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BASIC SCIENCES

Vascular HIF2 Signaling Prevents Cardiomegaly, 
Alveolar Congestion, and Capillary Remodeling 
During Chronic Hypoxia
Teresa Albendea-Gomez , Susana Mendoza-Tamajon , Rosana Castro-Mecinas , Beatriz Escobar , Susana Ferreira Rocha , 
Sonia Urra-Balduz , Jose Angel Nicolas-Avila , Eduardo Oliver , Maria Villalba-Orero , Silvia Martin-Puig

BACKGROUND: Hypoxia is associated with the onset of cardiovascular diseases including cardiac hypertrophy and pulmonary 
hypertension. HIF2 (hypoxia inducible factor 2) signaling in the endothelium mediates pulmonary arterial remodeling and 
subsequent elevation of the right ventricular systolic pressure during chronic hypoxia. Thus, novel therapeutic opportunities 
for pulmonary hypertension based on specific HIF2 inhibitors have been proposed. Nevertheless, HIF2 relevance beyond the 
pulmonary endothelium or in the cardiac adaptation to hypoxia remains elusive. Wt1 (Wilms tumor 1) lineage contributes to 
the heart and lung vascular compartments, including pericytes, endothelial cells, and smooth muscle cells.

METHODS: Here, we describe the response to chronic hypoxia of a novel HIF2 mutant mouse model in the Wt1 lineage 
(Hif2/Wt1 cKO [conditional knockout]), characterizing structural and functional aspects of the heart and lungs by means of 
classical histology, immunohistochemistry, flow cytometry, echocardiography, and lung ultrasound analysis.

RESULTS: Hif2/Wt1 cKO is protected against pulmonary remodeling and increased right ventricular systolic pressure induced 
by hypoxia, but displays alveolar congestion, inflammation, and hemorrhages associated with microvascular instability. 
Furthermore, lack of HIF2 in the Wt1 lineage leads to cardiomegaly, capillary remodeling, right and left ventricular hypertrophy, 
systolic dysfunction, and left ventricular dilation, suggesting pulmonary-independent cardiac direct roles of HIF2 in hypoxia. 
These structural defects are partially restored upon reoxygenation, while cardiac functional parameters remain altered.

CONCLUSIONS: Our results indicate that cardiopulmonary HIF2 signaling prevents excessive vascular proliferation during 
chronic hypoxia and define novel protective roles of HIF2 to warrant stable microvasculature and organ function.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: diagnostic imaging ◼ heart failure ◼ hypoxia ◼ microvessels ◼ oxygen ◼ pulmonary hypertension ◼ Wilms tumor 1

Low oxygen tensions induce the activation of HIFs 
(hypoxia inducible factors) that are heterodimeric 
transcription factors composed by an oxygen- 

regulated α-subunit and a constitutively expressed  
oxygen-independent β-subunit, also known as ARNT 
(aryl hydrocarbon receptor nuclear translocator).1 In nor-
mal oxygen conditions or normoxia, the proline residues 
of HIFα subunits are hydroxylated by oxygen-dependent 
PHDs (prolyl-4-hydroxylases). The VHL (von Hippel-
Lindau) protein binds to hydroxylated HIFα and acts as 

a substrate recognition component of the E3 ubiquitin 
ligase complex, which leads to proteosomal degrada-
tion of the HIFα protein. Under hypoxia, the activity of 
PHDs is suppressed, and HIFα subunits translocate 
into the nucleus to bind HIF1β. Then, the heterodimer 
HIFα/HIFβ binds to the hypoxia response elements in 
its target genes, resulting in their transcriptional activa-
tion.2–4 There are 2 main HIFα isoforms with transcrip-
tional capacity. HIF1 is known to be associated with 
the upregulation of glycolytic genes such as GLUT1 
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(glucose transporter 1), PGK (phosphoglycerate kinase), 
or LDHA (lactate dehydrogenase a), which function to 
metabolically adapt the tissue to oxygen deprivation and 

anaerobic ATP synthesis. HIF2 induces EPO (erythro-
poietin) and VEGF (vascular endothelial growth factor), 
which are important to improve oxygen supply to the 
hypoxic region.5,6 Although HIF1 and HIF2 bind to an 
identical core-binding motif within the hypoxia response 
elements 5′-RCGTG-3′, they have unique targets not 
compensated by the complementary isoform. HIF1 con-
tributes more to the acute hypoxia-driven transcriptional 
responses, like cellular glycolysis or adenosine release 
after injury, while HIF2 has been mostly related to chronic 
adaptation to hypoxia.7 Both isoforms have been associ-
ated with several pathologies.

It is well established that HIFs play an important role 
in the heart homeostasis and along the progression of 
cardiovascular diseases.8 During development, HIF1α is 
expressed in the embryonic heart,9–12 where it governs 
a glycolytic metabolism of the compact myocardium.11,12 
In contrast, the role of HIF2 during heart development 
remains poorly understood. Global HIF2 deletion affects 
catecholamine production in the organ of Zuckerkandl, 
leading to prominent bradycardia and cardiac dysfunc-
tion.13 Nevertheless, the phenotype of full HIF2 knockout 
mice varies depending on the genetic background.13–15 In 
the lungs, HIF signaling has also been reported to exe-
cute important functions. HIF1α is implicated in bronchial 
epithelial formation, while HIF2 is mostly expressed in 
the vascular endothelium and alveolar type II cells, play-
ing a crucial role in vascular morphogenesis and surfac-
tant production during lung development.16 In contrast to 
the limited knowledge about HIF2 function in the heart, 
the role of HIF2 signaling has been extensively studied 
during the development and progression of pulmonary 
hypertension (PH). PH is a cardiovascular disorder that 
can appear in patients with chronic obstructive pulmo-
nary disease, after prolonged exposure to hypoxia or 
because of living at high altitude (World Health Organiza-
tion class 3).16 PH is characterized by significant vascu-
lar remodeling of the distal pulmonary arteries, resulting 
in reduced vascular lumen and increased resistance, 

Nonstandard Abbreviations and Acronyms

ARNT	� aryl hydrocarbon receptor nuclear 
translocator

AT/ET	� acceleration time to ejection time 
pulmonary

CSPG	 chondroitin sulfate proteoglycan 4
cKO	 conditional knockout
DAPI	 4′,6-diamidino-2-phenylindole
EC	 endothelial cell
EPO	 erythropoietin
ERG	 ETS-related gene
FACS	 fluorescence-activated cell sorting
FB	 fibroblast
GPRC5A	� G-protein–coupled receptor class C 

group 5 member A
GLUT1	 glucose transporter 1
HE	 hematoxylin and eosin
HIF	 hypoxia inducible factor
IB4	 isolectin B4
KO	 knockout
LV	 left ventricle
LDHA	 lactate dehydrogenase
LVEF	 LV ejection fraction
LVED	 LV end-diastolic
LVES	 LV end-systolic
MoLUS	 Mouse Lung UltraSound
NG2	 neuron-glial antigen 2
O2	 oxygen
PDPN	 podoplanin
PC	 pericyte
PGK	 phosphoglycerate kinase
PH	 pulmonary hypertension
PH3	 phospho histone H3
PHD	 prolyl-4-hydroxylase
Rai3	 retinoic acid inducible protein 3
RV	 right ventricle
RVSP	 right ventricular systolic pressure
RVWT	 RV wall thickness
SMA	 smooth muscle actin
SMC	 smooth muscle cell
SPC	 surfactant protein C
TAPSE	 tricuspid annular plane systolic excursion
VEGF	 vascular endothelial growth factor
VHL	 von Hippel-Lindau
VSMC	 vascular smooth muscle cell
WGA	 wheat germ agglutinin
Wt1	 Wilms tumor 1

Highlights

•	 Vascular HIF2 (hypoxia inducible factor 2) promotes 
pulmonary vascular remodeling in response to 
chronic hypoxia, leading to elevated right ventricular 
systolic pressure.

•	 HIF2 is required for pulmonary microvascular stabil-
ity upon low oxygen exposure and prevents alveolar 
swelling and lung congestion.

•	 Vascular HIF2 signaling protects from cardiomegaly, 
heart failure, excessive capillary proliferation, and 
remodeling during sustained hypoxia.

•	 The protective role of HIF2 preserving cardiac and 
pulmonary microvasculature is modulated by oxygen 
levels, and the cardiopulmonary defects induced by 
HIF2 deletion are rescued upon reoxygenation.
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which leads to elevation of the right ventricular systolic 
pressure (RVSP) that eventually could lead to heart 
failure.16 In this context, the role of HIF1 and HIF2 in 
endothelial cells (ECs) during the onset of PH has been 
extensively studied.16–20 Several lines of evidences using  
VE-CadherinCre (Cdh5),17 Tie2Cre,18 or L1Cre19 models 
to mediate endothelial-specific deletion of HIFs have 
uncovered the essential role of HIF2 in mediating pul-
monary arterial remodeling associated to vasoconstric-
tion, proliferation of ECs  and vascular smooth muscle 
cells (VSMCs), as well as fibrosis, causing the occlusion 
of the pulmonary arteries and increasing the RVSP.20 
Recent publications have investigated the importance of 
HIF signaling during muscularization in mural cells, either 
VSMC21,22 or pericytes (PCs),23 reporting that they are 
not involved in the remodeling process as the ECs are. 
However, the role of HIF2 in non-ECs within the vascu-
lar compartment during the response to chronic hypoxia, 
especially in the heart, remains elusive. In that regard, 
the use of alternative genetic strategies able to simulta-
neously delete Hif2α in several vascular cells might be 
of interest to better understand the general function of 
HIF2 in PH, where the interaction between several cell 
types is necessary for disease progression. Furthermore, 
a broader inhibition within vascular cells may help to eval-
uate the potential impact of systemic administration of 
HIF2 inhibitors for disease treatment,24,25 as HIF2, or any 
of its target genes, may have special or even opposite 
functions in different PH-involved cell types.

Despite the notion that PH is more prevalent in females 
than in males, with an estimated ratio of 4.3:1 for all forms 
of PH,26 males with PH usually have a worse prognosis, 
which seems to be dependent on estrogen-associated car-
diac and vascular protection or either to a better response 
of females to current treatments (revised in the study by 
Mair et al27). In addition, numerous studies performed in 
rats, either with monocrotaline or chronic hypoxia, also 
reported some sex effects on the appearance and pro-
gression of PH.28 Nevertheless, our knowledge of the sex 
effect on the setting of mouse models of PH is still lim-
ited. Indeed, several investigations in mice proposed that 
estrogens might in fact enhance vascular remodeling by 
impacting on the proliferative capacity of pulmonary arte-
rial smooth muscle cells (SMCs).29 However, estrogens 
seem to play a cardioprotective role, as estrogen therapy 
can reverse advanced defects of PH like right ventricular 
(RV) maladaptive hypertrophy and RV dysfunction.30,31

Wt1 (Wilms tumor 1) is a transcription factor with a 
critical role in organogenesis and adult homoeostasis. 
During embryogenesis, Wt1 contributes to the meso-
thelium of most organs of the coelomic cavity, including 
the heart, lungs, spleen, liver, stomach, and the intestine, 
being also essential for proper development and homeo-
stasis of the kidneys and the urogenital system.32 During 
cardiogenesis, Wt1 contributes to epicardial progeni-
tors that give rise to coronary vasculature and interstitial 

fibroblasts (FBs) through a process of epithelial-to- 
mesenchymal transition.33–35 Furthermore, Wt1 is expressed  
in a small fraction of cardiomyocytes,36,37 and it has 
been reported that Wt1 is also expressed in postnatal  
noncoronary ECs of the microvasculature.38 In the lungs, 
Wt1 contributes to the pulmonary mesenchyme forming 
the vascular and bronchial SMCs, tracheal cartilage, and 
part of the arterial endothelium, as well as to fibroblast-
like cells from the airways.39 Nevertheless, the adult  
lineage tracing of Wt1 in the lungs has not been evalu-
ated to the best of our knowledge.

The goal of our research was to evaluate the impor-
tance of HIF2 signaling in the development of coronary 
vasculature derived from Wt1 epicardial progenitors and 
to determine the role of HIF2 beyond the endothelium 
during the cardiac and pulmonary adaptation to low 
oxygen tensions. Our genetic strategy aims to evaluate 
possible side-effects of novel therapeutic approaches 
based on HIF2 inhibition,24,25 as HIF2 plays important 
roles in several cell types contributed by the Wt1 lineage. 
For that purpose, here, we generated and characterized 
a novel mouse model of simultaneous HIF2 deletion in 
cardiopulmonary vascular and interstitial populations in 
homeostasis and in response to chronic hypoxia using 
the Wt1Cre line.40 In contrast to former tools, this model 
allows us to evaluate the impact of concurrent elimina-
tion of HIF2 in ECs, PCs, SMCs, and FBs of the heart 
and lungs and hence, is a valuable genetic strategy to 
anticipate potential effects of systemic HIF2 abroga-
tion. Our data reveal that HIF2 is not required for proper 
coronary vasculature development during cardiogenesis. 
Moreover, the lack of HIF2 signaling in the Wt1 lineage 
protects against the elevation of the RVSP during chronic 
hypoxia by preventing arteriolar muscularization, while it 
results in lung capillary leakage, alveolar hemorrhages, 
inflammation, and pulmonary congestion. Furthermore,  
elimination of HIF2 in the Wt1 compartment has  
detrimental effects on the cardiac adaptation to sustained 
low oxygen, leading to cardiomegaly, ventricular hyper-
trophy, dilatation, and systolic dysfunction, together with 
microvascular instability. Interestingly, most of these car-
diopulmonary structural abnormalities are rescued after 
1 week of reoxygenation, while cardiac function remains 
affected. Remarkably, we do not observe significant dif-
ferences between male and female Hif2/Wt1 cKO mice, 
suggesting that HIF2-mediated responses to low oxy-
gen are sex independent. Our data uncover novel protec-
tive roles of HIF2 in the heart and lungs in response to 
chronic hypoxia beyond its negative effect on the arte-
rial endothelium and suggest that cardiopulmonary HIF2 
signaling exerts a positive function preventing excessive 
capillary remodeling in response to low oxygen. Our work 
expands our limited knowledge on the role of HIF2 in 
the cardiovascular system during sustained hypoxia and 
might be relevant in the setting of novel pharmacological 
strategies based on HIF2 inhibition for PH.24,25
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MATERIALS AND METHODS 
Data Availability
The authors declare that all the data supporting the in 
vivo characterization are available within the main text of 
the article or within the Supplemental Material. Detailed 
experimental procedures or data supporting the find-
ings of this study are available from the correspond-
ing author upon reasonable request. Material transfer 
agreements are required for the donation of mice.

Animal Models and Study Approval
The Hif2flox/flox (Epas1tm1Mcs/J),41 Rosa-tdTomato (B6. 
Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J), and Ng2-DsRed 
(Tg(Cspg4-DsRed.T1)1Akik/J)42 mouse lines were 
obtained from The Jackson Laboratory and maintained 
in homozygosity. The Wt1Cre mouse line was kindly 
provided by Dr De La Pompa40 and maintained in het-
erozygosity. All mouse lines were grown on a C57BL/6 
background. Strain details are listed in the Major 
Resources Tables in the Supplemental Material. To gen-
erate the Hif2 floxed/Wt1Cre mouse line (Hif2/Wt1 cKO 
[conditional knockout]), homozygous Hif2flox/flox females 
were crossed with heterozygous Wt1-Cre+/− to obtain  
Hif2flox/flox/Wt1-Cre+/− (Hif2/Wt1 cKO) and control  
Hif2flox/flox/Wt1-Cre+/+ littermates. Hif2flox/flox/Wt1-Cre+/− 
mice were crossed with the Rosa-tdTomato mouse line 
to generate the conditional Hif2/Wt1 reporter line. We 
did not find any difference on the phenotypic manifesta-
tions between Hif2/Wt1 cKO males and females. Hence, 
both sexes were indistinctly used for all the experiments. 
Mice were housed in SPF (specific-pathogen-free) con-
ditions at the Centro Nacional de Investigaciones Car-
diovasculares (CNIC) Animal Facility. Welfare of animals 
used for experimental and other scientific purposes con-
formed to European Union (EU) Directive 2010/63EU 
and Recommendation 2007/526/EC, enforced in the 
Spanish law under Real Decreto 53/2013. Experiments 
with mice were allowed by the authorized Environmen-
tal Department of Comunidad de Madrid, Spain, and the 
CNIC Animal Experimentation Ethics Committee with 
reference number PROEX 267/19.

Genotyping
All mice were genotyped by polymerase chain reaction. 
Primer sequences and further genotyping details can be 
found in Methods in the Supplemental Material.

Hypoxia Exposure and Reoxygenation Protocol
Twelve-week-old mice (male and female) were placed 
for 2 or 3 weeks inside a hypoxia chamber from Coylab 
(O2 Control Glove Box 1 Person Polymer, 220v). The 
hypoxia chamber was equipped with an oxygen (O2) 

control system (programed at 10% O2), a nitrogen gas 
regulator, and an animal filtration system. After hypoxia 
exposure, mice were immediately analyzed by cardiac or 
lung echography and later on euthanized following the 
accepted protocols to proceed with organ extraction 
for tissue analysis. For reoxygenation experiments, the 
cages with animals exposed to 2 or 3 weeks of hypoxia 
at 10% O2 were placed in normal ambient condition 
for an additional week before echography analysis and 
organ collection.

Cardiopulmonary-Echography and Analysis
Transthoracic echocardiography was blindly performed 
by an expert operator with a 30-MHz probe (Vevo 2100; 
VisualSonics, Canada). Mice were slightly anesthetized 
with 1% to 2% isoflurane in 100% oxygen, adjusted to 
maintain podal reflex (≈400–500 bpm). To assess the RV, 
tricuspid annular plane systolic excursion (TAPSE), pul-
monary artery acceleration time/ejection time ratio (AT/
ET), and RV wall thickness (RVWT) were measured. An 
apical 4- chamber view was selected to obtain TAPSE, 
by M mode. Pulmonary flow was acquired from a para-
sternal short-axis view at the level of the great vessels, 
using pulsed-wave Doppler. An angle short-axis view 
to optimized RV wall visualization was obtained to mea-
sure the wall thickness by M mode. Additionally, standard 
short-axis view and parasternal long-axis view in B and M 
modes were recorded and left ventricular (LV) dimensions 
and function were analyzed. LV end-diastolic (LVED) and 
end-systolic (LVES) areas were traced for automatic cal-
culation of the LV end-diastolic and end-systolic volumes, 
as well as the LV ejection fraction (LVEF). In addition, 
both sides of the lungs were longitudinally scanned. With 
these lateral views, we analyzed the pleural pattern, the 
line profile, and the predominant color indicative of edema 
to calculate the mouse lung ultrasound score (MoLUS). 
To assess the MoLUS, we assigned a value for each 
type of parameter (lung sliding [horizontal movement of 
the pleural], line profile [A or B], color profile [black or 
white], Z lines and pleural thickness, defects, and effu-
sion), according to its severity as previously described.43 
The final score is the sum of all values for an individual. 
Images were analyzed offline by a second blind operator.

RVSP Measurement
Mice were anesthetized with medetomidine (1 mg/kg) 
and ketamine (75 mg/kg). RVSP was measured by 
closed-chest insertion of the Venofix A catheter (27G), 
coupled to a pressure transducer (Transpac IV), directly 
into the RV. Hemodynamic data were recorded using the 
Biopac MP36R System and the Biopac Acknowledge 
4.1.0 software. For each mouse, at least 30 seconds of 
continuous and stable heartbeat cycles without noise 
were selected to obtain the average RVSP.
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Heart and Lung Extraction and Processing
Mice were euthanized by CO2 inhalation following the 
approved protocol. Whole-mount analysis to determine 
organ and body weight changes was performed at dis-
section. Samples were fixed for 1 hour (for endothelial 
markers) or overnight (for histological staining and non-
endothelial markers) at 4 °C in 4% PFA (paraformal-
dehyde) or formalin 10%. After fixation, samples were 
embedded in 30% sucrose and frozen in OCT (optimal 
cutting temperature) medium for later cryosection (8 
µm) preparation in a cryostat (CM1950; Leica) or were 
dehydrated and embedded in paraffin for sectioning at 
4 µm in a microtome (RM2155; Leica). Reagent refer-
ences are detailed in the Major Resources Tables in the 
Supplemental Material.

Histological and Immunohistochemical 
Analysis
Histological analysis of the heart and lungs was per-
formed using 4-µm-thick paraffin sections. Sections 
were stained with hematoxylin and eosin (HE) for 
structural characterization. For arterial remodeling 
evaluation, lung sections were stained with an anti-
body against SMA (smooth muscle actin) following 
standard histological analysis at the CNIC Histopa-
thology Facility. HE- and SMA-stained slides were 
scanned using the Hamamatsu NanoZoomer 2.0RS 
device, and the image analysis and measurements 
were performed using NDP view (Hamamatsu, Japan) 
and ZEN 31 Blue Edition Lite. For immunostaining of 
paraffin sections, the samples were rehydrated and 
antigens were retrieved by incubation in citrate buffer 
pH 6 (10 mmol/L sodium citrate) for 20 minutes in 
a microwave. Sections were permeabilized with PBST 
(phosphate-buffered saline with triton) 0.4% (PBS 
[phosphate-buffered saline] 1X+Triton TX100) for 15 
minutes shaking and blocked with blocking solution 
(PBST 0.1% with 5% goat serum) during 1 hour in a 
dark humid chamber. For OCT sections, samples were 
placed at room temperature for 1 hour and washed 
with distillated water for another hour. Upon complete 
removal of OCT, the sections were permeabilized and 
blocked as for paraffin sections. After blocking, sec-
tions were incubated with primary antibodies in block-
ing solution overnight at 4 °C. After washing 3× with 
PBST 0.1%, sections were incubated with secondary 
antibodies and DAPI (4′,6-diamidino-2-phenylindole) 
in PBS 1X for 1 hour at room temperature in darkness 
and mounted in fluorescent mounting medium. Images 
were acquired with Leica SP8 Navigator, Leica gated 
STED-3X-WLL SP8, or Stellaris confocal microscopes. 
The references of primary and secondary antibodies 
and reagents used in this study are listed in the Major 
Resources Table in the Supplemental Material.

Quantification of Immunostaining
Immunofluorescence staining was quantified using 
ImageJ.44

Cell Lineage Labeling Strategy for Heart and 
Lung Populations by Flow Cytometry Analysis
Mice were euthanized and subsequently, the heart and 
all the lung lobes were perfused with HBSS (Hanks’ Bal-
anced Salt Solution) to clean the blood inside the tissues. 
On the one hand, the atria, valves, and the large vessels 
of the heart were removed with surgical scissors, leaving 
only the ventricles for further analysis. On the other hand, 
the bronchi and trachea of the lungs were removed, leav-
ing only the lobes. Once the tissues had been processed, 
cardiac ventricles and lobes of the lungs were minced 
separately on iced PBS. Minced heart was digested with 
collagenase A (2.5 mg/mL), liberase (0.25 mg/mL), and 
DNase I (100 U/mL). Minced lungs were digested only 
with liberase (0.25 mg/mL) and DNase I (100 U/mL). 
Both tissues were digested during 30 minutes in a water 
bath at 37 °C with shaking every 5 minutes. Next, the 
digestion reaction was stopped by adding HBSS and the 
final single-cell suspensions were obtained by mechani-
cal dissociation and filtering in 70 µm and subsequently 
in 40 µm Cell Strainer.

Before starting the cell lineage labeling, an erythrocyte 
lysis with red blood cells lysis buffer 1X (prepared from a 
10× solution: 82.9 g/L ammonium chloride NH4Cl, 10 
g/L potassium bicarbonate KHCO3, 2 mL/L EDTA [eth-
ylenediamine tetra-acetic acid] 0.5 M, fill up to 1 L of dis-
tilled water pH 7.2–7.4) was performed for 15 minutes on 
ice. Red blood cells lysis reaction was stopped by adding 
Fluorescence-Activated Cell Sorting (FACS) buffer (PBS 
1X; 2.5% inactive FBS [fetal bovine serum] and 0.5 M 
EDTA). Single-cell suspensions were incubated for 45 
minutes in rotation at 4 °C with conjugated antibodies 
against CD (cluster of differentiation) CD45, CD90.2, 
CD31, PDPN (podoplanin)-Gp38 (Glycoprotein 38), and 
CD39 to define gates for nonmyocyte populations in the 
heart and lungs as previously described by others.45–48 
References, working dilutions, and vendors for flow 
cytometry studies are detailed in the Major Resources 
Table in the Supplemental Material. SYTOX Green was 
used as a viability marker. Samples were acquired in BD 
LSRFortessa SORP and BD FACSAria Fusion Cell Sorter 
(BSL-2 [Biosafety level 2]) equipped with the DIVA soft-
ware. FlowJo was used to analyze the data.

Quantification of Nonmyocyte Cell Percentage 
or Total Number per Gram of Tissue
To calculate the percentage of nonmyocyte cells in the 
heart and lungs contributed by the Wt1 lineage, we used 
Wt1-Cre/Rosa-tdTomato and followed the digestion and 
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labeling strategy described above. To determine the con-
tribution to each cardiac and lung lineage, we calculated 
the number of each cell population within the CD45−/
Wt1-Tomato+ gate relative to the total Tomato+ cells fol-
lowing the formula

n cells of each population within Tomato+
total Tomato+

× 100

To determine the absolute number of each cell lineage 
contributed by Wt1 in different mice, we used beads to 
normalize the value per gram of tissue. In particular, we 
used Truecount beads (663028; BD Biosciences) that 
were prepared at 10 000 beads/mL of FACS buffer with 
SYTOX Green, viability marker. Of this beads buffer, 500 
µL was added to the cell suspension (already labeled) 
described above. Approximately 1000 beads were 
acquired per sample. The quantification of the number of 
cells per gram of tissue was calculated with this formula:

cells
beads

× total Beads
ml Beads buffer

× ml Beads buffer used
fraction of single − cell
solution used

× n samples
weight of tissue (mg)

=
cell
mg

In this equation, cells/beads are the exact number of 
cells/beads after FlowJo analysis. Total beads/mL beads 
buffer are 10 000 beads/1 mL beads buffer. Of the 
beads buffer, 0.5 mL was used per 0.1 mL of single-cell 
suspension of digestion tissue, and per tube, there was 
only 1 sample.

Statistical Analysis and Study Design
Statistical analyses were performed using the Graph-
Pad Prism 10 software. All results are presented as 
mean±SEM. Normal distribution of the data was tested 
by using the Shapiro-Wilk test (α [significance level] 
=0.05) for small samples and Kolmogorov-Smirnov 
test (α=0.05) for large samples. In case of normal dis-
tribution, the unpaired 2-tailed Student t test was used 
(α=0.05; CI [confidence interval] of 95%). For compari-
son of multiple groups (>2 groups), a 1-way ANOVA fol-
lowed by a Tukey post hoc test was used. P<0.05 was 
considered to be statistically significant. Nonsignificant 
results (P>0.05) were not shown in the graphs.

Samples were analyzed blinded by different 
researches, and groups (control and Hif2/Wt1 cKO 
mutant mice) were randomly assigned to each condition 
(normoxia, 2 weeks of hypoxia, 3 weeks of hypoxia, and 
reoxygenation). No prior statistical group size determina-
tion was performed. Instead, group size was determined 
according to previous experience and reproducibility of 
the results across the independent experiments. No ani-
mals were excluded from the study unless due to ethic 
end points criteria associated with the treatment or  
genotype. Images were chosen according to the most 
representative examples reflecting the typical phenotype.

RESULTS
Wt1 Lineage Contributes to the Macrovascular 
and Microvascular Compartments of the Heart 
and Lungs
To further investigate Wt1 lineage in the adult heart, 
we performed lineage tracing analysis using a Rosa-
tdTomato reporter mouse. We confirmed the previ-
ously reported contribution of Wt1 lineage to coronary 
arteries35,49 including ECs (ERG [ETS-related gene]+) 
and VSMCs (SMA+;Figure 1A). Additionally, we identi-
fied that Wt1 lineage also contributes to PCs (CSPG  
[chondroitin sulfate proteoglycan 4] or NG2 [neuron-
glial antigen 2])+ and interstitial FBs (PDPN [or GP38]+) 
surrounding and connecting the capillaries of the micro-
vasculature (Figure 1B). We further investigated Wt1 
lineage contribution to major cardiac cell populations 
by flow cytometry using the Rosa-tdTomato/Wt1Cre 
mice. FACS analysis showed that Wt1 lineage contrib-
uted to 31.4% of CD45− nonmyocyte cells in the adult 
heart (Figure 1C). Within the Tomato+-Wt1-derived cells, 
around 6.4% corresponds to CD39+/CD90+ VSMCs 
(Figure 1D), 24% to CD90+/GP38− PCs (Figure 1E), 
50.1% to CD31+ ECs (Figure 1F), and 8.4% to CD31−/
CD90−/GP38+ FBs (Figure 1F; Table S1). Furthermore, 
we calculated the relative contribution of Wt1 lineage 
within each nonmyocyte population and determined that 
there is a significant percentage of cardiac vascular cells 
contributed by the Wt1 lineage, especially PCs, SMCs, 
and FBs that are contributed 81.3%, 73.3%, and 56.4%, 
respectively, by the Wt1 lineage in the heart (Table S2). 
Therefore, despite the fact that the endothelium is the 
main cell type within the Wt1 lineage, ECs derived from 
the Wt1 lineage only represent around 23% of cardiac 
ECs (Table S2).

Regarding the adult lungs, using the same reporter 
model of Rosa-tdTomato/Wt1Cre, we found that 
Wt1 lineage contributes to ECs of the alveolar cap-
illary network, small and large arteries, as well as to 
SMCs in the medial layer of pulmonary arteries and 
in the bronchial submucosa (Figure 1G). Wt1 lineage 
also contributes to parenchymal PCs (Figure 1H). In 
contrast, there is no contribution to alveolar type I or 
type II cells identified by Rai3 (retinoic acid inducible  
protein 3), also known as GPRC5A (G-protein– 
coupled receptor class C group 5 member A)50 or 
SPC (surfactant protein C48,51; Figure S1A), or to 
alveolar macrophages labeled by IB4 (isolectin B452;  
Figure 1I). As in the heart, we further investigated Wt1 
lineage contribution to major lung cell populations by 
flow cytometry using Rosa-tdTomato/Wt1Cre mice. 
FACS analysis showed that over 18.3% of the CD45− 
fraction of adult lungs expresses or is Wt1- derived 
(Figure 1J). Of these Tomato+ cells, around 37.3% cor-
responds to CD31+/CD39+ endothelium (Figure 1K), 
20.6% to CD31−/CD39+ SMCs (Figure 1K), 22.8% to 
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CD90−/GP38− PCs (Figure 1L), as further confirmed 
by NG2-DsRed reporter mice (Figure S1B), and 1.7% 
to CD90+ FBs (Figure 1L and 1M; Table S3). As in the 
heart, despite the higher proportion of ECs contributed 
by the pulmonary Wt1 lineage (37.3%) compared with 
other cell types, these ECs just represent 20.65% of 
the lung endothelium (Table S4). The relative contribu-
tion of Wt1-derived cells to other pulmonary lineages 
was also determined (Table S4).

In summary, these lineage tracing analyses demon-
strated that Wt1 lineage contributes to macrovasculature 
and microvasculature of the heart and lungs, offering an 
important tool for genetic manipulation and molecular 
analysis of the different cell components involved in vas-
cular function.

Elimination of HIF2 in the Wt1 Lineage Prevents 
Pulmonary Arteriole Muscularization and 
Protects Against Elevation of the RVSP Upon 
Chronic Hypoxia
To understand the role of HIF2 in the cardiovascular and 
pulmonary compartments contributed by Wt1 (Figure 1), 
we generated a new conditional HIF2 knockout model 
by crossing the Hif2-floxed41 line with the Wt1Cre mouse 
line,40 from now on Hif2/Wt1 cKO. First, we confirmed 
efficient deletion of Hif2-floxed exon 2 by polymerase 
chain reaction (data not shown). Next, we determined 
that elimination of Hif2 in the Wt1 lineage does not 
cause embryonic lethality or any obvious cardiovascular 
structural defect, including the proper formation of the 

Figure 1. Wt1 (Wilms tumor 1) lineage contribution to the heart and lungs.
A and B, Immunofluorescence of cardiac sections from Rosa-tdTomato/Wt1Cre reporter mice with cell lineage markers. A, αSMA (α-smooth 
muscle actin; vascular smooth muscle cells [VSMCs], cyan), ERG (ETS-related gene; endothelial cells [ECs], green), DAPI (4′,6-diamidino-
2-phenylindole; nucleus, blue), and Tomato (Wt1 lineage, magenta). Top, Complete colocalization of αSMA+/Tomato+ signal and some 
ECs (yellow asterisks) in a coronary artery. Bottom, ERG+/Tomato+ ECs of capillaries (yellow arrowheads). Scale bars=20 µm. B, Top, 
Colocalization between NG2 (neuron-glial antigen 2; pericytes [PCs], white) and Tomato (Wt1 lineage, magenta). Bottom portions are stained 
with PDPN (podoplanin; fibroblasts [FBs], yellow) and Tomato (Wt1 lineage, magenta). Nuclei are costained with DAPI (blue). Scale bars=20 
µm. C through F, Representative flow cytometry plots for identification of nonmyocyte cardiac populations within the Wt1 lineage. C, Magenta 
rectangle contains Tomato+ cells within all CD (cluster of differentiation) 45− cells. D, Within Tomato+ cells in C, the cyan gate contains CD90+/
CD39+ SMCs. E, From the black gate on D, the gray gate corresponds to CD90+/GP (glycoprotein) 38− PCs. F, From PC− in E, the green 
gate represents CD31+/GP38− ECs and the yellow gate represents CD31−/GP38+ FBs. G through I, Immunofluorescence of lung sections 
of Rosa-tdTomato/Wt1Cre reporter mice with cell lineage markers. G, αSMA (VSMCs, cyan), ERG (ECs, green), DAPI (nucleus, blue), and 
Tomato (Wt1 lineage, magenta). Top, Colocalization of αSMA+/Tomato+ in the bronchial submucosa (yellow hash) and in the medial layer of a 
pulmonary artery (yellow asterisk). Bottom, Alveolar ERG+/Tomato+ ECs (yellow arrowheads). Scale bars=20 µm. H and I, Colocalization of 
Tomato (Wt1 lineage, magenta) with NG2 (H, PCs, yellow) but not with IB4 (isolectin B4; I, alveolar macrophages, white). Nuclei are costained 
with DAPI (blue). Scale bars=20 µm (H) and 40 µm (I). J through M, Representative plots of the flow cytometry strategy to characterize Wt1 
pulmonary lineage. J, Magenta rectangle contains positive selection of Tomato+ cells within all CD45− cells. K, Within Tomato+ cells, the cyan 
gate represents CD90+/CD31− SMCs and the green gate, CD31+/CD39+ ECs. L, From the SMC/EC black gate in K, PCs were identified as 
CD39−/CD90−. M, Finally, we excluded cell autofluorescence detected with the single markers (data not shown) and kept the CD90+/GP38− 
as the FB gate (gray). BV421 indicates brilliant violet 421; BV510, brilliant violet 510; PE-Cy7, phycoerythrin cyanine 7; and SSC-A, side 
scatter-area. 
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ventricular chambers or the coronary tree (Figure S2A). 
Furthermore, we confirmed that Hif2/Wt1 cKO mice  
display normal survival curve from weaning to adulthood 
(Figure S2B), suggesting that Wt1/HIF2 signaling is not 
required for the correct formation and homeostasis of 
the heart. Afterward, we evaluated lung tissue integrity  
under normoxic conditions on whole-mount analysis (data 
not shown) and by HE staining of the lung parenchyma 
(Figure 2A), finding no obvious differences between the 
structure of control and Hif2/Wt1 cKO mice in basal 
conditions. Thereafter, we investigated the impact of 
Hif2 deletion in the Wt1 lineage in response to chronic 
hypoxia. To that aim, we exposed 12-week-old control 
and Hif2/Wt1 cKO mice to 10% oxygen (O2) during 2 
or 3 weeks and evaluated the functional and structural  
parameters by echography and classical histology  
(Figure S3). Because it has been previously reported that 
hypoxia induces vascular remodeling by muscularization 
of distal pulmonary arterioles,21,53 first we performed an 

SMA staining in lung sections in normoxia or after expo-
sure to hypoxia (Figure 2B). Tissue analysis revealed that 
after 2 and 3 weeks of hypoxia, there were no significant 
differences between control and mutant mice on the 
number of large (30–20 µm; Figure 2C) or on medium 
(19–10 µm) caliber arterioles (Figure 2D), although 
there was an upward tendency in the number of medium 
arterioles of control mice with respect to Hif2/Wt1 cKO 
mice. In contrast, this difference became highly signifi-
cant for the number of small arteries (9–1 µm) found in 
control mice after 2 and 3 weeks of hypoxia compared 
with normoxic conditions, while Hif2/Wt1 cKO mice 
exhibited a similar number of small arteries in both condi-
tions (Figure 2E). Then, we determined the effect of the 
vascular remodeling differences after hypoxia exposure 
in the measurement of the RVSP. As expected, control 
mice displayed a significant elevation of the RVSP after 
2 and 3 weeks of chronic hypoxia. In contrast, the Hif2/
Wt1 cKO mice were protected against the elevation of 

Figure 2. Muscularization of pulmonary arteries under chronic hypoxia.
A, Histological analysis by hematoxylin and eosin (HE) staining of lung sections from control (Hif2flox/flox-Wt1-Cre+/+, left) and Hif2/Wt1 cKO 
(conditional knockout) mice (Hif2flox/flox-Wt1-Cre+/−, right) in normoxic conditions. Scale bars=50 µm. B, Representative images of αSMA 
(α-smooth muscle actin) immunohistochemistry in control (Hif2flox/flox-Wt1-Cre+/+, top) and Hif2/Wt1 cKO mice (Hif2flox/flox-Wt1-Cre+/−, bottom) 
in normoxia (Nx) or chronic (3 weeks) hypoxia. Scale bar, 50 µm. C through E, Quantification of the number of lung arterioles ranging from 30 to 
20 µm (C), 19 to 10 µm (D), or 9 to 1 µm (E) per tissue area in control (WT [wild-type]) and Hif2/Wt1 cKO (KO [knockout]) mice in Nx (gray), 
after 2 weeks of sustained hypoxia (Hx2; pink), and after 3 weeks of sustained hypoxia (Hx3; blue). F, Scatter dot plot of the right ventricular 
systolic pressure (RVSP). All graph bars show individual values for females (triangles) and males (circles), and the black line represents the 
mean±SEM. The total distribution of sex was as follows: n=8 females and n=9 males (C through E) and n=23 females and n=27 males (F). 
Statistical significance was determined using a 1-way ANOVA multiple comparisons test with Tukey correction. Significant P values >0.001 are 
explicitly indicated, while P values <0.001 state as P<0.001. Nonsignificant (P>0.05) P values are not shown.
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RVSP at both time points, showing similar pressures 
in normoxia or hypoxia conditions (Figure 2F). These 
results are in agreement with former works describing 
the role of endothelial HIF2 in arterial remodeling upon 
chronic hypoxia.17–19

Altogether, these data indicate that elimination of 
HIF2 in the Wt1 lineage prevents vascular remodeling 
and subsequent RVSP elevation after chronic hypoxia, 
protecting against hallmarks of PH in response to low 
oxygen.

Functional HIF2 in the Microvascular 
Compartment Is Necessary for Alveolar 
Parenchyma Stability and Pulmonary 
Performance During Sustained Hypoxia
To further investigate the importance of HIF2 signaling 
in the pulmonary Wt1 lineage, we performed lung and 
right-sided cardiac echography analysis in control and 
Hif2/Wt1 cKO mice in normoxia and after 2 or 3 weeks 
of chronic hypoxia at 10% O2. First, we determined the 
value of the pulmonary artery acceleration time/ejec-
tion time ratio (AT/ET) indicative of the pulmonary artery 
pressure, finding no significant differences between 
control and Hif2/Wt1 cKO mice, neither in normoxia nor 
after 2 or 3 weeks of hypoxia (Figure 3A). Next, we cal-
culated the mouse lung ultrasound score (MoLUS) that 
predicts the level of pulmonary congestion integrating 
several functional and structural parameters of the lungs 
(pleural effusion; alveolar edema/hemorrhages; and the 
presence or absence of A, B, and Z lines among others), 
and that has been previously reported to correlate with 
cardiac function.43 Echographic analysis confirmed simi-
lar mouse lung ultrasound values between control and 
Hif2/Wt1 cKO mice in normoxia and after 2 weeks of 
hypoxia exposure, but a notable increase on this param-
eter in HIF2 mutants after 3 weeks of sustained hypoxia 
(Figure 3B and 3C). These results indicated that, despite 
their protection against vascular remodeling (Figure 2C) 
and RVSP elevation (Figure 2G), Hif2/Wt1 cKO mice 
displayed worse pulmonary performance and profound 
structural abnormalities during sustained hypoxia. To fur-
ther investigate the extent of lung congestion in Hif2/
Wt1 cKO mice upon hypoxia, we analyzed the structure 
of the pulmonary parenchyma by HE staining, observing 
an important thickening of the alveolar wall in the Hif2/
Wt1 cKO mice relative to controls by 2 weeks of hypoxia 
(Figure 3D). Moreover, by 3 weeks of hypoxia, the Hif2/
Wt1 cKO mice lungs displayed severe erythrocyte con-
gestion in the alveolar parenchyma, arterioles, and arter-
ies (Figure 3D). This increased alveolar wall thickening 
and hemorrhages resulted in a significant reduction of 
the alveolar space in Hif2/Wt1 cKO mice compared with 
controls after both 2 and 3 weeks of hypoxia exposure 
(Figure 3E). In addition, after 3 weeks of chronic hypoxia, 
there was an increased number of alveolar macrophages, 

many of them loaded with erythrocytes as evidenced by 
positive hemosiderin signal on HE staining (Figure 3F). 
We further confirmed the increase in the number of 
alveolar macrophages in the Hif2/Wt1 cKO mouse lungs 
by 3 weeks of hypoxia by immunofluorescence with IB4 
(Figure 3G and 3H), and its expansion with the prolifera-
tion marker Ki67 (Figure 3G and 3I). Since Wt1 lineage 
contributes neither to alveolar macrophages (Figure 1I) 
nor to alveolar type I or alveolar type II cells (Figure S1A), 
our results suggest that these alveolar alterations in the 
Hif2/Wt1 cKO mice might be indirect and secondary 
to the abnormal vascular remodeling occurring in HIF2 
mutants in response to sustained hypoxia. To evaluate 
this hypothesis, we analyzed whether the endothelium of 
the alveolar parenchyma was affected in the Hif2/Wt1 
cKO mice. Immunostaining with markers for ECs (ERG) 
and proliferation (Ki67) after exposure to chronic hypoxia 
(Figure 3G) showed a significant increase in the number 
of proliferating ECs in the Hif2/Wt1 cKO mice compared 
with controls (Figure 3J).

Finally, FACS analysis from the lung tissue of Rosa-
tdTomato/Wt1Cre reporter control or HIF2-floxed 
Rosa-tdTomato/Wt1Cre (Hif2/Wt1 reporter cKO) mice 
revealed a significant elevation in total cells contributed 
by the Wt1 lineage (Tomato+) in Hif2/Wt1 reporter cKO 
compared with reporter control mice after 2 weeks of 
10% O2 exposure or with Hif2/Wt1 reporter cKO mice 
in normoxia (Figure 4A). These quantitative changes 
by FACS analysis were further confirmed qualitatively 
by immunofluorescence (Figure 4B). The increase in 
total Tomato+ cells could be explained by the elevation 
on Tomato+ ECs in the Hif2/Wt1 reporter cKO mice 
in hypoxia relative to normoxia and compared with 
reporter control mice after 2 weeks of hypoxia (Fig-
ure 4C and 4E). No significant changes were observed 
between control or Hif2/Wt1 reporter cKO Tomato− 
ECs (Figure 4C and 4D). We observed no significant 
changes in the total Tomato+ PCs in the lungs between 
normoxia or hypoxia in reporter control or in Hif2/Wt1 
reporter cKO mice, although there is a trend of induc-
tion in Tomato+ PCs  in the Hif2/Wt1 reporter cKO 
compared with control mice after 2 weeks of chronic 
hypoxia (Figure 4F and 4H). In contrast, there is a 
reduction of Tomato− PCs from normoxia to hypoxia in 
the reporter control but not in the Hif2/Wt1 reporter 
cKO mice (Figure 4G).

In summary, these results reveal that despite the pro-
tective effect on preventing pulmonary arteriole remod-
eling and elevation of RVSP, defective HIF2 signaling 
in the Wt1 compartment is deleterious for lung adap-
tation to chronic hypoxia. Indeed, HIF2 deletion in the 
Wt1 lineage results in unstable and proliferative micro-
vasculature that favors erythrocyte extravasation and 
macrophage proliferation, leading to alveolar wall thick-
ening, severe lung congestion, and pulmonary damage in 
response to chronic hypoxia.
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Figure 3. Pulmonary architecture and function during sustained low oxygen conditions.
A, Scatter dot plot of pulmonary artery acceleration time/ejection time ratio (AT/ET) measured by Doppler echography in control (WT [wildtype])  
and Hif2/Wt1 cKO (conditional knockout) (KO [knockout]) mice in normoxia (Nx; gray), 2 weeks of hypoxia (Hx2; pink), or 3 weeks of hypoxia 
(Hx3; blue). B, Scatter dot plot of mouse lung ultrasound score (MoLUS) of control (WT) and Hif2/Wt1 cKO (KO) mice in Nx (gray) and 
hypoxia conditions (Hx2 [pink] or Hx3 [blue]). C, Representative lung echography images of control (Hif2flox/flox-Wt1-Cre+/+, left) and Hif2/Wt1 
cKO (Hif2flox/flox-Wt1-Cre+/−, right) mice after Hx3 exposure. B lines (white large tracks from top to bottom) and Z lines (white short lines under 
the pleura) reflecting pulmonary edema are obvious in the Hif2/Wt1 cKO mice compared with controls with only A lines (fine lines parallel to 
the pleural line). Pleural thickening and fragmentation are evident in Hif2/Wt1 cKO mice (white intense line, orange asterisk on right) compared 
with normal pleura indicative of well-aerated lungs (white thin line, orange asterisk on left). D, Histopathologic characterization by hematoxylin 
and eosin (HE) staining of lung sections of control (Hif2flox/flox-Wt1-Cre+/+, left of each condition of hypoxia) and Hif2/Wt1 cKO mice (Hif2flox/

flox-Wt1-Cre+/−, right of each condition of hypoxia). Scale bars=50 µm. E, Scatter dot plot showing the quantification of the alveolar space in 
control (WT) and Hif2/Wt1 cKO (KO) mice in Nx (gray) and hypoxic conditions (Hx2 [pink] or Hx3 [blue]). F, Representative HE images of 
pulmonary inflammation showing alveolar macrophages (black asterisks) in control (Hif2flox/flox-Wt1-Cre+/+, top) and Hif2/Wt1 cKO mice (Hif2flox/

flox-Wt1-Cre+/−, bottom) after Hx3. Scale bars=25 µm. G, Representative immunofluorescence of pulmonary sections from control (Hif2flox/

flox-Wt1-Cre+/+, top) and Hif2/Wt1 cKO mice (Hif2flox/flox-Wt1-Cre+/−, bottom) stained for ERG (ETS-related gene; endothelial cells [ECs], 
cyan), Ki67 (mitosis, white), IB4 (isolectin B4; alveolar macrophages, red), and DAPI (4′,6-diamidino-2-phenylindole; nucleus, blue) showing 
proliferation of ECs (ERG+/Ki67+, yellow arrowheads) and alveolar macrophages (IB4+/Ki67+, pink arrowheads) after Hx2. Scale bars=20 µm. 
H, Scatter dot plot showing the quantification of macrophages per tissue area in controls (WT) and Hif2/Wt1 cKO (KO) mice in Nx (gray ) and 
hypoxic conditions (Hx2 [pink] or Hx3 [blue]). I, Number of proliferating macrophages per tissue area in lung sections from control (WT) and 
Hif2/Wt1 cKO (KO) mice in Nx (gray) and hypoxia conditions (Hx2 [pink] or Hx3 [blue]). J, Percentage of EC proliferation (ERG+/Ki67+) per 
tissue area in control (WT) and Hif2/Wt1 cKO (KO) mice after Hx2 exposure. All graph bars show individual values for females (triangles) and 
males (circles), and the black line represents the mean±SEM. The total distribution of mice sex was as follows: (A) n=20 females and n=37 
males, (B) n=12 females and n=18 males, (E) n=7 females and n=11 males, (H) n=9 females and n=15 males, (I) n=9 females and n=13 
males, and (J) n=3 females and n=4 males. Statistical significance was determined using a 1-way ANOVA multiple comparisons test with Tukey 
correction for A, B, E, H, and I and 2-tailed Student t test for J. Significant P values >0.001 are explicitly indicated, while P values <0.001 state 
as P<0.001. Nonsignificant (P>0.05) P values are not shown.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 27, 2025



Basic


 
Sciences





 - 

VB
Albendea-Gomez et al Novel Cardiopulmonary Protective Roles of HIF2

e88    March 2025� Arterioscler Thromb Vasc Biol. 2025;45:e78–e98. DOI: 10.1161/ATVBAHA.124.321780

Hif2/Wt1 cKO Mutants Display Cardiac 
Hypertrophy and Ventricular Dilatation in 
Response to Low Oxygen Exposure
Because the Wt1 lineage has a broad contribution to 
several vascular compartments of the heart (Figure 1A 
and 1B), and considering that the direct role of HIF2 
in cardiac function and tissue structure in response to 
chronic hypoxia remains elusive, we decided to explore 
the impact of Hif2 abrogation  in the Wt1 cardiac lineage 
upon sustained low oxygen exposure. To this aim, we 
exposed 12-week-old control and Hif2/Wt1 mutant mice 

to 10% O2 during 2 and 3 weeks (Figure S3) and per-
formed cardiac functional and structural analysis before 
and after hypoxia treatment. Echocardiography character-
ization revealed that the lack of HIF2 in the Wt1 lineage 
favors cardiac hypertrophy of both the RV, and specially 
the LV, in response to low oxygen tensions, while controls 
remained unaltered (Figure 5A and 5B). Whereas RV 
systolic function (TAPSE [tricuspid annular plane systolic 
excursion]) was unaffected in mutant mice relative to con-
trols after exposure to chronic hypoxia (Figure 5C), Hif2/
Wt1 cKO mice displayed common hallmarks of LV sys-
tolic heart failure, with a significant reduced LV ejection 

Figure 4. Quantitative analysis of Wt1 (Wilms tumor 1)-derived pulmonary cells during chronic hypoxia.
A, Quantification of total cells per gram of tissue of Tomato− (blue) and Tomato+ (red) cells in Rosa-tdTomato/Wt1 reporter control (WT [wild 
type]) and Rosa-tdTomato/Hif2 reporter cKO (conditional knockout) (KO [knockout]) mice in normoxia (Nx) and after 2 weeks of hypoxia (Hx2) 
analyzed by FACS (Fluorescence-Activated Cell Sorting). B, Immunofluorescence of Tomato (Wt1 lineage, magenta) and DAPI (4′,6-diamidino-
2-phenylindole; nucleus, blue) in lung sections from Rosa-tdTomato/Wt1 reporter control (Tomatoflox/flox-Wt1+/−, left panel of each experimental 
condition) and Rosa-tdTomato/Hif2 reporter cKO mice (Tomatoflox/flox/Hif2flox/flox/Wt1+/−, right panel of each experimental condition) in Nx (left 
columns) and after Hx2 (right columns). Scale bars=200 µm. C and F, Scatter dot plots representing changes in the total cells per gram of 
tissue of Tomato− (blue) and Tomato+ (red) endothelial cells (ECs; C) or pericytes (PCs; F) in control (WT) and mutant (KO) mice in Nx and 
after Hx2. D, E, G, and H, Representative FACS pseudocolor image showing Tomato− ECs (purple gates, D) and Tomato+ ECs (purple gates, 
E) or Tomato−-PCs (yellow gates, G) and Tomato+-PCs (yellow gates, H) from control (Tomatoflox/flox-Wt1+/−) and HIF2 mutant (Tomatoflox/flox-
Hif2flox/flox-Wt1+/−) lung tissue. All portions show the EC and PC content from a fixed number of 24 000 CD (cluster of differentiation) 45− cells. 
For all scatter plots, individual values for females (triangles) and males (circles) are shown, and the black line represents the mean±SEM. The 
total distribution of mice sex was as follows: A, C, and F) n=16 females and n=18 males. Statistical significance was determined using a 1-way 
ANOVA multiple comparisons test with Tukey correction. Significant P values >0.001 are explicitly indicated, while P values <0.001 state as 
P<0.001. Nonsignificant (P>0.05) P values are not shown. BV605 indicates brilliant violet 605; and PE Cy7, phycoerythrin cyanine 7.
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fraction (LVEF; Figure 5D) and increased LV end-diastolic 
volume (LVED Vol; Figure 5E), indicative of cardiac dilata-
tion (Figure 5F). To connect functional parameters with 

structural adaptations, next, we performed whole-mount 
organ analysis, finding a progressive increase of the heart 
weight/body weight ratio in Hif2/Wt1 cKO mutant mice 

Figure 5. Cardiac functional and structural characterization in chronic hypoxia.
A through E, Functional analysis of the heart by echocardiography of control (WT [wild type]) and Hif2/Wt1 cKO (conditional knockout) 
(KO [knockout]) mice in normoxia (Nx; gray), 2 weeks of hypoxia (Hx2; pink) or 3 weeks of hypoxia (Hx3; blue). A, Right ventricular (RV) wall 
thickness. B, Left ventricular (LV) wall thickness. C, Tricuspid annular plane systolic excursion (TAPSE). D, Left ventricular ejection fraction 
(LVEF). E, Left ventricular end-diastolic volume (LVED Vol). F, Representative images of a 2D view showing the apical 4-chamber view in control 
(Hif2flox/flox-Wt1-Cre+/+, left) and Hif2/Wt1 cKO mice (Hif2flox/flox-Wt1-Cre+/−, right) after Hx3. The yellow dashed line delimits the inner face of 
the RV, while the pink dashed line defines the inner face of the LV. G, Quantification of the heart weight/body weight ratio in control (WT) and 
Hif2/Wt1 cKO (KO) mice in Nx (gray) and Hx2 (pink) or Hx3 (blue). H, Representative histological analysis by hematoxylin and eosin (HE) 
staining of heart sections from control (Hif2flox/flox-Wt1-Cre+/+, top) and Hif2/Wt1 cKO mice (Hif2flox/flox-Wt1-Cre+/−, bottom) mice in Nx (left), 
Hx2 (middle), or Hx3 (right). Scale bar=1 mm. I, Quantification of the cardiomyocyte area in controls (WT) and Hif2/Wt1 cKO (KO) mice in 
Nx (gray) and Hx2 (pink) or Hx3 (blue). For all scatter plots, individual values for females (triangles) and males (circles) are shown, and the black 
line represents the mean±SEM. The total distribution of mice sex was as follows: (A) n=22 females and n=31 males, (B) n=20 females and 
n=33 males, (C) n=19 females and n=33 males, (D) n=22 females and n=33 males, (E) n=23 females and n=35 males, (G) n=48 females and 
n=73 males, and (I) n=13 females and n=12 males. Statistical significance was determined using a 1-way ANOVA multiple comparisons test 
with Tukey correction. Significant P values >0.001 are explicitly indicated, while P values <0.001 state as P<0.001. Nonsignificant (P>0.05) P 
values are not shown.
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relative to controls (Figure 5G). This gradual cardiomeg-
aly in response to chronic hypoxia was further validated 
by HE staining (Figure 5H).

Considering that Wt1 lineage contributes to some 
scattered cardiomyocytes,37 as we further confirmed by 
lineage tracing (data not shown), we decided to explore 
whether the absence of Hif2 could influence cardiomyo-
cyte size upon hypoxia. To this aim, we performed WGA 
(wheat germ agglutinin) staining in 14- to 15-week-old 
heart sections from control and Hif2/Wt1 cKO mice and 
compared the size of cardiomyocytes in normoxia and 
after 2 and 3 weeks of exposure to 10% O2 in both groups 
(Figure S4). The analysis indicated an ongoing increase 
in the cardiomyocyte cell area from normoxia to 2 and 3 
weeks of hypoxia in both control and Hif2/Wt1 mutants 
(Figure 5I). Nevertheless, we did not find significant dif-
ferences between control and Hif2/Wt1 cKO mice at any 
time point, excluding cardiomyocyte cell hypertrophy as 
the mechanism responsible for the increased cardiomeg-
aly and elevated heart weight/body weight ratio devel-
oped by Hif2/Wt1 mutants after hypoxia.

Overall, these results indicate that deletion of Hif2 in the 
Wt1 lineage compromises cardiac adaptation to chronic 
hypoxia, causing LV systolic dysfunction and enhanced 
cardiomegaly not due to cardiomyocyte hypertrophy, 
pointing to a protective role of vascular HIF2 signaling in 
the heart during adaptation to low oxygen conditions.

HIF2 Signaling Represses Cardiac EC 
Proliferation and Prevents Microvascular 
Remodeling During Chronic Hypoxia
Next, we decided to assess whether the increased car-
diomegaly of the Hif2/Wt1 cKO mice during chronic 
hypoxia could be due to enhanced cardiac hyperplasia. 
To explore this possibility, we determined the proliferation 
rate by immunostaining of cardiac sections of control and 
Hif2/Wt1 mutants in normoxia or after exposure to 2 and 
3 weeks of hypoxia using mitosis markers (PH3 [phos-
pho histone H3] and Ki67) together with WGA to label 
cardiomyocyte contour and IB4 and ERG for ECs. Image 
analysis revealed that hypoxia exposure did not influence 
cardiomyocyte proliferation, but rather promoted mito-
sis of the microvasculature compartment (Figure 6A). 
We further confirmed that IB4+ proliferating cells were 
indeed ERG+ ECs (Figure S5A). Interestingly, EC prolif-
eration followed a dynamic pattern, with a peak after 2 
weeks of hypoxia exposure, followed by a drop close to 
normoxic values after 3 weeks of hypoxia (Figure 6B), 
suggesting that HIF2 regulates an inhibitory feedback 
loop to compensate cardiac endothelial proliferation 
induced by hypoxia. To explore the impact of proliferation 
in response to hypoxia, we evaluated the integrity of the 
cardiac capillary network using IB4 to mark the outline 
of ECs. Our analysis revealed an increase in the capillary 
area in the Hif2/Wt1 cKO mice after 2 and 3 weeks of 

hypoxia that was not observed in the controls or in nor-
moxia conditions (Figure 6C and 6D). This enlargement 
in the capillary area suggested a higher capillary diam-
eter that was accompanied by a reduction in the capillary 
density assessed as the number of capillaries per tissue 
area (Figure 6E).

Surprisingly, and in contrast to our observations in the 
lungs, FACS analysis using the Rosa-tdTomato/Wt1Cre 
reporter mice revealed no changes in the total number 
of Tomato+ cells, but a significant increase in Tomato− 
cells in the heart of Hif2/Wt1 reporter cKO mice after 
exposure to 2 weeks of hypoxia (Figure 6F and 6G). Fur-
thermore, despite the endothelial proliferation observed 
at 2 weeks of hypoxia (Figure 6A) in the mutant mice, 
FACS analyses showed no significant changes in the 
total number of ECs between Hif2/Wt1 reporter cKO 
and the reporter control mice in hypoxia (Figure 6H 
through 6J). Nevertheless, there is a trend to increase 
on the total Tomato− ECs of the Hif2/Wt1 reporter cKO 
mice in hypoxia (Figure 6H). In addition, immunofluores-
cence combining endothelial (ERG and IB4) and mitosis 
(Ki67) markers together with endogenous Tomato signal 
of the reporter revealed that the ECs proliferating in the 
Hif2/Wt1 reporter cKO mice are indeed Tomato− (Figure 
S5B). Similarly, the total PCs from Hif2/Wt1 reporter cKO 
mice did not change significantly in hypoxia, whereas 
the control Tomato+ PCs  were reduced. The Tomato− 
PCs  population did not change in cKO or control mice  
(Figure 6K through 6M).

In sum, these results indicate that proliferation of 
cardiac microvascular ECs is increased after 2 weeks 
of hypoxia and that HIF2 signaling prevents excessive 
proliferation in sustained low oxygen conditions. Further-
more, lack of HIF2 leads to cardiac capillary dilation, sug-
gesting a protective role of HIF2 against microvascular 
remodeling and instability in the heart during chronic 
hypoxia.

Cardiopulmonary Structural Defects of the 
Hif2/Wt1 cKO Mice Are Partially Restored Upon 
1-Week Reoxygenation
Because the Hif2/Wt1 cKO mice did not display altera-
tions in basal conditions, next, we wondered whether the 
cardiac and pulmonary functional and structural defects 
developed after chronic hypoxia were reversible. First, 
we analyzed the impact of 1-week reoxygenation on 2- 
and 3-weeks hypoxia-induced cardiomegaly (Figure 7A), 
finding that both control and Hif2/Wt1 cKO mice were 
able to restore normoxic values of heart weight/body 
weight ratio (Figure 7B). Moreover, reoxygenation after 
chronic hypoxia could also correct capillary density (Fig-
ure 7C) while capillary caliber remains slightly increased 
in the Hif2/Wt1 cKO mice (Figure 7D). Next, we per-
formed echocardiography analysis and determined 
that hypoxia-induced RV (Figure 7E) and especially LV 
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Figure 6. Cardiac microvascular remodeling in response to low oxygen.
A, Immunofluorescence of representative cardiac sections after 2 weeks of hypoxia (Hx2) of control (Hif2flox/flox-Wt1-Cre+/+, top) and Hif2/Wt1 
cKO (conditional knockout) mice (Hif2flox/flox-Wt1-Cre+/−, bottom) with IB4 (isolectin B4; outline of endothelial cells [ECs], magenta), WGA 
(wheat germ agglutinin; outline of all cells, white), PH3 (phospho histone H3; mitosis, green), and DAPI (4′,6-diamidino-2-phenylindole; nucleus, 
blue). Yellow arrowheads indicate IB4+/PH3+ cells. Scale bars=40 µm. B, Quantification of the EC proliferation rate per tissue area in controls 
(WT [wild type]) and Hif2 mutants (KO [knockout]) in normoxia (Nx; gray) and Hx2 (pink) or 3 weeks of hypoxia (Hx3; blue). C, Representative 
images of IB4 immunofluorescence of control (Hif2flox/flox-Wt1-Cre+/+, top) and Hif2/Wt1 cKO mice (Hif2flox/flox-Wt1-Cre+/−, bottom) in  
Nx (left ), Hx2 (middle ), and Hx3 (right ). Scale bars=20 µm. D and E, Scatter dot plots for the quantification of the capillary area (D) and 
density (E, number of capillaries per tissue area) of controls (WT) and Hif2 mutants (KO) in Nx (gray), Hx2 (pink), or Hx3 (blue). (Continued )
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(Figure 7F) hypertrophy returned to normoxia values in 
the Hif2/Wt1 cKO mutant mice after 1-week reoxygen-
ation. Furthermore, lung ultrasound revealed restoration 
of the pulmonary structure on Hif2/Wt1 cKO mutants 
after reoxygenation (Figure 7G), with normalization of 
the pleural thickness and abnormal B/Z band pattern 
observed after 3 weeks of chronic hypoxia (Figure 3C). 
The lung ultrasound analysis was further validated by 
classical histology showing almost complete rescue 
(Figure 7H) of the pulmonary congestion developed by 
Hif2/Wt1 cKO mice after 3 weeks of sustained hypoxia 
(Figure 3D through 3F).

Nevertheless, despite of these structural improve-
ments on the heart of Hif2/Wt1 cKO mice upon 1-week 
reoxygenation after 2 and 3 weeks of hypoxia, the func-
tional parameters were not fully recovered and the Hif2/
Wt1 mutants still displayed reduced LV ejection fraction 
(Figure 7I), as well as elevated LV end-diastolic volume 
(Figure 7J), reflecting compromised systolic function and 
increased cardiac dilatation, respectively.

Altogether, these results demonstrate that HIF2 signal-
ing in the Wt1 lineage is important to maintain the correct 
cardiopulmonary function and structure of the microvas-
culature after chronic hypoxia, and that the pathological 
changes of mice deficient for HIF2 in Wt1-contributed vas-
cular compartments are hypoxia-dependent and reversible  
in contact with normal oxygen tensions.

DISCUSSION
Sustained hypoxia occurring in patients with cardiorespi-
ratory diseases and at high altitude is associated with 
profound vascular remodeling due to muscularization of 
the small arteries of the alveolar wall and proliferation 
of cells expressing SMA, followed by thickening of the 
precapillary pulmonary arteries, inflammation, and fibro-
sis of the large proximal pulmonary arteries, leading to 
arterial occlusion and elevation of the RVSP.54 It has 
been demonstrated that this vascular remodeling and 
cardiac overload also occurs in rodents, allowing the use 
of experimental animals exposed to low oxygen as a reli-
able model to study PH and cardiovascular alterations 
during chronic hypoxia. Endothelial HIF2 signaling has 
been extensively implicated in the progression of arterial 
remodeling, leading to elevated RVSP during sustained 

hypoxia,17–19,22 while deletion of HIF2 in SMCs or PCs  
does not prevent vascular muscularization.22,23

In this study, we characterized a novel mouse model, 
Hif2/Wt1 cKO mice, to evaluate the impact of lacking 
HIF2 signaling during chronic hypoxia in several vascular 
cell types of the cardiopulmonary system, including ECs, 
PCs , VSMCs, and FBs  (Figure 1G through 1M). This 
lineage contribution allows us to investigate the conse-
quences of simultaneously deleting HIF2 in pulmonary 
and cardiac vascular cell populations, which could serve 
as an indicator of the potential effects of systemic HIF2 
abrogation with small molecules recently proposed as 
alternative therapeutic approaches for PH.24,25 Further-
more, we performed detailed functional and structural 
characterizations of this new mouse model to better 
understand the relevance of vascular HIF2 signaling 
during the cardiovascular response to chronic hypoxia, 
which to the date remained elusive. We demonstrated 
that HIF2 signaling in the Wt1 lineage is not necessary 
for proper development of the heart or lungs, or for organ 
homoeostasis of adult mice (Figure S2). Furthermore, in 
agreement with former works, we also observed that 
elimination of HIF2 in the pulmonary vasculature pre-
vents arterial muscularization and elevation of RV over-
load (Figure 2). However, the lack of HIF2 in the Wt1 
lineage compromises the proper adaptation of the heart 
and lungs to chronic hypoxia, resulting in microvascular 
remodeling and dysfunction of both organs. In the lungs, 
we observed severe hemorrhages, inflammation, and 
congestion that might be caused by an increased venous 
return associated with reduced LV ejection fraction and 
increased LV dilatation (Figure 5), as well as by local 
microvascular instability (Figures 3 and 4). In the heart, 
despite the absence of a hemorrhagic phenotype, mutant 
mice display cardiomegaly, ventricular hypertrophy with-
out significant changes in the cardiomyocyte area, and 
cardiac failure (Figure 4), most likely due to EC dysfunc-
tion associated with capillary dilation (Figure 5). Interest-
ingly, most of these structural defects are restored upon 
reoxygenation of hypoxia-exposed Hif2/Wt1 cKO mice, 
suggesting the existence of inhibitory protective roles 
mediated by HIF2 signaling in the cardiopulmonary vas-
culature that only operates in hypoxia (Figure 7). Based 
on these results, we proposed a working model highlight-
ing the importance of vascular HIF2 signaling for proper 

Figure 6 Continued.  F through M, FACS (Fluorescence-Activated Cell Sorting) analysis with Rosa-tdTomato/Wt1 reporter control (WT) 
and Rosa-tdTomato/Hif2 reporter cKO (KO) mice in Nx and after Hx2. F, H, and K, Scatter dot plots showing Tomato− (blue ) and Tomato+ 
(red ) total cardiac cells (F), ECs (H), and PCs (pericytes; K) per gram (gr) of tissue. G, I, J, L, and M, Representative FACS pseudocolor 
plots of control (Tomatoflox/flox/Wt1+/−) and mutant (Tomatoflox/flox/Hif2flox/flox/Wt1+/−) mice. All gates were generated from a fixed number of 34 000 
CD (cluster of differentiation) 45− cells. G, Total CD45− cells separating Tomato− cells (blue gate) and Tomato+ cells (red gate). Tomato− ECs 
(purple gates, I) and Tomato+ ECs (purple gates, J) or Tomato− PCs (yellow gates, L) and Tomato+ PCs (yellow gates, M). For all scatter plots, 
individual values for females (triangles) and males (circles) are shown, and the black line represents the mean±SEM. The total distribution 
of mice sex was as follows: (B) n=14 females and n=14 males, (D and E) n=8 females and n=10 males, and (F, H, and K) n=21 females 
and n=18 males. Statistical significance was determined using a 1-way ANOVA multiple comparisons test with Tukey correction. Significant 
P values >0.001 are explicitly indicated, while P values <0.001 state as P<0.001. Nonsignificant (P>0.05) P values are not shown. BV421 
indicates brilliant violet 421; BV510, brilliant violet 510; BV605, brilliant violet 605; and SSC-A, side scatter-area.
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Figure 7. Partial rescue of chronic hypoxia–induced cardiac and pulmonary defects upon reoxygenation.
A, Histological analysis by hematoxylin and eosin (HE) staining of representative heart sections of control (Hif2flox/flox-Wt1-Cre+/+, left panel of 
each experimental condition) and Hif2/Wt1 cKO, (conditional knockout) mice (Hif2flox/flox-Wt1-Cre+/−, right panel of each experimental condition) 
in normoxia (Nx; left columns) and 2 weeks of hypoxia followed by 1-week reoxygenation (2 weeks of Hx [Hx2]+1 week of Nx, right columns). 
Scale bar=500 µm. B, Quantification of the heart size estimation represented as heart weight/body weight ratio (HW/BW) in control (WT 
[wild-type]) and Hif2/Wt1 cKO (conditional knockout) (KO [knockout]) mice in Nx (gray), Hx2 (pink) or 3 weeks of hypoxia (Hx3; blue), and Hx2 
or Hx3 followed by 1-week reoxygenation (2+1 [yellow] and 3+1 [purple], respectively). C and D, Scatter dot plot of density (C) and capillary 
area (D) in control (WT) and Hif2/Wt1 cKO (KO) mice in Nx (gray), Hx2 (pink), or Hx3 (blue), and Hx2 or Hx3 followed by 1-week (Continued )
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capillary stability and organ performance during cardiac 
and pulmonary adaptation to chronic hypoxia (Figure 8).

HIF2 global deletion protects against RVSP elevation 
in response to low oxygen,55 and later works demon-
strated the critical role of EC-HIF2 signaling mediating 
the vascular remodeling that leads to elevation of RVSP 
during chronic hypoxia and in PH.17–19 However, little is 
known about the role of HIF2 in other cell types within 
the vascular compartment beyond the endothelium. It has 
been reported that elimination of HIF2 in SMCs does 
not prevent RVSP elevation during chronic hypoxia.22 
A recent publication by Kim et al23 has reported novel 
mouse models of HIF2 overexpression and deletion in 
PCs using NG2-CreERT2. Interestingly, while overex-
pression of HIF2 in PCs leads to elevation of arterial 
muscularization and increased RVSP after 3 weeks of 
hypoxia exposure, pointing to an important role of HIF2 
signaling from PC mural cells in arterial vascularization, 
elimination of HIF2 in PCs  does not prevent the eleva-
tion of RVSP during chronic hypoxia.23 These results 
contrast with our findings, showing that the novel Hif2/
Wt1 cKO mice generated in our laboratory are protected 
against arterial remodeling and elevation of RVSP after 
hypoxia (Figure 2). Since Wt1 contributes to ECs, PCs , 
as well as SMCs and fibroblast-like cells of the lung vas-
culature (Figure 1), one explanation to these contrast-
ing results could be that the protection of Hif2/Wt1 cKO 
mice against vascular remodeling in hypoxia was only 
due to the ablation of HIF2 signaling in the endothelium, 
which would fully agree with former works.17–19 Another 
possibility could be that HIF2 signaling in fibroblast-like 
cells of the alveolar parenchyma contributed by Wt1 also 
participates in the arterialization upon hypoxia. Neverthe-
less, Wt1 contributes to <4% of the total pulmonary FBs  
(Table S2), and clarifying the precise function of HIF2 in 
this cell type using alternative mouse models is out of the 
scope of this article.

Despite the protection against arteriolar remodeling, 
the Hif2/Wt1 cKO mice characterized here displayed 
profound damage of the lung parenchyma after 3 weeks 
of hypoxia, with reduced alveolar space, inflammation, 
and hemorrhages, likely due to unstable capillaries 
and increased remodeling of alveolar microvasculature 

(Figure 3). These pulmonary tissue alterations have not 
been reported to the best of our knowledge in the EC-
specific models of HIF2 deletion. However, Kim et al23 
have recently reported that the overexpression of HIF2 in 
PCs  induces vascular leakage and disruption of capillary 
integrity, while the PC-HIF2 KO shows no difference in 
permeability compared with controls. Taking these results 
into account, and considering that Hif2/Wt1 cKO mice 
developed significant vascular leakage, alveolar hemor-
rhages, and pulmonary congestion (Figure 3), together 
with increased EC proliferation, our results suggest that 
only simultaneous deletion of HIF2 in SMCs/PCs and 
ECs lead to alveolar vascular defects and lung edema. 
Alternatively, we cannot rule out that HIF2 deletion in a 
fibroblast-like interstitial cell type within the alveoli con-
tributed by Wt1 could be responsible for the EC barrier 
dysfunction observed in our mutants.

While significant works have evaluated the relevance 
of HIF2 during the adaptation to sustained hypoxia in the 
lungs, little is known about HIF2 signaling in the heart in 
response to chronic low oxygen. In the setting of PH, Smith 
et al56 explored the possibility that RV hypertrophy after 
chronic hypoxia might be due not only to the increased 
load of the right side of the heart upon pulmonary arterial 
remodeling, but also to pulmonary-independent factors 
acting directly on the heart that could lead to the activa-
tion of HIFs. Indeed, Smith et al56 demonstrated that both 
HIF1 and HIF2 signaling on cardiomyocytes is involved 
in RV hypertrophy during chronic hypoxia. In the Hif2/
Wt1 cKO mutants described here, we also demonstrated 
direct cardiac alterations most likely independent of the 
pulmonary defects occurring during chronic hypoxia. This 
statement is supported by the fact that Hif2/Wt1 cKO 
mice developed not only RV but also LV hypertrophy, LV 
systolic dysfunction based on the reduced LV ejection 
fraction, and LV dilation (Figure 4). Moreover, consider-
ing that Wt1 contributes to capillaries of both RV and LV 
(Figure 1) and that we did not observe significant differ-
ences between Hif2/Wt1 cKO and control cardiomyo-
cyte area in hypoxia (Figure 4), we hypothesize that the 
increased RV and LV wall thickness and cardiomegaly 
observed in the absence of HIF2 might be due to the 
profound microvascular remodeling and capillary dilation 

Figure 7 Continued.  reoxygenation (2+1 [yellow] and 3+1 [purple], respectively). E and F, Quantification of echocardiography analysis to 
asses cardiac hypertrophy by RV (right ventricular; E) and LV (left ventricular; F) wall thickness of control (WT) and Hif2/Wt1 cKO (KO) mice 
in Nx (gray), Hx2 (pink), or Hx3 (blue), and Hx2 or Hx3 followed by 1-week reoxygenation (2+1 [yellow] and 3+1 [purple], respectively). G, 
Representative images of pulmonary ultrasound in control (Hif2flox/flox-Wt1-Cre+/+, left) and Hif2/Wt1 cKO mice (Hif2flox/flox-Wt1-Cre+/−, right) 
after Hx3 followed by 1-week reoxygenation. H, Histological analysis by HE of representative lung sections in control (Hif2flox/flox-Wt1-Cre+/+, 
left) and Hif2/Wt1 cKO mice (Hif2flox/flox-Wt1-Cre+/−, right) after Hx2 and 1-week reoxygenation. Scale bars=25 µm. I and J, Functional and 
structural cardiac parameters assessed by echocardiography of control (WT) and Hif2/Wt1 cKO (KO) mice in Nx (gray), Hx2 (pink), or Hx3 
(blue), and Hx2 or Hx3 followed by 1-week reoxygenation (2+1 [yellow] and 3+1 [purple], respectively). Left ventricular ejection fraction (LVEF; 
I) and left ventricular end-diastolic volume (LVED vol; J). For all scatter plots, individual values for females (triangles) and males (circles) are 
shown, and the black line represents the mean±SEM. The total distribution of mice sex was as follows: (B) n=58 females and n=83 males, 
(C and D) n=13 females and n=17 males, (E) n=27 females and n=44 males, (F) n=26 females and n=48 males, (I) n=27 females and n=46 
males, and (J) n=26 females and n=48 males. Statistical significance was determined using a 1-way ANOVA multiple comparisons test with 
Tukey correction. Significant P values >0.001 are explicitly indicated, while P values <0.001 state as P<0.001. Nonsignificant (P>0.05) P 
values are not shown.
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observed in these mutants (Figure 4). Interestingly, the 
recently reported HIF2/NG2 KO model does not exhibit 
ventricular hypertrophy, fibrosis, or cardiac dysfunction in 
response to chronic hypoxia,23 suggesting that the vas-
cular alterations developed by the Hif2/Wt1 cKO mice 
might be due to the lack of functional HIF2 signaling 
in microvascular endothelium rather than in cardiac PCs  
during low oxygen exposure. It is important to mention 
that in contrast with the cardiomyocyte-specific HIF2 
mutant,56 the Hif2/Wt1 cKO mice described here devel-
oped systolic dysfunction (Figure 4), while both mutants 
undergo ventricular dilation. These results highlight the 
importance of functional HIF2 signaling in the vascular 
compartment of the heart to ensure proper functional 
adaptation to sustained hypoxia. Hence, our data further 
contribute to increase our limited understanding on the 
cardiac intrinsic response to hypoxia independently of 
pulmonary remodeling.

Several studies have demonstrated the role of endo-
thelial HIF2 in the vascular remodeling of pulmonary 
arteries within the pathogenesis of PH,17–19 and recent 
therapeutic targeting of HIF2 with small molecule 

inhibitors, such as PT-2567, has shown a beneficial effect 
preventing the initiation of PH in rat models.24,25 Neverthe-
less, the detailed consequences of prolonged systemic 
inhibition of HIF2 signaling in other organs essential for 
physiological homeostasis, like the heart, remain elusive 
and have not been reported in detail in previous works. 
In this study, the use of a genetic approach that allows 
the simultaneous deletion of HIF2 in several cell types of 
the vasculature, like ECs and SMCs, as well as PCs  and 
FBs , offered us the advantage of evaluating a plethora 
of cells involved in PH progression and exploring poten-
tial effects associated with the systemic abrogation of 
HIF2 in the heart and lungs. Even though the relative 
inhibition of HIF2 signaling using PT-2567 in rat models 
of PH could prevent pulmonary vascular remodeling, as 
well as circulating proinflammatory factors and plasma 
nitrite levels,24,25 it is important to mention that our mouse 
model also displayed a decrease on RVSP and reduced 
pulmonary remodeling. Despite these clear beneficial 
effects of lacking HIF2 to prevent the initiation of PH, 
the whole impact of loosing HIF2 signaling during the 
adaptation to chronic hypoxia has not been previously 

Figure 8. Working model.
Proposed model of cardiopulmonary defects in control and Hif2/Wt1 cKO (conditional knockout) mice after 3 weeks of chronic hypoxia. Control 
mice after 3 weeks of hypoxia exposure are protected against cardiomegaly, dilation of capillaries, and increased proliferation of endothelial 
cells (ECs; A), while Hif2/Wt1 cKO mice develop cardiomegaly associated with capillary dilation and EC proliferation (C). Control mice lungs 
display normal alveolar parenchyma as wild-type HIF2 (hypoxia inducible factor 2) prevents microvascular proliferation, but show HIF2-mediated 
muscularization of the distal arterioles and increased right ventricular systolic pressure (RVSP; B). In contrast, Hif2/Wt1 cKO mice are protected 
against arterial muscularization but present several structural lung defects, including erythrocytes and macrophages congestion, hemorrhages, 
and alveolar wall thickening, probably associated to alveolar capillary remodeling and proliferation (D). Altogether, these results suggest that HIF2 
plays an inhibitory role upon cardiac and pulmonary ECs, pericytes (PCs), and vascular smooth muscle cells (VSMCs) that prevents excessive 
microvascular remodeling and organ dysfunction in response to chronic hypoxia. AT1 indicates alveolar type I; and AT2, alveolar type II.
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addressed in mouse models. In fact, our results show 
that concomitant elimination of HIF2 in several vascular 
cell types involved in PH disease leads to structural and 
functional abnormalities in both heart and lungs, includ-
ing pulmonary inflammation, hemorrhages, erythroid 
extravasation, and alveolar congestion, as well as cardio-
megaly, ventricular hypertrophy, and systolic dysfunction 
associated with capillary remodeling and dilation under 
low oxygen conditions.

Therefore, our data describe novel cardiac and pul-
monary phenotypic characteristics of HIF2 abrogation 
and uncover unknown protective roles of HIF2 signal-
ing in the microvasculature of the heart and lungs, sug-
gesting that HIF2 is essential to avoid excessive EC 
proliferation, ensuring stable microvascular networks in 
both organs during sustained exposure to hypoxia. These 
observations were not anticipated based on the protec-
tion of the Hif2/Wt1 cKO mice against pulmonary arterial 
remodeling and elevation of RVSP, but are in line with 
former studies reporting that despite the reduced vascu-
lar remodeling, global genetic deletion of HIF2α or sys-
temic inhibition using antisense oligos impairs survival 
upon 4 weeks of hypoxia exposure,24 leading to weight 
loss and reduced catecholamine levels, heart rate, and 
cardiac output, probably reflecting the critical importance 
of HIF2 in organs like the carotid body to ensure proper 
hypoxia adaptation.

Hence, based on the heterogeneous and diverse rel-
evance of HIF2 depending on the cellular/organ con-
text, further studies will be required to better characterize 
the global consequences of systemic inhibition of HIF2 
to define novel alternative therapeutic strategies able 
to blunt HIF2 detrimental effects without precluding its 
beneficial role in other cell types or tissues. In that regard, 
the design of endothelial-specific delivery vectors to limit 
the action of HIF2 inhibitors to this cell type, which is 
clearly involved in the initiation of PH,17–19,24,25 would con-
tribute to minimize deleterious effects in nonendothe-
lial compartments. Our work contributes to expand our 
limited knowledge on the role of vascular HIF2 signal-
ing in the cardiovascular system and might be relevant 
to evaluate potential long-term effects in the setting of 
HIF2-specific inhibitory therapies recently approved for 
renal clear cell carcinoma57 and proposed for PH,24,25 
especially in patients with lung conditions who might 
experience chronic hypoxia.
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