
TYPE Review
PUBLISHED 02 November 2023| DOI 10.3389/fcvm.2023.1274033
EDITED BY

Andrea Caporali,

University of Edinburgh, United Kingdom

REVIEWED BY

Zhiyu Dai,

University of Arizona, United States

Sophie Grace Kellaway,

University of Birmingham, United Kingdom

*CORRESPONDENCE

James R. Klinger

james_klinger@brown.edu

RECEIVED 07 August 2023

ACCEPTED 11 October 2023

PUBLISHED 02 November 2023

CITATION

Simmons Beck R, Liang OD and Klinger JR

(2023) Light at the ENDothelium-role of Sox17

and Runx1 in endothelial dysfunction and

pulmonary arterial hypertension.

Front. Cardiovasc. Med. 10:1274033.

doi: 10.3389/fcvm.2023.1274033

COPYRIGHT

© 2023 Simmons Beck, Liang and Klinger. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.
Frontiers in Cardiovascular Medicine
Light at the ENDothelium-role of
Sox17 and Runx1 in endothelial
dysfunction and pulmonary
arterial hypertension
Robert Simmons Beck1, Olin D. Liang2 and James R. Klinger1*
1Division of Pulmonary, Sleep and Critical Care Medicine, Rhode Island Hospital and the Alpert Medical
School of Brown University, Providence, RI, United States, 2Division of Hematology/Oncology, Rhode
Island Hospital and the Alpert Medical School of Brown University, Providence, RI, United States

Pulmonary arterial hypertension (PAH) is a progressive disease that is characterized
by an obliterative vasculopathy of the distal pulmonary circulation. Despite
significant progress in our understanding of the pathophysiology, currently
approved medical therapies for PAH act primarily as pulmonary vasodilators and
fail to address the underlying processes that lead to the development and
progression of the disease. Endothelial dysregulation in response to stress, injury
or physiologic stimuli followed by perivascular infiltration of immune cells plays
a prominent role in the pulmonary vascular remodeling of PAH. Over the last
few decades, our understanding of endothelial cell dysregulation has evolved
and brought to light a number of transcription factors that play important roles
in vascular homeostasis and angiogenesis. In this review, we examine two such
factors, SOX17 and one of its downstream targets, RUNX1 and the emerging
data that implicate their roles in the pathogenesis of PAH. We review their
discovery and discuss their function in angiogenesis and lung vascular
development including their roles in endothelial to hematopoietic transition
(EHT) and their ability to drive progenitor stem cells toward an endothelial or
myeloid fate. We also summarize the data from studies that link mutations in
Sox17 with an increased risk of developing PAH and studies that implicate Sox17
and Runx1 in the pathogenesis of PAH. Finally, we review the results of recent
studies from our lab demonstrating the efficacy of preventing and reversing
pulmonary hypertension in animal models of PAH by deleting RUNX1 expression
in endothelial or myeloid cells or by the use of RUNX1 inhibitors. By
investigating PAH through the lens of SOX17 and RUNX1 we hope to shed light
on the role of these transcription factors in vascular homeostasis and
endothelial dysregulation, their contribution to pulmonary vascular remodeling
in PAH, and their potential as novel therapeutic targets for treating this
devastating disease.
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Introduction

The pulmonary circulation is a low-pressure circuit with a mean pulmonary arterial

pressure (mPAP) of approximately 14 mmHg. Elevation of mPAP > 20 mmHg is defined

as pulmonary hypertension and is common in patients with chronic heart and lung

diseases (1, 2), occurring up to 50%–70% of patients. When pulmonary hypertension is

accompanied by an elevation in pulmonary vascular resistance (PVR) and occurs in the
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absence of elevated left sided filling pressures and significant heart

or lung disease, it is referred to as pulmonary arterial hypertension

(PAH). This term is used to distinguish the elevated PA pressure as

being caused by a disease of the pulmonary arterial circulation as

opposed to a consequence of chronic hypoxia, parenchymal lung

disease or elevated pulmonary venous pressure. PAH is a

complex, heterogeneous, and frequently fatal disease that results

from progressive functional and structural changes in the

pulmonary vasculature that lead to increased PVR, right

ventricular failure and usually death. Although response to

treatment can vary considerably between patients, overall survival

from diagnosis averages only about 5 years.

The disease is rarely seen in the general population with an

annual incidence of less than 1.5 per 100,000 healthy individuals

but occurs in 1%–10% of patients with connective tissue disease,

portal hypertension, or HIV infection (3). It is also associated

with congenital left to right intra-cardiac shunts, and in patients

with a history of fenfluramine/phentermine or methamphetamine

use. When seen in conjunction with one of these conditions, the

disease is described as associated PAH (APAH). There are also a

number of gene mutations that greatly increase the risk of

developing PAH and patients with one of these mutations and a

family history of PAH are described as having heritable PAH

(HPAH). PAH patients without APAH or HPAH are described

as having idiopathic PAH (IPAH). Despite a comprehensive

knowledge regarding clinical characteristics of PAH, the cellular

injury or stressors and mechanisms responsible for disease

development are not well understood.

At the turn of century, heterozygous germline mutations in the

gene encoding bone morphogenetic protein receptor type 2

(BMPR2) were found to be associated with familial PAH.

Mutations in BMPR2 have since been recognized as occurring in

approximately 70% of HPAH (4, 5) and 10%–20% of IPAH cases

(6, 7). However approximately 75% of cases of PAH cannot be

explained by BMPR2 mutations alone and only about 1 in 8

people carrying one of the disease variant BMPR2 mutations will

develop the disease (8). Thus, it is believed that PAH may be the

result of a double hit phenomenon consisting of an initial injury

to the pulmonary circulation combined with an impaired

reparative response due either to a gene mutation or other

disease conditions that facilitate abnormal pulmonary vascular

remodeling. Since the initial reports of BMPR2 mutations, whole

exome and whole genome sequencing has led to the

identification of more than 16 genes that have been associated

with PAH. Many of these (e.g., Krüppel-like factor 5 (KLF2),

GATA-binding factor 2 (GATA2), T-box 4 (TBX4), SRY-box 17

(Sox17), eukaryotic initiation translation factor 2 ɑlpha kinase 4

(EIF2AK4)) are transcription factors or transcriptional

coactivators/repressors that play important roles in lung and/or

vascular development or vascular homeostasis (9–12).

Although the current understanding of PAH pathophysiology

remains limited, an emerging hypothesis is that vascular injury

in response to a variety of factors such as hypoxia, shear stress,

inflammation, oxidative stress, or growth factors, leads to

abnormal proliferation or differentiation of pulmonary vascular

cells including endothelial cells, smooth muscle cells, and
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adventitial fibroblasts. Under normal conditions, cellular stress or

injury may trigger downstream activation of genetic programs

involved in angiogenesis and neovascularization that are

important for restoring vascular integrity. These programs are

mediated by specific transcription factors which if not properly

expressed may lead to abnormal pulmonary vascular remodeling

(Figure 1).

Currently approved medical therapies for PAH, have some

ability to inhibit cellular proliferation and hypertrophy, but act

primarily as pulmonary vasodilators and have limited ability to

repress the pathogenic phenotypes of pulmonary vascular cells.

Given their vital roles in angiogenesis and vascular homeostasis,

several transcription factors have emerged as enticing therapeutic

targets to potentially counteract and reverse the PAH vascular

phenotype.

In this review we focus on two transcription factors with

emerging roles in PAH: SOX17 and one of its downstream

targets, RUNX1. We examine their normal structure and

functions, and their roles in EHT, endothelial progenitor cell

differentiation, and genetic mutations associated with PAH. By

examining the role of SOX17 and RUNX1 in the pathogenesis of

PAH we hope to further our understanding of the cellular

mechanisms that drive remodeling of damaged lung vessels in

pulmonary vascular disease and propose potential future

therapeutic targets for the treatment of patients with PAH.
SOX17

In 1990, the SRY gene—sex-determining region of the

Y-chromosome was first discovered in humans and mice as a

testis-determining gene (13, 14). The identification of a highly

conserved high-mobility group (HMG) domain led to the

discovery of the SRY-box (SOX) transcription factor family. Over

the following decades, gain and loss of function studies in the 20

members of the Sox transcription factor family revealed that they

played a crucial role in the regulation of various developmental

processes, organogenesis, cell fate determination and tissue

homeostasis (15, 16).

The high-mobility group (HMG) domain in SOX genes allows

for DNA binding in a sequence-specific manner. Each of the SOX

family of genes encodes an HMG domain of 79 amino acids that is

highly conserved throughout eukaryotic species and enables their

binding to a specific DNA sequence (A/T A/T CAA A/T) (17).

SOX genes are classified into groups A-H based on phylogenetic

differences in their HMG box sequences, protein structure and

involvement in developmental processes (Figure 2) (18). Within

SOX subfamilies, the structural domains of the proteins outside

the HMG domain are similar but not identical. These domains

include the transactivation domain (TAD), the transrepression

domain (TRD), coiled-coil domain (CC) and the dimerization

domain (DIM). The TAD or TRD are domains that contain

binding sites for other proteins (i.e., transcription coregulators) to

bind, whereas DIM and CC allow for dimerization of Sox proteins

(19). In contrast to most transcription factors, Sox proteins

introduce strong bends into DNA, thereby allowing multiple
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FIGURE 1

Multiple hit model of pulmonary arterial hypertension development. PAH results from endothelial dysfunction and subsequent vascular remodeling
triggered by activation or suppression of transcription factors in response to repetitive stressful stimuli. Individual genetic susceptibility (i.e., genetic
mutations, gender and epigenetic factors) predisposes endothelial cells to cellular dysregulation. Current therapeutics act primarily in response to
vascular remodeling and as pulmonary vasodilators but largely do not reverse pulmonary vascular remodeling characteristic of PAH.
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regulatory proteins and transcription factors to bind by

colocalization with enhancers or gene promoters (20). Importantly,

many Sox family proteins are pioneer factors, a subset of

transcription factors that serve as master regulators that can bind

to target DNA sequences even when they are buried inside

condensed chromatin and can thereafter initiate opening of closed

chromatin and activation of transcription (21). Interestingly, SOX

genes appear to play critical roles in the generation and induction

of pluripotent stem cells (PSCs) and embryonic stem cells (ESCs)

—regulating pluripotency and mediating self-renewal and

differentiation to endothelial cells (21, 22).

SRY-box transcription factor 17 (SOX17) is a member of the

SOXF subfamily along with SOX7 and SOX18. All members of

this subfamily contain a TAD in the C-terminal and a short

functional motif (DxxEFD/EQYL) thought to be involved in the

interaction with Beta-catenin (18). Members of this group have

been shown to be crucial in early cardiovascular and

hematopoietic cell development in mice and humans and are

heavily expressed in vascular endothelial precursors and progenitor

cells (see section below on endothelial progenitor cells). All

members of the SOXF subgroup are expressed in endothelial cells

during development and frequently have overlapping roles in the

development of the cardiovascular system (21).
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The human SOX17 gene contains two exons expressed in

human heart, lung, spleen, testis, ovary and placental and in fetal

lung, and kidney tissue. Although widely expressed during

development, SOX17 displays a largely endothelial-specific

expression profile in healthy adult tissues (23). In mouse

embryonic tissue, Sox17 expression is initially localized to the

endoderm but subsequently increases in the dorsal aorta during

vascular development. In adult mice, expression is largely

contained to arterial vascular endothelium rather than venous

endothelium (24).

SOX17 is a crucial endothelial-specific transcription factor

involved in arteriovenous differentiation, pulmonary vascular

morphogenesis, angiogenesis, and pulmonary endothelial

regeneration following vascular injury. Sox17 and Sox18 both

appear to be necessary for vascular endothelial postnatal

angiogenesis, whereas low Sox17 and high Sox7/Sox18 expression

are necessary for systemic vein development (25). Sox17 is

necessary for arterial differentiation and vascular development

and promotion of arterial identity appears to be mediated via

downstream activation of the Notch pathway (Figure 3).

Endothelial cell-specific deletion of Sox17 in mice leads to death

in utero associated with lack of large artery formation, formation

of defective vascular networks including arterio-venous
frontiersin.org
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FIGURE 2

Sox transcription factor subfamilies and their functional domains. SOX proteins grouped by subfamily. Major protein functional domains are depicted as
colored boxes: High-mobility group (HMG) domain (light blue), transactivation domain (TAD; green), transrepression domain (TRD; orange), SoxB
homology domain (dark blue), coiled-coil (CC) domain (yellow), and dimerization (DIM) domain (purple). Reproduced from Schock EN, LaBonne
C. Sorting Sox: Diverse Roles for Sox Transcription Factors During Neural Crest and Craniofacial Development. Front Physiol. (2020 Dec 8)
11:606889. doi: 10.3389/fphys.2020.606889. PMID: 33424631; PMCID: PMC7793875.
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malformations, and lack of arterial and venous differentiation (21).

Cell-specific knockout of SOX17 in developing mouse pulmonary

vascular endothelium causes the development of pulmonary vein

varices, dilated pulmonary arteries and abnormal lung perfusion

along with biventricular hypertrophy (23).

SOX17 expression remains high in arteries of mature mice,

supporting a role for not only induction of artery formation but
Frontiers in Cardiovascular Medicine 04
also maintenance of mature vasculature identity. Interestingly, single

nucleotide polymorphisms in the SOX17 gene have been associated

with increased risk of intracranial aneurysm development in

humans (26). In animal models, endothelial-specific SOX17 loss of

function has been shown to result in impaired endothelial integrity,

proliferation, paracrine regulation and increased development of

intracranial aneurysms in response to hypertensive stress (27). Loss
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FIGURE 3

Representation of potential signaling pathways regulating arterial/venous specification. Wnt/Beta-catenin signaling activates Notch signaling and arterial
differentiation through Sox17. Endothelial-specific inactivation of Sox17 prevents Notch signaling and acquisition of arterial identity by endothelial cells.
COUP transcription factor II (COUP-TFII—important for venous determination), Sox17 iECKO (Sox17 endothelial cell specific knock out at P1) Wnt.
Reproduced from Corada et al., 2016 2609.
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of Sox17 function appears to disrupt cell to cell adhesion via

decreased VE-cadherin expression—a possible explanation for both

intracranial aneurysm development and non-functional vascular

networks with decreased Sox17 function (22).

Sox17 also appears to actively prevent the transition from

hematopoietic fate by repression of key hematopoietic transcription

factors, thereby allowing cells to maintain arterial identity (See

section below on endothelial to hematopoietic transition). Expression

of SOX17 appears to be crucial in maintenance of endothelial rather

than hematopoietic cell fate, as studies have demonstrated that tissue-

specific, temporally controlled, knockout of arterial genes (SOX17

and NOTCH1) causes an increase in hematopoietic cells due to loss

of Sox17 dependent repression of hematopoietic transcription factors

Runx1 and Gata2 in both human and mice stem cells (28). Sox17 is

also crucial for maintaining a population of intra-aortic

hematopoietic cluster (IAHCs) and fetal liver hematopoietic stem

cells (HSCs) during development (28). Importantly, when SOX17 is

downregulated during development in mouse embryonic days 9–11,

hematopoietic cell differentiation is increased in cells in which Sox17

is downregulated. So, although Sox17 is crucial to the development of

the endothelium, it also appears to be important in suppressing

differentiation of embryonic endothelial cells towards a hematopoietic

fate (28). Interestingly, while Sox17 binds directly to the Runx1 and

Gata2 promotors to suppress their expression (28), Runx1 appears to

repress Sox17 expression, indicating the presence of a negative

feedback loop which appears to be important in directing endothelial

progenitor cells toward an endothelial or hematopoietic fate (28).
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Role of Sox17 in vascular homeostasis
and neovascularization

While Sox17 is responsible for endothelial development,

differentiation and identity, it also plays a critical role in

endothelial regeneration and homeostasis in response to injury.

Activation of developmental pathways is key to tissue

regeneration in response to tissue injury. Accordingly, Sox17 has

been shown to be upregulated following inflammatory induced

vascular injury and is necessary for endothelial regeneration

thereafter. For example, SOX17 expression was diminished in

intracranial aneurysms of adults undergoing microsurgical

clipping, whereas it was highly expressed in intracranial arteries

from controls (27). Similarly, Sox17 has been shown to be

necessary for vascular regeneration in response to vessel wall

injury in adult mice (29). Activation of Sox17 in response to

inflammation induced vascular injury appears to be dependent

on hypoxia inducible factor 1ɑ (HIF-1ɑ) signaling (29). Sox17

overexpression in endothelial cells via liposomal cDNA delivery

enhances endothelial cell and mouse survival in response to LPS-

induced lung injury (29).

Sox17 may also promote the development of progenitor cell

behavior in multiple adult cell types (30). Sox17 has been

demonstrated to play a key role in maintenance of pluripotency

and endothelial differentiation potential. It has been shown to be

central in trans-differentiation of fibroblasts to endothelial cells

via dedifferentiation into CD34 + progenitor cells in response to
frontiersin.org
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lung injury (29). Endothelial-specific deletions of Sox17 result in

impaired endothelial cell junctional assembly, cell matrix

adhesion and proliferative/regenerative capacity (28). SOX17

overexpression has also been found to give rise to fetal-like HSCs

with high self-renewal capacity (31). Similarly, SOX17 appears to

be crucial for maintenance of endothelial potential/differentiation

in human pluripotent stem cells (hPSCs) (32). SOX17 has also

been shown to upregulate tumor angiogenesis via increased

VEGFR2 expression and inhibition of Sox17 leads to marked

decreases in tumor progression, angiogenesis, and vascular

density in multiple tumor models (33).

The signaling pathways by which SOX17 promotes progenitor

cell and endothelial identities is not well understood. SOX17

appears to suppress SMAD3/TGF-β signaling—a pathway known

as a potent inhibitor of epithelial cell proliferation. Interestingly,

SOX17 mediated repression of hematopoietic lineage in EHT also

appears to happen through TGF-β signaling (30). Recent studies

have shown that SOX17 knockdown reduces BMPR2 expression

and BMP9-induced phosphorylation of Smad1/5/9 (34)

supporting a role for Sox17 in enhancing BMP signaling.

Conversely, BMP signaling has been shown to repress Sox17

expression in zebrafish endoderm, whereas TGF-β signaling

activates Sox17 signaling (35). Thus, BMP and Sox17 appear to

form a feedback loop that modulates pluripotent stem cells

differentiation. However, BMPs and SOX17 have significant

overlap in their signaling effector targets in vascular cells,

including VEGF, Notch, SMAD and Wnt signaling (36).
Role of SOX17 in PAH

The healthy pulmonary vascular endothelium is designed to

dynamically adapt to stressful stimuli such as shear stress,

inflammation, or hypoxia. Under circumstances with repetitive

injury and/or enhanced genetic susceptibility, the protective

endothelial layer breaks down and can take on a proliferative,

vasoconstrictive, and proinflammatory phenotype. This

dysfunctional endothelium is thought to be an early trigger in

PAH. Recent, genome-wide association data have demonstrated

significant increased risk of PAH from genetic variants in SOX17

enhancer regions (37). Similarly, prior data also demonstrated an

association of deleterious mutations in SOX17 with PAH (38, 39).

Considering the endothelial cell-specific nature of SOX17, its role

in neovascularization and maintenance of arterial identity, the

increase risk of PAH in patients with loss of function mutations in

SOX17, strongly suggest that this transcription factor plays a

pivotal role in the pathogenesis of the disease.

In 2018, Graf et al., first identified SOX17 mutations as being

significantly over-represented in whole-genome sequencing of

1,038 PAH patients compared to 6,385 control subjects (38).

Missense mutations and protein truncating variants in SOX17

were heavily over-represented in PAH patients (Figure 4).

Interestingly, patients with SOX17 mutations were significantly

younger at the time of diagnosis compared to other PAH

patients. Mutations identified in SOX17 gene were predicted to

lead to loss of function of the beta-catenin region or suppress
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beta-catenin or Oct4 binding (38). Furthermore, SOX17

expression was isolated largely to the pulmonary endothelium in

the lungs of healthy people and to the endothelial cells within

plexiform lesions in patients with PAH. Shortly after Graf et al.’s

work, Zhu et al., demonstrated an enrichment of rare deleterious

SOX17 mutations in patients with PAH associated with

congenital heart disease (PAH-CHD) (3.2% of patients) and in

patients with IPAH/HPAH (0.7% of patients). Interestingly, the

majority of the missense mutations occurred in the highly

conserved HMG-box protein domain responsible for DNA

binding (39). Additionally, they also demonstrated enrichment of

missense mutations in downstream genes targeted by SOX17 in

PAH patients (39). More recently, a genome-wide association

study of 11,744 European individuals (2,085 patients) identified 2

independent risk variant-containing signals (Sox17-signal 1 and

Sox17-signal 2) in an enhancer region (Figure 5) near SOX17

that were associated with PAH despite the relatively rare

prevalence of mutations in the coding region of the SOX17 gene

itself—implicating a more common causative role for Sox17 in

PAH development than previous thought (39). In that study,

59% of patients with PAH were homozygous for both risk alleles

compared to 47% of controls. Furthermore, PAH patients with

SOX17 mutations demonstrate high rates of dilated and tortuous

pulmonary vessels, hemoptysis and atrial and ventricular septal

defects (Figure 6). These patients frequently present with

severely compromised hemodynamic parameters at the time of

diagnosis with a mean mPAP of 67 mmHg and PVR of 14 WU

in one European cohort (40).
Potential pathogenic mechanisms for
SOX17 in PAH

Since the discovery of SOX17 mutations and their association

with PAH, investigators have sought to understand the

mechanism by which impaired SOX17 expression predisposes

patients to PAH. Animal models and in-vitro studies have

replicated many of the pathophysiologic hallmarks observed in

human PAH patients in Sox17 deficient mice (Table 1). Studies

using endothelial specific knockdown of SOX17 show either no

pulmonary hypertension or trends toward increases in basal RV

systolic pressure and RV hypertrophy compared to wild-type

mice but more severe pulmonary hypertension or earlier

development of pulmonary hypertension in response to chronic

hypoxia or sugen/hypoxia (Su/Hx-PH), suggesting that loss of

endothelial SOX17 expression exacerbates pulmonary

hypertensive responses (41, 43, 44). In contrast to other animal

models of PAH, the pulmonary remodeling and right ventricular

hypertrophy observed in these mice does not reverse following

return to normoxia (41). Sox17 deficient mice also have

increased pulmonary inflammation as exemplified by increased

perivascular infiltration of CD11b + cells (41). Pulmonary

endothelial cells from Sox17 knockout mice also demonstrate

marked hyperproliferation and upregulation of inflammatory

gene expression (42). In line with these results, autopsies from 4

out of 15 patients with PAH demonstrated marked decreases in
frontiersin.org
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FIGURE 4

Meta-analysis of all cohorts (total 2,085 PAH patients and 11,744 controls) and regional plots of novel loci identified as being more frequently associated
with PAH. Regional plots indicate variant location and linkage disequilibrium structure at SOX17 locus. Several variants associated with pulmonary arterial
hypertension are in very weak or no linkage disequilibrium (r2 < 0·2) with the lead single-nucleotide polymorphism (SNP), rs10103692. Variants are
referred to as SOX17 signal 1 and the most significant variant, rs13266183. The variants coloured as in linkage disequilibrium with rs10103692
comprise signal 2. Reproduced from Rhodes et al., 2019.
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SOX17 expression in pulmonary arterial endothelial cell (PAEC)

(41). Recent studies have also shown decreased SOX17 gene

expression and protein levels in pulmonary vascular endothelial

cells (PVEC) isolated from PAH patients compared to failed

donor lungs (34). Similarly, SOX17 silencing mutations in human

PAECs result in increased apoptosis, proliferation and adhesion

(41). Conversely, Sox17 overexpression in mice attenuates

hypoxia-induced PH and suppresses vascular remodeling,

proliferation and inflammation in Sugen-hypoxia induced PH in

an autocrine manner (44).

In addition to animal models using conditional deletion of

endothelial SOX17, transgenic mice engineered to resemble

SOX17 mutations associated with increased risk of PAH are also

more susceptible to pulmonary hypertension. Sox17 enhancer

knockout mice (Sox17eKO) generated by CRISPR-mediated

knockdown of the SOX17 enhancer regions initially detected in

PAH patients (rs10958403 and rs765727) reduces Sox17

expression in mouse lung tissue and increases human pulmonary
Frontiers in Cardiovascular Medicine 07
artery endothelial cell (PAEC) permeability while decreasing

endothelial cell adhesion and VEGF-induced proliferative

capacity (42). Sox17eKO mice develop normally but exhibit

greater right ventricular hypertrophy and higher elevation of

right ventricular systolic pressure (RVSP) compared to controls

when exposed to hypoxia (44). They also demonstrate increased

susceptibility to Sugen/hypoxia-pulmonary hypertension (42). In

that study, low dose Sugen 5,416 (5 mg/kg) and mild hypoxia

(12% oxygen) had no effect on wild-type mice but induced

severe PH in Sox17eKO mice (Figure 7). These findings suggest

that even when SOX17 is expressed in endothelial cells,

mutations in the enhancer region that may impair normal

activation of the SOX17 gene can increase the risk or severity of

pulmonary hypertension.

SOX17 has been shown to be vital in numerous molecular

signaling pathways important to PAH pathogenesis (Table 1,

column 4). Important SOX17 downstream targets such as Notch

signaling, BMPR2, estrogen receptor signaling, prostacyclin
frontiersin.org
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FIGURE 6

Representative high-resolution computed tomography (HRCT) of the chest, CT pulmonary angiography (CTPA) and pulmonary angiogram of pulmonary
arterial hypertension patients carrying a SOX17 pathogenic variant. (A–C) Thin-collimated HRCT of the chest showing (A,B) subpleural dilated and
tortuous pulmonary vessels (black arrows) and (C) ground-glass opacities. (D) The black arrow points to direct communication between a dilated
distal pulmonary artery and a dilated intercostal artery. (B,E) Aneurysmal dilatation identified on b) CTPA (white arrow) and (E) pulmonary angiography
(arrowhead). (F) Marked dilatation of proximal bronchial arteries is frequently observed (white and black arrows). (G) The presence of numerous
fissural irregularities (white arrows) suggests the additional presence of dilated systemic vessels at the pleural surface. Reproduced from Montani
et al., 2022.

FIGURE 5

Representation of SOX17 gene with overlying variants identified in PAH patients. aa: amino acids; HMG: high mobility group. Black: missense mutations;
red: protein-truncating variants; green: likely gene-disrupting variants. Reproduced from Wu, Y., Wharton, J., Walters, R., Vasilaki, E., Aman, J., Zhao, L.,
Wilkins, M. R., & Rhodes, C. J. (2021). The pathophysiological role of novel pulmonary arterial hypertension gene SOX17. The European respiratory journal.
58(3): 2004172. doi: 10.1183/13993003.04172-2020.
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synthase and c-Met/HGF have been implicated in the endothelial

dysfunction underlying Sox17’s involvement in PAH.

SOX17 deficiency appears to upregulate endothelial cell

hyperplasia and proliferation through upregulation of growth

factor signaling in response to hypoxia or cellular stress.

Interestingly, increased pulmonary vascular endothelial cell

proliferation is observed in Sox17 deficient mice under hypoxic
Frontiers in Cardiovascular Medicine 08
conditions (34). This appears to be due in part due to

upregulation of Hepatocyte growth factor (HGF)/c-Met signaling.

Along these lines, PAH can be reversed by suppression of c-Met

via a small molecule inhibitor, crizotinib, in Sox17 knockout/

hypoxic mice (41). Similarly, SOX17 endothelial specific

knockdown and deletion in both human and mice pulmonary

vascular endothelial cells results in increased endothelial cell
frontiersin.org
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TABLE 1 Animals models of PAH with Sox17 inhibition.

Animal model Cell type/knockout
condition

Histologic/morphologic changes
observed

Signaling pathways affected Reference

– Adult Mice exposed to
hypoxia

Sox17 deletion in pulmonary
endothelial cells

Hypermuscularization, endothelial cell
hyperplasia/proliferation, lung arteriolar
inflammation, elevated RAP and RVH (by
RVSP and RV/LV + septum ratio)

– Upregulation of HGF in Sox17
deficient EC after hypoxia

– Inhibition of c-Met/HGF signaling
reverses and prevents PH

Park et al.,
Circulation
Research (41)

– In-silico electromobility
shift assays of human
PAECs

– Adult Mice exposed to
hypoxia and Su5416/
hypoxia

Common human PAH risk
Sox17 enhancer region
knockout in both hPAECs and
adult mice

– Increased apoptosis, proliferation and
disturbance of barrier function in hPAECs

– Severe PH (by RVSP and RV/LV + septum
ratio) in hypoxia and Su/hypoxia Sox17ko
mice along with increased vessel
muscularization and permeability

– Noted decreased binding of RORα
and HOXA5 TFs with Sox17
enhancer mutations

Walters et al.,
Circulation (42)

– Adult mice/rat exposed
to hypoxia, MCT or 16α-
hydroxyestrone (16
αOHE-estrogen
metabolite)

– Conditional Sox17
knockout or conditional
transgenic overexpression

– Increased muscularization in pulmonary
arterioles, elevated PA pressures
/thickness/RVH and PH in Sox17
knockout mice/rats exposed to hypoxia (by
RVSP and RV/LV + septum ratio)

– HIF2α concentrations increased in
lungs of Sox17 knockout mice

– Increased Sox17 expression
promoted oxidative phosphorylation
and mitochondrial function in
PAECs

– Male rats had higher Sox17
expression than female counterparts

– Sox17 expression decreases with
treatment with 16 αOHE and is
increased in estrogen receptor
knockout rats

Sangam et al.,
AJRCCM (43)

– Human endothelial cells
from IPAH patients

– Adult mice exposed to
hypoxia

– Endothelial specific
temporally controlled Sox17
knockdown in mice

– Knockout of Sox17 in
embryonic stages

– Increased spontaneous pulmonary artery
muscularization and PH (by RVSP and
RV/LV + septum ratio) in both embryonic
and adult Sox17 knockout mice and
exaggerated hypoxia-induced PH in adult
Sox17 knockout mice (by RVSP and RV/
LV + septum ratio)

– Marked proliferation of endothelial cells
with Sox17 deficiency both in HPVEC and
mouse knockouts

– Increased paracrine mediated
PASMC proliferation in-vitro in
Sox17 knockouts

– Increased EC dysfunction in HPVEC
that is mediated through E2F1
transcription factor (in-vitro
dysfunction/proliferation and Sox17
knockout PH rescued with E2F1
inhibition)

Yi et al., bioRxiv
(34)

– Adult mice exposed to
Su/Hypoxia

– Endothelial cell-specific
knockdown or
overexpression of Sox17 via
adenoviral vector siRNA

– Increased muscularization, RVH and
RVSP in Sox17 knockdown mice (by RVSP
and RV/LV + septum ratio)

– SOX17 overexpression in HPAECs
blocked VEGF-induced
proliferation, serum free apoptosis
and hypoxia/TNFalpha induced
inflammation in a autocrine fashion

– Exosomes from SOX17
overexpression in HPAECs
prevented Su/hypoxia PH and
reduced endothelial proliferation/
inflammation

– Protective affects appear to be in part
mediated through micro RNA
inhibition of NR4A3 and PCSK9

Zou et al., (44)

– HPAECs and HPASMCs
– BMPR2 mutant mice

– Pulmonary artery on-a-chip
model with HPAECs and
HPASMCs separated by a
membrane with ongoing
pulsatile flow

– Treated HPAECs with
adenoviral mediated
BMPR2 silencing RNA and
hypoxia

– Decreased endothelial Sox17
expression observed in BMPR2
deficient HPAECs and endothelial
cells of BMPR2 knockout mice.
Associated with increased PASMC
proliferation

– Sox17 overexpression rescued
PASMC proliferation and was
associated with a significant increase
in Prostacyclin synthase expression

Ainscough et al.,
(45)

Simmons Beck et al. 10.3389/fcvm.2023.1274033
proliferation and smooth muscle cell proliferation. This endothelial

cell dysfunction appears to act through E2F1, as its expression is

upregulated in response to SOX17 knockout and siRNA/small

molecule inhibitor induced E2F1 knockdown rescues both
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endothelial dysfunction and SOX17 deficient hypoxia-induced

PH (34). This knockdown of SOX17 expression reduces BMPR2

expression and BMP9-induced phosphorylation of Smad1/5/9.

Reciprocal results were also observed in BMPR2 deficient
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FIGURE 7

Exposure of SOX17 enhancer knockout mice model (eKO) to different levels of Sugen-5416 and hypoxia. (A) Right ventricular hypertrophy index
(RV/LV + S). (B) Right ventricular systolic pressure (RVSP mmHg). SuHx, Sugen-5416 Hypoxia. O2, oxygen (Nx = normoxia). Numbers are shown on
graphs. Ordinary One-way ANOVA. WT, wild type. KO, knockout. Reproduced from Walters et al., 2023.

Simmons Beck et al. 10.3389/fcvm.2023.1274033
HPAECs, as decreased endothelial expression of SOX17 was

observed in these cells and was associated with a paracrine

mediated increase in pulmonary artery smooth muscle cell

(PASMC) proliferation (45). Interestingly, in these experiments,

overexpression of SOX17 in HPAECs rescued HPASMC

proliferation and was associated with a significant increase in

prostacyclin synthase. Similarly, hypoxia-inducible factors are

transcription factors that upregulate angiogenesis, apoptosis and

glycolysis in response to hypoxic stimuli. In Sox17 knockout

mice, HIF2alpha concentrations are increased in response to

hypoxia and overexpression of Sox17 upregulates oxidative

phosphorylation and mitochondrial function in endothelial cells

(43). Interestingly, male rats appear to have increased Sox17
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expression compared to their female counterparts, a finding

which in part, may be explained by decreased Sox17 expression

in the presence of estrogen metabolites. It is unlikely that sex

related differences in SOX17 explain the higher incidence of

PAH in woman compared to men, but raises an intriguing

potential mechanism that may contribute to this well-known

observation. Other potentially important roles for Sox17 include

its ability to bind VE-cadherin and endothelial cell-selective

adhesion molecules (ESAM) which are required to maintain

blood vessel wall stability and permeability in the lung (46).

Missense mutations in the highly conserved DNA-binding

domain region of SOX17 HMG box —similar to those described

in humans, have been shown to impair direct DNA-binding and
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Beta-catenin protein complex interactions vital to its Beta-catenin,

TGF-β and Notch signaling (47). Similarly SOX17 has been shown

to be involved in other cellular pathways important to PAH

pathogenesis such as cyclin, VEGF, Wnt/B-catenin, and

endothelin signaling in the context of embryonic and arterial

development. Evidence for Sox17’s direct influence on these

pathways in the context of PAH remains however limited or

unexplored.

SOX17 expression is maintained in a restricted fashion in the

adult endothelium, but increases in response to inflammatory or

hypoxic signaling and deficiencies in expression appear to increase

the likelihood of endothelial dysfunction and subsequent PAH.

Given that relative deficiencies in SOX17 expression may predispose

patients to PAH, increasing SOX17 expression or manipulating its

downstream targets may be a novel approach to treating PAH. In-

vitro and animal models have given rise to promising potential

future therapies to rescue loss of SOX17 function in PAH. For

example, in hPAECs with enhancer knockouts characteristic of

PAH patients, Sirolimus and YK4279 [identified initially through

high-throughput omics signatures using connectivity map (CMap)]

were found to reverse Sox17 enhancer knockout mediated

repression (42). Similarly, inhibition of E2F1, a downstream target

of Sox17, with a small molecular inhibitor (HLM) rescues PH in

Sox17 deficient mice, reducing RSVP, pulmonary artery

muscularization and pulmonary wall thickness (34).

Collectively, these results point to impaired SOX17 signaling as

an important contributor to the pathogenesis of PAH. The major

roles of SOX17 in vascular homeostasis, neovascularization and

maintenance of arterial/endothelial identity as well as its

importance in response to vascular injury and stress, make it a

promising therapeutic target for PAH. At the same time, SOX17

knockout models may serve as important new preclinical models

for investigating PAH.
RUNX1

Runt-related transcription factor 1 (RUNX1) is a downstream

target of SOX17 and may play a role in mediating the effect of

impaired Sox17 expression on PAH. The Runt gene was

discovered in 1980 by Nusslein-Volhard and Wieschaus in a

screen conducted to identify mutations affecting Drosophila larvae

segment number, and polarity (48). One mutation resulted in

pre-segmentation patterning defects that resulted in runted

embryos—thus the Runt name was given to the mutated gene

(Figure 8). Subsequent cloning revealed that the protein it

encoded for was a transcription factor. RUNX1 was first identified

in 1991 as a gene involved in the chromosome rearrangement t

(8;21) associated with acute myeloid leukemia (49). Runx1 belongs

to a transcription factor family called core-binding factors (CBF),

which includes sequence-specific DNA-binding proteins Runx1-3.

All Runx proteins share a non-DNA binding protein CBF-beta

that helps them effectively bind DNA. RUNX1 is encoded by 12

exons and has various isoforms that can be synthesized by

alternative splicing. Among these exons are two well defined

domains: the runt homology domain (RHD) and the
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transactivation domain that bind DNA and facilitate protein-

protein interactions, respectively. Runx1 partners with CFB-beta

subunit to form a transcriptionally active heterodimer that can

either activate or repress gene expression (50).

RUNX1 regulates the differentiation of HSCs into mature blood

cells and is indispensable for the establishment of definitive

hematopoiesis in vertebrates. RUNX1 is expressed in cells from all

hematopoietic sites that contribute to formation of HSCs during

development. HSCs are generated via a specialized subset of

vascular endothelial cells known as the hemogenic endothelium

that can differentiate into hematopoietic cells in a process called

endothelial to hematopoietic transition (EHT). Developmentally,

the endothelium arises in close contact with the hematopoietic

system, and they share a common lineage in hemogenic

endothelium. The adult hematopoietic system and long-term

hematopoietic cells that give rise to life-long blood cell production

are derived from hemogenic endothelial cells (HECs) in mid-

gestational embryos. HECs are generated from embryonic

endothelial cells after upregulation of Runx1 and activation of the

Notch and TGF-β pathways during a brief developmental window

in embryogenesis (Embryonic days 9.5–10.5). Runx1 is essential

for EHT and its expression distinguishes HECs from non-HECs

(51). HECs are located within the ventral aspect of the dorsal

aorta and other large vessels. During EHT, HECs lose their tight

junctions and demonstrate increased migratory behavior,

characteristic of HSPCs. The HSPCs generated during EHT then

seed the fetal liver and later the bone marrow (BM) to sustain

hematopoiesis. EHT is a highly conserved stepwise process

regulated by a complex interplay of a specific set of transcription

factors, including Runx1, GATA1, GATA2, Lmo2, Scl/Tal1.

Homozygous RUNX1 mice lack hematopoiesis and are unable

to survive past an early embryonic stage (E11.5-E12.5) (52) due to

CNS hemorrhage. Heterozygous germline mutations in RUNX1 are

associated with Familial Platelet Disorder, a mild bleeding disorder

associated with thrombocytopenia and high rates of myeloid

leukemia (53). Other mutations in RUNX1 are also associated

with acute myeloid leukemia, T-cell acute lymphoblastic leukemia

(present in ∼15% of cases), pancreatic cancer, myelodysplastic

disorders, and a variety of other tumors (54).

Although EHT has been considered a developmental process

that becomes inactive in adult life, under pathogenic conditions

endothelial progenitor cell reservoirs may reactivate and

contribute to adult hematopoiesis (55, 56). Furthermore, recent

single-cell transcriptome expression analysis suggests that

definitive hematopoiesis represents a continuum of phenotypes

from endothelial cells to fully determined HSCs that undergo a

continuous gain of specific lineage characteristics (57, 58).

Although initially thought to only be expressed in areas of

hematopoiesis, in 2011 Heley et al., found that RUNX1 is also

highly expressed in the developing human lung (59). Future work

also uncovered that Runx1 is expressed in postnatal and adult

murine lung and is highly upregulated in response to inflammation

(60). Runx1 was also found to upregulate NF-kB and LPS-induced

increases in macrophage IL-1B and IL-6 expression (61). At the

same time, increased expression of Runx1 leads to enhanced

endothelial cell proliferation and migration (62, 63).
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FIGURE 8

Representative images from Nusslein-Volhard’s experiments on drosophila larvae. Normal larvae (left), Runx mutant larvae (middle) and authors
representative depiction of inverted segment polarity and short segments (right). Reproduced from Nüsslein-Volhard et al., 1980.
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In the pulmonary vasculature, injury to the endothelium followed

by upregulation of inflammatory signals and recruitment of

macrophages, neutrophils and inflammatory cells are thought to be

sentinel events in the development of pulmonary hypertension. In

accordance with this, lung inflammation precedes pulmonary

vascular remodeling in experimental models of PAH and failure to

resolve progression of this inflammatory response is thought to

underlie the development of PAH (64). Pulmonary vascular lesions

in PAH patients and animal models are characterized by

progressive degrees of inflammatory/myeloid infiltrates including

mast cells, dendritic cells, macrophages, T cells, B cells and

lymphocytes. These infiltrates have corresponding increases in

inflammatory cytokine and chemokine secretion, including IL-1,

IL-6, IL-8, CCL5 and TNF-α; all of which are correlated with poor

clinical outcomes in PH (65). In response to inflammatory signals

and cells, pulmonary vascular cells can change their phenotype and

cell fate and contribute to pulmonary vascular remodeling. Thus,

transcription factors that direct stem cell differentiation from an

endothelial to a myeloid fate may play important roles in the

pulmonary vascular remodeling found in PAH.

Although the role of RUNX1 in the pathophysiology of PAH is

not yet known, one hypothesis is that disruptions in endothelial
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progenitor cell (EPC) fate from definitive endothelium to

hematopoietic or myeloid fate may explain inadequate vascular

repair and perivascular infiltrates in patients with PAH.

Interestingly, increased myeloid derived cells and increased

myeloid specific transcription factors are seen in the perivascular

infiltrates of PAH patients and animal models of PAH (66).

Activation of developmental pathways is key in tissue

regeneration in response to tissue injury. During injury,

generation or dedifferentiation of cells into EPCs appears to be

crucial for neovascularization. Maintenance of a differentiated

endothelial fate for these progenitor cells however requires

constant signaling. Defects in the maintenance of this fate or a

predisposition to development of EHT and a shift toward

myeloid differentiation may play a significant role in the

abnormal pulmonary vascular remodeling that occurs in PAH.
Runx1 in PAH

Emerging data suggest that Runx1 plays a major pathogenic

role in mouse models of PAH. Using conditional labeling of

adult endothelial cells and lineage tracing (via VE-cadherin-cre;
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Zsgreen mice) in Su/Hx mice, we demonstrated that adult

endothelial cells undergo hematopoietic transformation

suggesting reactivation of EHT, and migrate from the BM to the

pulmonary vasculature (55). We also found that RUNX1

expression is higher in circulating EPCs in mice with Sugen/

hypoxia-induced pulmonary hypertension (SuHx-PH) and in

patients with PAH, compared to EPCs obtained from control

mice or healthy volunteers, respectively (Figure 9) (55). Other

studies from our lab showed that Runx1 inhibition via small

molecule inhibitor (Ro5-3335) blocks EHT in vivo and prevents

both migration of EPCs from BM and the development of Su/

Hx-PH- and monocrotaline-induced PH (MCT-PH) in mice

(Figure 10) (55, 56). The prominent role of Runx1 in the

pathogenesis of PH was further supported by recent studies in

our lab that utilized lineage tracing of adult endothelium and

conditional cell-specific Runx1 knockout mice. We found that

targeted deletion of Runx1 in either myeloid or endothelial cells

prevents the development of SuHx-PH (Figure 11). Interestingly,

inhibition of Runx1 via Ro5-3335 also appeared to reduce

perivascular macrophage recruitment and reverse established

Su/Hx-PH in mice while dampening macrophage activation

in vitro (55).
FIGURE 9

High expression of Runx1 in circulating CD34 +CD133 + EPCs from PH patie
Single cells after doublet discrimination (C) Live cells (D) CD 34 + expre
expression in CD34+, CD133+, VEGF2R + cells in PH patients and controls. R
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Collectively, these results indicate that Runx1 may play a

crucial pathologic role in the development and progression of

PH. Considering that Runx1 is a downstream target of Sox17, it

is tempting to speculate that mutations in the Sox17 enhancer

that are associated with increased risk of PAH, may predispose

to PH by failing to suppress Runx1 expression. Studies in our lab

aimed at testing this hypothesis by examining the effect of

suppressed Sox17 expression on the expression of Runx1 in the

lung and in progenitor cells of animals with pulmonary

hypertension and patients with PAH are ongoing. If the findings

further studies support this hypothesis, Runx1 inhibition may

prove an effective approach to treating PAH.
Bone marrow-derived progenitor cells

Although data from our lab suggests that Sox17 and Runx1

play an important role in the pathogenesis of PAH, the

mechanism by which they do so is not clear. One possibility may

be their role in driving HSCs toward either an endothelial or

myeloid fate. The healthy endothelial monolayer of pulmonary

arteries regulates the influx of fluid, proteins, and blood cells into
nts. Flow cytometry data showing (A) total peripheral blood (PB) cells (B)
ssion (E) CD34+, CD133+ and VEGF2R + cells and (F) Relative Runx1
eproduced from Liang et al., 2017.
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FIGURE 10

Runx1 inhibition prevents the development of and reverses established Su/Hx-PH. (A) Prevention model, SU5416 given along with Runx1 inhibitor (Ro5-
3335) followed by subsequent measurement of (B) RVSP and C) RV/LV + S. (A’)Intervention model, SU5416 given followed by subsequent Runx1 inhibitor
followed by subsequent measurement (B’) RVSP and (C’) RV/LV + S. (A’’)Reversal model SU5416 given followed by delivery of Runx1 inhibitor after
development of PH followed by measurement of (B’’) RVSP and (C’’) RV/LV + S. RVSP, Right ventricular systolic pressure. RV/LV + S, Right ventricular
hypertrophy index. BAL, bronchial alveolar lavage. SuHx, Sugen-5416. Hx, Hypoxia. Nx, normoxia. Reproduced from Jeong et al., 2022.
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surrounding parenchyma and maintains vascular tone and

integrity. The gradual disruption of the endothelial layer in

response to stress is thought to be one of the precipitating events

in PAH. Loss of endothelial integrity eventually leads to the

accumulation of pro-inflammatory cells, altered cell viability,

smooth muscle cell hyperplasia, fibroblast proliferation and

eventually occlusive vascular lesions, and increased vascular tone.
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At the same time, BM-derived myeloid cells play a prominent

role in the perivascular inflammation that leads to remodeling of

the extracellular matrix and adventitia. Emerging data suggest

that local and BM-derived progenitor cells play important roles

in homeostasis of the pulmonary endothelium and circulation

that may be particularly important after injury that leads to

PAH. Interestingly, SOX17 and RUNX1 are closely linked in
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FIGURE 11

Genetic deletion of Runx1 in adult ECs/EPCs prevents SuHx-PH development in mice. (A) In 10- to 13-week-old mice, the loss of Runx1 in lung
endothelial cells (ECs) upon Tam induction was verified per qRT–PCR. No changes in Runx1 gene expression in BM-derived CD14 + cells were found,
demonstrating the endothelial specificity of Runx1 deletion in these mice. (B,C) Under Nx conditions, Cdh5-CreERT2; Runx1(wt/wt) mice, Cdh5-
CreERT2; Runx1(fl/fl) mice treated with corn oil, and Cdh5-CreERT2; Runx1(fl/fl) mice treated with Tam all exhibited normal RVSP (B) and RV/LV + S
ratio (C) Under SuHx conditions, Cdh5-CreERT2; Runx1(wt/wt) mice and Cdh5-CreERT2; Runx1(fl/fl) mice treated with corn oil exhibited significantly
elevated RVSP (B) and RV/LV + S ratio (C) When the Cdh5-CreERT2; Runx1(fl/fl) mice were treated with Tam and placed under SuHx conditions, they
exhibited normal RVSP (B) and RV/LV + S ratio (C) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s.: not significant, unpaired two-tailed Student’s
t-test (A) and ordinary one-way ANOVA with multiple comparisons (B,C), n= number of animals in each experimental group. Reproduced from Jeong
et al., 2022.
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EHT, as SOX17 has been shown to directly repress RUNX1

expression and induce human embryonic stem cells towards a

hemogenic fate rather than an endothelial one (33). The ability

of the Sox17/Runx1 axis to drive EPCs toward an endothelial or

myeloid fate, may be one mechanism to explain how disrupted

Sox17/Runx1 signaling results in pulmonary vascular remodeling.

The discovery of EPCs in peripheral blood during the late 1990s

introduced the idea that vasculogenesis and angiogenesis did not

occur only during fetal development but could arise in adulthood

(67). The intense research into the origin and function of these cells

opened a new era in theoretical regeneration of the cardiovascular

(CV) system. However, confusion regarding the origin and identity

of these cells quickly arose due to significant technological

differences in how these cells were isolated, characterized and

sustained in culture. Even today, there is no specific marker that

clearly distinguishes a unique population of cells that can

consistently be identified as EPCs. Nonetheless, their role in

cardiovascular disease continues to be an active area of research and

their role in the pathogenesis of PAH continues to be explored.

In 1997, Asahara et al. (68) characterized a population of

progenitor cells expressing the cell surface markers CD34 and

VEGFR2 which mobilized from the BM to the endothelium after

ischemic injury and were capable of differentiating into endothelial

cells that appeared to participate in vessel repair. These cells were

termed EPCs. Traditionally, it was thought that injured endothelial

cells in the pulmonary arteries were replaced by resident

progenitor cells. However, since Asahara et al.’s findings,

mounting evidence has indicated that circulating BM-derived

EPCs have a prominent and pathologic role in PAH (69–71).

At the same time, our understanding of EPCs has changed

significantly. Importantly, identification of EPCs in peripheral

circulation via monoclonal antibodies and flow cytometry has

been challenging as labeling of EPCs via CD34 positivity with
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endothelial antigens (i.e., VEGFR2, CD146, CD144, CD31, Tie-1,

Tie-2) has shown significant overlap with markers on primitive

HSCs. Furthermore, once isolated, these cells behave like

hematopoietic colony forming cells and do not form endothelial

cells (72). An alternative approach to isolating EPCs is based on

isolation of circulating peripheral blood mononuclear cells

(PBMCs) and growing them in pro-angiogenic cell culture

media. Interestingly, EPCs obtained through this method

comprise two relatively discrete populations. First described by

Kalka et al. as “early” and “late” EPCs based on the time of the

appearance of endothelial cells in vitro (73). Early EPCs are

characterized by detection of endothelial cells after 7–10 days of

growth and display limited endothelial proliferative capacity but

have strong pro-angiogenic paracrine activity. The majority of

these early EPCs display markers similar to those of monocyte/

macrophage and lymphocyte lineage. Conversely, late EPCs

develop endothelial cell characteristics after three weeks of

growth and display high endothelial proliferative potential and

express endothelial cell lineage markers.

The means by which EPCs influence PAH remains unclear.

Current data support 4 main mechanisms: (1) localization to

areas of vascular injury and restoration of vascular integrity; (2)

paracrine effects—potentially mediated by secretions of

proangiogenic growth factors; (3) support/restoration of other

cells, and (4) differentiation into proinflammatory cells with

subsequent immunomodulatory effects.

Early studies on the vascular reparative effects of EPCS were

conducted in the systemic circulation. These studies

demonstrated that BM derived EPCs were recruited to the site of

vascular injury following wire disruption of the femoral artery in

mice (74). In 2005, Hayashida et al. used green fluorescent

protein (GFP)-labeled BM cells to demonstrate a similar

recruitment of BM-derived progenitor cells to the pulmonary
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circulation during the development of PH. They showed a striking

increase in BM-derived cells in the pulmonary arteries of mice after

induction of hypoxic PH. GFP positive cells were recruited to the

distal pulmonary circulation and appeared to be involved in

pulmonary vascular remodeling (75). Similarly, in calves with

hypoxic pulmonary hypertension, a marked increase in BM

derived c-kit + stem cells was seen in peripheral blood with a

corresponding decrease in c-kit + cells in BM (76). BM-derived

EPCs have also been identified in the pulmonary vasculature in

other pre-clinical models of PAH including MCT and Sugen/

hypoxia (76, 77), as well as in patients with PAH (78).

Recruitment of BM-derived progenitor cells to areas of vascular

injury is driven in part by chemokine gradients. In particular,

vascular injury is associated with increased expression of

CXCL12, the ligand for the CXCR4 receptor expressed by HSC

(79). Pulmonary vascular expression of both CXCL12 and

CXCR4 has been demonstrated in lungs from rats with Sugen/

hypoxia PH and in patients with PAH (80) and inhibition of the

expression or binding of CXCR4/CXCL12 reverses MCT-induced

PH in rats (81). Interestingly, EPCs from patients with PAH

have increased proliferative capacity compared to control patients

(82). Furthermore, the number of EPCs in PAH patients with

BMPR2 mutations are increased and when grown in vitro

demonstrate a hyperproliferative phenotype and an inability to

form vessel networks (83).

A pathogenic role of BM-derived EPC has been suggested by a

number of studies in which these cells have been shown to induce
FIGURE 12

Proposed mechanism of Runx1 and Sox17 involvement in endothelial cell regen
Runx1 skews differentiation towards HSC/myeloid lineage which may con
progenitor cells; EC, endothelial cells.
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PH when transplanted into healthy animals. For example, our lab

demonstrated that whole BM obtained from mice with MCT-PH

induces PH when transplanted into healthy mice (84, 85).

Transplanting BM from control mice into healthy mice had no

effect. Similarly, BM from pulmonary hypertensive BMPR2

heterozygote mice induce PH in a dose-dependent manner and

increase the number of donor-derived inflammatory cells in the

pulmonary vasculature when transplanted into healthy control

mice (81). In contrast, transplantation of BM from wild-type mice

into BMPR2 heterozygotes attenuates the severity of PH. Whether

the latter result is due to a healing effect of the BM cells from

wild-type mice or the destruction of pathogenic EPC in the PH

mice is unclear, but these transplantation experiments require non-

lethal radiation prior to transplant which destroys most of the

native BM cells. Our group has also demonstrated that non-lethal

irradiation alone (i.e without subsequent BM transplant) can

partially reverse SuHx-PH (86). Whether or not it is the EPC

fraction that was responsible for BM inducing PH in the above

experiments is uncertain. However, we demonstrated that depletion

of EPC, defined as ckit+/sca1+/vegfr2+, from the BM of MCT-PH

mice prior to transplantation prevented induction of PH in the

healthy mice (85). Finally, EPCs defined as CD133 + obtained from

the BM of PAH patients cause pulmonary vascular endothelial

injury, in situ thrombi, right ventricular hypertrophy and increased

mortality when xenografted into immunodeficient mice, whereas

EPCs obtained from patients without PAH do not. Interestingly,

these CD133 + cells expressed increased myeloid-specific
eration after injury. Sox17 is necessary for EC regeneration following injury.
tribute to further inflammation/propagation of PAH. EPCs, endothelial
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transcription factors (GATA1, EKLF, Fli) compared to controls (85,

87). Collectively, these results demonstrate that EPCs obtained

from animals with PH and patients with PAH are capable of

inducing PH, and causing pulmonary vascular remodeling.

However, the mechanisms responsible for driving EPCs from a

reparative response toward pathologic remodeling is not clear.

Previous studies have shown that SOX17 plays a key role in the

induction and expansion of arterial endothelial precursors derived

from CD34+ progenitors in human umbilical cord blood or adult

BM (88) and we have shown that Runx1 expression is higher in

circulating EPCs obtained from PAH patients compared with

controls. Together, these findings support the hypothesis that

aberrant pulmonary vascular remodeling in PAH may be due in

part to imbalances in SOX17 and RUNX1 expression in EPCs that

leads to suppression of endothelial differentiation and instead

drives them toward a hematopoietic fate (Figure 12).
Future directions

Evidence is accruing to support a role for SOX17 and RUNX1

in the pathogenesis of PAH. Further research is needed to elucidate

the mechanisms by which these developmentally important

transcription factors may modulate pulmonary vascular

remodeling and the development or progression of PAH.

Whether or not the increased risk of PAH associated with

mutations in the SOX17 gene is due to insufficient repression of

its downstream target RUNX1 is not known. RUNX1 expression

in the lung or circulating progenitor cells has not been examined

in patients with PAH associated with SOX17 mutations, although

this is an ongoing area of research in or lab and by other

investigators. In addition to RUNX1, numerous other targets of

SOX17 including HGF/c-Met, E2F1, BMPR2, and estrogen

metabolism have been shown to play significant roles in

modulating pulmonary hypertensive responses, and perturbations

in their expression may play important roles in PAH associated

with impaired SOX17 expression. Furthermore, if insufficient

suppression of RUNX1 by impaired SOX17 expression causes

pulmonary hypertension, it is not clear whether impaired SOX17

and RUNX1 signaling fails to maintain pulmonary vascular

endothelial cell homeostasis or drives differentiation of

BM-derived progenitor cells toward a myeloid fate. However,

there is strong and accruing evidence to support the pathogenic

role of SOX17 and RUNX1 in PAH and the potential of

targeting the SOX17 and RUNX1 axis as a novel therapeutic

approach in the management of PAH. Future studies are needed
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to determine if enhanced expression of SOX17 or inhibition of

its downstream targets such as RUNX1, HGF/c-Met, or E2F1 can

reverse PAH associated with the rare or common variants of

SOX17 mutations or in patients with PAH that are not associated

with impaired SOX17 expression. To this end, RUNX1 inhibitors

have been developed for the treatment of hematologic

malignancies and may be repurposed for the treatment of PAH

and recent studies have suggested several drugs that have

potential to enhance SOX17 expression despite mutations in

enhancer signal 1 and 2 (42). Targeting transcription factors that

are intimately involved in endothelial generation and repair such

as SOX17 and RUNX1 has the potential to not only shed new

light on the pathogenesis of PAH but to significantly change the

approach to treating this devastating disease.
Author contributions

RS: Conceptualization, Data curation, Methodology,

Supervision, Writing – original draft, Writing – review & editing.

JK: Conceptualization, Investigation, Writing – review & editing.

OL: Data curation, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

R01HL158841-02.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Guazzi M, Ghio S, Adir Y. Pulmonary hypertension in HFpEF and HFrEF: JACC
review topic of the week. J Am Coll Cardiol. (2020) 76(9):1102–11. doi: 10.1016/j.jacc.
2020.06.069

2. Zhang L, Liu Y, Zhao S, Wang Z, Zhang M, Zhang S, et al. The incidence and
prevalence of pulmonary hypertension in the COPD population: a systematic
review and meta-analysis. Int J Chron Obstruct Pulmon Dis. (2022) 17:1365–79.
doi: 10.2147/COPD.S359873
3. Emmons-Bell S, Johnson C, Boon-Dooley A, Corris PA, Leary PJ, Rich S, et al.
Prevalence, incidence, and survival of pulmonary arterial hypertension: a systematic
review for the global burden of disease 2020 study. Pulm Circ. (2022) 12(1):e12020.
doi: 10.1002/pul2.12020

4. Machado RD, Southgate L, Eichstaedt CA, Aldred MA, Austin ED, Best DH, et al.
Pulmonary arterial hypertension: a current perspective on established and emerging
molecular genetic defects. Hum Mutat. (2015) 36(12):1113–27. doi: 10.1002/humu.22904
frontiersin.org

https://doi.org/10.1016/j.jacc.2020.06.069
https://doi.org/10.1016/j.jacc.2020.06.069
https://doi.org/10.2147/COPD.S359873
https://doi.org/10.1002/pul2.12020
https://doi.org/10.1002/humu.22904
https://doi.org/10.3389/fcvm.2023.1274033
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Simmons Beck et al. 10.3389/fcvm.2023.1274033
5. Soubrier F, Chung WK, Machado R, Grünig E, Aldred M, Geraci M, et al.
Genetics and genomics of pulmonary arterial hypertension. J Am Coll Cardiol.
(2013) 62(25 Suppl):D13–21. doi: 10.1016/j.jacc.2013.10.035

6. Koehler R, Grünig E, Pauciulo MW, Hoeper MM, Olschewski H, Wilkens H, et al.
Low frequency of BMPR2 mutations in a German cohort of patients with sporadic
idiopathic pulmonary arterial hypertension. J Med Genet. (2004) 41(12):e127.
doi: 10.1136/jmg.2004.023101

7. Morisaki H, Nakanishi N, Kyotani S, Takashima A, Tomoike H, Morisaki T.
BMPR2 Mutations found in Japanese patients with familial and sporadic primary
pulmonary hypertension. Hum Mutat. (2004) 23(6):632. doi: 10.1002/humu.9251

8. Evans JD,Girerd B,MontaniD,WangXJ,GalièN, Austin ED, et al. BMPR2Mutations
and survival in pulmonary arterial hypertension: an individual participant data meta-
analysis. Lancet Respir Med. (2016) 4(2):129–37. doi: 10.1016/S2213-2600(15)00544-5

9. Eichstaedt CA, Song J, Viales RR, Pan Z, Benjamin N, Fischer C, et al. First
identification of Krüppel-like factor 2 mutation in heritable pulmonary arterial
hypertension. Clin Sci. (2017) 131(8):689–98. doi: 10.1042/CS20160930

10. Welch CL, Aldred MA, Balachandar S, Dooijes D, Eichstaedt CA, Gräf S, et al.
Defining the clinical validity of genes reported to cause pulmonary arterial
hypertension. Genet Med. (2023) 25(11):100925. doi: 10.1016/j.gim.2023.100925

11. Marciano BE, Olivier KN, Folio LR, Zerbe CS, Hsu AP, Freeman AF, et al.
Pulmonary manifestations of GATA2 deficiency. Chest. (2021) 160(4):1350–9.
doi: 10.1016/j.chest.2021.05.046 Welch CL, Austin ED, Chung WK. Genes that
drive the pathobiology of pediatric pulmonary arterial hypertension. Pediatr
Pulmonol. (2021) 56(3):614–20. doi: 10.1002/ppul.24637

12. Yang L, Wan N, Gong F, Wang X, Feng L, Liu G. Transcription factors and
potential therapeutic targets for pulmonary hypertension. Front Cell Dev Biol.
(2023) 11:1132060. doi: 10.3389/fcell.2023.1132060

13. Gubbay J, Collignon J, Koopman P, Capel B, Economou A, Münsterberg A, et al.
A gene mapping to the sex-determining region of the mouse Y chromosome is a
member of a novel family of embryonically expressed genes. Nature. (1990) 346
(6281):245–50. doi: 10.1038/346245a0

14. Sinclair AH, Berta P, Palmer MS, Hawkins JR, Griffiths BL, Smith MJ, et al. A
gene from the human sex-determining region encodes a protein with homology to a
conserved DNA-binding motif. Nature. (1990) 346(6281):240–4. doi: 10.1038/346240a0

15. Shan T, Uyar DS, Wang LS, Mutch DG, Huang TH, Rader JS, et al. SOX11
Hypermethylation as a tumor biomarker in endometrial cancer. Biochimie. (2019)
162:8–14. doi: 10.1016/j.biochi.2019.03.019

16. Kamachi Y, Kondoh H. Sox proteins: regulators of cell fate specification and
differentiation. Development. (2013) 140(20):4129–44. doi: 10.1242/dev.091793

17. Harley VR, Lovell-Badge R, Goodfellow PN. Definition of a consensus DNA
binding site for SRY. Nucleic Acids Res. (1994) 22(8):1500–1. doi: 10.1093/nar/22.8.1500

18. She ZY, Yang WX. SOX Family transcription factors involved in diverse cellular
events during development. Eur J Cell Biol. (2015) 94(12):547–63. doi: 10.1016/j.ejcb.
2015.08.002

19. Stevanovic M, Drakulic D, Lazic A, Ninkovic DS, Schwirtlich M, Mojsin M. SOX
Transcription factors as important regulators of neuronal and glial differentiation
during nervous system development and adult neurogenesis. Front Mol Neurosci.
(2021) 14:654031. doi: 10.3389/fnmol.2021.654031

20. Wegner M. Secrets to a healthy sox life: lessons for melanocytes. Pigm Cell Res.
(2005) 18(2):74–85. doi: 10.1111/j.1600-0749.2005.00218.x

21. Corada M, Orsenigo F, Morini MF, Pitulescu ME, Bhat G, Nyqvist D, et al.
Sox17 is indispensable for acquisition and maintenance of arterial identity. Nat
Commun. (2013) 4:2609. doi: 10.1038/ncomms3609

22. Mukherjee S, Luedeke DM, McCoy L, Iwafuchi M, Zorn AM. SOX Transcription
factors direct TCF-independent WNT/β-catenin responsive transcription to govern
cell fate in human pluripotent stem cells. Cell Rep. (2022) 40(8):111247. doi: 10.
1016/j.celrep.2022.111247

23. Lange AW, Haitchi HM, LeCras TD, Sridharan A, Xu Y, Wert SE, et al. Sox17 is
required for normal pulmonary vascular morphogenesis. Dev Biol. (2014) 387
(1):109–20. doi: 10.1016/j.ydbio.2013.11.018

24. Sakamoto Y, Hara K, Kanai-Azuma M, Matsui T, Miura Y, Tsunekawa N, et al.
Redundant roles of Sox17 and Sox18 in early cardiovascular development of mouse
embryos. Biochem Biophys Res Commun. (2007) 360(3):539–44. doi: 10.1016/j.bbrc.
2007.06.093

25. Zhou Y, Williams J, Smallwood PM, Nathans J. Sox7, Sox17, and Sox18
cooperatively regulate vascular development in the mouse retina. PLoS One. (2015)
10(12):e0143650. doi: 10.1371/journal.pone.0143650

26. Bakker MK, Ruigrok YM. Genetics of intracranial aneurysms. Stroke. (2021) 52
(9):3004–12. doi: 10.1161/STROKEAHA.120.032621

27. Lee S, Kim IK, Ahn JS, Woo DC, Kim ST, Song S, et al. Deficiency of
endothelium-specific transcription factor Sox17 induces intracranial aneurysm.
Circulation. (2015) 131(11):995–1005. doi: 10.1161/CIRCULATIONAHA.114.012568

28. Lizama CO, Hawkins JS, Schmitt CE, Bos FL, Zape JP, Cautivo KM, et al.
Repression of arterial genes in hemogenic endothelium is sufficient for haematopoietic
fate acquisition. Nat Commun. (2015) 6:7739. doi: 10.1038/ncomms8739
Frontiers in Cardiovascular Medicine 18
29. Liu M, Zhang L, Marsboom G, Jambusaria A, Xiong S, Toth PT, et al. Sox17 is
required for endothelial regeneration following inflammation-induced vascular injury.
Nat Commun. (2019) 10(1):2126. doi: 10.1038/s41467-019-10134-y

30. Lange AW, Keiser AR, Wells JM, Zorn AM, Whitsett JA. Sox17 promotes cell
cycle progression and inhibits TGF-beta/Smad3 signaling to initiate progenitor cell
behavior in the respiratory epithelium. PLoS One. (2009) 4(5):e5711. doi: 10.1371/
journal.pone.0005711

31. He S, Kim I, Lim MS, Morrison SJ. Sox17 expression confers self-renewal
potential and fetal stem cell characteristics upon adult hematopoietic progenitors.
Genes Dev. (2011) 25(15):1613–27. doi: 10.1101/gad.2052911

32. Jung HS, Uenishi G, Park MA, Liu P, Suknuntha K, Raymond M, et al. SOX17
Integrates HOXA and arterial programs in hemogenic endothelium to drive definitive
lympho-myeloid hematopoiesis. Cell Rep. (2021) 34(7):108758. doi: 10.1016/j.celrep.
2021.108758

33. Nakajima-Takagi Y, Osawa M, Oshima M, Takagi H, Miyagi S, Endoh M, et al.
Role of SOX17 in hematopoietic development from human embryonic stem cells.
Blood. (2013) 121(3):447–58. doi: 10.1182/blood-2012-05-431403

34. Yi D, Liu B, Ding H, Li S, Li R, Pan J, et al. E2F1 mediates SOX17 deficiency-
induced pulmonary hypertension. Hypertension. (2023) 80(11):2357–71. doi: 10.1161/
HYPERTENSIONAHA.123.21241

35. Alexander J, Stainier DY. A molecular pathway leading to endoderm formation in
zebrafish. Curr Bio. (1999) 9(20):1147–57. doi: 10.1016/S0960-9822(00)80016-0

36. Scharpfenecker M, van Dinther M, Liu Z, van Bezooijen RL, Zhao Q, Pukac L, et al.
BMP-9 signals via ALK1 and inhibits bFGF-induced endothelial cell proliferation and
VEGF-stimulated angiogenesis. J Cell Sci. (2007) 120(Pt 6):964–72. doi: 10.1242/jcs.002949

37. Rhodes CJ, Batai K, Bleda M, Haimel M, Southgate L, Germain M, et al. Genetic
determinants of risk in pulmonary arterial hypertension: international genome-wide
association studies and meta-analysis. Lancet Respir Med. (2019) 7(3):227–38.
doi: 10.1016/S2213-2600(18)30409-0

38. Gräf S, Haimel M, Bleda M, Hadinnapola C, Southgate L, Li W, et al.
Identification of rare sequence variation underlying heritable pulmonary arterial
hypertension. Nat Commun. (2018) 9(1):1416. doi: 10.1038/s41467-018-03672-4

39. Zhu N, Welch CL, Wang J, Allen PM, Gonzaga-Jauregui C, Ma L, et al. Rare
variants in SOX17 are associated with pulmonary arterial hypertension with congenital
heart disease. Genome Med. (2018) 10(1):56. doi: 10.1186/s13073-018-0566-x

40. Montani D, Lechartier B, Girerd B, Eyries M, Ghigna MR, Savale L, et al.
An emerging phenotype of pulmonary arterial hypertension patients carrying
SOX17 variants. Eur Respir J. (2022) 60(6):2200656. doi: 10.1183/13993003.
00656-2022

41. Park CS, Kim SH, Yang HY, Kim JH, Schermuly RT, Cho YS, et al. Sox17
deficiency promotes pulmonary arterial hypertension via HGF/c-met signaling. Circ
Res. (2022) 131(10):792–806. doi: 10.1161/CIRCRESAHA.122.320845

42. Walters R, Vasilaki E, Aman J, Chen CN, Wu Y, Liang OD, et al. SOX17
Enhancer variants disrupt transcription factor binding and enhancer inactivity
drives pulmonary hypertension. Circulation. (2023) 147(21):1606–21. doi: 10.1161/
CIRCULATIONAHA.122.061940

43. Sangam S, Sun X, Schwantes-An TH, Yegambaram M, Lu Q, Shi Y, et al. SOX17
deficiency mediates pulmonary hypertension: at the crossroads of sex, metabolism,
and genetics. Am J Respir Crit Care Med. (2023) 207(8):1055–69. doi: 10.1164/rccm.
202203-0450OC

44. Zou X, Liu T, Huang Z, Zhou W, Yuan M, Zhao H, et al. SOX17 Is a critical
factor in maintaining endothelial function in pulmonary hypertension by an
exosome-mediated autocrine manner. Adv Sci. (2023) 10(14):e2206139. doi: 10.
1002/advs.202206139

45. Ainscough AJ, Smith TJ, Haensel M, Rhodes CJ, Fellows A, Whitwell HJ, et al.
An organ-on-chip model of pulmonary arterial hypertension identifies a BMPR2-
SOX17-prostacyclin signalling axis. Commun Biol. (2022) 5(1):1192. doi: 10.1038/
s42003-022-04169-z

46. Takahashi S, Nobuhisa I, Saito K, Gerel M, Itabashi A, Harada K, et al. Sox17-
mediated expression of adherent molecules is required for the maintenance of
undifferentiated hematopoietic cluster formation in midgestation mouse embryos.
Differentiation. (2020) 115:53–61. doi: 10.1016/j.diff.2020.08.001

47. Banerjee A, Ray S. Structural insight, mutation and interactions in human Beta-
catenin and SOX17 protein: a molecular-level outlook for organogenesis. Gene. (2017)
610:118–26. doi: 10.1016/j.gene.2017.01.026

48. Nüsslein-Volhard C, Wieschaus E. Mutations affecting segment number and
polarity in Drosophila. Nature. (1980) 287(5785):795–801. doi: 10.1038/287795a0

49. Miyoshi H, Shimizu K, Kozu T, Maseki N, Kaneko Y, Ohki M. T(8;21)
breakpoints on chromosome 21 in acute myeloid leukemia are clustered within a
limited region of a single gene, AML1. Proc Natl Acad Sci U S A. (1991) 88
(23):10431–4. doi: 10.1073/pnas.88.23.10431

50. Levanon D, Groner Y. Structure and regulated expression of mammalian RUNX
genes. Oncogene. (2004) 23(24):4211–9. doi: 10.1038/sj.onc.1207670

51. North T, Gu TL, Stacy T, Wang Q, Howard L, Binder M, et al. Cbfa2 is required
for the formation of intra-aortic hematopoietic clusters. Development. (1999) 126
(11):2563–75. doi: 10.1242/dev.126.11.2563
frontiersin.org

https://doi.org/10.1016/j.jacc.2013.10.035
https://doi.org/10.1136/jmg.2004.023101
https://doi.org/10.1002/humu.9251
https://doi.org/10.1016/S2213-2600(15)00544-5
https://doi.org/10.1042/CS20160930
https://doi.org/10.1016/j.gim.2023.100925
https://doi.org/10.1016/j.chest.2021.05.046
https://doi.org/10.1002/ppul.24637
https://doi.org/10.3389/fcell.2023.1132060
https://doi.org/10.1038/346245a0
https://doi.org/10.1038/346240a0
https://doi.org/10.1016/j.biochi.2019.03.019
https://doi.org/10.1242/dev.091793
https://doi.org/10.1093/nar/22.8.1500
https://doi.org/10.1016/j.ejcb.2015.08.002
https://doi.org/10.1016/j.ejcb.2015.08.002
https://doi.org/10.3389/fnmol.2021.654031
https://doi.org/10.1111/j.1600-0749.2005.00218.x
https://doi.org/10.1038/ncomms3609
https://doi.org/10.1016/j.celrep.2022.111247
https://doi.org/10.1016/j.celrep.2022.111247
https://doi.org/10.1016/j.ydbio.2013.11.018
https://doi.org/10.1016/j.bbrc.2007.06.093
https://doi.org/10.1016/j.bbrc.2007.06.093
https://doi.org/10.1371/journal.pone.0143650
https://doi.org/10.1161/STROKEAHA.120.032621
https://doi.org/10.1161/CIRCULATIONAHA.114.012568
https://doi.org/10.1038/ncomms8739
https://doi.org/10.1038/s41467-019-10134-y
https://doi.org/10.1371/journal.pone.0005711
https://doi.org/10.1371/journal.pone.0005711
https://doi.org/10.1101/gad.2052911
https://doi.org/10.1016/j.celrep.2021.108758
https://doi.org/10.1016/j.celrep.2021.108758
https://doi.org/10.1182/blood-2012-05-431403
https://doi.org/10.1161/HYPERTENSIONAHA.123.21241
https://doi.org/10.1161/HYPERTENSIONAHA.123.21241
https://doi.org/10.1016/S0960-9822(00)80016-0
https://doi.org/10.1242/jcs.002949
https://doi.org/10.1016/S2213-2600(18)30409-0
https://doi.org/10.1038/s41467-018-03672-4
https://doi.org/10.1186/s13073-018-0566-x
https://doi.org/10.1183/13993003.00656-2022
https://doi.org/10.1183/13993003.00656-2022
https://doi.org/10.1161/CIRCRESAHA.122.320845
https://doi.org/10.1161/CIRCULATIONAHA.122.061940
https://doi.org/10.1161/CIRCULATIONAHA.122.061940
https://doi.org/10.1164/rccm.202203-0450OC
https://doi.org/10.1164/rccm.202203-0450OC
https://doi.org/10.1002/advs.202206139
https://doi.org/10.1002/advs.202206139
https://doi.org/10.1038/s42003-022-04169-z
https://doi.org/10.1038/s42003-022-04169-z
https://doi.org/10.1016/j.diff.2020.08.001
https://doi.org/10.1016/j.gene.2017.01.026
https://doi.org/10.1038/287795a0
https://doi.org/10.1073/pnas.88.23.10431
https://doi.org/10.1038/sj.onc.1207670
https://doi.org/10.1242/dev.126.11.2563
https://doi.org/10.3389/fcvm.2023.1274033
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Simmons Beck et al. 10.3389/fcvm.2023.1274033
52. Wang Q, Stacy T, Binder M, Marin-Padilla M, Sharpe AH, Speck NA.
Disruption of the Cbfa2 gene causes necrosis and hemorrhaging in the central
nervous system and blocks definitive hematopoiesis. Proc Natl Acad Sci U S A.
(1996) 93(8):3444–9. doi: 10.1073/pnas.93.8.3444

53. Sood R, Kamikubo Y, Liu P. Role of RUNX1 in hematological malignancies.
Blood. (2017) 129(15):2070–82. doi: 10.1182/blood-2016-10-687830

54. Grossmann V, Kern W, Harbich S, Alpermann T, Jeromin S, Schnittger S, et al.
Prognostic relevance of RUNX1 mutations in T-cell acute lymphoblastic leukemia.
Haematologica. (2011) 96(12):1874–7. doi: 10.3324/haematol.2011.043919

55. Jeong EM, Pereira M, So EY, Wu KQ, Del Tatto M, Wen S, et al. Targeting
RUNX1 as a novel treatment modality for pulmonary arterial hypertension.
Cardiovasc Res. (2022) 118(16):3211–24. doi: 10.1093/cvr/cvac001

56. Liang OD, So EY, Egan PC, Goldberg LR, Aliotta JM, Wu KQ, et al. Endothelial
to haematopoietic transition contributes to pulmonary arterial hypertension.
Cardiovasc Res. (2017) 113(13):1560–73. doi: 10.1093/cvr/cvx161

57. Fadlullah MZH, Neo WH, Lie-A-Ling M, Thambyrajah R, Patel R, Mevel R,
et al. Murine AGM single-cell profiling identifies a continuum of hemogenic
endothelium differentiation marked by ACE. Blood. (2022) 139(3):343–56. doi: 10.
1182/blood.2020007885

58. Guibentif C, Rönn RE, Böiers C, Lang S, Saxena S, Soneji S, et al. Single-cell
analysis identifies distinct stages of human endothelial-to-hematopoietic transition.
Cell Rep. (2017) 19(1):10–9. doi: 10.1016/j.celrep.2017.03.023

59. Haley KJ, Lasky-Su J, Manoli SE, Smith LA, Shahsafaei A, Weiss ST, et al. RUNX
Transcription factors: association with pediatric asthma and modulated by maternal
smoking. Am J Physiol Lung Cell Mol Physiol. (2011) 301(5):L693–701. doi: 10.
1152/ajplung.00348.2010

60. Tang X, Sun L, Jin X, Chen Y, Zhu H, Liang Y, et al. Runt-related transcription
factor 1 regulates LPS-induced acute lung injury via NF-κB signaling. Am J Respir Cell
Mol Biol. (2017) 57(2):174–83. doi: 10.1165/rcmb.2016-0319OC

61. Luo MC, Zhou SY, Feng DY, Xiao J, Li WY, Xu CD, et al. Runt-related
transcription factor 1 (RUNX1) binds to p50 in macrophages and enhances TLR4-
triggered inflammation and septic shock. J Biol Chem. (2016) 291(42):22011–20.
doi: 10.1074/jbc.M116.715953

62. Lam JD, Oh DJ, Wong LL, Amarnani D, Park-Windhol C, Sanchez AV, et al.
Identification of RUNX1 as a mediator of aberrant retinal angiogenesis. Diabetes.
(2017) 66(7):1950–6. doi: 10.2337/db16-1035

63. Whitmore HAB, Amarnani D, O’Hare M, Delgado-Tirado S, Gonzalez-Buendia
L, An M, et al. TNF-α signaling regulates RUNX1 function in endothelial cells. FASEB
J. (2021) 35(2):e21155. doi: 10.1096/fj.202001668R

64. Tamosiuniene R, Tian W, Dhillon G, Wang L, Sung YK, Gera L, et al. Regulatory
T cells limit vascular endothelial injury and prevent pulmonary hypertension. Circ Res.
(2011) 109(8):867–79. doi: 10.1161/CIRCRESAHA.110.236927

65. Rabinovitch M, Guignabert C, Humbert M, Nicolls MR. Inflammation and
immunity in the pathogenesis of pulmonary arterial hypertension. Circ Res. (2014)
115(1):165–75. doi: 10.1161/CIRCRESAHA.113.301141

66. Hu Y, Chi L, Kuebler WM, Goldenberg NM. Perivascular inflammation in
pulmonary arterial hypertension. Cells. (2020) 9(11):2338. doi: 10.3390/cells9112338

67. Vinci MC, Carulli E, Rurali E, Rinaldi R, Damiano G, Raucci A, et al. The long
telling story of “endothelial progenitor cells": where are we at now? Cells. (2022) 12
(1):112. doi: 10.3390/cells12010112

68. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, et al. Isolation
of putative progenitor endothelial cells for angiogenesis. Science. (1997) 275
(5302):964–7. doi: 10.1126/science.275.5302.964

69. Liu Q, Huang X, Zhang H, Tian X, He L, Yang R, et al. c-kit(+) cells adopt
vascular endothelial but not epithelial cell fates during lung maintenance and
repair. Nat Med. (2015) 21(8):866–8. doi: 10.1038/nm.3888

70. Pu X, Du L, Hu Y, Fan Y, Xu Q. Stem/progenitor cells and pulmonary arterial
hypertension. Arterioscler Thromb Vasc Biol. (2021) 41(1):167–78. doi: 10.1161/
ATVBAHA.120.315052

71. Diller GP, Thum T, Wilkins MR, Wharton J. Endothelial progenitor cells in
pulmonary arterial hypertension. Trends Cardiovasc Med. (2010) 20(1):22–9.
doi: 10.1016/j.tcm.2010.03.003
Frontiers in Cardiovascular Medicine 19
72. Case J, Mead LE, Bessler WK, Prater D, White HA, Saadatzadeh MR, et al.
Human CD34+AC133+VEGFR-2+cells are not endothelial progenitor cells but
distinct, primitive hematopoietic progenitors. Exp Hematol. (2007) 35(7):1109–18.
doi: 10.1016/j.exphem.2007.04.002

73. Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver M, Kearney M, et al.
Transplantation of ex vivo expanded endothelial progenitor cells for therapeutic
neovascularization. Proc Natl Acad Sci U S A. (2000) 97(7):3422–7. doi: 10.1073/pnas.97.7.
3422

74. Shoji M, Sata M, Fukuda D, Tanaka K, Sato T, Iso Y, et al. Temporal and spatial
characterization of cellular constituents during neointimal hyperplasia after vascular
injury: potential contribution of bone-marrow-derived progenitors to arterial
remodeling. Cardiovasc Pathol. (2004) 13(6):306–12. doi: 10.1016/j.carpath.2004.08.
004

75. Hayashida K, Fujita J, Miyake Y, Kawada H, Ando K, Ogawa S, et al. Bone
marrow-derived cells contribute to pulmonary vascular remodeling in hypoxia-
induced pulmonary hypertension. Chest. (2005) 127(5):1793–8. doi: 10.1378/chest.
127.5.1793

76. Davie NJ, Crossno JT Jr, Frid MG, Hofmeister SE, Reeves JT, Hyde DM, et al.
Hypoxia-induced pulmonary artery adventitial remodeling and neovascularization:
contribution of progenitor cells. Am J Physiol Lung Cell Mol Physiol. (2004) 286(4):
L668–78. doi: 10.1152/ajplung.00108.2003

77. Liu Y, Zhao X, Ding J, Xing Y, Zhou M, Wang X, et al. Evidence of accumulated
endothelial progenitor cells in the lungs of rats with pulmonary arterial hypertension
by 89Zr-oxine PET imaging. Mol Ther Methods Clin Dev. (2020) 17:1108–17. doi: 10.
1016/j.omtm.2020.04.021

78. Montani D, Perros F, Gambaryan N, Girerd B, Dorfmuller P, Price LC, et al. C-
kit-positive cells accumulate in remodeled vessels of idiopathic pulmonary arterial
hypertension. Am J Respir Crit Care Med. (2011) 184(1):116–23. doi: 10.1164/rccm.
201006-0905OC

79. George AL, Bangalore-Prakash P, Rajoria S, Suriano R, Shanmugam A,
Mittelman A, et al. Endothelial progenitor cell biology in disease and tissue
regeneration. J Hematol Oncol. (2011) 4:24. doi: 10.1186/1756-8722-4-24

80. Bordenave J, Thuillet R, Tu L, Phan C, Cumont A, Marsol C, et al. Neutralization
of CXCL12 attenuates established pulmonary hypertension in rats. Cardiovasc Res.
(2020) 116(3):686–97. doi: 10.1093/cvr/cvz153

81. Yan L, Chen X, Talati M, Nunley BW, Gladson S, Blackwell T, et al. Bone
marrow-derived cells contribute to the pathogenesis of pulmonary arterial
hypertension. Am J Respir Crit Care Med. (2016) 193(8):898–909. doi: 10.1164/
rccm.201502-0407OC

82. Duong HT, Comhair SA, AldredMA, Mavrakis L, Savasky BM, Erzurum SC, et al.
Pulmonary artery endothelium resident endothelial colony-forming cells in pulmonary
arterial hypertension. Pulm Circ. (2011) 1(4):475–86. doi: 10.4103/2045-8932.93547

83. Toshner M, Voswinckel R, Southwood M, Al-Lamki R, Howard LS, Marchesan
D, et al. Evidence of dysfunction of endothelial progenitors in pulmonary arterial
hypertension. Am J Respir Crit Care Med. (2009) 180(8):780–7. doi: 10.1164/rccm.
200810-1662OC

84. Aliotta JM, Pereira M, Amaral A, Sorokina A, Igbinoba Z, Hasslinger A, et al.
Induction of pulmonary hypertensive changes by extracellular vesicles from
monocrotaline-treated mice. Cardiovasc Res. (2013) 100(3):354–62. doi: 10.1093/cvr/cvt184

85. Aliotta JM, Pereira M, Wen S, Dooner MS, Del Tatto M, Papa E, et al. Bone
marrow endothelial progenitor cells are the cellular mediators of pulmonary
hypertension in the murine monocrotaline injury model. Stem Cells Transl Med.
(2017) 6(7):1595–606. doi: 10.1002/sctm.16-0386

86. Egan PC, Liang OD, Goldberg LR, Aliotta JM, Pereira M, Borgovan T, et al. Low
dose 100 cGy irradiation as a potential therapy for pulmonary hypertension. J Cell
Physiol. (2019) 234(11):21193–8. doi: 10.1002/jcp.28723

87. Asosingh K, Farha S, Lichtin A, Graham B, George D, Aldred M, et al.
Pulmonary vascular disease in mice xenografted with human BM progenitors from
patients with pulmonary arterial hypertension. Blood. (2012) 120(6):1218–27.
doi: 10.1182/blood-2012-03-419275

88. Miller AZ, Satchie A, Tannenbaum AP, Nihal A, Thomson JA, Vereide DT.
Expandable arterial endothelial precursors from human CD34+ cells differ in their
proclivity to undergo an endothelial-to-mesenchymal transition. Stem Cell Rep.
(2018) 10(1):73–86. doi: 10.1016/j.stemcr.2017.12.011
frontiersin.org

https://doi.org/10.1073/pnas.93.8.3444
https://doi.org/10.1182/blood-2016-10-687830
https://doi.org/10.3324/haematol.2011.043919
https://doi.org/10.1093/cvr/cvac001
https://doi.org/10.1093/cvr/cvx161
https://doi.org/10.1182/blood.2020007885
https://doi.org/10.1182/blood.2020007885
https://doi.org/10.1016/j.celrep.2017.03.023
https://doi.org/10.1152/ajplung.00348.2010
https://doi.org/10.1152/ajplung.00348.2010
https://doi.org/10.1165/rcmb.2016-0319OC
https://doi.org/10.1074/jbc.M116.715953
https://doi.org/10.2337/db16-1035
https://doi.org/10.1096/fj.202001668R
https://doi.org/10.1161/CIRCRESAHA.110.236927
https://doi.org/10.1161/CIRCRESAHA.113.301141
https://doi.org/10.3390/cells9112338
https://doi.org/10.3390/cells12010112
https://doi.org/10.1126/science.275.5302.964
https://doi.org/10.1038/nm.3888
https://doi.org/10.1161/ATVBAHA.120.315052
https://doi.org/10.1161/ATVBAHA.120.315052
https://doi.org/10.1016/j.tcm.2010.03.003
https://doi.org/10.1016/j.exphem.2007.04.002
https://doi.org/10.1073/pnas.97.7.3422
https://doi.org/10.1073/pnas.97.7.3422
https://doi.org/10.1016/j.carpath.2004.08.004
https://doi.org/10.1016/j.carpath.2004.08.004
https://doi.org/10.1378/chest.127.5.1793
https://doi.org/10.1378/chest.127.5.1793
https://doi.org/10.1152/ajplung.00108.2003
https://doi.org/10.1016/j.omtm.2020.04.021
https://doi.org/10.1016/j.omtm.2020.04.021
https://doi.org/10.1164/rccm.201006-0905OC
https://doi.org/10.1164/rccm.201006-0905OC
https://doi.org/10.1186/1756-8722-4-24
https://doi.org/10.1093/cvr/cvz153
https://doi.org/10.1164/rccm.201502-0407OC
https://doi.org/10.1164/rccm.201502-0407OC
https://doi.org/10.4103/2045-8932.93547
https://doi.org/10.1164/rccm.200810-1662OC
https://doi.org/10.1164/rccm.200810-1662OC
https://doi.org/10.1093/cvr/cvt184
https://doi.org/10.1002/sctm.16-0386
https://doi.org/10.1002/jcp.28723
https://doi.org/10.1182/blood-2012-03-419275
https://doi.org/10.1016/j.stemcr.2017.12.011
https://doi.org/10.3389/fcvm.2023.1274033
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Light at the ENDothelium-role of Sox17 and Runx1 in endothelial dysfunction and pulmonary arterial hypertension
	Introduction
	SOX17
	Role of Sox17 in vascular homeostasis and neovascularization
	Role of SOX17 in PAH
	Potential pathogenic mechanisms for SOX17 in PAH
	RUNX1
	Runx1 in PAH
	Bone marrow-derived progenitor cells
	Future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


