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Abstract

Pulmonary arterial hypertension (PAH) is a progressive disease predominantly targeting pre-capillary blood
vessels. Adverse structural remodelling and increased pulmonary vascular resistance result in cardiac
hypertrophy and ultimately failure of the right ventricle. Recent whole-genome and whole-exome
sequencing studies have identified SOX17 as a novel risk gene in PAH, with a dominant mode of
inheritance and incomplete penetrance. Rare deleterious variants in the gene and more common variants in
upstream enhancer sites have both been associated with the disease, and a deficiency of SOX17 expression
may predispose to PAH. This review aims to consolidate the evidence linking genetic variants in SOX17 to
PAH, and explores the numerous targets and effects of the transcription factor, focusing on the pulmonary
vasculature and the pathobiology of PAH.

Introduction

Pulmonary arterial hypertension (PAH) is a rare condition characterised by structural remodelling of
pulmonary arterioles and arteries, endothelial dysfunction, proliferation of mesenchymal cells in the vessel
wall, and inflammation [1]. About a third of patients with PAH are classified as idiopathic PAH (IPAH),
heritable PAH (HPAH) or drug-induced PAH and the annual mortality, even in the most experienced
treatment centres and with a typical age at diagnosis in the mid-40s, averages 10% [2]. Despite common
features in the vascular pathology, there is evidence of heterogeneity among these patients, as seen in the
individual response to specific drugs and in the emerging underlying genetic architecture [3].

A major breakthrough in our understanding of the pathobiology of PAH was the discovery two decades
ago of heterozygous germline mutations in the gene encoding bone morphogenetic protein (BMP) receptor
type 2 (BMPR2), a member of the transforming growth factor (TGF)-f superfamily [4, 5]. Mutations in
BMPR?2 are recognised as the most common cause of PAH, occurring in approximately 70% of HPAH and
10-20% of IPAH cases, and their discovery has suggested potential therapies designed to enhance BMP
signalling in PAH [6]. In addition to BMPR2, at least 16 other genes have now been implicated in the
genetic architecture of PAH [3, 7]. These include mutations in TGF-B-related genes, such as those
encoding activin receptor type II-like 1 (ACVRL1), endoglin (ENG), BMP receptor type 1A and type 1B
(BMPRIA and BMPRIB), as well as variants in caveolin-1 (CAV1), eukaryotic initiation translation factor 2
o kinase 4 (EIF2AK4), potassium subfamily K member 3 (KCNK3), SMAD family members 4 and 9
(SMAD4 and SMAD9), and T-box 4 (TBX4) [3, 7]. Deleterious variants in other previously unidentified
genes were recently found in a large-scale European study in PAH, encoding the transcription factor
SRY-box 17 (SOX17), ATPase 13A3 (ATP13A3), aquaporin 1 (AQP1) and growth differentiation factor
2/BMP9 (GDF2) [8]. The evidence level for the causal role of mutations in a particular gene needs to be
high for it to be used for clinical screening, and this has not yet been met for SMAD4, SMAD1, KLF2
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(Kruppel-like factor 2), BMPRIB and KCNA5 (potassium subfamily A member 5) [7]. Most recently,
evidence has been presented for BMP10 [9, 10] and KDR (kinase insert domain receptor) [11, 12] as novel
PAH genes. With the exception of EIF2AK4, which is associated with pulmonary veno-occlusive disease
in a recessive manner, mutations in all of these PAH-associated genes are inherited in an autosomal
dominant manner and exhibit reduced penetrance, suggesting that additional genetic, epigenetic and/or
environmental factors are involved in modifying the development and progression of the disease [7].

SOX family of transcription factors

The SRY-box (SOX) family of transcription factors was first described for its role in sex determination,
and its members are now known to be critical regulators of development and regeneration. The family is
characterised by a highly conserved high mobility group (HMG)-box DNA-binding domain and includes
20 members, almost all showing approximately 50% sequence homology to the HMG-box domain of the
SRY (sex determining region Y) gene [13, 14]. The SOX family is divided into subgroups (SoxA to SoxH)
according to sequence homology and functional characteristics. SOX17 belongs to the SoxF subgroup,
which also includes SOX7 and SOX18 [15]. Members of this group have been shown to be essential
regulators of several developmental processes, with SOX17 most prominent in the formation of the
definitive endoderm and gastrointestinal tract [16, 17], cardiovascular development [18], and pulmonary
vascular morphogenesis [19]. SOX17 also plays a key role in priming haemogenic potential in endothelial
cells and regulating haematopoietic development from human embryonic and induced pluripotent stem
cells [20, 21].

The human SOX17 gene was sequenced in 2002, localised to chromosome 8q12-ql3 (now more
specifically 8q11.23). It comprises two exons, with transcripts demonstrated in adult human heart, lung,
spleen, testis, ovary and placenta, in fetal lung and kidney, and in the gastrointestinal tract [22]. The
deduced 414-amino-acid protein shares 41% and 43.5% identity with SOX7 and SOX18, respectively, and
contains an HMG-box domain located close to the N-terminus and B-catenin-binding domain in the
C-terminal region. SOX17 is also an important downstream transcriptional target of the Wnt/B-catenin
pathway [13]. The HMG-box domain forms an L-shaped region composed of three helices and includes a
signature amino acid sequence (RPMNAFMVW) that mediates binding to consensus motifs in the minor
groove of the DNA helix, causing DNA bending and the formation of nucleoprotein complexes [13]. SOX
proteins generally also require the binding of partner transcription factors to elicit transcriptional activation
or repression; for the SoxF subgroup this includes specific factors that belong to the POU/OCT and PAX
protein families [23, 24]. While in development SOX17 is more widely expressed in healthy adult tissues,
including the lung [19], it displays an endothelial-specific profile.

SOX17 in disease

Variants of SOX17 were first described in patients with congenital abnormalities of the kidney and urinary
tract. Over-accumulation of the mutated protein (SOX17-p.Y259N) is associated with vesicoureteral reflux
and attributed to its ability to inhibit the canonical Wnt/B-catenin signalling pathway [25]. However, the
missense variant (c.775T>A, p.Tyr259Asn), which caused excessive accumulation of the SOX17 protein in
vitro, was subsequently found in an individual without the associated congenital phenotype, leading to the
suggestion that this and other SOX17 missense variants outside the HMG-box domain may represent
“at-risk” rather than causative alleles [26]. Some of these correspond to polymorphisms in the promoter
(rs55815819:C>T), in the 5'-untranslated region (UTR) (rs62516525:C>T) and in the 3’-UTR (rs117273864:
T>G). Others were identified in the coding sequence: c.479C>T (p.Alal60Val), c.775T>A (p.Tyr259Asn),
€.942G>A (p.GIn314GIn) and ¢.971_972dupGCACCA (p.His325insGInHis). Susceptibility to intracranial
aneurysm (figure 1) has also been linked to single nucleotide polymorphisms on chromosome 8q and
SOX17 signalling [27]. SOX17 is the only gene in the 8q interval, located between two association peaks at
43 kb from rs10958409 and 64 kb from rs9298506. Endothelial-specific deletion of SOX17 leads to impaired
endothelial cell junctional assembly, cell-matrix adhesion, regeneration capacity, and paracrine secretion and
aneurysm formation in hypertensive mice [28]. Numerous studies have implicated SOX17 in cancer, with
many indicating that it acts as a tumour suppressor. Multiple mechanisms are reported to downregulate
SOX17 expression in human tumours, including chromosome loss and dysregulation by microRNAs and
long noncoding RNAs, but accumulating evidence suggests that DNA hypermethylation plays the dominant
role [29]. Indeed, SOX17 hypermethylation may be a useful molecular biomarker for the detection and
diagnosis of various tumours, predicting response to therapy and prognosis [29]. In contrast, high Sox17
expression drives tumour angiogenesis and its suppression in tumour endothelium may be beneficial [30].

Rare deleterious SOX17 variants in PAH
In contrast to vesicoureteral reflux in which an elevated SOX17 level/accumulation has been observed, all
PAH-associated variants predict loss of function, emphasising that tight control of SOX17 is required to
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FIGURE 1 SOX17 has been linked to pulmonary arterial hypertension (PAH) through genetic studies and in vivo
models have demonstrated its key role in pulmonary vascular development. CHD: congenital heart disease; KO:
knockout. As an endothelial-specific transcription factor, SOX17 acts through multiple signalling pathways and
has functions relevant to the pathophysiology of PAH, identifying it, or downstream signalling, as a clear target
for therapeutic investigations.

avoid a variety of pathological phenotypes. They are also distinct from variants associated with other
diseases. Recently, SOX17 heterozygous variants were associated with PAH (figure 1) [8, 31]. As part of
the UK National Institute for Health Research BioResource Rare Diseases project [32], a whole-genome
sequence case—control analysis was conducted on 1038 patients with IPAH, HPAH and
anorexigen-associated PAH, demonstrating statistically significant enrichment of rare deleterious variants in
SOX17, ATP13A3 and AQP1 [8]. This was picked up by SKAT-O (optimal sequencing kernel association
test) following protein-truncating variants impact analysis, with the exclusion of rare variants and deletions
in previously reported PAH genes, such as BMPR2, to unmask novel causative genes. The heritability
ascribed to each gene was relatively low, with SOX17 variants representing approximately 0.9% of the
overall cohort. Both SOX17 and AQP1 mutation carriers had a significantly younger age at diagnosis and
the variants segregated with the phenotype in available pedigrees [8]. The SOX17 variants included
nonsense variants, predicted to lead to loss of B-catenin binding, and missense variants, predicted to
disrupt interactions with B-catenin and the transcription factor OCT4 (figure 2). Missense variations in the
conserved HMG-box domain are also likely to affect SOX17 DNA binding and lead to loss-of-function
defects. In lung tissue sections, SOX17 was predominantly localised to the pulmonary endothelium, and
in vitro was highly expressed in pulmonary endothelial and blood outgrowth endothelial cells compared
with pulmonary smooth muscle cells [8].

Independent whole-exome sequencing studies have also implicated SOX17 mutations as a risk factor in
patients with PAH-associated congenital heart disease (PAH-CHD) [31]. Rare deleterious variants
contributed to approximately 3.2% of the 256 PAH-CHD cases studied, compared with approximately
0.7% in a separate group of 413 IPAH/HPAH patients, and included missense variants in the HMG-box
domain (figure 2). SOX17 variants were additionally linked to a lower mean age of onset at 26 years
compared with 41-46 years in pathogenic KCNA5, ATP13A3 and SMAD] variant carriers. Rare predicted
deleterious variants were observed in only five out of 7509 (0.07%) controls and without characterisation
of specific variants it is unknown whether they are functional. The study also noted an enrichment of 163
rare deleterious variants among 149 putative targets of SOX17, with most expressed in the developing
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FIGURE 2 Schematic of the SOX17 gene indicating variants identified by sequencing in pulmonary arterial
hypertension patients [8, 31, 33, 34]. aa: amino acids; HMG: high mobility group. Black: missense mutations;
red: protein-truncating variants; green: likely gene-disrupting variants.

murine heart and/or adult human pulmonary artery endothelial cells [31]. Another whole-exome
sequencing study found four (three unrelated) SOX17 variant carriers among 140 Japanese IPAH/HPAH
patients, where one patient’s healthy mother also carried the variant, emphasising the incomplete
penetrance in PAH [33]. Similar analysis of 2572 cases in the US National Biological Sample and Data
Repository for PAH reported rare deleterious SOX17 variants in 10 patients, again with a significantly
younger mean age of disease onset [34].

Common variants upstream of the SOX17 gene in PAH

Common variants contribute to complex and multifactorial diseases, but the impact of common genetic
variation on the risk of developing PAH and its natural history has not been widely explored. The largest
genome-wide association study to date included two separate analyses and cross-validation of loci reaching
genome-wide significance by meta-analysis, using data from four international case—control studies across
11 744 individuals with European ancestry and included 2085 patients with PAH [35]. One analysis used
genotypes from 5895 whole-genome sequences and the other used genotyping array data from an
additional 5849 individuals. A locus 100-200 kb upstream of SOX17 (rs10103692; OR 1.80, 95% CI
1.55-2.08; p=5.13x10""%) in regions characterised by enhancer epigenomic markers in endothelial cells
was found to associate with PAH. Conditional analysis showed that it comprised two independent signals
located 100-103 kb (signal 1) and 106-200 kb (signal 2) upstream of SOX17, respectively. The lead single
nucleotide polymorphisms for the two signals were rs13266183 (signal 1; OR 1.36, 95% CI 1.25-1.48;
p=1.69x10""?) and rs10103692 (signal 2). The functional effect of the novel SOX17 locus on PAH
susceptibility was further confirmed by examining protein/DNA complexes and chromatin interaction using
Hi-C conformation capture technology to determine DNA folding patterns. The first signal at locus
1s13266183 was shown by CRISPR-mediated inhibition of the enhancer to exclusively regulate SOX17,
reducing SOX17 expression in human pulmonary artery endothelial cells. When the rs13266183 region was
transfected into these cells, a 3—6-fold induction in luciferase reporter assays confirmed allele-specific
enhancer activity.

Importantly, the SOX17 genotype did not associate with survival. Impairment of SOX17 function might be
more common in PAH than suggested by rare mutations in the gene itself and we anticipate that SOX17
has a role in susceptibility to the disease [35]. As the initiation of the pathophysiological processes in PAH
remains an enigma, the discovery of SOX17 may direct further research to elucidate the early beginnings of
PAH.

Roles of SOX17 in cardiovascular and pulmonary vascular development and homeostasis

The three SoxF transcription factors have distinct as well as overlapping roles in cardiovascular
development and postnatal neovascularisation (figure 1). SOX17 is necessary for the formation and
maintenance of the endoderm [36], and comparative analyses of embryonic cardiovascular phenotypes in
Sox17/Sox18 double- and Sox17 single-knockout mice indicated redundant roles for SOX17 and SOX18 in
the formation of the anterior dorsal aorta and differentiation of the endocardial heart tube, with anomalies
in anterior vascular formation corresponding with the sites of low Sox7 expression [37]. In the early mouse
embryo, Sox17 expression is localised in the endoderm. It then increases in the dorsal aorta during
vascular development and is subsequently preferentially expressed in arterial vascular endothelial and not
venous cells [38]. SOX17 has a distinct role in developing and maintaining arterial endothelial cell
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specificity, compared with the broader functions of SOX7 and SOX18 in the vasculature [31]. Whereas
SOX17 and SOX18 are both required in vascular endothelial cells for postnatal angiogenesis in mice [39],
low SOX17 and high SOX7/SOX18 levels are essential for systemic vein development and maintenance [40].
SOX18 is specifically required for lymphatic development [39].

SOX17 is required for the normal formation of the pulmonary vasculature and postnatal cardiovascular
homeostasis (figure 1). The knockout of Sox17 in developing pulmonary vascular endothelial cells
(splanchnic mesenchyme-specific knockout using Dermol-Cre mice) has potent effects on vascular
development and causes perinatal defects. The abnormalities before birth include pulmonary vein varices,
enlarged pulmonary arteries and decreased perfusion of the lung microvasculature, with alveolar
simplification, biventricular cardiac hypertrophy and valvular regurgitation after birth [19].

The stability and permeability of the blood vessel wall in the lung relies on VE-cadherin [41] and
endothelial cell-selective adhesion molecule (ESAM) [42], and the genes for both proteins contain
consensus sequences for SOX17 in their promoters [42]. SOX17 has also been shown to be a key player in
multiple signalling pathways of relevance to PAH, including TGF-$ signalling, BMPs, Wnt/B-catenin,
Notch and vascular endothelial growth factor (VEGF) signalling, which are themselves interlinked
(figure 3) [43-45].

SOX17 in disease pathways related to PAH

SOX17 targets, such as nicotinamide phosphoribosyltransferase (NAMPT) and nestrin, have been
implicated in PAH. Extracellular NAMPT is a pro-inflammatory cytokine that promotes
endothelial-to-mesenchymal transition and pulmonary vascular remodelling [46]. SOX17 and SOX18
exhibit opposing effects on endothelial NAMPT expression; silencing of SOX17 results in attenuation of
VEGF-induced NAMPT promoter activity, whereas silencing of SOX18 has the opposite effect [46].
Nestrin is a type IV intermediate filament that regulates sprouting and remodelling of the developing
coronary vasculature [47]. Interestingly, nestrin has been found in proliferating vascular smooth muscle
cells, notably during the development of experimental pulmonary hypertension, as well as in the media
and neointima in human pulmonary vascular lesions [48]. Nestrin is also localised to the endothelium in
pulmonary vascular lesions and implicated in endothelial proliferation and angiogenesis in PAH [49].

S0X17 and endothelin

The gene encoding endothelin converting enzyme 1 (ECE1) is a central component of the endothelin
signalling pathway, being required for embryonic development and regulation of vascular tone. It is under
the control of Forkhead and ETS-domain transcription factors, specifically FOXC2 and ETV2, that act
synergistically via a FOX:ETS motif [50]. Unlike other FOX:ETS-dependent enhancers, ECE1 expression
is restricted to the embryonic arterial endothelium and endocardium, and the enhancer region is bound and
activated by Sox17, which functions together with FoxC2 and Etv2 to promote ECE1 expression [50].
Endothelin-1 (ET-1) is a potent vasoconstrictor peptide derived from the endothelium and demonstrates
increased expression in the lungs of PAH patients, notably in endothelial cells of pulmonary arteries with
medial thickening and intimal fibrosis [51]. There is a strong correlation with elevated plasma levels of
ET-1 and PAH phenotypes, such as pulmonary vascular resistance, mean pulmonary arterial pressure,
cardiac output, cardiac index and 6-min walk data [52]. Endothelin receptor antagonism is a validated
therapeutic strategy for PAH. The effects of perturbation of SOX17 could well be mediated, in part,
through the endothelin pathway.

SOX17 and TGF-3

SOX17 has various cell cycle mediating functions via TGF-B signalling. TGF- is a potent inhibitor of
proliferation in multiple epithelial cell types, including alveolar type II cells [53]. This anti-proliferative
effect has been linked to SMAD-dependent transcriptional induction of cyclin-dependent kinase inhibitors.
These include p15 and p21, and their induction leads to G; phase arrest. In the adult mouse lung, SOX17
decreased the expression of cell cycle inhibitors p15, p21 and p57 [54]. Co-immunoprecipitation assays
showed that SOX17 interacts with SMADS3, thereby inhibiting TGF-B1-mediated transcription [55].
Inactivation of SMAD2/3 or SMAD4 causes downstream loss of expression of TGF-f target genes
(including those encoding sphingosine-1-phosphate receptor 1 and N-cadherin) in mouse endothelial cells
and results in vascular defects [20, 55, 56]. Rare variants of endoglin and B-glycan, both type III receptors
for the TGF-B pathway, have been associated with intracranial aneurysm [57]. Loss of SOX17 expression
has been linked to disruption of cell-cell adhesion via its modulation of VE-cadherin in precursor
endothelial cells [20]. This mechanism could also be of relevance to aneurysm development. Within the
context of endothelial-to-haematopoietic transition, SOX17 becomes a downstream effector of activated
TGF-B signalling, where increased SOX17 expression impairs transition and blocks commitment to the
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FIGURE 3 SOX17-related pathways in endothelial cells (ECs). VEGF: vascular endothelial growth factor; LRP:
lipoprotein receptor-related protein; FZD: Frizzled; GSK3p: glycogen synthase kinase 3B; SMC: smooth muscle
cell; NO: nitric oxide; ERK: extracellular signal-regulated kinase; TEF/LEF: T-cell factor/lymphoid enhancer
factor; VEGFR2: VEGF receptor 2; NICD: Notch intracellular domain; ADAM10: a disintegrin and
metalloproteinase domain containing protein 10; DLL: Delta-like protein. a) VEGF signalling. The
phosphatidylinositol 3-kinase-AKT-mammalian target of rapamycin pathway is important in cell survival and
regulation of barrier function, and involves activation of the SRC transcription factor through the
phosphorylation of VEGFR2 at Y949. One of the downstream effects of this pathway is SMC vasodilation
through activation of endothelial NO synthase [43]. VEGF signalling is regulated in ECs by the DLL4-Notch
pathway. VEGF-induced angiogenesis is negatively regulated by Notch signalling, a pathway which SOX17 is
potentially also negatively regulated by. b) Canonical Wnt signalling pathway. In the canonical Wnt signalling
pathway, the FZD receptors bind to low-density LRP5/6 co-receptors and form a cell surface complex [44]. In
the absence of a Wnt ligand, this complex does not repress GSK3B, which targets B-catenin for
proteasome-mediated degradation through phosphorylation of serine residues. When the FZD/LRP5 receptor is
bound, it represses the activity of GSK3p, and B-catenin stabilises and relocates to the nucleus. The SOX17
protein has a similar high mobility group binding domain structure to TCF/LEF transcription factors and is well
known to interact with B-catenin. c) Notch signalling. The Notch receptor can be bound by Notch ligands
Jaggedl and Jagged2 and DLL-1, -3 and -4 [45]. This causes the double cleavage of the Notch receptor
extracellularly by ADAM10 and intracellularly by y-secretase, which leads to the release of the NICD. The NICD
then travels into the nucleus where it has a transcription factor role.

haematopoietic lineage [54]. As such, SOX17 is a key player in contributing to TGF-f signalling, and
affects the proliferation of both pulmonary epithelial and haematopoietic cells.

SOX17 and BMPs

BMPs are highly conserved throughout evolution and account for 20

of the 33 known members of the

TGF-B superfamily in humans [58]. BMPs are usually secreted as active dimeric complexes and some, like
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BMP9, are bound to a prodomain. As well as BMPR2, rare, inactivating mutations in GDF2 (encoding
BMP9) have recently been associated with PAH development [8]. BMP signalling represses SOX17
expression, whereas TGF-p signalling activates SOX17 in endodermal development in the zebrafish [59].
In contrast, BMP2 and SOX17 form a positive feedback loop that triggers lineage commitment in human
embryonic and induced pluripotent stem cells to become cardiac progenitors; BMP2 and OCT4 upregulate
SOX17 expression [60]. SOX17 then promotes further expression and accumulation of BMP2 driving
cardiogenesis. SOX17 and BMP2 demonstrated reciprocal induction in embryonic stem cells made
resistant to cardiac differentiation by histone deacetylase 1 (HDACI) knockdown, returning expression to
levels comparable to wild-type cells [61]. BMPs and SOX17 also overlap in their signalling effector
molecules with common effects on vascular development and homeostasis pathways, including VEGF,
Notch, SMAD and Wnt signalling [62]. SOX17 and BMP9 share the same regulators and downstream
effectors. BMP9 suppresses VEGF expression and VEGF-induced angiogenesis via ALK1 and BMPR2
signalling [58], which contrasts with promotion of VEGF signalling by SOX17. BMP9 treatment of
endothelial cells resulted in restriction of apoptosis by inhibiting tumour necrosis factor-o-induced
phosphorylation of c-Jun N-terminal kinase and prevented the loss of monolayer integrity driven by
treatment with lipopolysaccharide [63]. Likewise, SOX17 is a key player in cell-cell adhesion and vascular
endothelial remodelling. Whether or not one of the key features of loss of SOX17 in heritable cases is an
imbalance in TGF-f and BMP signalling, associated with dysfunctional pulmonary vascular homeostasis,
is a topic worthy of further studies.

SOX17 and Wnt/B-catenin

SOX17 influences the regulation of cell proliferation and migration via Wnt/B-catenin signalling. SOX17
expression is linked to progression and prognosis of various forms of cancer, including colon cancer and
endometrial cancer [64]. SOX17 is antagonistic to Wnt signalling in this context, displaying a tumour
suppressor effect; the overexpression of SOX17 in SW480 colon carcinoma cells inhibited B-catenin/T-cell
factor activity in a dose-dependent manner and reduced proliferation [65]. SOX17 inhibited the canonical
Wnt pathway by forming a complex with TEF/LEF and p-catenin and targeting them for
GSK3p-independent degradation (figure 3). A decrease in SOX17 levels has also been linked to
endometrial cancer development and progression, accompanied by increased Wnt signalling [66]. SOX17
inhibits cell migration by inactivating the Wnt/B-catenin—epithelial-to-mesenchymal transition axis in
endometrial cancer cells [67].

Endothelial-specific inactivation of SOX17 has profound effects on the vasculature. In the brain, it leads
to increased permeability of the microcirculation. RNA expression analysis of brain endothelial cells in
Sox17 conditional knockout mice has identified members of the Wnt/B-catenin signalling pathway, such
as NKD1 and LEF1, as downstream targets of SOX17 [41]. In this case, in contrast to studies of its role
in cancer, SOX17 is a positive inducer of Wnt/B-catenin signalling, and it acts in synchrony with this
pathway to induce and maintain integrity of the blood-brain barrier. In human endothelial cells, the
canonical Wnt pathway controls the expression of target genes, such as those for c-Myc, cyclin D1,
VEGF, survivin and axin 2, which are involved in cell maintenance, proliferation and survival [68-70],
and interleukin-8, which is important in angiogenic regulation [71]. SOX17 was shown to play an
essential role in cardiac muscle cell formation via interaction with the Wnt/B-catenin pathway, acting at a
gastrulation-like stage and mediating mesoderm formation and patterning, which are prerequisites for
cardiac myogenesis [72].

S0X17 and Notch signalling

The Notch pathway is an important downstream target of SOX17, binding directly to regulatory loci and
promoting expression of Notch/Delta-like protein pathway genes (Notch1, Notch4, DIl1 and DII4) in adult
mouse vascular endothelial cells [38]. Knockout of SOX17 not only reduces the expression of
arterial-specific genes but also induces the expression of venous-specific genes such as the gene encoding
nuclear receptor subfamily 2 group F member 2 (NR2F2) [73]. In other situations, the Notch pathway can
antagonise SOX17 signalling, supressing its endothelial expression at the post-transcriptional level, and
thereby restrict angiogenesis [74]. SOX17 is involved in regulating migration of human umbilical vein
endothelial cells via its interactions with Notch signalling (figure 3), destabilising endothelial junctions and
rearranging cytoskeletal structure and upregulating expression of several genes preferentially expressed in
tip cells for angiogenesis, including those for angiopoietin 2, platelet-derived growth factor-p and VEGF
receptor 2 (VEGFR?2) [74]. In this context, Notch and SOX17 are antagonistic, and SOX17 expression is
suppressed in stalk cells where Notch signalling is relatively high. The Notch pathway regulates SOX17
expression mainly at the post-transcriptional level; activation of Notch in human umbilical vein endothelial
cells by DLL4 markedly decreased SOX17 protein levels while mRNA levels were only moderately
reduced [74]. In other instances, SOX17 can enhance Notch signalling. In the maintenance of
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haematopoietic stem and progenitor cells in mouse intra-aortic haematopoietic clusters, SOX17 directly
binds to the Notchl promoter and induces expression of Notchl and downstream activation of the HES1
pathway [75].

SOX17 and VEGF

SOX17 involvement in the adult vasculature and PAH-related signalling is a relatively new field. Previous
studies have focused on the role of SOX17 in development and cancer. VEGF stimulates SOX17
expression in cultured human endothelial cells [76] and upregulation of SOX17 expression at the protein
level promotes VEGFR2 expression in angiogenic vessels [77]. SOX17 is also more directly involved in a
positive feedback loop with VEGF (figure 3); VEGF upregulates SOX17 expression at the protein level in
cultured endothelial cells via the mammalian target of rapamycin (mTOR) pathway while SOX17 promotes
VEGFR?2 expression in angiogenic vessels [77]. VEGF promotes DLL4 expression, which in turn activates
Notch signalling and suppresses VEGFR2 expression. This is required to stabilise newly formed vessels
[78, 79]. It underscores a link between loss of SOX17 and disrupted VEGF-regulated angiogenesis.

SOX17 and cyclins

SOX17 affects cell proliferation via cyclin signalling. A decrease in SOX17 levels with progression of
endometrial cancer correlated with the increased expression of cyclin D1 across 30 tissue specimens [80].
In mature epithelial cell specification from progenitor cells and the cellular response to lung injury,
SOX17 activates cell proliferation pathways involving cyclin E1 [81] and cyclin D1 [54]. Both are
essential for the control of the cell cycle at the G;/S transition. Cyclin proteins are downstream signalling
molecules for Notch3, which regulates vascular smooth muscle cells switching between contractile and
synthetic phenotypes and plays an important role in vascular remodelling, such as seen in PAH [82]. In
chronic hypoxia-induced PAH mouse models, cyclin D1 expression is also elevated along with increased
Notch3 expression in pulmonary vessels [83, 84]. In response to lung injury, endotoxaemia activates
hypoxia-induced factor (HIF)-1c,, which transcriptionally activates SOX17 to mediate cyclin
El-dependent endothelial cell regeneration [81]. This is especially relevant to PAH, where normoxic
activation of HIF-1lo is also observed. It may be more accurate to define the role of SOX17 in cell
proliferation as a homeostatic role to maintain a healthy status quo, which remains vulnerable to
environmental and cell status triggers.

Future directions

These pathways offer important clues as to how SOXI17 mutations and consequent loss of SOX17
expression and function might drive altered pulmonary endothelial function, but the variability in
interactions between pathways in different cell and tissue types emphasises the importance of establishing
their individual relevance and importance in pulmonary vascular cells. In particular, due to the importance
of BMPR2 in HPAH and the current development of therapeutics targeting BMP/TGF-f signalling in this
condition, a detailed analysis of the role of SOX17-BMP-TGF-f functions in pulmonary endothelial cell
function should be a priority. The availability of animal models of Sox17 loss offers opportunities to test
effects on PAH development in established systems including hypoxia. As with BMPR2, the presence of
patients with SOX17 rare pathogenic variants suggests therapeutic strategies aimed at restoring SOX17
could be an early focus.

Conclusions

SOX17 expression is essential for normal cardiac and pulmonary vascular development, and animal models
have demonstrated that disruption can produce phenotypes relevant to PAH. SOX17 is specifically
expressed in arterial endothelial cells in the lung and has emerged as a gene that delineates risk of PAH.
Both rare and common genetic variation contributes to the disease. Indeed, SOX17 interacts with key
signalling pathways and transcriptional targets that are known to be involved in the pathobiology of PAH.
The restoration of SOX17 expression and signalling may represent a promising new therapeutic strategy in
PAH.
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