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Estrogen deficiency, which is linked to various pathological conditions such as primary
ovarian insufficiency and postmenopausal osteoporosis, disrupts the delicate balance
between bone formation and resorption. This imbalance leads to bone loss and an
increased risk of fractures, primarily due to a significant reduction in trabecular bone
mass. Trabecular osteoblasts, the cells responsible for bone formation within the tra-
becular compartment, originate from skeletal progenitors located in the bone marrow.
The microenvironment of the bone marrow contains hypoxic (low oxygen) regions,
and the hypoxia-inducible factor-2a (HIF2) plays a crucial role in cellular responses to
these low-oxygen conditions. This study demonstrates that the loss of HIF2 in skeletal
progenitors and their derivatives during development enhances trabecular bone mass
by promoting bone formation. More importantly, PT2399, a small molecule that spe-
cifically inhibits HIF2, effectively prevents trabecular bone loss in ovariectomized adult
mice, a model for estrogen-deficient bone loss. Both the genetic and pharmacological
approaches result in an increase in osteoblast number, which is linked to the expansion of
the pool of skeletal progenitor cells. This expansion either by loss or inhibition of HIF2
uncovers a pivotal mechanism for increasing osteoblast numbers and bone formation,
resulting in greater trabecular bone mass.
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The development of new treatments for low-bone mass diseases, such as postmenopausal
osteoporosis, is a highly active field of investigation. Osteoporosis is a systemic skeletal
disease characterized by low bone mass and microarchitectural deterioration of bone tissue
(1). It impacts over 20 million Americans and results in approximately 1.5 million “fra-
gility” fractures annually (2, 3). In addition to postmenopausal osteoporosis, other con-
ditions linked to estrogen deficiency such as primary ovarian insufficiency, which occurs
in younger subjects, can also result in bone loss and fragility (4, 5).

Adult bone undergoes continuous remodeling throughout life, accomplished by two
specialized cell types: bone-resorbing osteoclasts and bone-forming osteoblasts (6). The
activity of osteoblasts is coupled with that of osteoclasts, allowing for the maintenance of
bone and mineral homeostasis in adulthood (7). Estrogens play a key role in bone metab-
olism and remodeling, acting on both osteoblasts and osteoclasts (8, 9). Estrogen deficiency
leads to an imbalance between bone formation and resorption either directly or indirectly
through the regulation of hormones such as follicle-stimulating hormone (10, 11).

The various conditions associated with estrogen deficiency may require tailored treat-
ments customized to patients as the degree of bone loss depends on the underlying con-
dition and the timing of analysis. Current treatments for postmenopausal osteoporosis
include antiresorptive drugs and agents that promote bone formation, such as parathyroid
hormone (PTH), PTH-related protein (PTHrP) analogs, and monoclonal antibodies
against sclerostin (12, 13). While these treatments are effective for high-risk patients, their
prolonged use is associated with significant side effects that lead to their discontinuation
(13, 14). Additionally, in contrast to anti-sclerostin antibodies which also reduce Bone
Resorption, PTH and PTHrP analogs tend to increase Bone Resorption over time, dimin-
ishing their overall anabolic benefits (15).

Although several options exist for treating established bone mass loss, few preventive
options are available for at-risk patients, such as those with osteopenia—a condition
characterized by bone mineral density (BMD) lower than normal but not severe enough
to be classified as osteoporosis (16).

Osteoblasts are bone-forming cells that originate from progenitors located in the bone
marrow and periosteum (17, 18). In the bone marrow, those progenitors belong to a
heterogeneous population of bone marrow stromal cells (BMSCs) that contribute to bone
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homeostasis and respond to external stimuli in various ways (19).
Among the BMSCs, leptin receptor (LepR)-expressing stromal
cells are considered the major source of skeletal progenitors in the
adult bone marrow (19, 20).

Despite its high vascularity, the bone marrow paradoxically
demonstrates an oxygen gradient, with decreasing oxygen tension
originating from the peripheral endosteal regions toward the cen-
tral medullary cavity (21). Interestingly, LepR-positive cells are
found near sinusoids (20, 22, 23), suggesting their behavior may
be intimately tied to the hypoxic bone marrow niche. The tran-
scription factors hypoxia-inducible factor-1oe (HIF1) and HIF2
are essential for mediating the cellular response to hypoxia (24).
Under normoxic conditions, both transcription factors are
degraded by the proteasome, while under hypoxic conditions they
are stabilized, increasing their activity (24). HIF1 and HIF2 reg-
ulate various biological functions, enabling cells to survive, pro-
liferate, and differentiate under hypoxia (24). Their actions can
be overlapping, unique, or even opposing, depending on the cell
type (25). Notably, both transcription factors are expressed in cells
of the osteoblast lineage (21, 26, 27). HIF1 positively regulates
bone formation, osteoblast number, and activity (26, 28), whereas
HIF2 has been described as a negative regulator of bone mass
accrual (29). In particular, we and others have demonstrated that
the deletion of HIF2 in uncommitted osteoblast precursors during
development (29, 30), but not in committed osteoprogenitors,
mature osteoblasts, or osteocytes (21, 26, 31), significantly
enhances bone mass by increasing bone formation and osteoblast
number without affecting Bone Resorption.

Novel small molecules inhibiting HIF2 recently received FDA
approval for treating Von Hippel-Lindau (VA))-related tumors
showing promising results and acceptable safety profiles (32). In
this study, we explored the effects of pharmacologically inhibiting
HIF2 following ovariectomy as proof-of-concept that HIF2 inhi-
bition can prevent bone loss in an estrogen deficiency model.

Results

InVivo Loss of HIF2in Prx1-Cre Lineage Cells Augments Trabecular
Bone Mass in Female Mice. We previously demonstrated that
deleting HIF2 in skeletal progenitors of the limb bud during
development and their derivatives, using a PrxI-Cre (Prx) driver,
markedly increases bone mass by enhancing bone formation
and osteoblast numbers without affecting Bone Resorption in
male mice (29). To investigate HIF2’s effects on bone mass in
females, we employed the same Prx driver for conditional HIF2
ablation (33, 34). We specifically chose this driver for consistency
and to have a direct comparison between male and female mice
within the same experimental framework. Prx transgenic mice
were crossed with Hz’ﬂf mice to produce Prx;HiM ¥ mutants as
well as Prx;Hz_']?ﬂ " and Hzﬂf/ ¥ control littermates. In these mice,
Cre recombinase is expressed in limb bud’s cells that give rise to
chondrocytes and osteoblasts in long bones and calvaria (34).
As previously reported (29), Prx;Hif2” mutants were viable,
born at the expected Mendelian ratio, and displayed a transient
growth plate phenotype that resolved postnatally (33) (data not
shown). To use the A4 reporter to isolate and sort Prx lineage
cells from mutant and control mice (see below), we generated
Prx;Hz']Qﬂ f;Az'I 4" mutant mice, along with PrxHif20+Ail Vit
and Prx;Hif2"";:Ai14" controls. The Ai14 mouse is a genetically
engineered Cre-reporter strain which consists of a loxP-flanked
STOP cassette followed by a tdTomato fluorescent protein sequence
and is widely used to track cells in vivo (35).

At 12 wk of age, we evaluated the bone phenotypes in females
only. The bones of Prx;Hiﬂ f:'Ai 14" mutants showed no significant
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differences from those of Prx;Hz']Qﬂ ” mutants, and similarly, there
were no disparities in trabecular or cortical bone among the control
groups (Prx;Hif2™, Hif2", Pr; Hif2" A 14", Pro;Hif2"":Ai 147)
(SI Appendix, Fig. S1 A-D). Consequently, data from both mutant
and control groups, with and without the reporter, were combined
for simplicity in the final analysis and specimens indicated as
Prx;Hz'ij] f, Prx;Hz'jQﬂ *and Hif2/V. Prx;Hi]Qﬂ 7 mutant mice exhib-
ited a normal phenotype compared to control littermates, with no
detectable patterning defects. Body weight, body length, and femur
length of Prx; Hif2// mutant mice were virtually identical to those
of Prx;Hif2™ and Hif2" controls (SI Appendix, Fig. S1E).

Micro-CT analysis of femurs showed a significant increase in
trabecular bone mass in Pry; Hif2” mutants compared to controls
(Fig. 1 Aand B). Metrics such as trabecular bone volume-to-tissue
volume ratio (BV/TV), trabecular number (Tb.N.), trabecular
thickness (Tb.Th.), and BMD were significantly higher in
Prx;Hiﬂ’[/ 7 than in Prx;Hi]Qﬂ " and Hz]?ﬂ ¥ mice, while trabecular
separation (Tb.Sp.) and bone surface-to-volume ratio (BS/BV)
were significantly lower in mutants (Fig. 1B). Histomorphometry,
limited to Prx;Hz'fQﬂ ” mutants and Hif2/f controls, as Prx;Hif2""
did not differ from Hz'fj] ¥ by micro-CT analysis, corroborated the
micro-CT data (Fig. 1 Cand D, SI Appendix, Table S1). Notably,
the number of osteoblasts relative to bone surface (N.Ob/BS),
mineral surface-to-bone surface (MS/BS), mineral apposition rate
(MAR), and bone formation rate per bone surface (BFR/BS) were
all elevated in mutant bones relative to controls (Fig. 1D,
SI Appendix, Table S1). Osteoclast counts were similar between
Hif2fand Prx;Hiﬁﬂ " samples; however, the ratio of osteoclasts to
bone surface (N.Oc./BS) was modestly reduced in Prx;Hiﬁ g
bones, reflecting an increase in bone surface due to higher bone
formation rates (Fig. 1D, SI Appendix, Table S1). No obvious
changes in bone marrow adiposity were observed between
Prx;Hz']?q ” mutants and Hz_’;?ﬁ 7 controls (Fig. 1C). As a result, anal-
ysis of bone marrow adiposity was not further pursued.

To investigate the potential influence of circulating factors on the
observed bone phenotype, we analyzed the vertebrae (L5) from
mutants and controls using micro-CT (87 Appendix, Fig. S2A4). No
abnormalities were detected, and no significant differences were
observed between mutant mice and their littermate controls
(SI Appendix, Fig. S2B). Prx lineage cells do not contribute to ver-
tebrae development. This result shows that the long bone phenotype
in Prx;Hlﬂf mutants is not attributable to changes in systemic factors.

Taken together, these data validate that HIF2 functions as an
inhibitor of trabecular bone mass in female mice as well as in male
mice. The observed increase in trabecular bone mass following
HIF2 deletion in the Prx lineage primarily resulted from enhanced
bone formation.

Loss of HIF2 in Prx Lineage Cells has a Modest Effect on Cortical
Bone Mass in Female Mice. We have previously demonstrated
that HIF2 loss results in a modest increase in cortical bone mass
in male mice (29). To investigate whether similar effects occur in
females, we quantified cortical parameters (S7 Appendix, Fig. S3
and Table S1). In female mice, Prx;Hi mutant specimens
showed a modest increase in cortical thickness (C.Th) compared
to control littermates (S/ Appendix, Fig. S3B and Table S1).
However, there was no significant difference in the cortical area-
to-total area ratio (CA/TA), polar moment of inertia (pMOI),
or BMD (81 Appendix, Fig. S3B and Table S1). While pMOI
was significantly higher in Prx;Hif2"" mice compared to Hi

controls (S Appendix, Fig. S3B and Table S1), the physiological
implications of these differences in pMOI remain unclear.
Calcein labeling, used to assess bone formation rates, revealed
no significant differences between Prx; Hif2” mutants and Hif2"”
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Fig. 1. Loss of HIF2 in Prx lineage cells augments trabecular bone mass in
female mice. (A) Representative micro-CT 3D reconstructions of trabecular
bone of femurs isolated from Hif2”, Prx;Hif2"* and Prx;Hif2"” female mice
at 12 wk of age. (Scale bars, 100 pm.) (B) Analysis of micro-CT parameters,
including bone volume-to-tissue volume ratio (BV/TV), trabecular number
(Tb.N), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), bone surface-
to-bone volume ratio (BS/BV), and BMD. Data are expressed as mean + SD.
P-value significance refers to the comparison to Hif2”: * P < 0.05, ** P < 0.01,
*** P<0.001, **** P<0.0001, by one-way ANOVA with multiple comparisons.
(C) Longitudinal paraffin sections of distal femur metaphysis isolated from
Hif2" and Prx;Hif?" female mice at 12 wk of age stained with hematoxylin
and eosin (H&E) (Top) and tartrate-resistant acid phosphatase (TRAP) (Middle).
Calcein labeling in longitudinal methylmethacrylate (MMA) sections, depicting
trabecular bone at distal femur metaphysis, is shown at the Bottom. (Scale bar,
100 pm.) (D) Static and dynamic histomorphometric analysis quantifying BV/
TV, Tb.N, Tb.Th, Tb.Sp, osteoblast number (N.Ob), osteoblast-to-bone surface
ratio (N.Ob/BS), osteoclast number (N.Oc), osteoclast-to-bone surface ratio
(N.Oc/BS), MAR, and bone formation rate-to-bone surface ratio (BFR/BS). Data
are expressed as mean + SD. P-value significance refers to the comparison
to Hif2": *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by two-tailed
unpaired Student's t-test.

controls in cortical bone (S Appendix, Fig. S3 Cand D, Table S1).
Taken together, our results suggest that as in male mice, the loss
of HIF2 in Prx lineage cells impacts trabecular bone mass more
significantly than cortical bone mass also in female mice.

Loss of HIF2 in Prx Lineage Cells Expands the Pool of Skeletal
Progenitors. Previous studies have demonstrated that the loss
of HIF2 in osteoblasts does not significantly affect bone mass,
unlike its effect in skeletal progenitors (21, 26). This suggests
a distinct role for HIF2 in skeletal progenitors. To explore this
possibility, we performed unbiased single-cell RNA-sequencing

PNAS 2024 Vol.121 No.49 2416004121

(scRNA-seq) analysis on _bone marrow Prx lineage cells from
7-wk-old female Prx;Hz'jQﬂ ¥.Ai14"* mutant and Prx;Hz'f?/*,y‘lz’] 7
control mice. The cells were sorted using flow cytometry, based on
their tdTomato expression (SI Appendix, Fig. S44), and the assay
was performed in biological duplicates. The analysis revealed 12
distinct cell clusters (Fig. 24). Uniform manifold approximation
and projection (UMAP) representation displayed a similar cluster
distribution between control and mutant groups (S/ Appendix,
Fig. S4B). Despite sorting cells with the Ail4 reporter driven
by Prx, hematopoietic, and endothelial cells, identified by Pzpre
(CD45) and Pecam 1 (CD31) mRNA expression respectively, were
detected in the sorted population (S Appendix, Fig. S4C).

Cluster 7 emerged as particularly significant, expressing Hif2
mRNA alongside skeletal progenitor markers such as leptin receptor
(LepR) (Fig. 2B), paired related homeobox 1 (Prrx1), and platelet-
derived growth factor receptor alpha (Pdgfra) mRNAs (SI Appendix,
Fig. $4D) (20, 36). A few cells in this cluster also expressed classical
markers of early stages of osteoblast commitment and differentiation
such as collagen type I alpha 1 (Co/lal), runt-related transcription
factor 2 (Runx2), and osterix (Sp7) mRNAs, whereas osteocalcin
(Ocn) mRNA, a marker of terminally differentiated osteoblasts, was
barely detectable (S7 Appendix, Fig. S4D).

Most notably, Cluster 7 was expanded in Prx;Hif2":Ai14"
mutants, constituting a larger proportion of the total cell popu-
lation (7.82%) compared to controls (2.44%) (Fig. 2C). However,
the substantial difference in cluster size between mutants and
controls limited detailed analysis of differentially expressed genes.

We then complemented the in vivo data with an in vitro assay.
BMSCs were isolated from Hz’j?ﬂ 7 and Prx;Hiﬁ 7 mice, expanded
in vitro, replated, and cultured under either normoxic (20% O,)
or hypoxic (1% O,) conditions. It is important to note that these
oxygen levels are arbitrary selections since bone and bone marrow
are vascularized tissues that typically experience cyclical oxygen
fluctuations, not steady-state hypoxia. qPCR of 2-LoxP genomic
DNA confirmed efficient recombination of the floxed allele in
mutant cells (deletion efficiency: 78% + 0.08 SEM) (Fig. 34). As
expected, these cells expressed LepR mRNA in both Hif2” and
Prs;Hif2"(Fig. 3B).

Notably, qRT-PCR analysis of total RNA after 7 d in culture
revealed no significant difference in Runx2 mRNA expression
between mutants and controls, either in normoxia or hypoxia
(Fig. 3B). However, Collal mRNA expression was modestly
higher in Prx; Hif2" BMSCs compared to controls under normosxic
condition (Fig. 38). More importantly, osteopontin/secreted
phosphoprotein (SppI), Sp7, and alkaline phosphatase (A/p/)
mRNA levels were significantly increased in Prx;HiM " BMSCs
cultured under hypoxic conditions compared to controls (Fig. 3B).
Runx2, Collal, SSPI1, Sp7, and Alp/ mRNAs are all markers of
the early stage of osteoblast differentiation.

Cell counts and Trypan blue exclusion tests for cell viability
were also performed on BMSC:s after 7 d in culture. The total cell
number was significantly higher in Prx;Hz'ﬁf/ ¥ cultures compared
to controls, which had fewer viable cells and more dead cells both
under normoxic and hypoxic conditions (Fig. 3C). Last, double-
stranded DNA (dsDNA) levels were quantified over various time
points (2 to 11 d after seeding). The dsDNA content was signifi-
cantly elevated in Prx;Hz']Qﬁ cultures compared to controls across
all time points both under 20% O, and 1% O, conditions (Fig. 3D).

In summary, these findings indicate that the loss of HIF2 in
the Prx lineage expands the pool of skeletal progenitors inde-
pendently of oxygen levels. This expansion is likely due to increased
proliferation, though reduced cell death may also play a role, and
is not associated to impaired differentiation of progenitors into
osteoblasts. Notably, under hypoxia, osteoblast differentiation

https://doi.org/10.1073/pnas.2416004121

3of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416004121#supplementary-materials

Downloaded from https://www.pnas.org by "UNIVERSITA DI CAGLIARI, BIBL DIPARTIMENTO" on November 29, 2024 from |P address 104.28.60.90.

4 of 11

80—

. ! !

Cells/Cluster (%)
T

N -3
S S
1 1

© O N s WN =

o
|

Hif2" Prx;Hif2"

EEEERE

LepR
N
- .

H

Fig. 2. Single Cell RNA-Sequencing analysis of Prx lineage cells isolated from the bone marrow of Prx;Hif2"*;Ai14”* and Prx;Hif2":Ai14"*. (A) UMAP visualization of
aggregate clusters. (B) UMAP visualization of the leptin receptor (LepR) and hypoxia-inducible factor 2 (Hif2). (C) A bar graph comparing the percentage of cells/
cluster in Prx;Hif2"%;Ai14” versus Prx;Hif2";Ai14”*. Cluster 7 enriched in skeletal progenitor markers is highlighted in red.

appears to be modestly enhanced, as indicated by higher levels of
Sp7, Spp1, and Alp/ mRNAs in mutant hypoxic cells.

Pharmacological Inhibition of HIF2 Prevents Trabecular Bone
Loss Following Ovariectomy. Next, we explored the therapeutic
potential of targeting HIF2 in preventing trabecular bone loss
following ovariectomy. For this purpose, we investigated the
efficacy of available HIF2 inhibitors.

HIF2 inhibitors are small molecules which act on the HIF2
Per-ARNT-Sim (PAS)-B domain to prevent the formation of the
necessary heterodimer complex for downstream activity. They
have been recently approved by the FDA for the treatment of
clear cell renal cell carcinoma (ccRCC) (32, 37). Given the role
of HIF2 as a negative regulator of trabecular bone mass, we
hypothesized that inhibiting HIF2 could represent a translational
approach to prevent bone loss in experimental models of post-
menopausal osteoporosis.

We administered the inhibitor PT2399 (32, 38) at two dos-
ages—100 mg/kg/d (high dose) and 60 mg/kg/d(low dose),
respectively. In an initial experiment, 26 adult female FVB/N
mice, 8 wk old, were ovariectomized (OVX) or sham-operated
(Sham) and then randomized to receive either 50 mg/kg PT2399
or a vehicle (Veh) twice daily by oral gavage. Observations from
this cohort showed no effects of high doses of PT2399 on Sham
mice, leading us to exclude this experimental group in the subse-
quent investigations.

In a second experiment, we grouped mice into three categories:
Veh-Sham, Veh-OVX, and PT2399-OVX. Treatments were
administered at 30 mg/kg twice daily for five consecutive days
with a subsequent 2-d washout. In both experiments, we initiated
treatment 1 wk postsurgery, with the effects on trabecular bone

mass evaluated 5 wk later (Fig. 44). The Veh-Sham and Veh-OVX

https://doi.org/10.1073/pnas.2416004121

mice from both studies were indistinguishable in terms of exper-
imental procedure, allowing their results to be combined in the
final bone phenotype analysis (Fig. 4).

At the outset of the study (Week 0), there were no significant
differences in body weight across groups. By weeks 3 and 6, OVX
mice displayed a significant increase in body weight compared to
sham-operated mice, irrespective of treatment (Fig. 44). This
increase was consistent with menopausal conditions (39), which
also led to significant uterine atrophy, independent of the treat-
ment (Fig. 44).

Micro-CT analysis of the femurs revealed that Veh-OVX exhib-
ited expected reductions in trabecular bone mass compared to the
control group (Veh-Sham), characterized by decreased BV/TV,
Tb.N., and BMD, and increased Tb.Sp and BS/BV (Fig. 4 B and
O). In contrast, PT2399-treated OVX mice showed significantly
higher BV/TV, Tb.N, and BMD, and lower Tb.Sp and BS/BV
compared to Veh-OVX mice (Fig. 4C). Crucially, there was no
detectable difference between PT2399-treated OVX mice and
Veh-Sham mice, indicating that PT2399, even at lower doses,
fully prevented the loss of trabecular bone mass induced by ova-
riectomy (Fig. 4 B and C).

Micro-CT analysis of L5 vertebra produced findings consistent
with those observed in femoral assessments (Fig. 4 D and E).
Quantitative analysis of trabecular parameters demonstrated
significant reductions in BV/TV, Tb.N, Tb.Th, and BMD in
Veh-OVX mice compared to Veh-Sham mice (Fig. 4E). Correspondingly,
Tb.Sp and BS/BV were significantly increased in the Veh-OVX
group (Fig. 4E). Similarly to the results in femurs, administration
of high doses of PT2399 effectively countered the loss of trabecular
bone, showing no significant differences in trabecular parameters
between PT2399-OVX mice and Veh-Sham mice (Fig. 4E). The
low-dose regimen of PT2399 notably mitigated the OVX-induced
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Fig. 3. Loss of HIF2 in the Prx lineage increases the number of skeletal proliferative cells in vitro. (A) 2-LoxP qPCR was performed on genomic DNA extracted
from Hif2" and Prx;Hif2” BMSC upon a brief in vitro culture. Data were normalized to Von Hippel-Lindau (Vh/) as internal reference for genomic DNA. (B) qRT-PCR
of total RNA isolated from Hif2"' and Prx;Hif2" BMSCs either in normoxia (20% O,) or hypoxia (1% O,). Data were normalized to the expression of TATA-binding
protein (Tbp) mRNA. LepR, leptin receptor; ColTa7, collagen type | alpha 1; Runx2, runt-related transcription factor 2; Spp7, osteopontin/secreted phosphoprotein-1;
Sp7, Osterix; Alpl, alkaline phosphatase. (C) Cell counting with Trypan blue exclusion of Hif2”f and Prx;Hif2"/ BMSCs in normoxia (20% O,) or hypoxia (1% O,). (D)
Double-stranded DNA (dsDNA) levels were quantified in BMSCs from Hif2"/ and Prx;Hif2"/ mice over various time points (2 to 8 d after seeding) either in normoxia
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P <0.0001, by two-tailed unpaired Student’s t-test. All the experiments were performed in biological and technical duplicates or triplicates.

reductions in Tb. Th and BMD, as well as the increases in Tb.Sp
and BS/BV (Fig. 4E). However, the improvement in BV/TV and
Tb.N was dose-dependent, with low doses (60 mg/kg/d) of
PT2399 not quite as effective as the high-dose (100 mg/kg/d)
treatment (Fig. 4E).

Given the consistent bone loss observed in both femurs and ver-
tebrae postovariectomy histomorphometry was selectively performed
on femurs. This analysis confirmed the micro-CT findings (Fig. 5
and SI Appendix, Table S2). Notably, Oc.N/BS did not differ
between groups, while Ob.N/BS was significantly lower in Veh-OVX
mice compared to Veh-Sham mice (Fig. 5B and SIAppendix,
Table S2). This reduction was effectively prevented by PT2399
administration either at low or high doses (Fig. 58 and ST Appendix,
Table S2). As in the genetic experiment, no obvious changes in bone
marrow adiposity were observed (Fig. 5A4).

Double calcein labeling revealed a significant increase in MAR
and BFR/BS in PT2399-treated OVX mice compared to
Veh-OVX mice, matching levels observed in the control group
(Fig. 5B and ST Appendix, Table S2). This leads us to conclude that
PT2399 mitigates bone loss, at least in part, through enhancing
bone formation, corroborated by the increased Ob.N/BS in
PT2399-OVX mice when compared to Veh-OVX.

Increase in Bone Resorption is well characterized in low bone
mass diseases due to estrogen deficiency (1, 6); however, some
studies in animal models, including ours, showed no detectable
differences in osteoclast numbers following ovariectomy (40)
(Fig. 5B and SI Appendix, Table S2). This discrepancy is most
likely due to the time interval between ovariectomy and bone
analysis.

PNAS 2024 Vol.121 No.49 2416004121

Collectively, our in vivo studies demonstrate that PT2399 effec-
tively prevents trabecular bone loss induced by ovariectomy in
mice at both low and high doses. A key mechanism appears to be
stimulation of bone formation, consistent with the observed phe-
notypes following HIF2 loss in the Prx lineage. However, since
HIF2 presence in osteoclasts has been documented and genetic
ablation of HIF2 in these cells is known to increase bone mass
(30), PT2399's ability to prevent bone loss may also involve an
inhibitory effect on Bone Resorption, likely through a direct
impact on osteoclasts.

Limited Impact of Ovariectomy on Cortical Bone. Cortical
bone parameters were also evaluated using micro-CT and
dynamic histomorphometry (S Appendix, Fig. S5 and Table S2).
Notably, Ps.MAR significantly decreased in Veh-OVX mice, a
reduction that was effectively mitigated by PT2399-treatment
(SI Appendix, Fig. S5B and Table S2). However, all other cortical
parameters remained unchanged across the groups, suggesting
that ovariectomy does not significantly influence cortical bone
at least at the time points we evaluated (S7 Appendix, Fig. S5B
and Table S2).

This observation is consistent with existing literature that iden-
tifies trabecular bone as the primary site affected by postmeno-
pausal osteoporosis, particularly during the early stages of the
disease (41). Given the negligible impact of ovariectomy on cor-
tical bone, and consequently the minimal effects of PT2399 on
this bone type even at high dosages, further analysis of cortical
bone following treatment with low doses of PT2399 was deemed
unnecessary.

https://doi.org/10.1073/pnas.2416004121
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Fig. 4. PT2399 fully prevents the loss of trabecular bone mass due to ovariectomy as shown by micro-CT analysis. (A) The scheme of oral PT2399 treatment
regimen is provided on the Left. Analysis of morphometric parameters, including body weight at weeks 0,3 and 6, and uterus weight at the end of the study,
is shown on the right. Data are expressed as mean + SD. P-value significance refers to the comparison to the Veh-Sham group: *P < 0.05, **P < 0.01, ***P <
0.001, ***P < 0.0001, by two-tailed unpaired Student's t-test. (B) Representative micro-CT 3D reconstructions of trabecular bone of femurs isolated from OVX or
sham-operated wild-type FVB/N mice treated with low (60 mg/kg/d) or high (100 mg/kg/d) doses of PT2399 or vehicle. (C) Quantification of micro-CT parameters
including bone volume-to-tissue volume ratio (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), bone surface-to-bone
volume ratio (BS/BV), and BMD. (D) Representative micro-CT 3D reconstruction of trabecular bone of vertebral bodies (L5) isolated from OVX or sham-operated
mice treated with low (60 mg/kg/d) or high (100 mg/kg/d) doses of PT2399 or vehicle. (E) Quantification of BV/TV, Tb.N, Tb.Th, Tb.Sp, BS/BV, and BMD. Data are
expressed as mean + SD. P-value significance refers to the comparison to the Veh-Sham group: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by one-way

ANOVA with multiple comparisons.

PT2399 Negatively Impacts Erythropoiesis. The safety profile of
PT2399 was also evaluated. Mice appeared grossly normal with
no signs of morbidity under all treatment conditions. Although
PT2399 treatment did not cause severe systemic toxicities,
aligning with findings from prior studies (32), the twice-daily oral
administration of high-dose PT2399 led to a modest reduction
in hemoglobin (HGB) and hematocrit (HCT) levels (Fig. 6 A
and B). Furthermore, red blood cells (RBC), mean corpuscular
volume (MCV), and mean corpuscular hemoglobin (MCH) were
significantly reduced in mice treated with high doses of PT2399
(Fig. 6 Cto E). These adverse effects are likely due to diminished
renal erythropoietin (EPO) production, a direct downstream
target of HIF2 (42).

Indeed, EPO serum levels were significantly decreased in mice
treated with high doses of PT2399 (Fig. 6G). The low-dose regimen
mitigated the decreases in Hb, Het, RBC, and EPO, showing
significant differences in Hb, Hct, and EPO between mice treated
with low doses of PT2399 and those receiving high doses

6 of 11  https://doi.org/10.1073/pnas.2416004121

(Fig. 6 A, Band G). Moreover, no significant differences in MCV
and MCH were observed between mice treated with the low-dose
regimen and those given the vehicle (Fig. 6 D and E). Thus, PT2399
treatment led to a dose-dependent reduction in EPO levels, with
the most significant decrease observed at the higher dose.

PT2399 Expands the Pool of Skeletal Proliferative Cells In Vitro.
PT2399-OVX mice show increased Ob.N, MAR, BFR/BS,
consistent with the augmented trabecular bone mass due to HIF2
loss in Prx lineage cells. Previous studies have shown that HIF2 loss
in committed osteoprogenitors, mature osteoblasts, or osteocytes
does not significantly alter bone mass (21, 26, 31). Taken together,
these data point to PT2399's specific impact on skeletal progenitors.
To explore this, BMSCs were isolated from 8-wk-old female FVB/N
wild-type mice and cultured under normoxic (20% O2) or hypoxic
(1% O2) conditions with PT2399 treatments at concentrations of
2 uM, 10 uM, and 20 pM in dimethyl sulfoxide (DMSO), or with
vehicle (DMSO) for 7 d.

pnas.org
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Fig. 5. Anincrease in bone formation promotes the preventive effect of PT2399 on trabecular bone loss upon ovariectomy. (A) Longitudinal paraffin sections
stained with H&E (Top), and tartrate-resistant acid phosphatase (TRAP) (Middle) of distal femur metaphysis isolated from OVX or sham-operated wild-type FVB/N
mice treated with low (60 mg/kg/d) or high (100 mg/kg/d) doses of PT2399 or vehicle. Calcein labeling in longitudinal MMA unstained sections, depicting trabecular
bone at distal femur metaphysis, is shown at the Bottom. (Scale bar, 100 pm.) (B) Static and dynamic histomorphometric analysis quantifying bone volume-to-
tissue volume ratio (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), osteoblast number (N.Ob), osteoblast-to-bone
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significance refers to the comparison to the Veh-Sham group: *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by one-way ANOVA with multiple comparisons.

qRT-PCR analysis of total RNA from BMSCs cultured for 7 d
revealed that hypoxia-induced increases in osteoprotegerin (Opg),
N-myc downstream-regulated gene 1 (Ndrgl), and SRY-Box
Transcription Factor 9 (Sox9) mRNAs—known downstream tar-
gets of HIF2 (21, 29, 38)—were significantly suppressed by
PT2399 in a dose-dependent manner (Fig. 74). Vascular endothe-
lial growth factor-A (Vegfz) mRNA expression served as a positive
control to validate the hypoxic conditions (Fig. 74). Consistent
with the notion that hypoxia stabilizes both HIF1 and HIF2 and
Vegfa mRNA is a downstream target of both (24, 43), its expression
was not significantly altered by PT2399 treatment (Fig. 74). The
markers of the early stages of osteoblast differentiation were also
investigated. Expression of Ajp/ mRNA was modestly decreased by
PT2399 (20 pm) in hypoxic conditions while levels of Collal,
Runx2, Sp7, and SppImRNAs were virtually unaffected by the
treatment under either normoxia or hypoxia (Fig. 7B).

PNAS 2024 Vol.121 No.49 2416004121

Cell counting and Trypan blue exclusion tests for cell viability
were also performed on BMSCs isolated and treated with 10 pM
and 20 pM of PT2399 as described previously. The total number
of cells was significantly higher in the PT2399-treated BMSCs
compared to those treated with vehicle, both under normoxic
and hypoxic conditions, with no significant difference observed
between the two concentrations (Fig. 7C). Furthermore, PT2399
treatment resulted in a notable decrease in the number of dead
cells and an increase in the number of viable cells under both
normoxic and hypoxic conditions (Fig. 7C).

To corroborate these findings, dsSDNA levels were measured in
BMSC:s treated with 10 or 20 uM of PT2399 or vehicle across
various time points (1 to 8 d posttreatment initiation) (Fig. 7D).
The dsDNA content was significantly elevated in the PT2399-treated
groups compared to the vehicle-treated groups on days 5 and 8
under both 20% and 1% O, conditions (Fig. 7D).

https://doi.org/10.1073/pnas.2416004121

7 of 11



Downloaded from https://www.pnas.org by "UNIVERSITA DI CAGLIARI, BIBL DIPARTIMENTO" on November 29, 2024 from |P address 104.28.60.90.

8 of 11

A F*kkk B KKKk C sokkok
tom * *k 50m Kk *k 10 ¥
—_ .1’1? ol A 409 .—E_‘ _:l 8 ETE .
= 10 ‘ o —$— @ i e ° < ‘ ST ST
) g S 30 :?: O 6~ 3
2 e X )
o sl g 20+ ~— 4
(&
T 104 m 24
(14
T T T T T T T T T
Veh 60 100 Veh 60 100 Veh 60 100
PT2399 (mg/kg) PT2399 (mg/kg) PT2399 (mg/kg)
D E F G
******** " .
W L] HOHN — . o = o .T:T. soogenn jloo :
) o * et pe T [
">~;30 & 2 \gzaoo
I 10: o 20 o
o 20 200 .
= LE’ 5. s 10 2 -—.I_.-
10 E m 100 . ..‘Ei:.
Veh 60 100 Veh 60 100 Veh 60 100 Veh 60 100

PT2399 (mglkg) PT2399 (mglkg)

PT2399 (mglkg) PT2399 (mglkg)

Fig. 6. PT2399 negatively affects erythropoiesis. Complete blood count (CBC) analysis of OVX or sham-operated wild-type FVB/N mice treated with low (60 mg/
kg/d) or high (100 mg/kg/d) doses of PT2399 or vehicle. (A) Hb, hemoglobin. (B) HCT, hematocrit. (C) RBC, red blood cells. (D) MCV, mean corpuscular volume. (E)
MCH, mean corpuscular hemoglobin. (F) MCHC, mean corpuscular hemoglobin concentration. (G) EPO, erythropoietin. Data are expressed as mean + SD. P-value
significance refers to the comparison to the Veh-Sham group: *P < 0.05; **P < 0.01; ***P <0.001; ****P < 0.0001 by one-way ANOVA with multiple comparisons.

Next, we further investigated the impact of PT2399 on terminally
differentiated osteoblasts. BMSCs were isolated as above. Cells were
initially cultured for 15 d. Subsequently, treatments with 10 uM and
20 uM of PT2399 in DMSO, or with vehicle, were administered
under normoxic or hypoxic conditions, and the cells were cultured
for an additional seven days. The hypoxia-induced increase in Nerg!
mRNA was significantly reduced by PT2399 in a dose-dependent
manner. Moreover, the expression levels of Opg, and Sox9 mRNAs
were significantly reduced by PT2399 under both normoxic and
hypoxic conditions, confirming PT2399's direct impact on BMSCs
in vitro (SI Appendix, Fig. S6 A-C). Notably, PT2399 reduced the
hypoxia-dependent increase in mRNA expression of receptor activator
of nuclear factor kappa-B ligand (RankL) (SI Appendix, Fig. S6D).
However, it had no effect on the mRNA levels of Alp/and osteocalcin
(Ocn) (SI Appendix, Fig. S6 E and F). Alpl is expressed throughout
the lifespan of osteoblastic cells, while Ocr is exclusively produced by
terminally differentiated osteoblasts.

To address whether the effect of PT2399 on bone skeletal pro-
liferative cells in vitro was unique to the model employed or appli-
cable to other models, we isolated BMSCs from 16-mo-old
wild-type C57BL/6 mice. Cells were expanded in vitro, replated,
and treated with 10 uM and 20 uM of PT2399 in DMSO, or with
vehicle under normoxic (20% O,) or hypoxic (1% O,) conditions
for 7 d. The hypoxia-induced increase in Ndrgl, Sox9, and Opg
mRNA was significantly reduced by PT2399 (87 Appendix,
Fig. S7A). While the treatment had no effect on the mRNA levels
of Collal, Runx2, Spp1, Sp7, and Alpl (SI Appendix, Fig. S7B), the
total number of cells was significantly higher in the PT2399-treated
BMSCs compared to those treated with vehicle, under both 20%
and 1% O, conditions (S Appendix, Fig. S7C). This increase is
likely due to the higher number in live cells, as there was no dif-
ference in dead cell number in PT2399-treated BMSCs compared
to those treated with vehicle (S7 Appendix, Fig. S7C). Consistently,
the dsDNA content was significantly increased by PT2399 on days
5 and 8 under both 20% and 1% O, conditions (SI Appendix,
Fig. S7D).

https://doi.org/10.1073/pnas.2416004121

In summary, PT2399 treatment expands the pool of skeletal
progenitors without inhibiting or promoting their differentiation
into osteoblasts in either young or aged BMSCs under either
normoxic or hypoxic conditions. Therefore, our data support a
model in which PT2399 treatment increases the number of pro-
genitors through promoting proliferation and reducing cell death
but without directly influencing their differentiation.

Discussion

Low-bone mass diseases typically result from an imbalance
between osteoclast-mediated Bone Resorption and osteoblast-
mediated bone formation. Previously, we reported that the genetic
loss of HIF2 in skeletal progenitors of the limb bud and their
descendants during development increases bone mass by promot-
ing bone formation (29). Since this effect was solely investigated
in male mice, it remained uncertain whether intrinsic gender-
based differences exist in HIF2's role in regulating bone mass. In
the current study, we demonstrate that HIF2 deficiency has the
same effect in female mice. These data indicate that the effect of
HIF2 loss in skeletal progenitors and their derivatives is not influ-
enced by gender.

Of note, the increase in cortical bone mass was modest in both
male and female Prx;Hz'ﬂ ¥ mutant mice (29). The findings cor-
roborate the hypothesis that trabecular and cortical bone are dis-
tinct compartments (44).

The increase in trabecular bone mass following HIF2 deletion
in skeletal progenitors of the limb bud and their derivatives was
secondary to enhanced bone formation associated with increased
osteoblast number, without a concomitant increase in Bone
Resorption. As discussed earlier, HIF2 deficiency in committed
osteoprogenitors, mature osteoblasts, or osteocytes did not signif-
icantly enhance bone mass (21, 26, 31), indicating that HIF2 has
a unique role in skeletal progenitors. Along those lines, the loss of
HIF2 in the LepR-positive population has been found to prevent
radiation-induced bone loss through the enhancement of bone
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Fig. 7. PT2399 has a direct effect on BMSC in vitro. (A and B) qRT-PCR of total RNA isolated from wild-type FVB/N BMSC treated with PT2399 at the indicated
concentration, or vehicle (DMSO), either in normoxia (20% O,) or hypoxia (1% O,), for 7 d. Data were normalized to the expression of TATA-binding protein (Tbp)
mRNA. Vegfa, vascular endothelial growth factor-A; Ndrg1, N-myc downstream-regulated gene 1; Sox9, SRY-Box Transcription Factor 9; Opg, osteoprotegerin; Col1aT,
collagen type | alpha 1; Runx2, runt-related transcription factor 2; Spp1, osteopontin/secreted phosphoprotein-1; Sp7, Osterix; Alp/, alkaline phosphatase. (C) Cell
counting with Trypan blue exclusion of wild-type FVB/N BMSCs treated with PT2399 at the indicated concentration, or vehicle (DMSO), either in normoxia (20% O,)
or hypoxia (1% O,), for 7 d. (D) Double-stranded DNA (dsDNA) measurement in wild-type FVB/N BMSCs treated with PT2399 at the indicated concentration and
time points, or vehicle (DMSO), either in normoxia (20% O,) or hypoxia (1% O,). Data are expressed as mean + SD. P-value significance refers to the comparison to
the vehicle in normoxic condition: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by ANOVA with multiple comparisons. All the experiments were performed

in biological and technical duplicates or triplicates.

formation (45). Moreover, our scRNA-seq experiments showed a
unique expansion of the skeletal progenitor population identified
by the expression of LepR mRNA. Consistently, our in vitro assays
demonstrated that loss of HIF2 within Prx lineage boosts the pool
of LepR-positive skeletal proliferative cells without promoting their
osteoblastic differentiation. Taken together, these findings suggest
that the augmented bone formation observed in Prx; Hif2// mutant
mice is due to an increase in osteoblast number secondary to an
expansion of the skeletal progenitor population, rather than by an
augmentation of osteoblast activity.

Interestingly, in our scRNA-seq, H7f2 mRNA, which is often
present in endothelial cells (46, 47), was not expressed in cells
expressing Pecamn mRNA, an established marker of endothelial
cells (48, 49). The biological significance of these findings remains
to be established.

Since HIF2 is a key regulator of bone homeostasis, we hypoth-
esize that HIF2 could be evaluated as a target for treating low bone
mass diseases, including estrogen deficiency conditions such as
postmenopausal osteoporosis. Our hypothesis is supported by

PNAS 2024 Vol.121 No.49 2416004121

published reports indicating that OVX-induced bone loss was
alleviated by the universal loss of HIF2 (30). Moreover, treatment
with the HIF2 inhibitor PT2399 was sufficient to prevent the
decrease in bone mass in a single-limb irradiation mouse model
(45). Our study provides proof-of-concept that pharmacological
inhibition of HIF2 fully prevents bone loss, even at low doses, in
an experimental model of estrogen deficiency—a context that has
not been previously explored.

We tested the HIF2 inhibitor PT2399 in ovariectomized mice
at 8 wk of age, a commonly used model of estrogen deficiency
(50-54). Although postmenopausal women are older than 8
wk-old mice, estrogen deficiency also induces bone loss in younger
females, such as those with premature ovarian insufficiency (4,
5), and the degree of bone loss depends on the condition and
timing of analysis and treatment. We selected 8 wk-old mice based
on existing literature to demonstrate that PT2399 can prevent
bone loss in an estrogen-deficient model. However, these mice
may not have reached peak bone mass, particularly in the FVB/N
strain, and the model may not fully replicate human conditions.

https://doi.org/10.1073/pnas.2416004121
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Further studies are needed to determine whether PT2399 can
also reverse bone loss and to assess its efficacy in older mice.
Despite these limitations, our proof-of-concept study opens broad
avenues for understanding HIF2's role in estrogen-related bone
mass regulation.

Unlike the genetic experiment, PT2399 administration results
in a systemic inhibition of HIF2. It has been reported that HIF2
is also expressed in osteoclasts, and osteoclast-specific knockout
of HIF2 increases bone mass by reducing osteoclast number under
homeostatic conditions (30). Therefore, it is possible that the pre-
vention of trabecular bone loss upon ovariectomy by PT2399 is
due to both an enhancement of bone formation and a reduction
in Bone Resorption.

Interestingly, PT2399 expands the pool of LepR-positive skel-
etal proliferative cells in vitro, at least in part by reducing cell
death. This finding mirrors the expansion of the LepR-positive
population observed in the bone marrow of PrxHif2”.
Importantly, PT2399 does not affect bone mass in sham-operated
mice. This finding supports the concept that LepR-progenitors
are quiescent in the adult, although they can rapidly proliferate
and give origin to osteoblasts when stimulated, highlighting their
potential in therapeutic strategies (19, 20, 55). Indeed, loss of
HIF2 in LepR-positive population has been shown to not affect
bone mass under homeostatic conditions despite its preventive
effect on bone loss upon radiation (45). On the other hand, in
our study, PT2399 was administered for only 5 wk. The short
treatment period might have contributed to the absence of an
overt phenotype in sham-operated mice.

The role of the hypoxia signaling pathway in general, and HIF2
in particular, in modulating the biology of stem/progenitor cells
appears to be cell-context dependent (56, 57). HIF2 has been
described as an oncoprotein in Vh/-deficient ccRCC (58, 59), and
its inhibition may help control cell growth in cancer models.
Paradoxically, elevated expression of HIF2 in other cell lines led
to cell cycle arrest (60), suggesting that the role of HIF2 may be
cell-type specific, with its impact on cell proliferation and cell
death varying depending on the experimental conditions.

Our experimental evidence suggests that either genetic or phar-
macological inhibition of HIF2 expands the pool of skeletal
progenitors in the bone marrow. This expansion contributes to
the augmentation of bone mass through an increase in osteoblast
number. Notably, this expansion occurs both in normoxia and
hypoxia, which indicates HIF2 serves biological roles that go
beyond the hypoxic response, as we have previously reported (29).

While PT2399 treatment expands the pool of skeletal progen-
itors, we have no experimental evidence that it directly inhibits
or promotes their differentiation into osteoblasts in either young
or aged BMSCs under normoxic or hypoxic conditions.

Genetic loss of HIF2 expands skeletal progenitors, independent
of oxygen levels, without impairing osteoblast differentiation. Under
hypoxia, this loss modestly enhances osteoblast differentiation, as
seen by increased Sp7, Spp1, and Alpl mRNA expression, even with
unchanged Runx2 levels. This aligns with prior findings that HIF2
blocks the transition from Runx2-positive to Sp7-expressing cells
(29). These hypoxia-specific results highlight the bone marrow
microenvironment's role in cell fate. The difference between
PT2399 treatment and genetic HIF2 inhibition may stem from full
HIF2 loss in the genetic model versus incomplete inhibition in the
pharmacological model, leading to distinct outcomes.

One significant drawback of HIF2 inhibitor therapy is the
potential normal tissue effects excluding bone. Approximately
90% of cancer patients receiving a HIF2 inhibitor experience
anemia due to the loss of HIF2 which is needed for renal EPO
production (32). As expected, we observed modest anemia in mice

https://doi.org/10.1073/pnas.2416004121

given PT2399 compared to those receiving vehicle. However, the
low-dose regimen significantly mitigated the decrease in Hb, Het,
and RBC and circulating EPO, while preserving the treatment’s
effectiveness in preventing bone loss.

Notably, HIF2 is critical for the regulation of iron homeostasis
by regulating the expression of the divalent metal transporter 1
(DMT1) and Duodenal cytochrome B (DCYTB) in the duode-
num (61). Given the decrease in MCV and MCH upon admin-
istration of high doses of PT2399, in principle the occurrence of
anemia could be in part contributed, at least at high doses, by
iron deficiency. However, since PT2399 treatment leads to a
dose-dependent reduction in EPO levels that aligns with the CBC
data, this indicates that reduced EPO expression is the major
driver of anemia in PT2399-treated mice.

We have previously reported that osteoblastic cells produce and
secrete EPO in a HIF2-dependent manner (27). We have also shown
that the loss of EPO in skeletal progenitors of the limb bud and their
descendants does not affect bone mass (62). Therefore, it is highly
unlikely that genetic or pharmacological inhibition of HIF2 aug-
ments trabecular bone mass by inhibiting the production of osteo-
blastic EPO.

Interestingly, circulating EPO negatively impacts bone mass
accrual and homeostasis through direct effects on bone cells (63-66).
Therefore, in principle, a reduction in circulating levels of EPO could
contribute to the preventive effect of P12399 on bone loss upon
ovariectomy. However, experimental evidence does not support this
conclusion. First, the genetic loss of HIF2 in skeletal progenitors of
the limb bud and their descendants increases bone mass without
affecting circulating levels of EPO (29). Second, targeting PT2399
to the bone marrow through nanoparticle technology preserves the
protective effect of the drug against radiation-induced bone loss (45).
Third, iron-deficient anemia has been associated to low bone mass
phenotypes (67). Notably, in our experimental model, PT2399 pro-
tects bone mass despite the presence of anemia. Last, and more
importantly, low doses of PT2399 were as effective as high doses in
preventing bone mass loss following ovariectomy. Since low doses
of PT2399 led to reductions in EPO, Hb, Hct, and RBC that were
significantly less pronounced compared to those observed with
higher doses, this indicates that the protective effect of PT2399 on
bone mass is independent of its impact on EPO production. Thus,
our findings indicate that it is possible to leverage the bone-protective
effects of PT2399 while minimizing adverse hematological outcomes
by optimizing the dosage.

In conclusion, the genetic loss of HIF2 in skeletal progenitors
increases trabecular bone mass primarily through enhanced bone
formation. Pharmacological inhibition of HIF2 positively affects
bone mass in adult bone, independently of any putative action
of this transcription factor during development. Specifically, the
HIF2 inhibitor PT2399 is sufficient to completely prevent the
occurrence of osteoporosis in an estrogen deficiency model,
opening a broad avenue for the treatment of low bone mass
conditions caused by estrogen deficiency. The expansion of the
LepR-positive population in Prx;Hl'jQ/] ¥ mice, the increase in oste-
oblast number in these mutants, as well as in OVX mice treated
with PT2399, and the increase in cell number observed in skel-
etal proliferative cells treated in vitro with PT2399, all indicate
that the inhibition of HIF2 boosts the expansion of skeletal
progenitors. This expansion ultimately leads to an increase in
both osteoblast number and bone formation, resulting in higher
trabecular bone mass.

Further studies will be also directed to establish whether the
effects of PT2399 on trabecular bone mass can be entirely uncou-
pled from those on EPO production. Alternatively, it will be
important to investigate whether specifically targeting HIF2
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inhibitors to bone preserves their positive effects on bone mass
while preventing anemia.

Materials and Methods

Detailed methods are provided in S/ Appendix, Material and Methods.

Data, Materials, and Software Availability. SCRNAseq data have been depos-
ited in NCBI's Gene Expression Omnibus GEO series accession GSE263228
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