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HIF2A gain-of-function mutation modulates
the stiffness of smooth muscle cells
and compromises vascular mechanics
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Jing Wang,3 Morgan B. Elliott,1,4 Sebastian F. Barreto-Ortiz,5 James Chen,5 Brian L. Lin,6 Lakshmi Santhanam,5

Linzhao Cheng,3 Frank S. Lee,7 Josef T. Prchal,2 and Sharon Gerecht1,4,8,9,11,*

SUMMARY

Heterozygous gain-of-function (GOF) mutations of hypoxia-inducible factor 2a
(HIF2A), a key hypoxia-sensing regulator, are associated with erythrocytosis,
thrombosis, and vascular complications that account for morbidity and mortality
of patients. We demonstrated that the vascular pathology of HIF2A GOF muta-
tions is independent of erythrocytosis. We generated HIF2A GOF-induced plurip-
otent stem cells (iPSCs) and differentiated them into endothelial cells (ECs) and
smooth muscle cells (SMCs). Unexpectedly, HIF2A-SMCs, but not HIF2A-ECs,
were phenotypically aberrant, more contractile, stiffer, and overexpressed endo-
thelin 1 (EDN1), myosin heavy chain, elastin, and fibrillin. EDN1 inhibition and
knockdown of EDN1-receptors both reduced HIF2-SMC stiffness. Hif2AGOF het-
erozygousmice displayed pulmonary hypertension, had SMCswithmore disorga-
nized stress fibers and higher stiffness in their pulmonary arterial smooth muscle
cells, and had more deformable pulmonary arteries compared with wild-type
mice. Our findings suggest that targeting these vascular aberrations could
benefit patients with HIF2AGOF and conditions of augmented hypoxia signaling.

INTRODUCTION

Hypoxia-inducible factors (HIF-1 and HIF-2) maintain oxygen homeostasis and control many physiological

processes, including angiogenesis and erythropoiesis (Semenza, 2001). HIFs activity is tightly regulated in

an oxygen-dependent manner; in normoxia, HIFs-alpha subunits are degraded, whereas in hypoxia HIFs-

alpha proteins stabilize, bind to the constitutively expressed beta subunits, and HIFs dimers translocate

into the nucleus to activate a broad range of downstream targets (Kaelin and Ratcliffe, 2008; Majmundar

et al., 2010). Mutations affecting multiple components in the HIF pathway have been identified as causes

for the expansion of red blood cell mass termed ‘‘erythrocytosis’’ or ‘‘polycythemia.’’ These mutations

include loss-of-function mutations of the two principal HIFs’ negative regulators, i.e. prolyl hydroxylase

domain protein 2 (PHD2 encoded by EGLN1) and von Hippel Lindau (VHL) as well as gain-of-function

(GOF) mutations in HIF2A (encoded by EPAS1). When any one of these proteins are mutated, HIF2A,

the principal regulator of erythropoietin (EPO), is stabilized and leads to erythrocytosis (Wenger and Hoo-

gewijs, 2010). Management of erythrocytosis is limited to reducing red blood cells via venesection, which

does not ameliorate vascular complications andmay even have a detrimental effect on those complications

(Sergueeva et al., 2015; Gordeuk et al., 2019). Here we propose that the morbidity and mortality of these

rare congenital disorders of HIF-2 upregulation are defined not by their erythroid phenotype but by HIF-2

driven vascular and thrombosis complications.

Previous work has shown that a knock-in mouse model with a GOF missense mutation in EPAS1, corre-

sponding to a human-associated erythrocytosis mutation (G537W), exhibits erythrocytosis and pulmonary

hypertension (PH) (Tan et al., 2013). Studies in mice also show that accumulation of HIF2A via the deletion of

EGLN1 in ECs is sufficient to cause vascular stiffening independent of erythrocytosis (Kapitsinou et al.,

2016b; Dai et al., 2016). Endothelium signaling and interactions with the surrounding smooth muscle cells

(SMCs) play a crucial role in regulating vascular function and in mediating vascular tone by generating and

maintaining the balance between vasodilators and vasoconstrictors. When the endothelium is
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dysfunctional, the expression of endothelin 1 (EDN1) increases, causing a decrease in endothelial nitric ox-

ide (NO) production (Iglarz and Clozel, 2007). This altered balance results in a shift toward increased

vascular tone due to increased deposition of extracellular matrix (ECM) proteins, as well as hyperplasia

and hypertrophy of SMCs. In the pulmonary arteries (PAs), this leads to stiffening, as shown in patients

suffering from PH (Furchgott and Vanhoutte, 1989; Cacoub et al., 1997; Ergul et al., 2006). Recently, other

studies have suggested that this stiffening of arteries leads to systemic hypertension, which further leads to

vessel stiffening everywhere in the body.

The availability of human-induced pluripotent stem cells (hiPSCs) provides a unique approach to interro-

gate the causes of morbidity and mortality of individuals inheriting HIF2A GOF mutations. These HIF2A

GOF (HIF2) hiPSCs allowed us to determine the role of individual cellular vascular components on vascular

irregularities in not only ECs but also in SMCs, which dictate the mechanical properties of blood vessels in

healthy individuals and patients suffering from vascular and thrombotic complications. Herein, we gener-

ated two sets of HIF2 hiPSC lines from the peripheral blood of patients with erythrocytosis caused by HIF2A

GOF, differentiated them into ECs and SMCs, and demonstrated that these heterozygous mutations

(G537R and M535V) are sufficient to induce cellular alterations in SMCs. We also performed in vivo studies

using heterozygous mice to further demonstrate early onset of pulmonary hypertension, alterations in

SMCs, and compromised vascular mechanics.

RESULTS

Patient-specific HIF2A missense mutation hiPSC

Five sets of hiPSCs were generated from peripheral blood CD34+ mononuclear cells (MNCs) with the indi-

cated mutations (Figure 1A). Three of the hiPSC cell lines were from a five-generational pedigree with

erythrocytosis inherited in an autosomal dominant fashion. This pedigree displayed diverse vascular com-

plications, such as myocardial infarction and stroke, in young individuals (Figure 1B). No other risk factors

for cardiovascular morbidity were present. Furthermore, these complications were not prevented by the

strict control of their erythrocytosis aimed to reduce hematocrit by regular phlebotomies. We generated

the indicated lines from a healthy mother and two offspring.

All these hiPSC lines were found to maintain normal karyotype, expressed pluripotent markers, and under-

went differentiation to all three germ layers (Figures S1 and S2). Their genotyping confirmed the mutations

A

C

B

Figure 1. Generation of hiPSC lines with HIF2A GOF mutation

(A) Five hiPSC lines were isolated from peripheral blood CD34+ MNCs. Red-filled cells indicate familial lines; blue-filled cells indicate non-familial lines.

(B) The HIF2AM535V (EPAS1A1603G) mutation family participated in donating peripheral blood CD34+ cells for generating hiPSCs.

(C) Sanger sequencing results show that (1) F-HIF2-hiPSC lines each has a single heterozygous mutation of M535V (EPAS1A1603G) and (2) the HIF2-hiPSC line

has a heterozygous missense mutation of HIF2AG537R (G/ A on exon 12 of EPAS1 gene).

See also Figures S1 and S2.
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found in the native cells of these individuals (Figure 1B). Similar to other cases of erythrocytosis-associated

EPAS1 mutations, these mutations (G537R and M535V) affect a residue C-terminal to the LXXLAP motif

(where underlining indicates the site of hydroxylation). Mutations in residue C-terminal to the LXXLAPmotif

have been shown to result in impaired degradation and abnormal stabilization of HIF2A (Furlow et al.,

2009).

Endothelial cell differentiation and maturation from HIF2-hiPSCs

We first examined whether HIF2-hiPSCs have a similar vascular differentiation potential as the WT-hiPSC.

We used a feeder-free protocol adapted from Lian et al. (Lian et al., 2014; Chan et al., 2015; Smith et al.,

2017) (Figure S3A) to derive early vascular cells (EVCs), a bicellular population that includes both vascular

endothelial cadherin (VEcad)+ early ECs and platelet-derived growth factor receptor beta (PDGFR)+ sup-

port cells (Chan et al., 2015; Kusuma et al., 2013). On day 6 of EC differentiation, HIF2-hiPSCs and F-F-

HIF2-hiPSCS generated a higher percentage of kinase insert domain receptor (KDR)+ cells, and HIF2-

hiPSCs also generated a higher percentage of CD31+ cells. F-F-HIF2-hiPSCs also exhibited a trend toward

a higher percentage of CD31+ cells; however, this was not statistically significant (Figures 2A and 2B). Day 8

EVCs contained cobblestone-like clusters, suggestive of an endothelial-like morphology (Figure S3B).

HIF2-hiPSC-derived EVCs contain both early ECs positive for VEcad at intercellular junctions and early

pericytes positive for PDGFRb (Figure S3C). Overall, we found that HIF2- and F-HIF2-hiPSCs have a similar

efficiency in EC derivation when compared with the WT- and F-WT-hiPSC lines (Figures S3D–S3F). When

embedded in 3D Collagen I gel, the EVCs self-assembled and formed networks (Figure S3G).

A

C D

B

E

F G

Figure 2. Maturation of functional HIF2-ECs

(A and B) Flow cytometry of vascular marker expression on day 6 differentiation of (A) WT-hiPSC versus HIF2-hiPSC and (B)

F-WT-hiPSC versus F-HIF2-hiPSC (N = 3).

(C and D) (C) Light microscopy image of sorted VEcad+ cells. Scale bar is 200 mm. (D) Representative flow cytometry

histogram for VEcad expression of magnetically sorted VEcad+ cells (N = 4).

(E) Representative immunofluorescence (IF) images of VEcad, CD31, vWF, and binding of Ulex europaeus lectin. Images

are shown for ECs derived from HIF2-hiPSCs. Nuclei in blue. Scale bars are 100 um.

(F) 3-dimensional vascular networks of HIF2-ECs in collagen I gels. Scale bar is 200 mm.

(G) Length of 3D networks in WT-ECs and HIF2-ECs (N = 3). Data are represented as individual EC networks (points) and

mean (black line). Significance level is set at *p < 0.05 for a two-tailed t test.
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Following successful EVC differentiation from HIF2-hiPSC, we examined endothelial maturation and func-

tionality of the HIF2-hiPSC- and F-HIF2-hiPSC-derived ECs (hereafter, abbreviated to HIF2-ECs and F-HIF2-

ECs). VEcad+ early ECs were sorted and expanded for four additional passages (Kusuma et al., 2013, 2015),

in which they maintained their cobblestone morphology as typical ECs (Figure 2C). These sorted and

cultured ECs were verified to have at least 98% VEcad+ cells (Figure 2D). HIF2-ECs had membrane expres-

sion of VEcad and CD31, as well as cytoplasmic punctate expression of von Willebrand factor (vWF). These

HIF2-ECs also demonstrated the ability to bind to lectin Ulex europaeus (Figure 2E). Altogether, HIF2- and

F-HIF2-ECs exhibited mature endothelial characteristics comparable to ECs derived from WT- and F-WT-

hiPSCs (Kusuma et al., 2013; Chan et al., 2015) (hereafter, abbreviated to WT-ECs and F-WT-ECs). When

embedded in collagen I gels, HIF2-ECs self-assembled to form luminal vascular networks at a similar capac-

ity as WT-ECs (Figures 2F and 2G).

The HIF2A heterozygous mutation affects the expression of vasodilators and

vasoconstrictors in HIF2-ECs

A single missense mutation located near the hydroxylation site, Pro-531, can interfere with the hydroxyl-

ation of HIF2A and lead to its accumulation under atmospheric conditions in vitro (Furlow et al., 2009;

Lee and Percy, 2011). We began by examining whether HIF2A accumulation could be observed in HIF2-

ECs generated from a patient with a heterozygous mutation near the HIF2A proline hydroxylation.

Comparing the expression level of HIF2A in HIF2-ECs and WT-ECs cultured in atmospheric (21% oxygen)

and hypoxic (1.0% oxygen) conditions, we observed higher levels of HIF2A expression in HIF2-ECs in com-

parison to WT-ECs under atmospheric conditions (Figure 3A). Under hypoxic conditions, both HIF2-ECs

and WT-ECs expressed higher level of HIF2A.

We then found that HIF1A and HIF2A were transcribed at similar levels throughout all cell lines (Figures 3B,

3C, and S4). Next, we examined if mRNA expression levels of vasodilators and vasoconstrictors were

affected by this HIF2Amissense mutation. We found that relative expression levels of nitric oxide synthase

2 (NOS2), which encodes for a cytokine-inducible NOS, is comparable in both control and HIF2-ECs (Fig-

ure 3D). Expression of nitric oxide synthase 3 (NOS3), which encodes endothelial nitric oxide synthase

(eNOS), was similar or lower in HIF2-mutated ECs when compared with WT-ECs (Figures 3E and S4). Down-

regulation of NOS3 was further verified in immunostaining of eNOS in which the intensity of labeling was

lower in HIF2-ECs when compared with WT-ECs (Figure 3F). In hypoxia, HIF2A is reported to regulate ape-

lin (APLN), a vasodilatory peptide acting by binding to the apelin G-protein-coupled receptor (APLNR) (Ka-

pitsinou et al., 2016b). Here, we found lowerAPLN andAPLNR expression in HIF2-ECs when compared with

WT-ECs (Figure 3G), and similar or lower expression levels in F-WT-ECs and F-M-HIF2-ECs (Figure S4). We

then examined the expression level of Arginase 1, an NO inhibitor downstream of HIF-2a but could detect

its transcript in neither HIF2 nor WT-ECs (Berkowitz et al., 2003; Dai et al., 2016). Next, we examined the

EDN1 transcript, a potent vasoconstrictor implicated in the pathogenesis of PH. We found higher expres-

sion of EDN1 in both HIF2-ECs and F-HIF2-ECs compared with their WT-EC controls (Figures 3I and S4A)

but with similar levels of EDN1 secretion between WT-ECs and HIF2-ECs (Figure 3I). Finally, atomic force

microscopy (AFM) measurements revealed that HIF2-ECs were stiffer than WT-ECs (Figure 3K).

Smooth muscle cell differentiation and maturation from HIF2-hiPSCs

Previous studies show that ECs are the primary source for EDN1 generation, but a recent study has demon-

strated that EDN1 generated by SMCs may independently modulate vascular tone (Kim et al., 2015). We

investigated whether the HIF2A mutation had a detrimental effect on hiPSC-derived SMCs alone (Vo

et al., 2010; Wanjare et al., 2013). We followed an established differentiation protocol to generate mature

smooth muscle-like cells (mSMLC) and then further matured them into contractile SMCs (Wanjare et al.,

2013, 2014). Features of themSMLCs derived fromHIF2-hiPSCs included irregular morphologies, hypertro-

phy, increased stress fibers, and upregulation of smooth muscle myosin heavy chain (SMMHC andMYHCII)

and EDN1 when compared with mSMLCs derived from WT-hiPSCs (Figures S5A–S5E). When comparing

contractile SMCs derived from WT-hiPSCs (hereafter, WT-SMCs) and HIF2-SMCs, as well as, F-WT- and

F-HIF2-SMCs, we noticed that HIF2-SMCs (derived from UT2HIF2A-hiPSC line) lacked the typical elon-

gated, spindle-shaped phenotype of contractile SMCs. Instead, HIF2-mutated SMCs exhibited hypertro-

phy, jagged borders, and excessive amounts of actin stress fibers and acetylated alpha-tubulin (Figures

4A and S6A). The arrangements of F-actin filaments were randomly aligned in HIF2-SMCs but appeared

to be more organized and aligned in WT-SMCs. When compared with WT-SMCs, HIF2-SMCs not only ex-

press SMMHC at a higher level (Figures 4A and 4B) but also have an increased prevalence of F-actin stress

ll
OPEN ACCESS

4 iScience 24, 102246, April 23, 2021

iScience
Article



fibers, smooth muscle actin (SMA), and acetylated alpha-tubulin (Figures 4A–4D). Furthermore, EDN1

secretion levels were higher in HIF2-SMCs when compared with WT-SMCs and in F-HIF2-SMCs in compar-

ison to F-WT-SMCs (Figures 4E, 4F, and S6B). Of note, baseline EDN1 concentration was higher in SMCs

generated from the family member cell lines when compared with the non-familial cell lines (Figures

S4A, S5E, and S6B). Overall, we found qualitative and quantitative phenotypic differences of HIF2-SMCs

Figure 3. HIF2A-mutation-induced differences in vasoconstrictor and vasodilators in HIF2-ECs

(A) Representative western blot of HIF2A for HIF2-ECs and WT-ECs.

(B–E; G–I) qRT-PCR of HIF2-ECs. Data are presented as the fold-change difference in reference to WT-ECs. Expression

levels were normalized to endogenous control GAPDH expression level (N = 4).

(F) Representative IF images of eNOS stains of WT-ECs and HIF2-ECs (N = 4). Scale bars are 100 mm.

(J) Quantification of EDN1 level in WT-ECs and HIF2-ECs using ELISA (N = 3).

(K) Atomic force microscopy (AFM) analysis of WT-ECs (n = 52) and HIF2-ECs (n = 52) (N = 3). All data are represented as

mean G standard deviation. AFM data is also represented as individual cell measurements. Significance level is set at

***p < 0.001, **p < 0.01, and *p < 0.05 for a two-tailed t test.

See also Figures S3, S4, and S6.
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in both early and mature contractile forms. This suggests that the mutation may have a direct effect in both

the early stage and terminally differentiated SMCs.

Increased stiffness in HIF2-SMCs

Increased expression and accumulation of ECM proteins represent one of the main pathobiological as-

pects of PH (Tuder et al., 2007). We observed significant changes in elastic ECM expression for HIF2-

SMCs when compared with WT-SMCs. HIF2-SMCs consistently express higher transcript levels of the

elastic fiber components elastin (ELN) and fibrillin-1 (FBN1), as well as fibronectin (FN1), and lower expres-

sion levels of collagen (COL1A1 and COL3A1) than WT-SMCs (Figure 4G). A similar observation was made

A

B

C

G H I

D E F

Figure 4. HIF2-SMCs have abnormal phenotype and changes in ECM deposition compared with WT-SMCs

(A) Representative IF images of SM22a, SMMHC, phalloidin, and acetylated alpha-tubulin staining. White arrows: jagged

border; white arrowheads: dense actin fibers; white dotted lines: examples of isotropic fiber arrangement in WT-SMCs

and anisotropic fiber arrangement in HIF2-SMCs. Scale bars are 100 mm and 50 mm for acetylated alpha-tubulin.

(B) Representative western blots of acetylated alpha-tubulin, SMA, and SMMHC.

(C and D) Quantification of (C) F-Actin and (D) acetylated alpha-tubulin (N = 4).

(E) qRT-PCR of EDN1 and MYHCII.

(F) Quantification of EDN1 level in WT-SMCs and HIF2-SMCs using ELISA (N = 5).

(G) qRT-PCR of ECM genes. All qPCR data are presented as the fold-change difference in reference to WT-SMCs.

Expression levels were normalized to endogenous control of GAPDH expression level (N = 4)

(H) Percent contraction upon carbachol treatment (N = 3).

(I) AFM analysis of WT-SMCs (n = 41) and HIF2-SMCs (n = 31); F-WT-SMCs (n = 45) and F-HIF2-SMCs (n = 38) (N = 3). Data

are represented as mean G standard deviation. Data in H and I are also represented as individual cell measurements.

Significance level is set at ***p < 0.001, **p < 0.01, and *p < 0.05 for a two-tailed t test.

See also Figures S6–S8.
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in mSMLCs (Figure S5F). In correlation with the change in transcript level, ECM expression of elastin, fibril-

lin-1, and fibronectin are strongly increased in the SMLCs and SMCs derived from HIF2-hiPSCs when

compared with their WT counterparts (Figure S7). Contractility, in response to carbachol treatment, indi-

vidual cell stiffnesses measured via AFM were higher in HIF2-mutated SMCs when compared with SMCs

derived from WT (Figures 4H, 4I, and S8). Altogether, these observations suggest that the HIF2Amutation

in SMCs recapitulates the physiological and pathological observations made in vascular SMCs in PH-

related vascular stiffening (Lee et al., 1998).

EDN1 modulates HIF2-SMC stiffness

To determine whether the SMCphenotype is regulated through HIF2A activation of EDN1, we first knocked

down HIF2A using siRNA to examine if EDN1 levels would be reduced. Four days of post-siRNA treatment,

HIF2A and EDN1 transcripts were significantly reduced. EDN1 secretion also decreased by more than 2-

fold (Figures 5A, 5B, and S9A). We investigated whether these changes would affect cytoskeletal compo-

nents in knockdown-HIF2-SMCs, but no significant changes were observed in phalloidin and SMMHC

expression (Figure S9B). We specifically blocked EDN1 signaling through Bosentan, an antagonist of

EDN1 receptors A and B (ETA and ETB) (Bohm and Pernow, 2007), to investigate whether or not the

diseased phenotype of HIF2-SMCs could be diminished by reduction of EDN1 signaling and its down-

stream targets. Transcript levels of EDN1 were not affected, as Bosentan inhibits EDN1 binding rather

than synthesis. We observed a decrease in the APLN transcript, which may have been due to reduced

EDN1 signaling (Figure 5C). BothMYHCII and ELN transcripts were reduced post-Bosentan treatment (Fig-

ure 5C). EDN1 is known to regulate vascular tone via cytoskeleton components and secretion of ECMs. At

the microtubule level, we noticed that Bosentan-treated HIF2-SMCs had less acetylated alpha-tubulin (sta-

bilizedmicrotubules) in the cytoplasm (Figures 5D and 5E). ECM expression of both the DMSO- and Bosen-

tan-treated HIF2-SMCs was also studied and found to be reduced in treated HIF2-SMCs (Figure S10). After

6 days of 10 mMBosentan treatment, the stiffness of HIF2-SMCs was significantly reduced in comparison to

DMSO-treated controls, likely due to reduced expression of cytoskeletal components, as observed in Bo-

sentan-treated HIF2-SMCs, and further confirmed in HIF2A siRNA knockdown HIF2-SMCs (Figures 5F, 5G

and S11). In order to reduce the possibility of any non-specific effects of Bosentan, both HIF2- and WT-

SMCs were also treated with siRNA to knockdown ETA and ETB. To better model the effects of the drug,

a 2:1 ratio ETA to ETB siRNA was chosen. We found similar decreasing trends in transcript levels of

EDN1, APLN, and MYHCII but an increase in ELN (Figure 5H). This increase could be due to the ratio of

siRNA chosen. Altogether, our findings demonstrate that the HIF2A GOF mutation affects downstream

EDN1 secretion and signaling, which in turn increases cell stiffness via recruitment and regulation of cyto-

skeletal proteins.

Effects of HIF2A mutation on co-culture of hiPSC-ECs and SMCs

After characterizing the HIF2-ECs and HIF2-SMCs individually, we sought to investigate interactions be-

tween the mutated cell types through various co-culture model combinations. Because ECs and SMCs

constantly interact and regulate vasodilation and vasoconstriction in maintaining vascular homeostasis

(Mas, 2009; Sandoo et al., 2010), we wanted to examine whether an additive effect of the mutation was

observed in HIF2-SMCs by the HIF2-EC-SMC co-cultures. For these experiments, theWT-SMC-only culture

was designated as the experimental control (Figure S12A). WhenWT-SMCs were co-cultured withWT-ECs,

there was a slight decrease in the level of EDN1 inWT-SMCs compared with WT-SMCs cultured alone, sug-

gesting a regulatory effect for the ECs. This same regulatory effect was observed in HIF2-SMCs co-cultured

with WT-ECs, in which the EDN1 expression was decreased by 25 percent when compared with HIF2-SMCs

cultured alone. In co-cultures with HIF2-ECs, EDN1 in HIF2-SMCs increased by 25%, correlating to the

imbalanced levels of vasodilators and vasoconstrictors characteristic of dysfunctional vessels (Figure S12B).

We then examined secreted EDN1 concentrations. We compared the secreted EDN1 concentration of co-

culture combinations of WT-SMCs or HIF2-SMCs. We found that WT-SMCs cultured with either WT-ECs or

HIF2-ECs secreted EDN1 at similar concentrations (Figure S12C). The same observations were made for

HIF2-SMCs cultured with WT-ECs or HIF2-ECs. These results suggest that SMCs play a regulatory role in

EDN1 availability in which the HIF2A mutation is responsible for increased EDN1 expression and secretion

as shown with the higher secreted EDN-1 levels in both HIF2-SMCs + HIF2-ECs and HIF2-SMCs + WT-ECs

co-culture combinations. Overall, the co-culture system conveys a unique perspective in that EDN1 secre-

tion is regulated predominantly by the condition of the SMCs, and co-culturing with healthy ECs is not suf-

ficient for mitigating the effects of the HIF2A mutation.
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HIF2A GOF mutation causes pulmonary hypertension in mice

Because HIF2A mutation affects hiPSC-derived SMC properties, we furthered our investigation to hetero-

zygous Hif2a G536W knock-in mice (Hif2a) and compared them with their WT counterparts (Tan et al.,

2013). First, we determined whether HIF2A GOF mutation causes pulmonary hypertension in young

mice (Figure 6A). We evaluated right heart function using cardiac catherization to obtain pressure-volume

(PV) loops (Figures 6A and 6B). Heart rates were similar across both cohorts. Significant increases in right

ventricular pressures (RVPmax, RVPes, SBP, Pas, Pad) were noted in the young HIF2A GOF mutant mice and

confirmed pulmonary hypertension. An increase in contractility (dP/dtmax, PRSW) and relaxation (dP/dtmin)

also demonstrated an apparent impairment in right heart function.

A

D

G

E F

B C

H

Figure 5. Upregulated EDN1 modulates HIF2-SMC stiffness

(A) Level of HIF2A and EDN1 transcripts after siRNA knockdown of HIF2A (N = 3).

(B) EDN1 secretion in control and HIF2A siRNA knockdown HIF2-SMCs (N = 5).

(C) qRT-PCR of EDN1, APLN, MYHCII, and ELN transcripts in DMSO control and Bosentan-treated HIF2-SMCs (N = 3).

(D) Representative IF images of cytoskeletal protein expression of DMSO control and Bosentan-treated HIF2-SMCs. Scale

bar is 50 mm.

(E) Corrected fluorescence intensity of acetylated alpha-tubulin stain in DMSO-treated HIF2-SMC control and Bosentan-

treated HIF2-SMC (N = 4).

(F) AFM analysis of DMSO and Bosentan-treated HIF2-SMCs (n = 83 and n = 76, respectively; N = 3).

(G) Representative western blot of acetylated alpha-tubulin and SMA post HIF2A siRNA treatment on HIF2-SMCs.

(H) qRT-PCR of EDN1, APLN, MYHCII, and ELN expression in HIF2-SMCs after siRNA knockdown of ETA and ETB (N = 3).

All data are represented as mean G standard deviation. Data in F are also represented as individual cell measurements.

Significance level is set at ***p < 0.001, **p < 0.01, and *p < 0.05 for a two-tailed t test.

See also Figures S9 and S10.
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We next sought to examine whether these mice had any alteration in the function of the main pulmonary

(mPA), SMCs, and vascular mechanics. Similarly to iPSC-derived HIF2-mutated SMCs, SMCs isolated from

the pulmonary arteries of Hif2amice exhibited jagged borders and excessive amounts of disordered actin

stress fibers (Figure 6C). They were also significantly stiffer than their WT counterparts when measured via

AFM (Figure 6D). As it was vital to obtain functional in vivo artery assessment, we next examined the

response of the mPA under tensile stress. We focused on the mPA response to stress and found that the

Hif2a mice have pulmonary arteries that are significantly more deformable when compared with WT

mice, suggesting their compromised ability to adequately respond to repetitive physiological stress

(Figure 6E).

Next, we attempted to determine the mechanism responsible for the differences in tissue-level and

cellular-level mechanical properties (Figure S13). We assessed whether the mRNA expression levels of ma-

jor ECM components—ELN, collagen 1 (Col1a1), collagen 3 (Col3a1), Fbn1, fibulin4 (Fbln4), and fibulin5

(Fbln5)—and cytoskeletal motor protein MYHCII differed between the lungs of Hif2a mice and their

wild-type counterparts (Figure S13A). We found no statistically significant differences. Then we examined

mRNA expression levels of major remodeling enzymes—metalloproteases-2, -9, and -14 (MMP2, -9, -14)—

and found no difference between the two groups (Figure S13B). However, we discovered significant differ-

ences in the endogenous ratio of ELN with respect to Col3a1 (ELN/Col3a1) and in the endogenous ratio of

Col1a1 with respect to Col3a1 (Col1a1/Col3a1), with theHif2a lungs having higher ratios in both cases (Fig-

ure S13C). To assess whether these differences in endogenous ratios—ELN/Col3a1 and Col1a1/Col3a1—

translated to the tissue-level scale, we performed histological staining and quantification on mPAs and

lung sections. We completed hematoxylin & eosin (H&E), Masson’s trichrome stain (MAS), and Verhoeff–

Van Giesson (VVG) staining and quantified the medial layer of the vessels for % collagen, % elastin, % total

ECM, collagen/elastin ratio, and total area for both mPA and lungs, all of which showed no statistically sig-

nificant differences (Figures S13D and S13E). However, higher magnification examination of the VVG

A B

C D E

Figure 6. Pulmonary arterial vessels and SMCs in HIF2aG536W/+ mice

(A and B) (A) Average PV loops for a representative HIF2aG536W/+ mouse compared with a C57/BL6 control. (B) A

comparison of HIF2aG536W/+ mice (blue) and their WT counterparts (red), N = 3, confirms pulmonary hypertension. The

right column shows the results of a student’s t test.

(C) IF images of SMMHC, phalloidin, and aSMA staining. Scale bars are 100 mm.

(D) AFM analysis of SMCs isolated from pulmonary arteries of HIF2aG536W/+mice compared with C57/BL6 controls (n = 66;

N = 3, and n = 68; N = 3, respectively—each N is a pool from 2 animals). Data is represented as mean G standard

deviation and as individual cell measurements.

(E) Circumferential tensile testing of the mPA from HIF2aG536W/+ (N = 6) and C57/BL6 age-matched control mice (N = 6).

The solid line represents the mean, and the dotted line represents standard deviation. Significance level is set at

***p < 0.001 for a two-tailed t test.
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staining indicated that elastin banding in the Hif2a exhibited a much more heterogeneous morphology

(Figures S13Fi–S13Fiii). Although the visual heterogeneity of the elastin bands for Hif2amice was apparent

(Figures S13Fii and S13Fiii), further quantification of the number of elastin breaks, elastin branch points, to-

tal lamellae, lamellar thickness, and interlamellar distance did not identify a singular tissue-level elastin

parameter that clearly differed between the Hif2a mice and their wild-type counterparts (Figures S13Fiv–

S13Fviii).

DISCUSSION

Studies using mice and in vitro EC cultures have demonstrated that HIF-2a, not HIF-1a, is the key transcrip-

tion factor responsible for the pathogenesis of PH (Kapitsinou et al., 2016b; Dai et al., 2016). Upon success-

ful differentiation of HIF2-ECs, we examined these cells for mature marker expression, performed func-

tional analyses, and investigated levels of vasoactive components. Although morphologically and

functionally HIF2-ECs were not as significantly different when compared with WT-ECs, HIF2-ECs were

found to be stiffer when measured via AFM. We observed a slight increase at the EDN1 transcript level,

which did not result in significant differences in the EDN1 secretion levels. A plausible explanation is

that the accumulation of HIF-2a under normoxic conditions is not significant enough to exert an effect

on the ECs. We observed variability in the expression of KDR, CD31, NOS3, APLN, and APLNR across

our HIF2-EC lines. One potential cause for the EC-heterogeneity is the difference between macrovascular

and microvascular ECs. Perhaps ECs of the larger arterial and venous origins are more sensitive to slight

changes in HIF-2a levels due to the direct effect of vascular stiffening on these structures, unlike microvas-

cular ECs that are affected at later stages of the disease and are more similar to HIF2-ECs. Another cause

may be the differing environmental factors in the lives of the donors.

We then analyzed another critical component of the macrovasculature, the SMCs. We successfully differ-

entiated patient-specific HIF2-iPSCs into mSMLCs and contractile SMCs. In the early stages of SMC differ-

entiation, we were able to detect a noticeable difference between WT and HIF2-mSMLCs in terms of cell

size and morphology. This was demonstrated by the presence of dense actin fibers and an irregular rhom-

boid shape, rather than the typical spindle-like appearance (Rensen et al., 2007). In addition, we observed a

significant increase in EDN1 transcript and EDN1 secretion, as well as MYHCII expression. Differences in

cell morphology during differentiation and further analysis suggests that the HIF2A mutation results in

different phenotypes in HIF2-SMCs both early on in development and at the end of differentiation. This

may be due to HIF2A accumulation causing a more stressful environment for SMCs during differentiation,

leading to changes in phenotype. These findings further highlight the use of iPSCs as a powerful tool in

disease modeling and translational medical research (Soldner and Jaenisch, 2012) and as a platform to

monitor the impact of the EPAS1 GOF mutations during SMC development (Dash et al., 2015; Soldner

and Jaenisch, 2012).

On the molecular level, it is evident that the HIF2A GOF mutations lead to higher expression of the

potent vasoconstrictor, EDN1, as well as the cytoskeletal motor protein, MYHCII, which could further

contribute to the intrinsic stiffness via interactions with F-actin. Another notable finding in our study is

that HIF2 SMCs secreted higher levels of EDN1 when compared with WT SMCs. However, SMCs (and

ECs) generated from two independent sets of hiPSC lines demonstrated different baseline secretions

of EDN1 (an average of 2 pg/mL for WT-SMCs in comparison to 15 pg/mL for F-WT-SMCs). This could

be due to either patient-to-patient variability or a discrepancy caused by different hiPSC reprogramming

methods. Despite the differences in baseline levels, significantly higher amounts of secreted EDN1 were

found across the board in HIF2-SMCs when compared with WT-SMCs. Altogether, these results demon-

strated that the diseased SMC phenotype potentially contributes to vascular stiffening, independent of

endothelial dysfunction.

However, on the extracellular level, we found increased expression of ECM proteins including elastin, fibril-

lin-1, and fibronectin in these diseased SMCs, while observing lower transcript levels of COLI and COLIII

(Rensen et al., 2007). HIF2-SMCs were found to be much stiffer when measured by AFM. In HIF2-SMCs

cultured in vitro, stiffness is most likely an effect of the cytoskeletal changes. Individually assessing the

SMCs in vitro allowed us to demonstrate that the HIF2A GOF mutation can induce changes in SMC to

the stiffness independent of endothelial dysfunction (Sehgel et al., 2013). We propose that the increase

in stiffness could be due to an increase of F-actin polymerization and increased actin-myosin interaction

induced by high levels of EDN1 (Xiang et al., 2010). A plausible mechanism may be that high levels of
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EDN1 binding to the ETA receptor leads to increased actin and myosin formation and interactions, thus

generating increased cytoskeletal tension.

Although we have investigated the effects of the HIF2A mutation in ECs and SMCs respectively, the inter-

action between ECs and SMCs, as in blood vessels, is critical for maintaining proper function via paracrine

signaling between the endothelium and the mural cells. By co-culturing these two cell types, a more

comprehensive understanding of the effects of HIF2A mutation in vascular stiffening can be elucidated.

We created four different co-culture combinations to examine if there was any compensation on the vaso-

dilator-vasoconstrictor levels in the SMCs in the presence of WT-ECs or an even greater imbalance when

cultured with HIF2-ECs. Our findings show that when HIF2-SMCs were co-cultured with WT-ECs, a reduc-

tion of EDN1 transcript level occurred. This could be a compensative effect exerted from the WT-ECs that

increases vasodilator expression in the co-culture environment. On the other hand, when HIF2-ECs were

co-cultured with HIF2-SMCs, we noticed an increase in EDN1 expression, mimicking the effect of vascular

stiffening. When WT-SMCs were cultured with HIF2-ECs, no significant difference was found in the expres-

sion level of EDN1.WhenWT-ECs or HIF2-ECs were cultured alone, their respective EDN1 secretion level is

comparable to each other and in general is 100-fold higher than the EDN1 secretion level of their SMC-

counterpart that are cultured alone. Upon co-culturing with SMCs, the level of EDN1 secretion is signifi-

cantly lowered in all co-culture combinations. An interesting perspective is that SMCs play a crucial role

in determining the EDN1 secretion, as our observations indicate that the SMC source (either WT or

HIF2), but not the EC source, dictates secreted EDN1 levels, in that co-culture combinations including

HIF2-SMCs always secrete higher concentration of EDN1 when compared with co-culture combinations

with WT-SMCs. Altogether, our findings suggest that HIF2A mutation affects SMC functionality and inter-

actions. Although considerations must be made in the co-culture model for factors such as absence of

growth factors and low serum content in the co-culture medium, we have successfully detected changes

in the vasoconstrictor and vasodilator transcript levels, suggesting a new role for SMCs in blood vessels.

Thus, our results establish and validate the use of this co-culture model from future studies analyzing inter-

action between ECs and SMCs in different disease backgrounds.

Both HIF2AGOF-mutated patients and Hif2a knock-in mice develop vascular complications later in life. As

an attempt to isolate the effect of HIF2A mutation in regulating SMC stiffness, we assessed HIF2A siRNA

knockdown, Bosentan treatment, and ETA/ETB siRNA knockdown. Although various studies have shown a

relationship between HIF1A and EDN1 (Chester and Yacoub, 2014; Pisarcik et al., 2013), determining the

functional interactions between HIF2A and EDN1 is crucial for the pathogenesis of vascular stiffening in

PH, which was induced by the accumulation of HIF2A (Kapitsinou et al., 2016a). Through HIF2A siRNA

knockdown studies we found an unequivocal reduction in the gene expression of EDN1, demonstrating

that EDN1 activation is dependent upon HIF2A. HIF2A siRNA knockdown also reduced the expression

of cytoskeletal proteins including acetylated alpha-tubulin and SMA, shown via immunoblots. Although

it is known that the HIFs regulate vascular remodeling, through our work, it is evident that HIF2A stabiliza-

tion is also responsible for the activation of vasoactive substances that contribute to the onset of vascular

stiffening. Cell treatment with the EDN1 receptor antagonist Bosentan was performed to test the immedi-

ate downstream effects of EDN1. It was apparent that Bosentan treatment significantly reduced the stiff-

ness of HIF2-SMCs, as shown by the reduced overall expression of cytoskeletal proteins associated with

stiffness and AFM measurements. The results demonstrated by siRNA and drug treatment clearly show

that activation of EDN1 is dependent upon HIF2A induction, which then leads to the most notable charac-

teristics of vascular stiffening in PH such as increased cellular stiffness through increased cytoskeletal ten-

sion. Our data pertaining to the stiffening of SMCs in the diseased state is further validated by the

increased expression of cytoskeleton proteins and ECM deposition (Thomas et al., 2013; Lee et al.,

1998). As many drugs may have non-specific effects, ETA/ETB siRNA knockdown experiments were per-

formed to mimic the desired effects of Bosentan. As Bosentan is primarily a receptor antagonist of ETA,

a 2:1 ratio of ETA:ETB was chosen. ETB siRNA was still used, as it has been shown that Bosentan binds to

the receptor but with decreased efficiency. Despite following similar trends for EDN1, APLN, andMYHCII,

the significant increase in ELN expression could be a result of increased ETB binding in comparison to that

found in Bosentan, leading to vasodilation and anti-proliferation (Schneider et al., 2007). ELN is known to

be involved in these processes (Faury et al., 1997; Wagenseil and Mecham, 2012). Overall, similar trends

were observed with the siRNA treatments, reducing the possibility of our results being caused by non-spe-

cific effects of Bosentan and supporting HIF2A GOF mutations increasing SMC stiffness via the EDN1

pathway.
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To further assess the impact of the HIF2A GOF mutations at the cellular level, we used HIF2A GOF mice,

which have been shown to develop erythrocytosis, pulmonary hypertension, and increased right ventricular

heart thickness. In our studies, we focused on young Hif2amice to examine whether we could detect early

onset of vascular complications. Indeed, 8- to 16-week-oldmice had early signs of pulmonary hypertension.

Isolated SMCs from the mPA of Hif2a mice were stiffer than SMCs isolated from mPA of their WT counter-

parts. Hif2a heterozygous mouse SMCs also exhibited more disorganized stress fibers than their WT coun-

terparts. To determine if the effects wrought byHIF2AGOFmutations at the cellular level translate to in vivo

vascular mechanical deficits, we examined vascular segments from Hif2A heterozygous mice. Our studies

showed more mPA deformation in the Hif2a heterozygous mice when compared with WT mice. Closer ex-

amination of the Hif2a heterozygous mPA’s indicated that there were no tissue-level differences evident

from histology but Hif2a heterozygous vasculature did contain higher ELN/Col3a1 and Col1a1/Col3a1 ra-

tios overall, suggesting cellular-level differences in ECM product ratios. Together, these findings suggest

that SMC stiffening and dysfunction precede any changes to the overall mPA tissue structure in the HIF2a

GOF mice.

In future studies, we will evaluate how aging further exacerbates pulmonary hypertension and drives aber-

rant mechanics of the PA via ECM deposition and remodeling, which can contribute to right heart failure.

Although our study shows an overall increase in SMCs stiffness, future studies should look into investigating

the upstream regulators of SMC stiffness on the intracellular and extracellular levels.

In summary, our study demonstrates a unique perspective that a HIF2AGOF mutation alone is sufficient to

induce diseased phenotypes of SMCs. An overall increase in SMC stiffness is mainly contributed by

increased F-actin stress fibers, SMMHC, and increased acetylated alpha-tubulin in HIF2-SMCs when

compared with WT-SMCs. Evidence from our study indicates that increased stiffness is strongly correlated

to the increase in EDN1 concentration, which is upregulated when HIF2A is stabilized in SMCs. In in vivo

studies, Hif2A GOF heterozygous mice show onset of pulmonary hypertension, aberrant SMCs, and

vascular mechanics compared with wild-type mice, pointing to the role that SMCs play in vascular

homeostasis.

Limitations of the study

These studies clearly show that HIF2A GOFmutations lead to increased EDN1 secretion and signaling, and

that increased EDN1 secretion leads to increased F-actin stress fibers and increased stiffness in SMCs.

However, additional studies are needed to determine a singular molecular mechanism for how HIF2A

GOF mutations lead to increased EDN1 levels. Our in vivo studies indicate Hif2a heterozygous mice

have differences in mRNA levels for common ECM components and exhibit pulmonary hypertension.

Nonetheless, additional studies must be performed to determine how Hif2a heterozygous mice have

higher endogenous ratios of ELN/COL3a1 and Col1a1/Col3a1 but no similar measurable differences on

the histological scale. Furthermore, additional studies are needed to stablish causality between different

levels of ELN, Col1a1, and Col3a1 and pulmonary hypertension.
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Supplemental Figures

 

Figure S1. Generation of UT2HIF2α iPSC from patient with erythrocytosis, Related to 
Figure 1 

 (A) UT2HIF2α iPSC has a heterozygous single mutation of G537R (G-->A) on exon 12 of HIF2A 
gene. (B) Normal karyotype of UT2HIF2α iPSC. (C) Detection of AP activity and 
Immunofluorescence staining of pluripotency markers: OCT4, SSEA4, NANOG and TRA1-60. (D) 
Spontaneous differentiation of UT2HIF2α cells into different germ layer. Hematoxylin and Eosin 
staining of teratoma sections shows neuronal rosette, cartilage and gut-like epithelium. Scale bars 
are 50μm. 

 



 
Figure S2. Generation of F-HIF2- and F-WT hiPSC lines, Related to Figure 1 (A) Pluripotent 
assay: IF of pluripotent markers: Oct4, Sox2, Nanog, Tra-1-60 and SSEA4. (B) Tri-lineage 
differentiation assay: IF of three germ layers markers. All scale bars at 200μm.  



 

Figure S3. Early vascular cells (EVC) differentiation of HIF2-hiPSCs, Related to Figure 3 (A) 
EVC differentiation scheme. (B) LM image of HIF2-EVCs in the end of the differentiation. Scale 
bar is 100μm. (C) IF image of day 8 HIF2-EVCs. VEcad (red), PDGFRB (green), DAPI (blue). 
Scale bar is 20μm. Flow cytometry of vascular marker expression of (D) WT-EVCs vs. HIF2-EVCs 
and (E) F-WT-EVCs vs F-F-HIF2-EVCs and (F) F-WT-EVCs vs F-M-HIF2-EVCs on day 6 of EVC 
differentiation. (F) HIF2-EVCs self-assembled to form network when embedded in collagen I 



hydrogel. Data is represented as mean +/- standard deviation. Significance level is set at *p<0.05 
for a two-tailed t-test. Scale bar is 100μm. 

 

 
Figure S4. Expression of vasodilators and vasoconstrictors in F HIF2 ECs, Related to 
Figure 3. (A) qPCR of F-F-HIF2-ECs and quantification of EDN1 level in F-WT-ECs and F-F-



HIF2-ECs using ELISA (n=3). The data are presented as fold-change difference in reference to 
F-WT-ECs. Expression levels were normalized to internal control GAPDH expression level (n=3). 
Significance level is set at *p<0.05. (B) qPCR of F-M-HIF2-ECs. The data are presented as fold-
change difference in reference to F-WT-ECs. Expression levels were normalized to internal 
control GAPDH expression level (n=3). All data is represented as mean +/- standard deviation. 
Significance level is set at *p<0.05 for a two-tailed t-test.  

 

 

Figure S5. HIF2-mSMLCs have abnormal phenotype and changes in ECM deposition, 
Related to Figure 4 (A) IF images of SM22a, SMMHC and phalloidin staining. White arrows: 
jagged borders; white arrowheads: dense actin fibers. (B) Quantification of F-actin and (C) cell 
area (n=3). (D) qRT-PCR of EDN1 and MYHC11,  (E) EDN1 secretion in WT and HIF2-mSMLCs 
(n=5), and (F) ECM gene expression. Data are presented as the fold-change difference in 
reference to WT-mSMLCs. Expression levels were normalized to internal control GAPDH 
expression level (n=3). All data is represented as mean +/- standard deviation. Data in C is 
additionally represented as individual cell measurements. Significance level is set at ***p<0.001, 
**p<0.01 and  *p<0.05 for a two-tailed t-test. Scale bars are 100μm. 

 

  



 

Figure S6. F-HIF2-SMCs have abnormal phenotypes when compared to F-WT-SMCs, 
Related to Figure 4 (A) IF images of SM22a, SMMHC, phalloidin and acetylated alpha-tubulin 
staining. White dotted lines: examples of isotropic fiber arrangement in F-WT-SMCs and 
anisotropic fiber arrangement in F-HIF2-SMCs. Scale bars are 50μm. (B) Quantification of EDN1 
level in F-WT-SMCs and F-HIF2-SMCs using ELISA (n=3). All data is represented as mean +/- 
standard deviation. Significance level is set at *p<0.05 for a two-tailed t-test.  

 

 



 

Figure S7. HIF2-mSMLCs and HIF2-SMCs have different ECM deposition in comparison to 
WT-mSMLCs and WT-SMCs, Related to Figure 4 (A) Representative IF images of ECM 
deposition in HIF2-mSMLCs in comparison to WT control (n=4). (B) Representative IF images of 
ECM deposition in HIF2-SMCs in comparison to WT control (n=4). Scale bars are 100μm. 



 

Figure S8. Carbochol treatment to measure contractility of WT and HIF-SMCs, Related to 
Figure 4 (A) Calcein-AM staining to visualize the cytoplasm. The first and last images of the time-
lapse were taken. (B) Exported images in Adobe Photoshop CS6 where the green channel of the 
images were isolated, a threshold for signal detection was established and the area was 
calculated. 

 

Figure S9. HIF2A knockdown in HIF2-SMCs, Related to Figure 5 (A) Level of secreted EDN1 
protein in HIF2-SMCs treated with scramble control and HIF2A siRNA (n=5). Significance 
level is set at *p<0.05. (B) Representative IF images of cytoskeletal protein expression of 



control and HIF2α siRNA-treated HIF2-SMCs. Scale bars are 100μm. All data is represented 
as mean +/- standard deviation. Significance level is set at *p<0.05 for a two-tailed t-test.  

 

 

 

Figure S10. ECM deposition of HIF2-SMCs control and Bosentan treatment, Related to 
Figure 5 Representative IF images of ECM deposition in HIF2-SMCs treated with Bosentan 
in comparison to DMSO control. Scale bars are 100μm. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S11. AFM analysis of DMSO control and Bosentan-treated HIF2-SMCs, Related to 
Figure 5 (A) Representative topography images of DMSO control (left) and Bosentan-treated 
(right) HIF2-SMCs generated from BioScope Catalyst. (B) Representative force measurement 
points (4-6 points per cell) chosen for each cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S12. HIF2 co-culture models of ECs and SMCs, Related to Figure 5 (A) Diagram of 
different combinations of WT or HIF-ECs and WT or HIF-SMCs. (B) qRT-PCR data of EDN1 in 
different combinations of SMC co-cultured with ECs. (n=2). (C) Relative EDN1 secretion level 
normalized to WT-SMC+WT-EC co culture (n=2). All data is represented as mean +/- standard 
deviation. Significance level is set at ***p<0.001 for a two-tailed t-test.  

 

 

 

 

 

 

 

 

 



 
 

Figure S13. Potential upstream causes for HIF2A GOF main pulmonary artery 
deformability, Related to Figure 6 (A) qRT-PCR of relative expression of ELN, MHC, Col1a1, 



Col3a1, Fbn1, Fbln4, and Fbln5 transcripts in WT and HIF2a5336W/+ mice (N=3-5). (B) qRT-PCR 
of relative expression of MMP2, MMP9, and MMP14 transcripts in WT and HIF2a5336W/+ mouse 
lungs (N=2). (C) Endogenous mRNA level Ratios for ELN/COL3a1 and Col1a1/Col3a1 in WT and 
HIF2a5336W/+ mouse lungs (N=4-5). (D) Representative 40x histology images of Hematoxylin & 
Eosin, Masson’s Trichrome, and Verhoeff- Van Gieson stained WT and HIF2a5336W/+ mouse main 
pulmonary arteries and lung vasculature. Scale bar is 200 µm. (E) Quantification of histological 
images of % Collagen (i), % Elastin (ii), % ECM (iii) and Collagen/Elastin ratio (iv) for the medial 
vessel layer and medial layer cross-sectional vessel area (v) (N=2-3). (F) Representative 100x 
histology images of Verhoeff-Van Gieson stained WT (i) and HIF2a5336W/+(ii,iii) mouse main 
pulmonary arteries. Subsequent quantification of number of elastin breaks (iv), branch points (v), 
and lamellae (vi) per image (N=2-3). Scale bar is 50 µm. Quantification of lamellar thickness (vii) 
and interlamellar distance (viii) for individual animals (n=20 images/animal). All data is 
represented as mean +/- standard deviation. Significance level is set at ***p<0.001, **p<0.01 and  
*p<0.05 for a two-tailed t-test.  

Transparent Methods section 
 
hiPSC derivation and expansion  
With an IRB approved informed consent, mononuclear cells (MNCs) from the peripheral blood of 
a female patient (labeled as an anonymous donor; UT002) were obtained after phlebotomy 
treatment at the University of Utah Hospital. It was determined that the patient had an EPAS1 
G537R heterozygous germline mutation, and we obtained consent for using the otherwise 
discarded blood cells for research. The Cheng lab obtained the MNCs of this anonymous donor 
(UT002) in 2010 and conducted hiPSC derivation at the Johns Hopkins Medical School. The 
CD34+ MNCs were cultured and reprogrammed to hiPSCs by transient plasmid expression 
according to the previously published protocol. (Chou et al., 2011) A fully characterized and 
validated clone, named HIFA-hiPSC, was used in functional studies described below. A wild-type 
control hiPSC line, BC1, which was also derived from CD34+ MNCs of a normal donor by the 
iPSC derivation method, as described previously, was used as an experimental control. (Chou et 
al., 2011) Another set of CD34+ MNCs were isolated from the healthy mother and her children 
who have the EPAS1 M535V mutation in a five-generation pedigree family (Dr. Prchal, University 
of Utah Hospital). The CD34+ MNCs were expanded and reprogrammed to hiPSCs using 
CytoTune-iPS Sendai Reprogramming (Thermofisher, reprogramming carried out by personnel 
at Cellular Translational Research Core, University of Utah School of Medicine) (CTRC). 
Characterization of the newly reprogrammed hiPSCs includes 1. G-banding karyotyping at Johns 
Hopkins Oncology Core; molecular karyotyping using nanostring technologies, at CTRC; 2. 
Pluripotency markers; and 3. Differentiation potential using embryoid body and teratoma assays 
(JHU) and STEMdiff Trilineage differentiation assay (Stem Cell Technologies; at CTRC). All 
hiPSC lines were cultured and maintained with Stemflex medium (Gibco) at passages younger 
than passage 15 and with E8 medium after passage 20 (Gibco) on vitronectin.(Chen et al., 2011) 
hiPSCs were collected through digestion with ethylenediaminetetraacetic acid (EDTA; Promega, 
Madison, WI) and plated at a concentration of 3x104 cells/cm2 with the addition of 10μM ROCK 
inhibitor, Y27632.  
 
EC differentiation from hiPSCs 
To initiate mesodermal induction, Essential 6 medium (Gibco) supplemented with 6 μM CHIR-
99021 (STEMCELL Technologies) was added to one well of hiPSCs at 70% confluence. (Lian et 
al., 2014) In early vascular differentiation, cells were plated onto collagen IV (Corning) coated 
plates at 2x104 cells/cm2 with ROCK inhibitor and cultured in endothelial cell growth medium 
(Promocell) supplemented with 50 ng/mL VEGF (R&D) and SB-431542 (Sigma-Aldrich, St. Louis, 
MO), hereafter called high VEGF media. (Kusuma et al., 2015, Kusuma et al., 2013, Kusuma et 



al., 2017, Chan et al., 2015) Early ECs (day 8) were magnetically sorted using VEcad-PE (BD 
Biosciences) and the MACS sorting system (Miltenyi Biotech) according to the manufacturer’s 
instructions. Sorted ECs were cultured and matured on collagen IV coated plates in high VEGF 
media. 
 
Vascular SMC differentiation from hiPSCs 
We followed an established protocol for the derivation of contractile SMCs.(Wanjare et al., 2013a, 
Wanjare et al., 2013b, Wanjare et al., 2014, Eoh et al., 2017) Briefly, hiPSCs were collected 
through digestion with TrypLE (Invitrogen), and a 40μm mesh strainer (BD Biosciences, San Jose, 
CA, USA) was used to separate the cells into individual cell suspensions. hiPSCs were seeded 
at a concentration of 5 × 104 cells/cm2 onto plates previously coated with collagen IV (Corning). 
The hiPSCs were cultured for six days in a differentiation medium composed of alpha-MEM 
(Invitrogen), 10% FBS (Hyclone), and 0.1 mM β-mercaptoethanol (Invitrogen), with the media 
changed daily. On day 6, differentiated mesodermal cells were collected and seeded at a 
concentration of 1.25 × 104 cells/cm2 in differentiation medium with the addition of 10 ng/mL 
PDGF-BB (R&D Systems) and 1 ng/mL TGFβ1 (R&D Systems) for 6 additional days (a total of 
12 days), with media changed every other day. hiPSC-differentiated SMLCs were then collected 
and subcultured for 6 days towards mSMLCs, which were and subsequently subcultured and 
reseeded every 6 days (for a total of 30 days) at a 1:1 split ratio in TGFβ1 supplemented alpha-
mem media (Invitrogen) with 0.5%-5% FBS (Hyclone) 
 
Co-cultures 
Different combinations of WT/HIF2 ECs and SMCs were co-cultured using 12mm Transwell®  
with 0.4µm Pore Polyester Membrane Insert (Corning). Briefly, SMCs were seeded in 12-well 
wells (22.1mm) at a concentration of 1.25x104/cm2 and ECs were seeded in transwells at a 
concentration of 1.50 x 104/cm2 and cultured separately in their respective complete media for 48 
hours until confluency. Then, transwells seeded with ECs were moved on top of the SMCs seeded 
on 12-well wells, and cultured in DMEM+3% FBS for 36 hours. Afterward, cells were collected for 
RNA. This created a co-culture model in which the ECs and SMCs shared the same conditioned 
media with each other.(Fillinger et al., 1997)  
 
Flow cytometry 
Both EC and SMC differentiation were verified using flow cytometry. (Kusuma et al., 2013, Chan 
et al., 2015) Cells from differentiation were dissociated using TrypLE (Invitrogen). After collection, 
cells were incubated in the refrigerator for 30 minutes with either FITC- or PE-conjugated antigen-
specific antibodies (BD Biosciences; See Supplementary Table 1), in 100 µl (per 2.0 x 106 cells) 
of 0.1% bovine serum albumin (BSA; Sigma). After staining, cells were washed three times with 
0.1% BSA and passed through a 40 µm strainer (BD) to obtain a single-cell suspension. All 
analysis was performed with the corresponding isotype as “no stain” controls. Forward-side 
scatter plots were used to exclude dead cells. User guide instructions were followed to complete 
the flow cytometry analysis via CellQuest Pro software (BD Biosciences). 
 
2D immunofluorescent imaging  
Cells were fixed using 3.7% formaldehyde for 5 min at room temperature and washed three times 
using PBS. The fixed cells were permeabilized in 0.1% Triton-X 100 for 20 min and incubated 
with 1% BSA blocking solution at room temperature for 30 minutes. (Kusuma et al., 2013, Chan 
et al., 2015) Samples were incubated with either the antigen-specific primary antibodies for the 
markers outlined in the text, followed by an appropriate secondary antibodies (Supplementary 
Table 1), or with phalloidin (1:1000; Molecular Probes) and DAPI (1:10,000; Molecular Probes). 
Both primary and secondary antibodies were diluted in antibody diluent (DAKO). The 
immunoconjugated cells were examined using a fluorescent microscope (Zeiss) and imaged 



using a confocal microscope (Zeiss LSM 780). 
 
Quantitative reverse transcriptase PCR 
Total RNA was isolated from cells using TRIzol (Invitrogen) according to the manufacturer’s 
instructions.(Kusuma et al., 2014) Extracted total RNA was quantified using an ultraviolet 
spectrophotometer and validated for having no DNA contamination. RNA was transcribed using 
reverse transcriptase M-MLV and oligo(dT) primers (both Promega, Madison, WI). The TaqMan 
PCR step was performed using TaqMan Universal PCR MasterMix and Gene Expression Assay 
(Applied Biosystems, Foster City, CA) for genes outlined in the text. The PCR step was performed 
with a StepOne Real-Time PCR system (Applied Biosystems) according to the manufacturer’s 
instructions. The relative expressions of these genes were normalized to the GAPDH amount in 
the same sample by using the manufacturer’s ΔΔCTmethod. For each primer set, the comparative 
method was used to calculate the amplification differences between different samples. 
Significance was calculated using unpaired t-test of GraphPad Prism software. Data are 
represented as mean of 3 to 5 independent experiments ± standard deviation (SD). ***=p<0.001, 
**=p<0.01 and *=p<0.05. 
 
Western blot 
Cell lysates were prepared in RIPA buffer (ThermoFisher Scientific) with 1× Protease and 
Phosphatase Inhibitor Cocktail (ThermoFisher Scientific, MA). Protein isolated from cell lysates 
was quantified with the BCA assay (ThermoFisher Scientific) and boiled at 95 °C for 5 min in 
sample buffer and reducing agent. Protein (40μg per well) was loaded into a 4-12% Bis-Tris 
Protein Gel (ThermoFisher Scientific). Proteins were transferred to nitrocellulose membranes via 
dry transfer using iBlot2 (ThermoFisher Scientific), blocked in 3 % nonfat milk for 1 h, and 
incubated overnight at 4 °C (under constant shaking) with respective primary antibody 
(Supplementary Table 1). Membranes were washed 6 times in Tris-buffered saline containing 
0.1% Tween 20 (TBST) for 15 min each and incubated with secondary antibody and anti-GAPDH 
endogenous control (Supplementary Table 1). Membranes were washed three times in TBST, 
developed with enhanced chemiluminescence (Pierce) and visualized using the ChemiDoc XRS+ 
System (Bio-Rad).  
 
F-actin fiber analysis (ImageJ) 
Grayscale images of WT- or HIF2-SMC phalloidin staining were used in the ImageJ analysis, 
where 20 cells/image from three separate batches of differentiation were randomly chosen for 
analysis. (Huang and Helmke, 2011) Briefly, a straight-line tool was used to draw a line across 
the cell nucleus, perpendicular to the direction of the F-actin fibers. The intensity profile of the F-
actin intensity was acquired using the Plot Profile function on ImageJ. Average + SD of the 
intensity profile of each WT-SMC was obtained using Excel and set as the baseline for F-actin 
fiber intensity. Intensity profiles of HIF2-SMCs were then compared to the baseline intensity to 
determine the percentage of cells that have a higher intensity than the baseline.  
 
Acetylated alpha-tubulin analysis 
Grayscale images of WT or HIF2-SMCs (and HIF2-DMSO or HIF2-Bosentan treated SMCs) 
acetylated alpha-tubulin staining were used in the ImageJ analysis where 20 cells/image from 
three separate batches of differentiation were randomly chosen for analysis. Briefly, the freehand 
selections tool was used to draw the cell outline and measure the area, mean gray fluorescence 
and the integrated density of each selected cells. Corrected total cell fluorescence (CTCF) of 
individual cells measured was calculated as below:(Burgess et al., 2010) 
 
CTCF = Integrated Intensity – (Cell Area X Mean Fluorescence of Background Readings) 
 



Mean CTCF of all the selected cells is reported in the bar graph as acetylated alpha-tubulin 
fluorescence intensity.  
 
ELISA endothelin-1 quantification 
Conditioned media was collected after 24 hours of incubation of hiPSC-ECs or SMCs or co-
cultures. The Human Endothelin-1 Quanti-Glo ELISA Kit (R&D Systems) was used to determine 
the media concentration of EDN1 according to the manufacturer’s instructions. 
Chemiluminescence reading was done using the SpectraMax i3X microplate reader.  
 
Atomic force microscopy (AFM) 
An atomic force microscope (MFP-1D; Asylum Research, Goleta, CA, and BioScope Catalyst; 
Bruker Corporation, Billerica, MA) was used to measure the intrinsic mechanical properties of the 
hiPSC-SMCs and ECs. The cantilever was adjusted to generate a slight force (∼1 nN) onto the 
cell surface before re-approach. For each cell line, approximately 20 cells were chosen for 
measurement. Within each cell, 4 separate force measurements were taken. Stiffness was then 
analyzed as in previous studies (Hung et al., Thomas et al., 2013) using the Sneddon model for 
contact mechanics to calculate the elastic modulus of the cell. The stiffness of each cell was 
represented as an average of the 4 separate elastic moduli values. We performed these 
measurements on three independent biological replicates. 
 
Assessment of contractility with carbachol 
Studies to analyze cellular contraction were performed by analyzing the cells’ responsiveness to 
10-5 M of the cholinergic agonist, carbachol (Calbiochem, Darmstadt, Germany). Calcein, a 
cytoplasm-viable fluorescence dye, was used to visualize the cells and in a series of confocal 
microscopy time-lapse images. The change in cell area was then calculated by taking the percent 
difference in the area at the introduction of the drug and the end of the study (at time 20 minutes).  
 
Small interfering RNA transfection 
iPSC-derived SMCs were transfected with siGENOME SMARTpool human HIF2A, ETA and ETB, 
and scramble control (Dharmacon, Lafayette, CO) following the manufacturer’s protocol. Cells 
were seeded on a six-well plate and treated with either 100nM HIF2A siRNA or a combination of 
ETA (66nM) and ETB (33nM) siRNAs depending on the experiments. For HIF2A siRNA-treated 
cells: at 96-hour post-transfection, total RNA was collected for qPCR analysis, and total protein 
was collected for the Western Blot of cytoskeleton protein expression. For ETA and ETB siRNAs-
treated cells: at 96-hour post-transfection, total RNA was collected for qPCR analysis.  
 
Bosentan treatment 
hiPSC-derived SMCs were passaged onto a 6-well plate or coverslips (for IF) and cultured for 24 
hours. For analysis with AFM, cells were passaged onto 60 mm tissue culture dishes. Then, 10μM 
of Bosentan was added to the cells for a total of 6 days with SMC medium changes every other 
day. The control group was treated with the same concentration of DMSO. After 6 days in 
Bosentan treatment, total RNA was collected for qPCR analysis, and coverslips were fixed for IF 
analysis. Measurements with AFM were performed as described (refer to the AFM method 
section). 
 
Animal model 
Cohort Description: All animals used in these studies were maintained under protocols approved 
by the Animal Care and Use Committee at Johns Hopkins University School of 
Medicine.  Hif2aG536W/+ mice were initially generated by the laboratory of Frank Lee (Tan, 2013). 
Mating age-matched non-littermate Hif2aG536W/+ mice generated subsequent Hif2a+/+ and 



Hif2aG536W/+ mice. PCR on adult tail DNA was used to identify genotype, using primers for G536W. 
Male and female mice were used in this study. Age- and gender-matched C57BL/6 (Taconic) 
mice were used for the control group. Hif2aG536W/+and C57BL/6 mice were each respectively 
separated into cohorts and aged (8 - 16 weeks). Animals were housed on a 12-h light/dark cycle 
and were given access to food and water ad libitum. Animals were sacrificed, and tissues were 
immediately collected for further experiments.  

PV Loops Acquisition and Analysis: All mice were weighed before this procedure. Pressure-
Volume (PV) loop measurements of the right ventricle (RV) were obtained in accordance with 
previously published methods (Pacher et al., 2008, Bellofiore et al., 2017).  

PV Loops Analysis: The following parameters were extracted from PV loops and analyzed: 
maximum right ventricular pressure produced (RVPmax), right ventricular pressure at the end of 
systole (RVPes), systolic blood pressure (SBP), pulmonary arterial pressure in systole (Pas), 
pulmonary arterial pressure in diastole (Pad), maximum rate of contraction (dP/dtmax), maximum 
rate of relaxation (dP/dtmin), and preload recruitable stroke work (PRSW). 
 
SMC Isolation: PA tissue was harvested from mice as previously (Hori et al., 2017) (Remillard et 
al., 2002) with minor modifications (Shimoda et al., 2006, Huetsch, 2018). The PA were 
transected and gently placed into microcentrifugation tubes containing 2 mg/ml collagenase (type 
2, Worthington Biochemical, Lakewood, NJ, USA). The tubes were incubated for 30 minutes in a 
37°C water bath before centrifugation at 500 rpm for 5 minutes. The supernatant was discarded, 
and the pellets were resuspended in DMEM containing 20% fetal bovine serum (FBS) before 
being transferred into a 35-mm dish. All cell culture dishes used for cell isolation were pre-coated 
with Collagen I for 1 hour and subsequently washed twice with PBS. At this point, the tissue was 
manually picked up for second digestion. The tissue was placed into microcentrifugation tubes 
with reduced Ca2+ HBSS (20 µm CaCl2) containing collagenase (type 1; 1750 U/ml, Invitrogen), 
papain (9.5 U/ml), bovine serum albumin (2 mg/ml) and dithiothreitol (DTT, 1mM) at 37°C for 30 
minutes. Following digestion, the tubes were centrifuged at 500 rpm for 5 minutes. The 
supernatant was discarded, and the pellets were resuspended in DMEM containing 5% FBS. The 
cells were dispersed by gentle trituration with a wide-bore transfer pipette and placed into a 
second 35-mm dish. The remaining tissue was then manually picked up out of the 35-mm dish 
and placed into a third 35-mm dish, filled with DMEM containing 20% FBS. The cells in each 
condition were monitored for confluency, and the media was changed approximately every 48 
hours until confluency at P0 was established. AFM and IF were performed between P0-P1. 
 
Tensile Testing: Circumferential tensile testing was performed following protocols described 
previously (Kobayashi et al., 2005, Hori et al., 2017) with minor modifications (Steppan et al., 
2014, Fukunishi et al., 2018). The mPA’s were harvested and cleaned. The length of each 
extracted PA was imaged using a microscope set to a magnification of x10. The length was 
measured using Image J software (National Institutes of Health [NIH], Bethesda, MD, USA). The 
rings were then mounted onto pins on an electromechanical puller (DMT560; Danish Myo 
Technology A/S, Aarhus, Denmark). After appropriate system calibration and pin alignment, the 
pins were separated using an electromotor at a rate of 50 μm/sec to apply radial force onto the 
specimen until breakage. Displacement and force were continuously recorded. The thickness of 
the intimal and medial layers (t) and stress-free lumen diameter (Di) of representative samples 
was measured from paraffin-embedded, H&E sections, imaged at x4 and x10 magnification and 
quantified using Image J software. 



 Engineering Stress (S) was calculated by normalizing force (F) to the initial stress-free area of 
the specimens (S=F/(2t*L)). Engineering strain (λ) was calculated as the ratio of displacement to 
the initial stress-free diameter. All calculations were done using Excel (Microsoft, Redmond, WA, 
USA). 

 
qRT-PCR, Staining and Quantification: Harvested mPA and (left) lungs were fixed in 4% 
paraformaldehyde in buffered PBS for histological sectioning and staining. Other (right) harvested 
lungs were put in TRIzol for RNA isolation followed by qRT-PCR as detailed previously. 
Hematoxylin and Eosin, Masson’s Trichrome, and Verhoeff van Giesson staining was performed 
by the Johns Hopkins University Oncology Tissue Services and Reference Histology Cores. 
Imaging was performed with an upright light microscope (Nikon Accuscope 3000, DS-F12). Image 
analyses were performed using ImageJ (NIH), MatLab (MathWorks), and Python. Quantification 
of %Collagen, % Elastin, % ECM, Collagen/Elastin ratio, and vessel area from histology was 
performed as previously described(Elliott et al., 2019).  
 
Statistics 
For all experiments, “n” denotes technical replicates while “N” represents biological replicates. 
Unless otherwise indicated analyses were performed in triplicate samples, N is indicated for each 
experiment throughout the figure legends. Two-tailed t-test or ANOVA were performed to 
determine significance. All graphs were drawn using GraphPad Prism 6. Significance levels were 
set at *p<0.05, **p<0.01, and ***p<0.001. 
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