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Abstract
Pulmonary arterial hypertension (PAH) is characterized by endothelial cell (EC) 
dysfunction, loss of peripheral pulmonary arterial (PA) microvessels, and prolif-
eration of vascular cells in proximal PAs, leading to occlusion of the lumen. Loss 
of function mutations in bone morphogenetic protein receptor (BMPR)2 occur in 
over 70% of heritable form of PAH (HPAH) patients. Intriguingly, only 20% of 
the mutation carriers develop clinical symptoms, suggesting that genetic varia-
tion may provide modifiers that alleviate the disease. Induced pluripotent stem 
cell (iPSC)-derived vascular cells provide a new opportunity to further under-
stand the disease mechanisms in a personalized manner. In our study, we demon-
strated that iPSC-derived endothelial cell (iPSC-EC) recapitulates the functional 
and gene expression abnormalities in native PAEC from the same PAH patients 
compared with healthy controls. Interestingly, PAH PAEC and iPSC-EC also 
respond similarly to potential PAH therapies elafin and FK506  in terms of 
improved angiogenesis. We then used iPSC-ECs to further understand the 
reduced penetrance of the BMPR2 mutation. iPSC-EC was generated from three 
families with unaffected mutation carriers (UMC), HPAH patients, and gender- 
matched controls. We identified patient-specific features of preserved function in 
UMC iPSC-EC attributed to the regulators of BMPR2 signaling or to cell sur-
vival gene revealed by RNA-Seq analyses. Our findings therefore highlight 
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protective modifiers for HPAH that could help inform development of future 
treatment strategies. Despite the site of disease in the lung and the particular 
vulnerability of the PA vasculature, iPSC-EC is a good surrogate for PAH model-
ing and drug testing.
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17.1  Introduction

PAH is a progressive disease in which small peripheral arteries are lost or obliter-
ated and more proximal vessels narrow and stiffen, progressively increasing resis-
tance to flow and eventually leading to right heart failure [1, 2]. While the cause of 
PAH remains poorly understood, the last two decades have shed light on genetic and 
cellular abnormalities responsible for predisposition to vascular remodeling in 
PAH. In particular, it has been shown that the endothelial cells (ECs) in PAH are 
dysfunctional, as evidenced by susceptibility to apoptosis associated with loss of 
peripheral arteries [3], reduced adhesion related to impaired regeneration [4], 
decreased migration [5] and tube formation in angiogenesis assays [3] as well as 
heightened glycolysis, and emergence of apoptosis-resistant cells [6].

One of the major genetic mechanisms driving the endothelial dysfunctions is the 
loss of function mutations in bone-morphogenetic-protein receptor 2 (BMPR2), 
which is seen in 70% of patients with the heritable form of PAH (HPAH) and in 
20% of sporadic cases of idiopathic PAH (IPAH). Intriguingly, in HPAH families, 
only 20% of the BMPR2 mutation carriers develop clinical symptoms. Various fac-
tors have been linked to the low penetrance: a TGF-β1 polymorphism [7], lower 
BMPR2 expression from the wild-type allele [8], and reduced expression of the 
estrogen metabolizing gene CYP1B1 [9]. However, due to lack of a reliable source 
of tissues or cells from affected and unaffected BMPR2 mutation carriers to per-
form in depth genetic and functional studies, our understanding of the protective 
modifiers or risk factors for BMPR2 mutation carriers remains incomplete.

Induced pluripotent stem cells (iPSC) reprogrammed from somatic cells provide 
a new resource to understand both personal and common genetic underpinnings as 
well as cellular dysfunction related to the pathogenesis of IPAH/HPAH. iPSC can 
be propagated indefinitely, differentiated into EC [10] and smooth muscle cells 
(SMC) [11], and used for vascular disease modeling [12] and drug testing [13] 
(Fig. 17.1). In our studies, we applied an iPSCs-based model to systematically study 
the EC abnormalities in PAH and to further understand the reduced penetrance of 
the BMPR2 mutation in causing the disease phenotype. By correcting the BMPR2 
mutation using CRISPR/Cas9 technology, we demonstrated that in the absence of 
protective modifiers, the BMPR2 mutation is sufficient for EC dysfunction associ-
ated with PAH. Our studies pave the way for using iPSC-derived vascular cells, 
integrative “omics,” and genome editing to better understand patient-specific dis-
ease mechanisms for developing precision medicine.
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17.2  Patient-Specific iPSC-Derived Endothelial Cells 
to Model PAH

The mechanism underlying PAH vary in individuals, perhaps because of genetic fac-
tors and environmental exposures. IPSC-EC that preserves the gene variants from the 
patient could be a good surrogate for native PAEC to understand the genotype-
phenotype correlation, and to increase the opportunity to individualized therapy.

17.2.1  iPSC-EC Recapitulates Native Pulmonary Arterial 
Endothelial Cell (PAEC)

To investigate the use of iPSC-EC as a surrogate for native EC to better understand 
and treat PAH, we compared PAH PAEC, harvested and cultured from lungs 
removed at the time of transplantation, with PAH EC differentiated from iPSC 
(iPSC-EC) that had been reprogrammed from skin fibroblasts obtained from a small 
biopsy taken at the incision site of the same patients. Control fibroblasts and PAEC 
were obtained from unused donor lungs [13].
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Fig. 17.1 Disease modeling and drug screening using patient-specific iPSC in PAH. At the time 
of lung transplantation, both skin fibroblasts and primary PAEC were isolated from the same 
patient. Skin fibroblasts were then reprogramed to iPSC using Sendai virus overexpressing four 
Yamanaka factors. To model PAH phenotype “in a dish,” patient-specific iPSCs were further dif-
ferentiated into EC and SMC. By comparing primary PAEC and iPSC-EC, we identified disease 
phenotypes, gene expression abnormalities, and screened for compounds that could reverse EC 
and SMC dysfunctions associated with PAH. IPSC also has the potential to give rise to hepatocyte, 
which can be used to test drug toxicity in a personalized manner. PAEC pulmonary artery endothe-
lial cells. EC endothelial cell, SMC smooth muscle cell
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We found that there was marked similarity between iPSC-EC and native PAEC 
judged by the typical EC cobblestone morphology, acetylated low-density lipopro-
tein uptake, and expression of endothelial cell surface marker VE-cadherin (CD144) 
(Fig. 17.2). Interestingly, compared with HUVEC, iPSC-ECs from both control and 
PAH patients expressed increased arterial EC gene ephrin-B2 (EFNB2) and reduced 
venous EC gene ephrin type-B receptor 4 (EPHB4) and nuclear receptor subfamily 
2 (NR2F2), possibly due to the high dose of VEGF added during the EC differentia-
tion from iPSCs.

Additionally, PAH PAEC and iPSC-EC compared with those from control lungs 
showed reduced adhesion to laminin, decreased migration detected by wound clo-
sure scratch assay, increased vulnerability to apoptosis with serum withdrawal ana-
lyzed by caspase3/7 activity asssay, and impaired angiogenesis judged by the inability 
to form capillary-like tubes when seeded onto growth factor reduced Matrigel. These 
functional abnormalities could attribute to the impaired pSmad-ID1 pathway in both 
PAH PAEC and iPSC-EC compared with respective control cells. However, two 
abnormalities in PAH PAEC could not be recapitulated by iPSC-EC: an increase in 
unrepaired DNA damage judged by the “comet tails” of nuclear DNA following 
alkali digestion and higher mitochondrial membrane potential measured by the JC-1 
assay after serum starvation in PAH PAEC compared with control subjects. This 
indicates that DNA damage and increased mitochondrial membrane potential in PAH 
EC might be related to the environment exposure in the lung, and once the cells are 
being reprogrammed and re-differentiated, they may lose these features.
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Fig. 17.2 Characterization of iPSC-EC from healthy control. (a) iPSC-EC differentiated from 
skin fibroblast-derived iPSC express the endothelial surface marker CD144 (green) and CD31 
(red). Nuclear staining using DAPI is in blue. (b) iPSC-ECs incorporate acetylated low-density 
lipoprotein (Ac-LDL, red; DAPI, Blue). (c) Angiogenesis assays: representative images of tube 
formation 6, 12, and 24 h after seeding cells in growth factor reduced Matrigel. iPSC-ECs start 
forming tubes at 6 h and will regress after 24 h
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17.2.2  Patient-Specific Drug Response in IPSC-EC and PAEC

Recent advances in iPSC technology also provide a new paradigm for drug screen-
ing by permitting the use of human cells with the same genetic background as the 
patients without the typical quantity constraints associated with patient primary 
cells. Thus, we compared drug response in PAH PAEC and iPSC-EC from the same 
group of patients using new promising treatments for PAH, FK506, and elafin. 
FK506 is an immunosuppressant identified as an activator of BMPR2 signaling 
[14], and elafin is a neutrophil elastase inhibitor that enhances BMPR2 signaling in 
a caveolin-1-dependent manner and improves angiogenesis in PAH [3]. In three 
patients with IPAH/HPAH, elafin and FK506 improved angiogenesis as judged by 
capillary-like tubes formed on Matrigel in both PAEC and iPSC-EC whereas in the 
other three patients, there was no change in either cell type. Our data indicates that 
PAH iPSC-EC could recapitulate the drug response in native PAEC based on in vitro 
EC functional assays.

17.3  Modeling Reduced Penetrance  
of BMPR2 Mutation in PAH

Due to the limited access to native PAEC from HPAH patients and no access from 
unaffected BMPR2 mutation carriers (UMCs), iPSC-EC could provide a unique 
platform to model the propensity to HPAH “in-a-dish.” The compensatory mecha-
nisms in UMC shed light on the protective modifiers for HPAH that could help 
inform development of future therapeutic strategies.

17.3.1  Preserved EC Function in Unaffected BMPR2  
Mutation Carrier (UMC)

To determine if the lack of clinic manifestation of the disease can be recapitulated 
in UMC iPSC-EC, we recruited 11 individuals from three HPAH families, with 
HPAH patients, UMC, and gender-matched controls [15]. We observed that cell 
adhesion to a wide variety of extracellular matrix substrates and cell survival mea-
sured by caspase3/7 activity either after serum withdrawal or following reoxygen-
ation after hypoxia were preserved in UMC iPSC-EC in that values were similar to 
those in control cells, whereas these functions were significantly impaired in HPAH 
iPSC-EC. Cell migration and tube formation in Matrigel were similarly impaired in 
iPSC-ECs from both UMCs and HPAH patients compared with controls. However, 
when iPSC-EC was stimulated with BMPR2 ligand BMP4, cell migration and 
angiogenesis were significantly improved in UMC iPSC-EC with values similar to 
those in control iPSC-EC whereas these features remained impaired in iPSC-EC 
from HPAH patients. Our study revealed that UMC iPSC-EC showed preserved EC 
functions that were similar to control iPSC-EC and different from HPAH 
iPSC-EC.
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17.3.2  Preserved pP38 Signaling Pathway in Unaffected  
BMPR2 Mutation Carrier

To determine whether compensatory BMPR2 signaling was responsible for preser-
vation of normal UMC iPSC-EC functions, we tested both canonical and non- 
canonical BMP signaling pathways including pSMAD1/5-ID1, pErk, pAkt, and 
pP38. Interestingly, the only pathway that could distinguish UMC versus HPAH 
iPSC-EC is the pP38 pathway, which was consistently activated in response to 
BMP4 or under cell adhesion condition in iPSC-ECs from both controls and UMCs, 
but not in the HPAH iPSC-EC from all three families. Further studies showed that 
the compensatory pP38 signaling in UMC iPSC-EC was due to an increase in 
BMPR2 activators LRP1 and caveolin1 as well as a reduction in BMPR2 inhibitors 
gremlin1 and FKBP12, which could be assessed prospectively to determine whether 
they are biomarkers that reduce the risk of HPAH in UMC.

17.4  Gene Editing in PAH IPSCs

Genome editing in human iPSCs represents an opportunity to examine the contribu-
tion of pathogenic and disease-modifying mutations to molecular and cellular phe-
notypes [16]. Here, we summarized recent studies that utilized CRISPR/Cas9 gene 
editing in iPSCs to address the controversial question of whether BMPR2 mutation 
alone is necessary and/or sufficient for establishing the major cellular phenotypes 
associated with PAH.

17.4.1  Correction of the BMPR2 Mutation in PAH iPSCs

To determine the extent to which the BMPR2 mutation accounts for the iPSC-EC 
dysfunction in HPAH, we corrected the BMPR2 missense mutation in one of the 
HPAH iPSC lines we previously characterized using CRISPR/Cas9-mediated 
homology directed repair. Upon differentiation, the corrected HPAH iPSC-EC line 
showed control levels of cell adhesion and survival in response to either serum with-
drawal or after hypoxia and reoxygenation. The pP38 signaling pathway was also 
rescued in the edited iPSC-EC.  Tube formation and cell migration were still 
impaired under baseline following editing of the BMPR2 mutation; however, these 
were improved to control levels with BMP4 stimulation. This suggests that both 
protective modifiers and a corrected BMPR2 mutation are necessary to fully nor-
malize EC function in HPAH patients.

17.4.2  Generation of iPSC Line with BMPR2 Mutation

To assess the effect of a BMPR2 mutation without the confounding effects of 
genetic differences between cell lines, Kiskin et  al. generated two isogenic lines 
carrying either a known causal BMPR2 mutation (W9X; referred to as C2 W9X+/−) 
or a deletion of exon 1 (C2 ΔExon1) from a wild-type iPSC line [17]. Subsequently, 

M. Gu



137

these iPSCs were differentiated into SMC expressing smooth muscle actin, cal-
ponin, and myosin heavy chain 11 that had a contractile phenotype as well as iPSC-
 EC, which were enriched for arterial-specific EC markers. Under serum-free, 
chemically defined conditions, BMPR2 heterozygosity alone was sufficient to cause 
reduced apoptosis and increased proliferation in iPSC-SMCs, which has been 
shown in native PASMCs. Additionally, after serum exposure for 1 week for iPSC- 
ECs and serum + TNFα exposure for 1 week or serum-only for 2 weeks for iPSC- 
SMCs, these cells acquire inner mitochondrial membrane hyperpolarization. 
Although the generation of pulmonary SMC and EC from iPSC is yet to be achieved, 
the differentiation protocols used in this study produced cells that recapitulated key 
phenotypes found in diseased adult PASMCs and PAECs.

17.5  Future Directions and Clinical Implications

The studies summarized here demonstrate that iPSC-EC and PAEC from the same 
group of PAH patients showed similar functional impairment, reduced BMPR2 sig-
naling, and subgroup responsiveness to potential PAH therapy, suggesting that 
despite the site of disease in the lung and the particular vulnerability of the PA vas-
culature, iPSC-EC are good surrogates for native PAEC to study the fundamental 
pathobiology in PAH. The results of these studies also suggest the potential of using 
of iPSC-derived vascular cells to model other vascular diseases where the pheno-
type may be variable, e.g., Marfan, Williams, or Alagille syndromes.

Because patient-specific iPSC has the potential to give rise to unlimited number of 
all the cell types in the vasculature including EC, SMC and fibroblasts, it holds great 
promise for screening compounds that reverse the cellular phenotype associated with 
PAH in a high-throughput manner, which may ultimately change the current paradigm 
of treating PAH with “one size fits all” strategy to precision medicine.

Additionally, since PAH iPSC-EC does not recapitulate all the phenotypes in native 
EC from the lung such as increased DNA damage and higher mitochondrial membrane 
potential, the next step would be to generate tissue-specific, functionally distinct endo-
thelial cell subtypes from iPSCs. This will allow us to study fundamental questions 
about lineage specification during development and provide a scalable cell-specific 
source for tissue engineering, cell therapy, disease modeling, and drug discovery.
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