’”*'~ mice
(fig. S1J), in line with a previous study in human PCa cells (20).
Remarkably, this treatment lowered their prostate weight by 40%
(Fig. 1G), reduced PIN severity, and induced cleaved caspase 3 levels
in luminal cells of PINs (Fig. 1H). Therefore, these data demonstrate
that pharmacological inhibition of HIF1A in early lesions leads to
the elimination of PIN cells by apoptosis.

Treatment of Pten”P*”'~ mice at 10 months AGI, i.e., the phase
of PIN evolution to malignancy, with PX-478 for 1 month also
reduced HIF1A levels and led to a 40% reduction in the prostate
weight (fig. S1K and Fig. 1I). Regions of PINs and adenocarcinoma
were detected in prostates of both vehicle- and PX-478-treated mice
(Fig. 1]), but the proliferation index of epithelial cells was reduced
by more than 60% with PX-478 (Fig. 1K and fig. SIK). Of note, the
number of cleaved caspase 3-positive epithelial cells was low in
vehicle- and PX-478-treated Pten P/~ mice (fig. S1K). Moreover,
a similar treatment regimen did not affect the prostate weight or
histology of age-matched Pten™*" mice (Fig. 1, I and J), demon-
strating that the inhibitor does not affect nonneoplastic epithelial cells.

Pathway analysis of the genes up-regulated in the nonepithelial
cell clusters of prostates of PtenP*~/~ mice compared to Pten"*'?
ones demonstrated that HIF1 signaling is also induced in micro-
environmental cells, e.g., fibroblasts and leukocytes, the latter including
MDSCs (tables S4 and S5). Quantification of stromal cells in H&E
(hemtoxylin and eosin)-stained prostatic sections revealed that PX-
478 treatment at 10 months AGI attenuates the stromal reaction in
PtenP*”~ mice (fig. SIL). Moreover, flow cytometry analyses revealed
that PX-478 reduces the proportion of total leukocytes and MDSCs
in prostates of Pten™P*”'~ mice (fig. SIM). Therefore, PX-478 affects
both epithelial and microenvironmental cells, together leading to a
reduction in the prostate weight of PtenP*~'~ mice at this disease stage.
Collectively, our analyses indicate that HIF1A promotes cell survival
in early prostatic lesions and progression to malignant tumors.

PIN formation is independent of luminal HIF1A

To further study the role of HIF1A in prostatic luminal cells during
PIN formation and evolution, we generated Pten/Hifla®P*~'~ mice
by tamoxifen treatment of PSA-CreER™ mice bearing floxed Pten
and Hifla alleles. Immunohistochemical analyses demonstrated that
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Fig. 1. Activation of HIF1A signaling in early prostatic lesions and its pharmacological targeting. (A) UMAP of unsupervised clustering of prostatic cells from Pten

L2/L2

and Pten”P*~/~ mice, 3 months AGI, and (B) dot plot depicting cell lineage-specific markers. (C) KEGG pathway analysis of genes up-regulated in Pten-null prostatic lumi-
nal cells. (D) Violin plots depicting the levels of HIF1A signaling-related transcripts in luminal-A and -C cells. ***P < 0.001, Wilcoxon rank sum test. (E) Representative immuno-
histochemical (IHC) staining of HIF1A and carbonic anhydrase 9 (CA-IX) in sections of dorsolateral prostate (DLP) of Pten*¥'2 and Pten””*~~ mice 3 months AGI. n =3 mice
per condition. Scale bars, 100 um. (F) Pimonidazole IHC staining in the DLP of Pten"?'2 and Pten”"®~ mice 3 months AGI. n =3 mice per condition. Scale bars, 100 um.
Prostate weight (G) and representative H&E staining (H, left) and cleaved caspase 3 (C3) IHC staining (H, right) of pteniPe/~ mice, 3 months AGl, treated for 5 days with
vehicle (n = 3) or PX-478 (n=6). *P < 0.05, two-tailed t test. Scale bars, 100 um. Prostate weight (I) and H&E-stained DLP (J) of Pten‘?/-2 (n =4 per condition) and Pten(Pe—/~
(n =6 per condition) mice (10 months AGI) treated for 28 days with vehicle or PX-478. n.s., not significant, P> 0.05; **P < 0.01, two-tailed t test. Scale bars, 100 um.
(K) Quantification of Ki-67-positive epithelial cells in the DLP of vehicle- (n = 3) and PX-478-treated (n =4) PteniPe/~ mice, 10 months AGI. Five to 10 images per prostat-

ic section were analyzed. *P < 0.05, two-tailed t test.

most epithelial cells of Pten/Hif1a"P*”'~ prostates did not express
HIF1A and that ENO1 (Enolase 1) expression was strongly down-
regulated (fig. S2A), demonstrating that Hifla was efficiently ablated
in prostatic luminal cells of Pten/Hifla®”P*~'~ mice.

The prostate weight of Pten*”'~ and Pten/Hifla""*~'~ mice was
similarly induced at 1 month AGI, compared to that of wild-type
mice, and was further induced between 1 and 2 months AGI. At
3 months AGI, it was however lower in Pten/Hifla®”P*/~ mice than
in Pten"P*™'~ ones, although the reduction did not reach statistical
significance (Fig. 2A).

Histological analyses revealed the presence of PINs in prostates
of Pten”" " and Pten/Hif1a”P*”~ mice at 1 month AGI, which became

Abu el Maaty et al., Sci. Adv. 8, eabo2295 (2022) 22 July 2022

more severe in both mouse lines at 3 months AGI (Fig. 2B). However,
the time-dependent emergence of the stromal reaction in PtenP*/~
prostates was largely attenuated in Pten/Hif1a”?*”~ ones (Fig. 2, Band C),
indicating that luminal HIF1A does not play a major role in PIN
formation but may have an effect on microenvironmental cells. Of
note, early-stage PINs of Pten/Hif1a”P*”~ mice were hypoxic (fig. S2B),
as observed in those of PtenV?*”'~ ones (fig. S1G and Fig. 1F).

HIF1A promotes glucose metabolism in luminal-C cells

To characterize the impact of luminal Hifla loss on the various cell
types in precancerous lesions, we performed scRNA-seq on 8295 cells of
dissociated Pten/Hifla¥P*~'~ mice prostates at 3 months AGI (Fig. 3A).
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Fig. 2. Characterization of Pten/Hif1a

mice. (A) Prostate weights of control, Pten™P*~/~, and Pten/Hif1a’P*~'~ mice at 1, 2, and 3 months AGI. N = 3 to 10 mice per

genotype. (B) Representative hematoxylin and eosin (H&E) staining of the DLP of Pten”P*~/~ and Pten/Hif1a"P*~~ mice at 1, 2, and 3 months AGI. N=3 to 5 mice per
condition. (C) Quantification of stromal cells in DLP of Pten®®~/~ and Pten/Hif1a’P*”~ mice at 3 months AGI. N =4 mice per condition. Comparison between two groups

was performed using a two-tailed t test. n.s., P> 0.05; *P < 0.05.

Based on the analysis of these cells together with the age-matched
PtenVP*”'~ ones described above, we identified leukocytic and non-
leukocytic mesenchymal clusters, as well as epithelial cells, includ-
ing luminal-C cells (Fig. 3A and table S6). Flow cytometry analysis
revealed that the proportions of luminal-C cells were similar in
prostates of Pten”**”'~ and Pten/Hif1a®’**~'~ mice at 3 months AGI
(fig. S3A). Moreover, immunohistochemical analysis showed strong
nuclear AR staining in TROP2-positive luminal cells of Pten/
Hifla”P*”~ mice (fig. S3B), as seen in Pten P~ ones (fig. S1E).
However, differential expression analysis demonstrated that luminal-C
cells contained the largest number of genes down-regulated by
Hifla inactivation (Fig. 3B and table S7). KEGG pathway analysis of
these genes identified HIF1 signaling, biosynthesis of amino acids,
glycolysis and carbon metabolism (Fig. 3C and table S8). The transcript
levels of numerous glycolytic enzymes including 6-phosphofructokinase
(Pfkl), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), phos-
phoglycerate kinase 1 (Pgk1), enolase 1 (Enol), and lactate dehydro-
genase A (Ldha), as well as those of glucose transporter 1 (Slc2al),
were expressed at lower levels in luminal-C cells of Pten/HiflaP¢~/~
mice than of Pten""*~/~ ones (Fig. 3D). Moreover, nuclear magnetic
resonance (NMR)-based metabolomics performed at 3 months
AGI revealed that glucose and lactate levels were around twofold
lower in Pten/Hifla®”’P*'~ prostates compared to Pten"?*”'~ ones
(Fig. 3E and table S9). Thus, these results demonstrate that HIF1A
promotes glucose metabolism in prostatic luminal-C cells.

We next investigated whether HIF1A directly regulates the ex-
pression of these glucose metabolism-related genes. As publicly
available datasets of HIF1A DNA binding sites in prostate tumor cells
were scarce, with these analyses performed on human PC-3 cells (21),
which are of metastatic origin, and data on murine prostate cells
were unavailable (22), we induced HIF1A protein levels in Myc-CaP
cells by a 6-hour treatment with DMOG (fig. S3, C and D) and se-
quenced chromatin immunoprecipitated with an HIF1A antibody
(ChIP-seq). HIF1A was found to be enriched in regulatory regions
of around 150 genes (table S10 and fig. S3E), and de novo motif
analysis identified the canonical hypoxia response element (A/G-
CGTG) in 110 binding sites (fig. S3F). KEGG pathway analysis of all
identified genes demonstrated that the enriched pathways were mainly
metabolic networks (Fig. 3F). To identify HIF1A target genes whose
expression in luminal-C cells is affected by Hifla inactivation, we

Abu el Maaty et al., Sci. Adv. 8, eabo2295 (2022) 22 July 2022

intersected the genes down-regulated in Pten/Hif1a”"*”'~ luminal-C
cells with those identified by the ChIP-seq analysis. Among the 22
genes identified, 9 were glycolysis-related (Slc2al, Gpil, Aldoa, Gapdh,
Pgkl, Pgaml, Enol, Pkm, and Ldha) (Fig. 3G). Therefore, these re-
sults provide evidence that HIF1A directly induces the expression
of various glucose metabolism-related genes in luminal-C cells of PINs.

A large number of genes were also differentially expressed in basal
cells between Pten”’P*"~ and Pten/Hif1a®™"*”/~ mice (Fig. 3B), demon-
strating that Hif1a inactivation in luminal cells affects basal cells. Of
note, pathway analysis of these genes did not identify HIF1 signal-
ing or glucose metabolism (tables S7 and S8), in line with lack of
HIF1A signaling activation in basal cells in PINs of Pten™P*”/~ mice
(tables S4 and S5).

HIF1A loss reprograms the senescence-associated secretory
phenotype and promotes immune surveillance

and apoptosis

As PtenP*~/~ PINs exhibit characteristics of cellular senescence at
3 months AGI (16), we determined the influence of HIF1A on se-
nescence entry. The proliferation index of prostatic epithelial cells was
low (<5%) in both Pten™P*™'~ and Pten/Hif1a"P*”~ mice at 3 months
AGI, and PINs were senescence-associated p-galactosidase (SA-B-gal)
positive (fig. S4, A and B). However, profiling the expression of
more than 40 cytokines in fluorescence-activated cell sorting (FACS)-
sorted luminal-C cells of Pten”?*'~ and Pten/Hif1aV*”'~ pros-
tates revealed that the levels of most investigated cytokines were
altered by Hifla inactivation. CXCL5 and CX3CL1, known senescence-
associated secretory phenotype (SASP) components and MDSC
recruiting factors (23-25), were the most down-regulated cytokines
by Hifla inactivation (Fig. 4A). Moreover, immunostaining studies
demonstrated that CXCLS5 is expressed at much lower levels in
TROP2-positive cells of Pten/Hifla"P”'~ mice than of Pten"P*~/~
ones (Fig. 4B). In addition, flow cytometry analyses revealed an
80% reduction in the proportion of MDSCs in Pten/HiflaVP¢~/~
prostates compared to Pten’P*”/~ ones (Fig. 4C).

The cytokine screen also identified interleukin-12, a known re-
cruiter of cytotoxic lymphocytes (26), as the most induced cytokine
in Pten/Hif1a"P*”~ luminal-C cells compared to Pten™?*”'~ ones
(Fig. 4A). In line with this, flow cytometry analyses revealed that the
proportions of cytotoxic T (CD3*CD8") and natural killer (NK;
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Fig. 3. Stimulation of glucose metabolism by HIF1A in luminal-C cells. (A) UMAP of cells of Pten™P*~/~ and Pten/Hif1a’"*/~ prostates at 3 months AGl. (B) Bar chart
depicting the number of genes down-regulated in the indicated cell clusters after Hif1a inactivation. Adjusted P value of <0.05. (C) KEGG pathways analysis of the genes
down-regulated in luminal-C cells of Pten/Hif1a™P*~~ mice compared to Pten™P*~/~ ones. (D) Violin plots depicting transcript levels of HIF1 signaling-related genes in
luminal-C cells of Pten”®~~ and Pten/Hif1a’"~~ mice. ***P < 0.001 calculated using the Wilcoxon rank sum test. (E) Glucose and lactate levels in PtenP*~~ and
Pten/Hif1a’P~~ prostates at 3 months AGI determined by NMR. N =3 mice per condition. Comparison between the two groups was performed using a two-tailed t test.
*P < 0.05. (F) KEGG pathway analysis of HIF1A target genes identified by ChIP-seq of DMOG-treated Myc-CaP cells. (G) Venn diagram demonstrating the overlap between
genes down-regulated in luminal-C cells of Pten/Hif1a""*~ mice compared to Pten™*~'~ (P < 0.05) and HIF 1A target genes identified in Myc-CaP cells.

CD3 CD49b"NK1.1%) cells were 4- and 2.5-fold higher in prostates
of Pten/Hif1a"P*”'~ mice than of Pten”P*”'~ ones at 3 months AGI,
respectively (Fig. 4C). Furthermore, differential expression analyses
on the T cell cluster comprising Cd8a-expressing T cells, NK-T cells
and NK cells, revealed that the proapoptotic cytokine Tnf (tumor
necrosis factor) was expressed at higher levels after Hifla ablation
(Fig. 4D). Moreover, the number of TUNEL (terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling)-
positive luminal cells at 3 months AGI was more than sixfold higher
in prostates of Pten/Hifla”’P*”'~ mice than of PtenP*”'~ ones
(Fig. 4, E and F). Therefore, combined inactivation of Pten and
Hifla in luminal cells does not prevent senescence entry but repro-
grams the SASP, leading to a reduction in the prostatic infiltration
of immunosuppressive MDSCs and an increase in cytotoxic lym-
phocytes, together leading to apoptosis of some PIN cells.

HIF1A promotes the plasticity and progression of PINs

To investigate the impact of HIF1A loss on PIN evolution, we deter-
mined the prostate weight of Pten”**~'~ and Pten/Hif1a®”P*~/~ mice
up to 15 months AGI. At 5 and 9 months AGI, the prostate weight
of Pten/Hifla®P*~ mice was 1.8- and 1.4-fold lower than that of
Pten P ones, respectively (Fig. 5A). Furthermore, while the
prostate weight of Pten’?*”'~ mice increased by fivefold between 9
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and 15 months, that of Pten/Hif1a"P*”~ did not increase (Fig. 5A).
Histologically, Hifla ablation reduced the PIN severity and the stro-
mal reaction in mice at 5 and 9 months AGI (Fig. 5B). At 15 months
AGI, around 50% of the glands in the dorsolateral prostate (DLP) of
Pten”P*”"~ mice contained adenocarcinoma, whereas most glands in
Pten/Hif1a"P¢~/~ ones contained PINs (Fig. 5C and fig. S5A). More-
over, while the proliferation index of prostatic epithelial cells of
PtenVP*”'~ mice increased from an average of <5 to 8% between
5 and 15 months AGI, and even reached >15% in some prostates,
it remained <5% in Pten/Hif1a"’?*”'~ ones (Fig. 5D and fig. S5B).
Flow cytometry analyses at 15 months AGI revealed that luminal-C
and -A/B cells were the predominant epithelial subsets in Pten¥Pe/
and Pten/Hif1a"’P*”'~ prostates, respectively (Fig. 5, E and F). As the
luminal-C population was the major subset in both mouse lines at
3 months AGI (fig. S3A), our results show that HIF1A affects the
epithelial cell state during tumor progression.

As PIN evolution was impaired by Hifla inactivation, we com-
pared the expression of SOX2 (SRY-box transcription factor 2) and
EZH?2 (Enhancer of zeste homolog 2), two known regulators of PCa
progression and plasticity (27, 28), in prostates of Pten’P*”'~ and
Pten/Hifla”’P*”~ mice. At 15 months AGI, both SOX2 and EZH2
were expressed at much lower levels in prostates of the latter (Fig. 5,
G to J). In addition, knocking down HIFIA in human and mouse
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Fig. 4. Regulation of immune surveillance by luminal HIF1A. (A) Cytokine pro-
filing in FACS-sorted Pten”P~'~ and Pten/Hif1a”P*~~ luminal-C cells at 3 months
AGl. Lysates were obtained from a pool of three prostates per condition. (B) Repre-
sentative immunostaining of CXCL5 (red) and TROP2 (yellow) in PINs in the DLP of
Pten”P*~'~ and Pten/Hif1a”’P*~~ mice at 3 months AGI. Scale bars, 50 um. N=3
mice per condition. (C) Flow cytometric analysis of MDSCs, CD8 + T cells, and NK
cells in Pten®~~ and Pten/Hif1a%P~'~ prostates at 3 months AGI. N=6 to 8 mice
per condition. Comparisons between groups were performed using a two-tailed
t test. *P < 0.05 and ***P < 0.001. (D) Violin plot depicting transcript levels of Tnfin
the T cell clusters of Pten”P*~~ and Pten/Hif1a"’P*~/~ mice at 3 months AGI.
**P < 0.01 calculated using the Wilcoxon rank sum test. (E) TUNEL assay performed
on prostatic sections of PtenP®~'~ and Pten/Hif1a”P*~~ mice at 3 months AGI. Rep-
resentative images of the DLP are shown. Scale bars, 50 um. (F) Quantification of
TUNEL-positive epithelial cells in the DLP of Pten"P®~ and Pten/Hif1a""*~~ mice
at 3 months AGI. N=3 mice per condition. Statistical significance was calculated
using a two-tailed t test. *P < 0.05.

PCa cell lines cultured under normoxic conditions reduced the lev-
els of SOX2 and EZH2 (fig. S5, C and D). As prostatic lesions of both
PtenP*”"~ and Pten/Hif1a""*~'~ mice at 15 months AGI were hypox-
ic (fig. S5E), these data demonstrate that HIF1A promotes the ex-
pression of EZH2 and SOX2 under both hypoxic and normoxic
conditions and enhances the progression of prostatic tumors.

HIF1A signaling correlates with TGM2 expression, which is
associated with disease progression

To shed light on the mechanisms underlying the progression of lu-
minal cells, we performed droplet-based scRNA-seq on dissociated
PtenVP*"~ prostates at 6 and 15 months AGI, corresponding to in-
termediate-stage PINs and malignant tumors, respectively, and
combined these datasets with those obtained from early- (3 months
AGI; see above) and late-stage [9 months AGI (17)] PIN lesions.
These analyses show a time-dependent reduction in the proportion
of luminal-A cells between 3 and 15 months AGI and a concomitant
increase in that of the luminal-C subset (Fig. 6A). A second lumi-
nal-C cluster (termed luminal-C2), which was previously identified
in PtenPe/~ prostates at 9 months AGI (17), represented around
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90% of luminal epithelial cells at 15 months AGI (Fig. 6A and table
S11). These cells express Krt4 and Tacstd2, but lower levels of the
AR target genes Pbsn and Nkx3-1 than the other luminal C cluster
(termed hereafter luminal-C1) (fig. S6A). Hence, together, these find-
ings demonstrate that distinct luminal cell states are associated with
different disease stages, where luminal-C1 and -C2 cells are the pre-
dominant luminal subsets in PINs and malignant tumors, respectively.

Trajectory inference analysis on these clusters identified three major
nodes connected by a linear trajectory (Fig. 6B). The first node mainly
consisted of cells isolated at 3 and 6 months AGI, all of which were
luminal-A cells (Fig. 6B). The second node was enriched in cells
isolated at 9 months AGI and contained mostly luminal-C1 cells,
whereas the third node contained luminal-C2 cells almost exclusively
obtained at 15 months AGI (Fig. 6B). Enrichment analysis of the
top 500 features, based on gene importance implicated in the cells’
trajectory, identified cellular senescence and a number of metabolic
pathways, including those involved in glucose, glutathione, and amino
acid metabolism (Fig. 6C). HIF1 signaling was among the identified
pathways, with Hifla and a number of its target genes including
Vegfa, Car9, and Enol identified (Fig. 6, C to E). Furthermore, tran-
script levels of Hifla and a number of its target genes including
Slc2al, Hk2, Car9, and Vegfa were higher in luminal-C1 cells than
in luminal-A cells and were further increased in luminal-C2 cells
(Fig. 6F). These results demonstrate that HIF1A signaling, which is
already induced in early hypoxic PIN lesions compared to normal
glands (Fig. 1, C to F), is further enhanced during disease progression
and is associated with a switch in cell state from luminal-C1 to -C2.

Differential expression analysis revealed that the transcript levels
of almost 400 genes were induced in luminal-C2 cells compared to
luminal-A and -C1 ones (table S12). ONECUT?2 (one cut domain,
family member 2), which has been recently linked to cellular plas-
ticity in PCa (21), was the most up-regulated gene in luminal-C2 cells
compared to the other luminal subsets (table S12). However, HIF1A
knockdown in PCa cells did not affect ONECUT?2 levels (fig. S6B).

To identify genes in the luminal-C2 signature that are associated
with HIF1A-driven PIN progression, we overlapped the top 100 DEGs
in luminal-C2 cells with those identified in the trajectory inference
analysis and correlated the expression of the common genes with
those of HIF1A in human PCa transcriptomes on The Cancer
Genome Atlas (TCGA) database (fig. S6C). Among the 55 genes
found in common, the transcript levels of four directly correlated
with those of HIF1A (fig. S6C). As the top 2 genes, Itga2 (Cd49b)
and Vcaml, are highly expressed in nonepithelial cells, namely, im-
mune and endothelial cells (29, 30), they were not further investi-
gated. The next identified gene was Tgm2 (fig. S6C, Fig. 6G, and
table S12), which encodes an enzyme that has multiple cellular func-
tions and is known to play both pro- and antitumoral roles (31I).
Very low Tgm?2 transcript levels were present in luminal-A cells,
whereas higher levels were detected in luminal-C1 cells and the
highest levels in luminal-C2 cells (Fig. 6H), following a similar ex-
pression pattern to Hifla and its targets genes (Fig. 6F). In addition,
in human PCa transcriptomes of the TCGA PRAD (Prostate Adeno-
carcinoma) cohort, TGM2 levels positively correlated with an
HIF1A signature consisting of 10 known HIF1A targets (SLC2A1,
HK2, PFKA, ALDOA, GAPDH, ENOI1,LDHA, CA9, BNIP3,and VEGFA),
a human PCa-specific hypoxia signature (32), and a general hypoxia
signature obtained from the molecular signatures database (33) (fig.
S6D), together demonstrating the association of TGM2 expression
with HIF1A/hypoxia signaling.
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Fig. 5. Control of PIN progression and plasticity by HIF1A. (A) Prostate weight of Pten”P®~~ and Pten/Hif1a”P*~~ mice at 5,9, and 15 months AGI. N = 5 to 12 mice per
condition. (B) H&E-stained sections of Pten™P~/~ and Pten/Hif1a”P*~/~ prostates at 5 and 9 months AGI. Representative images of the DLP are shown. N =3 to 5 mice per
condition. Scale bars, 100 um. (C) Quantification of gland architecture in DLP of Pten™P*~/~ (n = 4) and Pten/Hif1a’P*~'~ (n = 5) mice at 15 months AGI. (D) Proliferation
index (Ki-67" epithelial cells) in the DLP of Pten™P*~~ and Pten/Hif1a”P*~ mice at 5 and 15 months AGI. N=5 to 10 mice per condition. (E) Pseudocolor FACS plot of
epithelial subsets in PtenP¢~/~ and Pten/Hif1a"P*~/~ prostates at 15 months AGI. (F) Pie charts depicting the proportions of epithelial subsets in Pten”P*~~ and
Pten/Hif1a"Pe~/~ prostates at 15 months AGI. N = 3 mice per condition. (G) Representative immunostaining of EZH2 (green) and TROP2 (red) in the DLP of Pten™"*~~ and
Pten/Hif1a’*~'~ mice at 15 months AGI. DAPI (blue); scale bars, 50 um. (H) Quantification of EZH2-positive nuclei in luminal cells of the DLP of Pten~~ and Pten/Hif1a""*~~ mice.
N=3 mice per condition. Representative immunohistochemical detection of SOX2 (I), and quantification of SOX2-positive nuclei in epithelial cells of the DLP of Pten™P®~/~

and Pten/Hif1a®®~/~ mice at 15 months AGI (J). Scale bars, 100 um. N =3 mice per condition. *P < 0.05; **P < 0.01; ***P < 0.001, calculated using a two-tailed t test.

Immunohistochemical analyses demonstrated that TGM2 is not ex-
pressed in luminal cells of wild-type prostates (Fig. 6I). At 10 and
15 months AGI, TROP2-positive adenocarcinoma regions of Pten P/~
mice were TGM2 positive, whereas in PINs, only a subset of TROP2-
positive cells expressed TGM2 (Fig. 6I). These results show that TGM2
levels in TROP2-expressing luminal-C cells are associated with malig-
nancy. Moreover, immunoblotting revealed that TGM2 expression was
lower in FACS-sorted luminal-C cells of Pten/Hif1a”?”~ mice compared
to those of Pten"?*"~ ones (fig. S6E). In addition, immunohistochemi-
cal analyses on prostatic sections demonstrated that TROP2-positive lu-
minal cells of Pten/Hifla”P*”"~ mice expressed markedly lower levels
of TGM2 compared to their Pten™*”'~ counterparts (fig. S6F). In line
with these data, genetic and pharmacological inhibition of HIF1A in PCa

Abu el Maaty et al., Sci. Adv. 8, eabo2295 (2022) 22 July 2022

cells led to reduced levels of TGM2 (fig. S6G). Collectively, these data
demonstrate that HIF1A plays a key role in regulating TGM2 expression
and the emergence of TGM2-expressing luminal-C cells.

In view of these findings, we determined whether TGM2 levels
are predictive for disease progression in humans. Analysis of the
TCGA PRAD cohort revealed that TGM2 expression was higher in
prostatic tumors with a Gleason grade of 9 compared to those with
a grade of 6, as well as to normal prostates (fig. S6H). In addition, we
analyzed the expression of TGM2 in prostatic tumoral sections of
56 treatment-naive patients with PCa who had undergone radical
prostatectomy (Fig. 6]) and found that patients expressing high levels
of TGM2 had lower progression-free survival (PFS) (Fig. 6K), with
the average PFS shortened by 17 months compared to those expressing
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Fig. 6. Identification of TGM2-expressing luminal cells in mouse and human PCa and association with HIF1A. (A) UMAP of luminal clusters in prostates of
Pten’P*”~ mice at 3, 6,9, and 15 months AGI. (B) Cellular trajectory colored by luminal subset. Color gradients distinguish cells at the various time points AGI. (C) KEGG pathway
analysis of the top 500 genes in the trajectory inference analysis. (D) Hif1a transcript levels in the various luminal subsets at the indicated time points AGI. (E) Plot of gene
importance depicting HIF1A signaling-related genes among the top 500 genes (dashed vertical line). (F) Violin plots depicting the transcript levels of Hif1a and its target
genes in luminal-A, -C1, and -C2 cells. Data were obtained from samples at 3, 6, 9, and 15 months AGI. ***P < 0.001 calculated using the Wilcoxon rank sum test.
(G) Analysis of the correlation between HIF1A and TGM2 transcript levels in human PCa transcriptomes on the TCGA. Pearson’s correlation coefficient was used to determine
the association between the two genes. (H) Violin plot depicting the transcript levels of Tgm2 in luminal-A, -C1, and -C2 cells. (I) Immunohistochemical staining of TROP2
and TGM2 in prostatic sections of Pten‘?'2 and Pten”®~~ mice at 10 and 15 months AGI. Representative images of the DLP are shown. N = 3 mice per condition. Scale
bars, 100 um. (J) Representative immunohistochemical staining of TGM2 in human prostate adenocarcinoma in TMA sections (n =56 patients). Scale bars, 100 um.
(K) Kaplan-Meier plots demonstrating the PFS of patients with high prostatic TGM2 expression (n =32 patients) and those with low levels of TGM2 (n = 24 patients).
*P <0.05, calculated using the Gehan-Breslow-Wilcoxon test.

low TGM2 levels (table S13). The baseline characteristics of both groups  tumors, has potential prognostic value in predicting relapse in patients
of patients, including PSA levels and Gleason scores, were similar (table ~ with PCa, and may thus be used to guide their clinical management.
S13). As both TGM2-high and -low/negative groups comprised pa-

tients classified as intermediate risk (table S13), TGM2 may be used

as a marker for the early identification of patients with higher risk of ~DISCUSSION

disease recurrence. Collectively, these findings demonstrate that TGM2 ~ Advances made in the management of PCa have markedly improved
expression correlates with HIF1A signaling in mice and human prostatic ~ survival rates in men with localized disease, but current treatments
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have considerable side effects (2). Moreover, no reliable biomarkers
are available to predict relapses, and patients with metastatic disease
have limited treatment options and an overall poor prognosis. There-
fore, preventing the progression of precancerous lesions to malig-
nant tumors would circumvent these outcomes and is an attractive
strategy to manage PCa. To unravel novel mediators of PIN evolu-
tion, we analyzed Pten”P*'~ mice, which develop PINs that evolve
to adenocarcinoma and thus closely recapitulate the natural history
of the disease in humans. We demonstrate that hypoxic signaling is
activated in early PINs, a phenomenon previously reported in ma-
lignant tumors (11, 12), and identify HIF1A as a major driver of PIN
progression.

Our study shows that the protumorigenic roles of HIF1A are both
tumor cell intrinsic and extrinsic. In line with the known role of HIF1A
in regulating glucose metabolizing pathways (34), our single-cell
and ChIP-seq analyses demonstrate that HIF1A induces the expres-
sion of a number of glycolytic enzymes in luminal-C cells, the major
epithelial subpopulation in PINs. Moreover, we found that luminal
HIF1A promotes an immunosuppressive SASP, characterized by
elevated levels of MDSC-recruiting factors, including CXCL5 and
CX3CL1 (23). Both chemokines have been previously shown to pro-
mote the progression of PCa (35, 36), and Wang et al. (37) demon-
strated that the CXCL5-CXCR2 axis plays an important role in the
recruitment of MDSCs to prostatic tumors and that targeting it im-
pairs disease progression. Furthermore, CXCL5 has been shown to
be induced in prostates of castrated PTENP*”'~ mice in which PTEN
is deleted in the prostate by a probasin-driven Cre recombinase and
to promote MDSC infiltration (38). In contrast, CX3CL1 was down-
regulated in castrated Pten” '~ tumors compared to sham-operated
ones. Thus, mechanisms underlying MDSC recruitment by tumoral
HIF1A and in response to castration are only partially overlapping.
Lactate secreted by cancer cells has also been shown to increase MDSC
tumoral infiltration (39). Therefore, HIF1A-mediated induction of
glycolysis and lactate production by PIN, as well as of CXCL5 and
CX3CL1 levels, promotes MDSC recruitment and thus contributes
to the immunologically “cold” phenotype of PCa (40). Inactivating
Hifla enhances the prostatic infiltration of cytotoxic lymphocytes
in premalignant lesions and eliminates some PIN cells by apoptotic
cell death.

Our data also demonstrate that HIF1A enhances the expression
of SOX2 and EZH2 in prostatic lesions and in human and mouse
PCa cells and favors a high plasticity state. These factors have been
shown to promote lineage plasticity in PCa (27, 28), but as our
ChIP-seq analyses did not identify HIF1A binding sites in regulato-
ry regions of the Sox2 and Ezh2 genes, their regulation by HIF1A is
likely indirect.

Our scRNA-seq analyses revealed that the evolution of PINs to
malignant tumors is associated with a shift in the luminal cell state
initially from A to C1, followed by C1 to C2, in a process character-
ized by activation of HIF1A signaling. Since luminal-C2 cells express
lower levels of AR target genes compared to their C1 counterparts,
they may represent a luminal subset with intrinsic androgen-insensitive
properties and hence resistant to androgen-deprivation therapy.
Moreover, our data show that Onecut2, which has been shown to be
a driver of lineage plasticity in PCa cells (21), is overexpressed in
luminal-C2 cells compared to the other subsets, which suggests a
role for this factor in promoting luminal plasticity in prostatic le-
sions. However, its levels are not affected by HIF1A knockdown in
PCa cells, in agreement with previous work (21). As ONECUT?2 has

Abu el Maaty et al., Sci. Adv. 8, eabo2295 (2022) 22 July 2022

been shown to synergize with hypoxia/HIF1A signaling though ac-
tivation of SMAD3 (SMAD family member 3) (21), we propose that
plasticity in prostatic lesions may be driven by a cross-talk between
HIF1A and ONECUT?2.

We identified TGM2 as a marker of luminal-C2 cells. TGM2 has
been shown to be overexpressed in a number of cancer types and is
known to play tumor-promoting roles, such as induction of prolif-
eration, invasion, and angiogenesis (31). Its expression has also been
linked to hypoxic response and has been shown to be induced in
brain metastasis compared to primary breast tumors (41). However,
the clinical relevance of TGM2 in PCa has not been previously in-
vestigated (42). We show that TGM2 is induced by HIF1A in pros-
tatic lesions, correlates with HIF1A signaling in mice and humans,
and is a biomarker for early relapse in patients with PCa who had
undergone radical prostatectomy. Jang et al. (43) have reported that
TGM2 expression is induced by HIFIA to enable cellular survival
under hypoxic conditions by inhibiting apoptosis. Moreover, TGM2
has been shown to induce HIF1A expression through activating
nuclear factor kB (NF-kB) signaling (44). It is therefore tempting to
speculate that hypoxia in PINs stabilizes HIF1A, which induces the
expression of TGM2 to promote cell plasticity and the malignant
evolution of these lesions. TGM2 in turn may act as a sustaining
factor by further inducing HIF1A expression. Luminal-C2 cells, which
overexpress TGM2, also express higher HIF1A transcript levels than
the other luminal subsets. Furthermore, Han et al. (45) demonstrated
that overexpression of TGM2 in human PCa LNCaP cells induces an
epithelial-mesenchymal transition and a reduction in AR expression.
Thus, TGM2 may contribute to PCa cell plasticity.

We also investigated the efficacy of pharmacologically targeting
HIF1A signaling in PINs using the orally bioavailable HIF1A inhib-
itor PX-478. This molecule has been previously shown to have anti-
tumor activities in a number of mouse models of cancer (19, 46) and
was well tolerated by patients with cancer in a phase 1 clinical trial
(18). We show that treatment of Pten”?*”~ mice at 3 and 10 months
AGI with PX-478 elicits profound antitumor effects, including the
induction of apoptosis in early PIN lesions, and a decrease in the
proliferation of late ones, which phenocopies the effects of combined
inactivation of Pten and Hifla in luminal cells. We also show that
PX-478 treatment affects multiple cell types in the microenvironment,
including MDSCs, which mirrors the reduction in MDSC prostatic
infiltration in Pten/Hifla”’P*~'~ mice. However, as our scRNA-seq data
revealed that MDSCs in prostates of Pten'”P*”'~ mice have enhanced
HIF1A signaling, PX-478 may also act directly on these cells, in addi-
tion to the potential disruption of their recruitment by luminal cells.

In conclusion, we demonstrate that HIF1A plays pivotal roles in
the evolution of PIN lesions, through regulating energy metabolism,
the secretome, and plasticity of PIN cells, as well as remodeling the
microenvironment. Therefore, inhibiting HIF1A signaling is a
promising strategy for PCa prevention. Moreover, as there is no
consensus on the optimal management of patients with localized
PCa (47), TGM2, which we identified as a promising prognostic marker
in humans, may be used to guide clinical decision-making.

MATERIALS AND METHODS

Study design

The objective of the study was to identify novel mediators driving the
progression of prostatic precancerous lesions to malignant tumors.
To characterize the role of HIF1A in PIN evolution, we generated
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cohorts of Pten/Hifla®P*”~ mice and analyzed them, along with
age-matched Pten'”P*”/~ ones, at multiple time points AGI. Investi-
gators were not blinded to animals’ genotypes. The impact of Hifla
loss in luminal cells on prostate weight and histology, cell prolifera-
tion, and apoptotic induction was determined by three investigators.
Pten"P*"~ mice were randomized to receive either vehicle or
PX-478. Investigators were not blinded to animal treatments. How-
ever, the characterization of PX-478’s effects on prostate weight and
histology, apoptosis, and epithelial cell proliferation was performed
by three investigators. Detailed descriptions of the experimental
methods, including the number of mice, are included in the study.
No sample size calculation was performed, and no outliers were ex-
cluded. In vitro results described in the study are representative of
two biological replicates obtained from independent experiments.

Mice

The generation of Pten "'~ and Pten'*"? mice was as described
(15). PSA-Cre-ER™2(®%/pten?12 mjce (15) were intercrossed with
mice in which Hifla alleles are floxed (48), to generate PSA-Cre-ER"#/0)/
Pten"”"*/Hifla"*'"* and PSA-Cre-ER™""/Pten"*/"*/Hif1a"*"*. At
8 weeks of age, these mice were treated with tamoxifen (1 mg per
mouse, intraperitoneally) for five consecutive days (15) to generate
Pten/Hif1a”"*”~ and Pten"?**/Hif1a"*"* (control) mice.

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
(#3834-2016012817529706V5).

PX-478 treatment

PX-478 2HCI (Selleck Chemicals, catalog no. S7612) was dissolved
in water and orally administered to mice at a daily dose of 20 mg/kg.
Mice were treated with vehicle or PX-478 for five consecutive days
or for five consecutive days followed by 2 days without intervention
for 4 weeks.

Histological examination

Hematoxylin and eosin (H&E) staining was performed on 5-pm
paraffin-embedded prostate sections according to standard proto-
cols. Histopathological assessment was performed on the DLP, and
representative images are provided.

SA-B-gal staining
SA-B-gal staining was performed on 10-um frozen prostate sections
using the senescence B-Galactosidase Staining Kit (CST 9860), fol-
lowing the manufacturer’s instructions. Sections were counterstained
with hematoxylin.

TUNEL assay

Apoptosis detection in prostatic tissue sections was performed using
the In Situ Cell Death Detection kit (Roche ref. 11684795910). Sec-
tions were mounted using Fluoromount-G Mounting Medium with
4',6-diamidino-2-phenylindole (DAPI; Invitrogen, 00-4959-52).

Immunostaining
Five-micrometer paraffin-embedded prostate sections were depar-
affinized and subjected to heat-induced antigen retrieval by incubating
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them for 20 min in a pressure cooker with SignalStain Citrate
Unmasking Solution (10x) (CST 14746). The following primary
antibodies were used: HIF1A (Abcam, ab51608; dilution 1:100),
CA-IX (Thermo Fisher Scientific, PA1-16592; dilution 1:1000), ENO1
(Abcam, ab155102; dilution 1:200), cleaved caspase 3 (CST, 9664;
dilution 1:200), Ki-67 (Thermo Fisher Scientific, MA5-14520; dilu-
tion 1:200), Cxcl5 (Thermo Fisher Scientific, BS-2549R; dilution
1:200), TROP2 [R&D systems, AF1122; dilution 1:50 (immuno-
fluorescence detection); Abcam, ab214488; dilution 1:200 (immuno-
histochemical detection)], EZH2 (CST, 5246; dilution 1:200), SOX2
(Abcam, ab92494; dilution 1:100), phospho-Akt (S473) (CST, 4060S;
dilution 1:200), TGM2 (CST, 3557; dilution 1:100), and AR (Abcam,
ab108341; dilution 1:200).

For immunofluorescence detection, the following secondary
antibodies were used at a 1:400 dilution: goat anti-rabbit immuno-
globulin G (IgG) (H + L) highly cross-adsorbed secondary antibody,
Alexa Fluor Plus 488 (Invitrogen, A32731); goat anti-mouse IgG
(H + L) highly cross-adsorbed secondary antibody, Alexa Fluor Plus
555 (Invitrogen, A32727); and donkey anti-goat IgG (H + L) highly
cross-adsorbed secondary antibody, Alexa Fluor Plus 647 (Invitrogen,
A32849). Sections were mounted using Fluoromount-G Mounting
Medium with DAPI (Invitrogen, 00-4959-52).

For immunohistochemical detection, one drop of SignalStain
Boost immunohistochemical detection reagent [rabbit (CST 8114)
or mouse (CST 8125)] was added to each section. The SignalStain
DAB Substrate Kit (CST 8059), which contains the DAB chromo-
gen concentrate and its diluent, was used to develop the signal. The
sections were counterstained with hematoxylin and mounted.

Hypoxia determination

Mice were administered pimonidazole HCI (60 mg/kg body weight)
by intraperitoneal injection following the manufacturer’s instruc-
tions (HP1-100Kit) and euthanized 90 min later. Harvested pros-
tates were fixed overnight in 4% paraformaldehyde (PFA) and
subsequently embedded in paraffin. Five-micrometer sections
were prepared and deparaffinized, and antigen retrieval was per-
formed as described above. The antipimonidazole primary antibody
(HP1-100Kit) was used at a dilution of 1:50.

Microscopic acquisition
Fluorescence images were acquired using an upright motorized
microscope (Leica DM 4000 B) fitted with the CoolSNAP HQ2
(Photometrics) and the Micro-Manager software, using the objec-
tives 20x HC PL FLUOTAR [numerical aperture (NA), 0.5] and 40x N
PLAN (NA, 0.65). The Fiji software was used for image editing and
for quantifying TUNEL- and EZH2-positive cells. Slides were scanned
in bright-field mode using the NanoZoomer digital slide scanner
(Hamamatsu) and analyzed using the NDP.view2 Viewing software
(Hamamatsu).

Representative images of the DLP are provided. Quantification
of Ki-67- and SOX2-positive cells as well as stromal cells in the DLP
was performed using the QuPath software (49).

FACS analysis

Tissue dissociation

Mice prostates were dissociated into single cells following a described
method (50), with minor modifications. Briefly, prostates were me-
chanically minced using razor blades, and disrupted tissue pieces
were incubated in Dulbecco’s modified Eagle’s medium (DMEM)
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[glucose (4.5 g/liter), GlutaMAX, 10% fetal calf serum (FCS), and
1% penicillin/streptomycin (P/S)] supplemented with collagenase
type I (1 mg/ml; 17018029 Thermo/Gibco) for 1 hour at 37°C with
shaking. Samples were then spun down and incubated with trypsin/
0.05% EDTA (Invitrogen/Gibco, catalog no. 25300) for 5 min in a
37°C water bath. DMEM containing 500 U of recombinant RNase-free
DNase I (Roche, 04716728001) was added to the cell suspension, and
single cells were obtained by passing the suspension through a 20-gauge
needle at least 10 times. A 40-um cell strainer was used to eliminate
remaining clumps, and the suspension was washed once in PBS.
Immunophenotyping experiments

Dissociated prostates were incubated with anti-CD16/32 antibody
(BD Pharmingen; 1:50) for 15 min on ice. To quantify total leuko-
cytes (CD45") and MDSCs (CD11b"Gr-1"), cells were incubated with
anti-CD45 (BioLegend; ref. 103128; conjugation: Alexa Fluor 700),
anti-CD11b (eBioscience; ref. 45-0112-82; conjugation: PerCP-Cy5.5),
and anti-Ly-6G/Ly-6C (Gr-1) [eBioscience; ref. 11-5931-82; conju-
gation: fluorescein isothiocyanate (FITC)] antibodies for 15 min on
ice. All antibodies were diluted 1:200 in DMEM [glucose (4.5 g/liter),
1% P/S, and 2% bovine serum albumin, without phenol red].

To quantify CD8" T cells (CD3*CD8") and NK cells (CD3~
CD49b"NK1.1"), samples were incubated with anti-CD3e (BioLegend;
ref. 100328; conjugation: PerCP/Cy5.5; dilution 1:50), anti-CD8a
(eBioscience; ref. 56-0081-80; conjugation: Alexa Fluor 700; dilution:
1:100), anti-CD49b (eBioscience; ref. 11-5971-82; conjugation: FITC;
dilution: 1:100), and anti-NK1.1 (eBioscience; ref. 25-5941-82; con-
jugation: PE-Cyanine7; dilution: 1:100) antibodies for 15 min on
ice. Cells were analyzed using a BD LSR II flow cytometer and the
Flow]Jo software.

FACS of living cells for scRNA-seq

Dissociated prostates were stained with DAPI, and living cells (DAPI
negative) were FACS sorted using BD FACSAria Fusion flow cytometer.
Luminal subset quantification and sorting

Epithelial subsets were quantified and sorted following a previously
described protocol (17, 51). Briefly, dissociated prostates were stained
with antibodies against CD31 (eBioscience, ref. 11-0311-85; conju-
gation: FITC; dilution 1:250), CD45 (eBioscience, ref. 11-0451-85;
conjugation: FITC; dilution 1:250), TER-119 (eBioscience, ref.
11-5921-85; conjugation: FITC; dilution 1:250), CD49f (eBioscience,
ref. 12-0495-83; conjugation: PE; dilution 1:25), and Ly-6A/E (Sca-1)
(eBioscience, ref. 17-5981-82; conjugation: APC; dilution 1:75).
Luminal-A/B cells were defined as Lin (CD31, CD45, and TER-119)
negative, Sca-17, and CD49f", while luminal-C cells were defined as
Lin", Sca-1%, and CD49f™, Cell sorting was performed using a BD
FACSAria Fusion flow cytometer, whereas cell quantifications and
analysis were performed using a BD LSR II flow cytometer and the
FlowJo software.

Multiplex cytokine array

The levels of cytokines in protein lysates of FACS-sorted luminal-C
cells were quantified using the Proteome Profiler Mouse XL Cyto-
kine Array (ARY028) Kit following the manufacturer’s instructions.
Chemiluminescence images were captured using Amersham Imager 600
(GE Healthcare).

Western blotting

Protein lysates were prepared from samples using radioimmuno-
precipitation assay buffer, supplemented with protease (05892970001;
Sigma-Aldrich) and phosphatase PhoSTOP (PHO SS-RO; Sigma-
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Aldrich) inhibitors. Protein concentrations in samples were deter-
mined using Bradford assay (Abcam, ab119216). Equal amounts of
proteins were resolved on SDS-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes using Trans-blot
turbo transfer system (Bio-Rad).

The following primary antibodies were used at a 1:1000 dilution:
HIF1A (CST 36169), Enol (Abcam, ab155102), Hk2 (CST, 2867),
Gapdh (CST, 2118), Pten (CST, 9559), SOX2 (CST, 3579), EZH2
(CST, 5246), Ldha (Thermo Fisher Scientific, PA5-27406), phospho-
Akt (8473) (CST, 4060S), 3-actin (SCBT, SC-47778), ONECUT2
(Proteintech, 21916-1-AP), histone H3 (CST, 4499S), and vinculin
(SCBT, SC-25336). Anti-mouse IgG (CST, 7076S) and anti-rabbit
IgG (CST, 7074S) horseradish peroxidase-linked antibodies were
used at a dilution of 1:5000. Lightning Plus-ECL Enhanced Chemi-
luminescence Substrate (Perkin-Elmer, ref. NEL104001EA) was used
to develop the signal, which was detected using the Amersham Im-
ager 600 (GE Healthcare).

Organoid cultures

Prostate organoid cultures were established from Pten and
Pten”P*”~ mice at 3 months AGI following previously described
protocols (52, 53). Briefly, prostates were dissociated into single cells,
which were embedded in Matrigel (Corning, 356231) and seeded in
24-well plates (40 ul of Matrigel drop per well). Organoid medium was
prepared by adding B27 (50x diluted; Gibco, 17504044), N-acetyl
cysteine (1.25 mM; Sigma-Aldrich, A9165-25G), Hepes (10 mM;
Gibco, 15630080), GlutaMAX (100x diluted; Gibco, 35050061), and
P/S [1% (v/v); Gibco, 15140122] to advanced DMEM/F-12 (Gibco,
12634010). Complete medium was prepared by adding EGF (50 ng/
ml; PeproTech, 315-09), Noggin (100 ng/ml; PeproTech, 120-10C),
R-spondin 1 (500 ng/ml; PeproTech, 120-38), dihydrotestosterone
(1 nM; Sigma-Aldrich, A8380-1G), Y-27632 (10 uM; Tocris, 1254),
and A83-01 (200 nM; PeproTech, 9094360) to the organoid medi-
um. Upon solidification of the Matrigel domes, 500 pl of complete
medium was added to each well.

L2/1L2

Cell culture

Mycoplasma-free LNCaP, DU-145, PC-3, C42B, and Myc-CaP cells
were obtained from the American Type Culture Collection and
cultured in DMEM [4.5 g/liter, 10% FCS, and 1% P/S]. Cells were
maintained in a culture incubator at 37°C and 5% CO,.

In vitro treatments

DMOG (Tocris, 4408) treatments were performed at a final concen-
tration of 1 mM for the indicated time points. PX-478 (Selleck
Chemicals, catalog no. S7612) treatments were performed at a final
concentration of 50 uM for 24 hours.

RNA interference

Human and mouse PCa cell lines were transiently transfected with
a pool of three anti-human HIF1A small interfering RNA (siRNA)
(Riboxx GmbH, Radebeul, Germany; Gene ID: 3091) or three
anti-mouse Hifla siRNA (Silencer Select siRNA, Thermo Fisher
Scientific, Gene ID: 15251, siRNA ID: 567530, catalog no. 4390771),
respectively, or a negative control (Silencer Select Negative Control
No. 1 siRNA, catalog no. 4390843). Briefly, 50 pmole of siRNA or
negative control was mixed with 1.5 ul of Lipofectamine 2000
Transfection Reagent (Thermo Fisher Scientific, 11668019) and 100 ul
of Opti-MEM Reduced Serum Medium (Gibco, 31985062) in one
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well of a 12-well plate and incubated at room temperature for 20 min.
A total of 60,000 cells were then added to each well, and the plate
was placed in a cell culture incubator for 48 hours.

NMR-based metabolomics

After harvesting mice prostates, DLP lobes were isolated and imme-
diately flash frozen. Quantification of the levels of metabolites was
performed using high-resolution magic angle spinning (54.7°) NMR,
as described (54).

Chromatin immunoprecipitation sequencing

Myc-CaP cells treated with 1 mM DMOG (Tocris; 4408) for 6 hours
were incubated in 1% PFA (Electron Microscopy Sciences) for
8 min and quenched with 0.125 M glycine buffer for 5 min at room
temperature. Cross-linked cells were resuspended in 500 pl of 10 mM
Hepes, 60 mM KCl, 1 mM EDTA, 0.075% (v/v) NP40, 1 mM
DTT, and 1 mM phenylmethylsulfonyl fluoride (pH 7.6) and incu-
bated on ice for 5 min. After centrifugation at 400g for 5 min, nuclear
pellets were resuspended in ChIP lysis buffer [50 mM tris-HCI (pH 8),
0.1% SDS, and 10 mM EDTA] and sonicated in 300- to 400-base
pair (bp) DNA fragments (Covaris). Fifty micrograms of chromatin
was immunoprecipitated in ChIP buffer [50 mM tris-HCl (pH 7.5),
140 mM NaCl, 1 mM EDTA, and 1% Triton X-100] using 5 ug of
HIF1A antibody (CST 36169) or a rabbit IgG as negative control.
Thirty microliters of Dynabeads Protein G (Thermo Fisher Scientific)
was added to the immunocomplexes for 2 hours at 4°C. DNA was
recovered by reverse cross-linking overnight at 65°C and extracted
using phenol/chloroform/isoamyl alcohol. Precipitated DNA was
purified using Agencourt AMPure XP beads (Beckman Coulter).
ChIP-seq libraries were prepared using the MicroPlex Library Prepara-
tion Kit v2 (C05010014, Diagenode S.A., Seraing, Belgium) accord-
ing to manufacturer’s instructions and sequenced using an Illumina
HiSeq 4000 as single-end 50-bp reads. Raw sequencing data were
mapped to the mm10 reference genome using Bowtie 2 (55), and
MACS?2 algorithm (56) was used for the peak calling with non-
immunoprecipitated chromatin as control. All peaks with a false
discovery rate greater than 0.05 were excluded from further analysis.

scRNA-seq and data analysis

Trypan blue exclusion assay was used to determine cell number and
viability of FACS-sorted cells using a Neubauer Chamber. 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 5000 and 10,000 cells in nano-
liter-scale Gel Beads-in-Emulsion (GEMs). Chromium Single-Cell
3" Reagent Kits (10X Genomics ref. CG00052 Rev. E) were used to
generate single-cell 3’ mRNA-seq libraries. Briefly, barcoded gel
beads were combined with an RT master mix containing cells and
partitioning oil onto Chromium Chip A to generate GEMs. After
complementary DNA (cDNA) synthesis and barcoding from poly-
adenylated mRNA, GEMs were disrupted and pooled before the
amplification of cDNA by 10 polymerase chain reaction (PCR)
cycles. Sequencing libraries were constructed after enzymatic frag-
mentation and size selection, by the addition of Illumina P5 and P7
primers (Paris, France) and sample index via end repair, A tailing,
adaptor ligation, and 12 cycles of PCR amplification. Quality con-
trol and quantification of libraries was performed using Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA). Generated libraries
were sequenced on Illumina HiSeq 4000 as 100 bases paired-end
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reads. RTA 2.7.7 and Cell Ranger 3.0.1 mkfastq were used for image
analysis, base calling, and demultiplexing. Cell Ranger 3.0.1 count
and the mouse reference 3.0.0 (mm10 and Ensembl release 93) were
used for alignment, barcode, and UMI (Unique Molecular Identifier)
filtering and counting.

The Read10X function of the Seurat v 4 (57) R [version (v) 4.0.2]
was used to read the output of the Cell Ranger pipeline and obtain a
matrix of the number of reads of each gene detected in each cell.
Genes expressed in less than 10 cells were excluded. Cells from the
different samples with more than 100 and less than 7000 expressed
genes and with lower than 20% mitochondrial genes were analyzed,
as previously described (17).

Trajectory inference

Read mapping, barcode, and UMI filtering and counting were per-
formed using Cell Ranger (58) 3.0.1 count and mouse reference 3.0.0
(mm10 and Ensembl release 93). Aggregation of the corresponding
results for the four samples, principal component analysis dimen-
sionality reduction, and graph-based clustering were performed
using Cell Ranger 3.0.1 aggr. The resulting filtered feature barcode
matrix was processed using Seurat (57) 3.2.0 package: Cells with at
least 100 and less than 5000 expressed genes and with less than 20%
mitochondrial reads were retained, log normalization was performed,
and only genes with at least five UMI in at least 10 cells were re-
tained. Trajectory inference was performed on cells from clusters
10, 12, and 20 using dyno (59) 0.1.2 package and slingshot method
(60), and milestone 3 was designated as root. Feature importance
value (59) for each gene was calculated using calculate_overall_feature_
importance from dyno 0.1.2 package.

TCGA analysis

The correlation of the expression of various genes with that of
HIF1A was analyzed in the PRAD cohort (n = 496 patients with PCa)
of the TCGA. The correlation of TGM2 expression with the HIF1A
gene signature was performed using GEPIA2 (61). Pearson’s correla-
tion coefficient was used to determine the association between two
genes, and Spearman’s correlation coefficient was used to determine
the association between TGM2 and the various gene signatures. A sig-
nificant direct correlation was defined as having a correlation coef-
ficient of >0.2 and a P value of <0.05. UALCAN was used to analyze
TGM2 levels in patients with PCa with different Gleason scores (62).

Human prostate TMA (Tissue microarray)

All human samples and associated clinical data were collected with
patient’s written informed consent and were anonymized before
use. A total of 62 treatment-naive patients with PCa who had un-
dergone surgical prostatectomy between April 2009 and April 2014
were recruited. TMAs were constructed at the Center of Biological
Resources at the University Hospital of Strasbourg from biopsies of
patients with PCa (n = 62) with different pathological stages, rang-
ing from intermediate (n = 34) to high grade (n = 28) (Gleason score
3+3to4+5,pT2ato pT3b), as well as their adjacent normal areas.
Two cores of tumoral tissues (1.5-mm diameter) per patient were
included in the TMAs.

Clinical information of the patients was collected in patients’
medical files (urology and oncology stations) by a research assistant
technician under the responsibility of the University Hospital of
Strasbourg. Of the 62 patients, 6 were excluded from the analyses as
their clinical follow-up data were missing. The PFS is the time from
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prostatectomy until biochemical recurrence, defined as an increase
in postsurgery prostate-specific antigen value by 0.2 ng/ml.

Immunohistochemical detection of TGM2 was performed as de-
scribed above. Staining intensity was scored by an oncology resident,
blinded to outcomes, from 0 to 2: 0 = negative, 1 = weak staining,
and 2 = strong staining. Patients were classified into two groups
according to TGM2 expression: weak/negative versus high. TGM2
expression was then associated with the patients’ PES.

Statistical analysis

Comparison between two groups was performed using a two-tailed
Student’s ¢ test, with P values less than 0.05, 0.01, and 0.001 depicted
by ¥, **, and ***, respectively. Error bars represent SEM. The number
of replicates is indicated in the figure legends. Gehan-Breslow-
Wilcoxon test was used to determine the P value of the survival
analysis. The Wilcoxon rank sum test was used to determine DEGs.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2295

View/request a protocol for this paper from Bio-protocol.
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