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SUMMARY

Pulmonary veno-occlusive disease (PVOD) is a rare form of pulmonary hypertension characterized by the preferential remodeling of the
pulmonary venules. Hereditary PVOD is caused by biallelic variants of the EIF2AK4 gene. Three PVOD patients who carried the com-
pound heterozygous variants of EIF2AK4 and two healthy controls were recruited and induced pluripotent stem cells (iPSCs) were gener-
ated from human peripheral blood mononuclear cells (PBMCs). The EIF2AK4 c.2965C>T variant (PVOD#1), ¢.3460A>T variant
(PVOD#2), and c.4832_4833insAAAG variant (PVOD#3) were corrected by CRISPR-Cas9 in PVOD-iPSCs to generate isogenic controls
and gene-corrected-iPSCs (GC-iPSCs). PVOD-iPSC-endothelial cells (ECs) exhibited a decrease in GCN2 protein and mRNA expression
when compared with control and GC-ECs. PVOD-ECs exhibited an abnormal EC phenotype featured by excessive proliferation and
angiogenesis. The abnormal phenotype of PVOD-ECs was normalized by protein kinase B inhibitors AZD5363 and MK2206. These find-
ings help elucidate the underlying molecular mechanism of PVOD in humans and to identify promising therapeutic drugs for treating

the disease.

INTRODUCTION

Pulmonary veno-occlusive disease (PVOD) is a rare and
devastating cause of pulmonary hypertension (PH) (Mon-
tani et al., 2016), which results in the progressive increase
in pulmonary vascular resistance, culminating in right
heart failure and death (Simonneau et al., 2013). The pul-
monary venous system is primarily involved in PVOD,
which is characterized by significant pulmonary capillary
dilatation and intense proliferation (Mandel et al., 2000;
Montani et al., 2009).Through specific pulmonary arterial
hypertension (PAH) therapy treatment, PVOD can be
characterized by poor prognosis and the possibility of
developing severe pulmonary edema. Lung transplanta-
tion is the destination therapy for eligible patients
(Montani et al., 2016). To date, PVOD remains a poorly
understood entity. Thus, identifying the critical patho-
physiological mechanisms in mediating pulmonary capil-
lary remodeling would be pivotal for inhibiting and
reversing PVOD. The dysfunction of pulmonary endothe-
lial cells (ECs) plays a central role in the initiation and
progression of PVOD. Microvascular EC proliferation can
be observed in both lung tissues of PVOD patients and
the mitomycin-induced rat PVOD model (Perros et al.,
2015).
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In 2014, the French PH network reported the genealogy
of 13 PVOD families with heritable disease, which pointed
to eukaryotic translation initiation factor 2 alpha kinase 4
(EIF2AK4) as a major gene that is linked to PVOD develop-
ment (Eyries et al., 2014). Furthermore, the 2015 ESC/ERS
guidelines recommend that the presence of biallelic vari-
ants of EIF2AK4 is sufficient to confirm the diagnosis of
PVOD, without performing a hazardous lung biopsy for
histological confirmation (Gali¢ et al., 2016). The EIF2AK4
gene codes for general control nonderepressible 2 (GCN2),
which belongs to the family of four kinases that phosphor-
ylate the o-subunit of eukaryotic translation initiation fac-
tor 2 (elF2a). GCN2 has been demonstrated to be involved
in responses to other triggers, including viral infections,
hypoxia, and UV radiation (Donnelly et al., 2013). The
expression of GCN2 decreases in pulmonary tissues of
PVOD patients (Perros et al., 2015). Heme oxygenase 1
(HO-1) and CCAAT-enhancer-binding protein (C/EBP) ho-
mologous protein (CHOP) were reported as the two down-
stream effectors of GCN2 signaling and ER stress in rat
PVOD samples (Manaud et al., 2020), However, there is
limited knowledge on how EIF2ZAK4 biallelic variants cause
PVOD in humans.

Induced pluripotent stem cells (iPSCs) made from hu-
man adult cells by defined transcription factors can be
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differentiated into functional cells of different lineages.
This provides a promising cell source for translational
and regenerative medicine (Guo et al., 2019; Matsa et al.,
2014), and it opens an exciting avenue for the generation
of patient-specific ECs for cardiovascular disease-modeling
and therapeutics. iPSCs can capture the genetic diversity of
the patients and are particularly useful for exploring the
disease pathogenesis caused by complex genetic variants.
Using human-based and patient-specific iPSC-ECs as
cellular models, the underlying mechanisms of the human
cardiac disease phenotype can be observed, and therapeu-
tic compounds can be screened. Disease-specific iPSC-ECs
have been generated and applied to investigate the PAH
caused by the bone morphogenetic protein receptor type
II (BMPR2) variant (Gu et al., 2017).

The present study generated iPSC lines from three
PVOD patients who carried EIF2ZAK4 variants (PVOD#1:
c.2965C>T and ¢.4724T>C; PVOD#2: ¢.4736T>C and
c.3460A>T; PVOD#3: ¢.1942A>T and ¢.4832_4833in-
SAAAG) and two healthy control subjects. Using
CRISPR-Cas9 genome-editing technology, the GC-PVOD-
iPSC lines were generated as isogenic controls, and the
p-Arg989Trp variant (c.2965C>T), p.Lysl154Ter variant
(c.3460A>T) and p.Prol611fs variant (c.4832_4833in-
SAAAG) were corrected. Then, control-iPSC-ECs, PVOD-
iPSC-ECs, and GC-PVOD-iPSC-ECs were successfully
generated. Afterward, the GCN2 expression, proliferation,
and angiogenesis of iPSC-ECs and gene expression profile
were compared to determine the mechanism of PVOD at
the cellular level and, further, to verify whether AKT in-
hibitors imatinib and amifostine can effectively rescue
the dysfunctional EC phenotype of PVOD.

RESULTS

Clinical characteristics

The recruited PVOD#1 patient was a 39-year-old female,
the recruited PVOD#2 patient was a 26-year-old male,
and the recruited PVOD#3 patient was a 42-year-old
female. These patients exhibited a reduced diffusing lung
capacity of carbon monoxide, severe pre-capillary PH,
interlobular septal thickening and mediastinal lymlpha-

denopathy, and centrilobular ground-glass opacification
(Figure 1A). These patients were initially diagnosed with
PAH, and the genetic screening of PAH-related genes
(BMPR2, KCNK3, CAV1, SMAD9, BMPR1B, ACVRL1, ENG,
GDF2, SMADA4, EIF2AK4, KCNAS, NOTCH3, and TOPBPI)
revealed the compound heterozygous variants in the
EIF2AK4 gene pore region of these patients (Figure S1B).
The details for the mutations information are presented
in Figure 1B. According to the ESC/ERS guidelines, these
patients were categorized as having PVOD. The two mutant
sites of these patients were inherited from their father and
mother, respectively. The PVOD#1 patient has a brother
who carries the R989W mutation but does not present
any signs of PVOD (Figure S1A). The two healthy control
subjects included a 32-year-old male and a 22-year-old fe-
male. These subjects had no history of heart disease, serious
infections, or obvious genetic diseases (Yang et al., 2018).

Generation and characterization of PVOD-iPSCs and
GC-PVOD-iPSCs

PVOD-iPSCs and control-iPSCs were generated from pe-
ripheral blood mononuclear cells (PBMCs) derived from
three PVOD patients and two healthy control subjects
through the nonintegrated Sendai-viral transduction of re-
programming factors (OCT3/4, SOX-2, KLF-4, and C-MYC).
Since the biallelic mutations of the EIF2AK4 gene can cause
heritable PVOD, and the heterozygous mutation remains
insufficient (Eyries et al., 2014), the p.Arg989Trp variant
(c.2965C>T), p.Lys1154Ter variant (c.3460A>T), and
p-Prol1611fs variant (c.4832_4833insAAAG) were corrected
using the CRISPR-Cas9 system with ssODNSs as the isogenic
controls for PVOD-iPSCs (Figure 1C). All three iPSC lines
exhibited typical human pluripotent stem cell-like mor-
phologies (Figure S1C). The immunofluorescence staining
revealed that most of the cells were positive for NANOG,
OCT4, SSEA-1, and TRA-1 (Figure S2A). The normal karyo-
types of PVOD-iPSCs are presented in Figure S2B. This
was also verified by regular real-time qPCR, while probing
for pluripotency markers (Figure S2D). The EIF2AK4 com-
pound heterozygous variants were further validated by ge-
netic workup in all iPSC lines (Figure 1D), and the cell line
was not contaminated with mycoplasma (Figure S2C).

Figure 1. Generation and characterization of PVOD patients-specific induced pluripotent stem cells (iPSCs) and gene-corrected

PVOD-iPSCs (GC-PVOD-iPSCs)

(A) The high-resolution computed tomography (CT) of the chest from three PVOD patients showed significant centrilobular ground-glass
opacification (The red arrows indicated) and interlobular septal thickening.
(B) The EIF2AK4 mutation sites information in three PVOD patients and their pathogenicity classification. VUS means uncertain signif-

icance, and LP means likely pathogenic.

(C) Strategy of correcting EIF2AK4 c.2965 C>T (PVOD#1) variant, c.3460A>T variant (PVOD#2), and c.4832_4833insAAAG variant
(PvOD#3). The homologous sequences are shown between the red lines.

(D) DNA sequencing demonstrates variant sites on EIF2AK4 (PVOD#1: c.2965C>T and c.4724T>C; PVOD#2: c.4736T>C and c.3460A>T;
PVOD#3: c.1942A>T and c.4832_4833insAAAG) of the three iPSC lines.
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Figure 2. Excessive angiogenesis and proliferation of PVOD patients induced pluripotent stem cell-derived endothelial cells

(PVOD-iPSC-ECs)

(A) Endothelial cells (ECs) differentiated from control, gene-corrected (GC), and PVOD-iPSCs exhibit typical cobblestone morphology,
incorporate 3,3’-dioctadecylindocarbocyanine labeled low-density lipoprotein (Dil-LDL, red), and are positive for the EC surface marker
CD144 (green). Blue: DAPI. Scale bar represents 100 um (top), 200 pm (middle), and 200 um (bottom).

(B) EIF2AK4 gene expression quantified by western blot and densitometric quantification of GCN2 protein and real-time gPCR in iPSC-ECs

from controls, PVODs, and GCs. *p < 0.05 by one-way ANOVA followed by the Bonferroni test.

(C) Representative images of Ki67 immunostaining and quantitative data to compare the proliferation capacity of iPSC-ECs from controls,

PVODs, and GCs. Scale bar, 50 pm. *p < 0.05 by one-way ANOVA followed by the Bonferroni test.

(legend continued on next page)
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Differentiation and characterization of iPSC-ECs

The three iPSC lines were differentiated into ECs, according
to a monolayer differentiation protocol (Paik et al., 2018),
This comprised three key steps: mesoderm induction,
endothelial specification, and EC purification (Figure S3A).
All groups of iPSC-ECs obtained from the three subjects ex-
hibited similar EC cobblestone morphologies, a positive
CD144 (VE-cadherin) immunostaining, and an acetylated
LDL uptake (Figure 2A). There were no significant differ-
ences in cell size among the control-iPSC-ECs, PVOD-
iPSC-ECs, and GC-PVOD-iPSC-ECs. Next, western blot
and real-time qPCR were performed to determine the effect
of compound heterozygous variants on the EIF2AK4 gene
expression. As shown in Figure 2B, PVOD-iPSC-ECs had a
significant low level of endogenous GCN2 protein and
EIF2AK4 mRNA, when compared with those in control-
iPSC-ECs. However, the GCN2 expression was rescued in
GC-PVOD-iPSC-ECs.

Excessive cell proliferation and angiogenesis in
PVOD-iPSC-ECs

In clinic, PVOD patients suffer from abnormal exuberant
pulmonary capillary dilatation and proliferation. There-
fore, relative functional experiments were performed to
determine whether PVOD-iPSC-ECs can recapitulate the
disease phenotype in vitro. A significant increase in Ki67
positive immunostaining was observed in PVOD-iPSC-
ECs, when compared with control-iPSC-ECs and GC-
PVOD-iPSC-ECs (Figure 2C). Furthermore, the MTT assay
revealed an increase in cell count of PVOD-iPSC-ECs,
when compared with GC-PVOD-iPSC-ECs (Figure 2D).
These data clearly indicate that EIF2AK4 compound hetero-
zygous variants regulate EC proliferation. This is consistent
with a previous finding, in which mitomycin (MMC)-
exposed PVOD rat lungs presented areas of exuberant
microvascular endothelial cell proliferation (Fabrice et al.,
2015). Tube formation assay is one of the most widely
used in vitro assays to model the reorganization of angio-
genesis, which plays a critical role in microvascular growth
(Fabrice et al., 2015). As shown in Figure 2E, PVOD-iPSC-
ECs had a more aggressive tube formation capacity, when
compared with the other lines, indicating that the angio-
genesis involved in the pathogenesis of PVOD was caused
by the EIF2AK4 compound heterozygous variants. Overall,
these present findings distinctly demonstrate that the
abnormal endothelial cell phenotype in PVOD-iPSC-ECs
is featured by excessive cell proliferation and angiogenic

variability, and that the correction of EIF2AK4 variants is
requisite to fully normalize the EC dysfunction.

EIF2AK4 knockdown results in elevated proliferation
and angiogenesis in HUVECs

Next, the EIF2AK4 small interfering RNA (siRNA) was trans-
fected into human umbilical vein endothelial cells
(HUVECsS) to further confirm whether EIF2AK4 gene de-
fects trigger the EC disease phenotype. The EIF2AK4
mRNA and GCN2 protein levels remarkably decreased in
the EIF2AK4 siRNA group, when compared with the scram-
bled siRNA group (Figures 3A and 3B). Consistent with a
previous finding on PVOD-iPSC-ECs, the EIF2ZAK4 gene
silencing led to immoderate proliferation and angiogen-
esis, when compared with the scrambled siRNA group, as
determined by the MTT assay, Ki67-incorporation assay,
and tube formation assay (Figures 3C-3E). Indeed, as a ki-
nase that phosphorylates the a-subunit of eukaryotic trans-
lation initiation factor 2 (elF2a), GCN2 is involved in the
control of the general translation in response to various
cellular stresses by reducing protein synthesis and regu-
lating changes in expression of genes involved in stress
responses, which is defined as the “integrated stress
response” (Castilho et al., 2014; Donnelly et al., 2013).
The decrease in GCN2 expression disequilibrates the ho-
meostasis, which may contribute to the intemperate
expression of genes in proliferation and angiogenesis.
These results on HUVECs are consistent with that in rat
pulmonary artery ECs with GCN2 inhibitor treatment
(Manaud et al., 2020). Overall, these findings indicate
that the downregulation of the EIF2AK4 expression is
correlated with the EC aberrant proliferation and angio-
genic phenotype.

EIF2AK4 biallelic variants increase cell cycle and
angiogenesis genes in PVOD-iPSC-ECs

Next, RNA sequencing (RNA-seq) was carried out to iden-
tify the changes in gene expression between the three
PVOD-iPSC-EC lines and the three GC-PVOD-iPSC-EC
lines. There were 16,742 upregulated genes and 15,485
downregulated genes in GC-PVOD-iPSC-ECs when
compared with PVOD-iPSC-ECs (Figure 4A). In accordance
with the findings on the PVOD-iPSC-ECs phenotype, the
KEGG (Kyoto Encyclopedia of Genes and Genomes) anal-
ysis revealed that the regulated genes that were enriched
in gene terms were mainly correlated with pathways
on cancer, the cell cycle, and the phosphatidylinositol

(D) MTT assay was conducted to evaluate the proliferation capacity of iPSC-ECs from control, PVODs, and GCs during a 4-day time period.

*p < 0.05 by two-way ANOVA followed by Bonferroni post hoc test.

(E) Representative images of tube formation of iPSC-ECs from control, PVOD, and GC with quantitative analysis, indicating the number of
tubes formed 6 h after seeding cells on Matrigel. Scale bar, 100 um. Three independent experiments were performed in duplicate.
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Figure 3. Disrupted proliferation and angiogenesis phenotype in HUVECs with EIF2AK4 siRNA knockdown treatment

(A and B) Western blot and real-time qPCR show EIF2AK4 expression in HUVECs with EIF2AK4 siRNA knockdown.

(C) MTT assay was conducted to evaluate the proliferation capacity of HUVECs between scramble siRNA and EIF2AK4 siRNA groups during a
4-day time period. *p < 0.05 by two-way ANOVA followed by Bonferroni post hoc test.

(D) Representative images of Ki67 immunostaining and quantitative data to compare the proliferation capacity of HUVECs between

scramble siRNA and EIF2AK4 siRNA groups. Scale bar, 50 pum.

(E) Representative images of tube formation of HUVECs from scramble siRNA and EIF2AK4 siRNA groups with quantitative analysis. Scale
bar, 100 um. Three independent experiments were performed in duplicate.

3-kinase (PI3K)-protein kinase B (AKT) signaling pathway
(Figure 4B). These genes were regulated by the EIF2AK4
compound heterozygous variants, and they were corre-
lated with cell proliferation and angiogenesis, as presented
in Figure 4C. Proliferating cell nuclear antigen (PCNA) and
minichromosome maintenance (MCM) proteins are stan-
dard markers of proliferation that are commonly used to
assess the growth fraction of a cell population (Jurikova
etal., 2016). In the present study, the PCNA and MCM pro-
teins were obviously upregulated in PVOD-iPSC-ECs. It was
speculated that the PI3K-Akt signaling pathway was the
mainly disturbed pathway involved in the abnormal
PVOD-iPSC-EC proliferation and angiogenesis (Haque
and Morris, 2017; Wang et al., 2013). Therefore, the expres-
sions of downstream genes were detected, and it was found
that the components of the PI3K-AKT signaling pathway
evidently changed, and that PVOD-iPSC-ECs expressed
higher levels of pro-proliferation (PCNA, MCM7, and
MCM4) and pro-angiogenesis genes (PDGFD, VEGFA,
and TNC), and lower levels of anti-angiogenesis gene

ANGPTL1 (Yu et al., 2021) (Figure 4C). Phospho-Akt/
Total-Akt expression was upregulated in PVOD-iPSC-ECs,
when compared with GC-PVOD-iPSC-ECs, indicating
activation of the AKT signaling (Figure 4D). The further
real-time qPCR analysis validated the expression of genes
correlated with proliferation (PCNA, MCM7, and MCM4)
and angiogenic processes (PDGFD, VEGFA, TNC, and
ANGPTL1) (Figures 4E and 4F). Overall, PVOD-specific-
ECs were generated, and it was observed that EIF2ZAK4
compound heterozygous variants contribute to the
PVOD-iPSC-EC disease phenotype by regulating the tran-
scriptional profiling correlated with cell proliferation and
angiogenesis.

The inactivation of the PI3K/AKT signaling pathway is
beneficial for PVOD-iPSC-ECs

We attempted to identify novel and effective targeted
treatments based on the changes in the molecular
biology in PVOD-iPSC-ECs and evaluated the therapeutic
efficacy of AKT inhibitors AZD5363 and MK2206 on
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PVOD-iPSC-ECs. AZD5363, which is also known as capiva-
sertib, is an Akt signaling inhibitor that binds to and in-
hibits all Akt isoforms (Mroweh et al., 2021). MK2206,
which is another allosteric Akt isoform small molecule in-
hibitor that has been studied in vitro and in vivo in various
cancers, has exhibited interesting in vitro activity, resulting
in cell-cycle arrest, the inhibition of cancer cell prolifera-
tion, and the promotion of apoptosis (Wilson et al.,
2014). Remarkably, the Ki67 immunostaining indicated
that both AZD5363 (8 nM) and MK2206 (10 uM) have
inhibitory effect on PVOD-iPSC-EC proliferation through
both microscopic observation and quantitative analysis,
when compared with the control group (Figures 5A and
5B). A similar trend was also confirmed in MTT assay that
both AZD5363 and MK2206 have a significant dose-depen-
dent inhibitory effect on PVOD-iPSC-EC proliferation,
in a dose-dependent manner, during the 4-day time period
(Figures 5C and 5D). After 24 h of 8 nM of AZD5363
treatment or 10 uM of MK2206 treatment, the tube forma-
tion assay revealed a significant restrained effect on PVOD-
iPSC-ECs, when compared with DMSO-treated cells, when
observed under a microscope (Figure 5E). Furthermore, the
AZD5363 and MK2206 treatment markedly attenuated
the abnormal phenotype of PVOD-iPSC-ECs, accompanied
by the decreased mRNA levels of proliferation markers
(PCNA and MCM7) and angiogenesis markers (PDGFD
and VEGFA) (Figures S4A and S4B). These data establish
the AKT signaling as a novel therapeutic target for PVOD,
indicating that AKT inhibitors may hold promise for the
treatment of PVOD patients.

Imatinib and amifostine attenuate the disease
phenotype of PYOD-iPSC-ECs

To date, despite the rapid advances in understanding the
mechanisms and genetic basis of PVOD, much less is
known on the treatments for PVOD patients. Imatinib is
a tyrosine kinase inhibitor specific for platelet-derived
growth factor receptor (PDGFR) (Demetri et al., 2002).
Since PDGFR is highly expressed in smooth muscle cells
of the pulmonary artery in patients with PAH (Montani
etal., 2013), imatinib has been suggested as a treatment op-
tion for PAH patients (Galie et al., 2005). Recently, a clinical
trial reported that treatment with imatinib can prolong the
lifetime and improve the functional capacity of clinically

diagnosed PVOD patients (Ogawa et al., 2017; Overbeek
etal., 2008; Sato et al., 2019). However, the biological func-
tions of imatinib have not been elucidated at present. In
the present study, PVOD-iPSC-ECs were stimulated with
imatinib, and MTT assay, Ki67 immunostaining, and tube
formation assay were performed. As shown in Figure 6, im-
atinib significantly attenuated the disease phenotype of
PVOD-iPSC-ECs. Accordingly, the mRNA levels of PCNA,
MCM7, PDGFD, and VEGFA were obviously inhibited by
imatinib (Figure S4C). Imatinib mainly signals through
two receptors, PDGFRA and c¢-Kit (Belloc et al., 2009; Joen-
suu et al, 2017). The investigators further explored
whether imatinib suppresses the PVOD-iPSC-EC prolifera-
tion and angiogenic capacity through PDGFRA and c-Kit,
or both. Real-time qPCR showed mRNA levels of PDGFRA
and c-Kit were significantly upregulated in PVOD-ECs (Fig-
ure S5A). As an important member of tyrosine kinase
family, c-kit receptor causes specific expression of certain
genes, regulates cell differentiation and proliferation, and
resists cell apoptosis through activating the downstream
signaling molecules fold-lowing interaction with stem
cell factor (SCF). SCF/c-kit downstream signal transduction
pathways are very complex, and currently known signal
transduction pathways include Ras/Erk, PI3K, PLC-v, and
JAK/STAT (Liang et al., 2013), which have overlap with
PDGFRA downstream signaling pathways. Therefore, it is
indistinct to distinguish SCF/c-kit from PDGFRA. Whereas,
nearly no change of SCF expression between PVOD-ECs
and GC-PVOD-ECs (Figure S5A) implied no activation of
c-Kit signaling. Additionally, AKT signaling is a down-
stream pathway of PDGFRA, and AKT activation was in-
hibited by imatinib (Figure S5B). Hence, we concluded im-
atinib may inhibit ECs proliferation by PDGFRA pathway.

Over the last 6 decades, amifostine has been pursued as
the radioprotective agent of choice by diverse institutions,
investigators, and government/funding agencies (Capizzi,
1999; Capizzi and Oster, 2000). A research reported
that amifostine ameliorated the mitomycin-induced rat
PVOD model with notable improvement in survival, right
ventricle hypertrophy, and pulmonary hemodynamics
(Perros et al., 2015). However, there are nearly no reports
pertaining to the pharmacodynamic study of amifostine
on PVOD patients. The present study assessed the effect
of amifostine on PVOD-iPSC-ECs, and surprisingly, it was

(B) KEGG pathways analysis of genes regulated by EIF2AK4 compound heterozygous variants.
(C) Heatmap comparative analysis of genes related to proliferation and angiogenesis biological processes between PVOD-iPSC-ECs and GC-

PVOD-iPSC-ECs.

(D) Phospho-AKT/total-AKT expression quantified by western blot and densitometric quantification in PYOD-iPSC-ECs and GC-PVOD-iPSC-
ECs. *p < 0.05 by one-way ANOVA followed by the Bonferroni test. Three independent experiments were performed in duplicate.

(E and F) Real-time gPCR of representative genes related to proliferation and angiogenesis biological processes between PVOD-iPSC-ECs
and GC-PVOD-iPSC-ECs. Including PCNA, MCM7, MCM4, PDGFD, VEGFA, TNC, and ANGPTL1. Data are presented as the mean + SEM. *p <
0.05 vs. GC-PVOD-iPSC-ECs by Student’s t test. Three independent experiments were performed in duplicate.
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Figure 5. AZD5363 and MK2206 are beneficial to PVOD-iPSC-ECs disease phenotype with EIF2AK4 compound heterozygous
variants

(A and B) Representative images of Ki67 immunostaining of PVOD-iPSC-ECs with DMSO, 8 nM AZD5363, or 10 uM MK2206 treatment and
quantitative analysis. Red: Ki67; blue: DAPI. Scale bar, 100 um. Data are presented as the mean + SEM. *p < 0.05 vs. DMSO group by
Student’s t test.

(C) MTT assay to assess the inhibitory effect of AZD5363 on PVOD-iPSC-ECs at dose-dependent concentration during a 4-day time period.
*p < 0.05 vs. DMSO group. Two-way ANOVA followed by the Bonferroni post hoc test.

(D) MTT assay to assess the inhibitory effect of MK2206 on PVOD-iPSC-ECs at dose-dependent concentration during a 4-day time period.
*p < 0.05 vs. DMSO group. Two-way ANOVA followed by the Bonferroni post hoc test.

(E) Representative images of tube formation of PYOD-iPSC-ECs with DMSO, 8 nM AZD5363, or 10 uM MK2206 treatment and quantitative
analysis. Scale bar, 100 um.

found that at 48 h, the 2 mM of amifostine markedly atten- representative marker genes PCNA, MCM7, PDGFD, and
uated the proliferation and angiogenic capacity. As shown VEGFA were suppressed with the amifostine treatment
in Figure 6, the image suggests the preventive effect of ami-  (Figure S4D).

fostine. Therefore, the cytoprotective agent may be an The present results provide evidence that imatinib and
appropriate candidate drug for PVOD patients. Meanwhile, —amifostine can be alternative potential drugs for PVOD
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patients, since these can apparently rescue the disease
phenotype of ECs correlated with PVOD at the single-cell
level, which are mainly involved in the PVOD pathological
process.

The nonprotective effect of bosentan and sildenafil on
PVOD-iPSC-ECs

Due to the similar clinical picture of dyspnea on exertion
and signs of right heart failure, PVOD is difficult to distin-
guish from idiopathic PAH (Daraban et al., 2015). However,
the administration of PAH-specific therapy (such as endo-
thelin receptor antagonists and type 5 phosphodiesterase
inhibitors) can precipitate severe acute pulmonary edema
(Bhogal et al., 2019; McLaughlin et al., 2015a). As a synthe-
sized dual endothelin receptor antagonist, bosentan acts as
a vasodilator and an anti-proliferative agent, and it is the
first oral agent available in China for the treatment of
PAH (McLaughlin et al., 2015b; You et al., 2018). However,
the clinical outcomes of PVOD patients were worse than
those of PAH patients (Palmer et al., 1998; Resten et al.,
2004). Although the underlying molecular mechanism re-
mains unclear, the specific vascular endothelial cells ob-
tained from the PVOD patient iPSC line in the present
study made it possible to explore the impact of bosentan
on ECs. Bosentan has a significant dose-dependent inhibi-
tory effect on PVOD-iPSC-EC proliferation (Figures 6A and
6E). After 48 h of 10 uM of bosentan treatment, the tube
formation assay revealed the significant intensive effect
of bosentan on PVOD-iPSC-ECs, when compared with
DMSO-treated cells (Figures 6G and 6H), and this was
accompanied by decreased levels of both PCNA and
MCM7, while PDGFD and VEGFA were upregulated after
the bosentan treatment (Figure S4E).

Another frequently used drug for PAH patients is silden-
afil, which is a type 5 phosphodiesterase inhibitor that re-
duces pulmonary arterial pressure by increasing the levels
of cGMP and nitric oxide in the pulmonary vasculature
(Dhariwal and Bavdekar, 2015; Gali¢ et al., 2005). In a pre-
vious study, the patient developed acute pulmonary edema
after the introduction of sildenafil (Duarte et al., 2020; Kur-
oda et al., 2006). We treated the PVOD-iPSC-ECs at 5, 10,
and 20 uM concentrations, and the results revealed that sil-
denafil exhibited a slight upregulation on PVOD-iPSC-EC
proliferation capacity (Figures 6A and 6F). Furthermore,

the tube formation assay indicated that the tube formation
capacity of the different groups was similar (Figures 6G and
6H). Moreover, the mRNA expression levels of PCNA,
MCM7, PDGEFD, and VEGFA exhibited nearly no differ-
ences between the control and sildenafil groups (Fig-
ure S4F). Overall, the results demonstrate that although bo-
sentan and sildenafil are available for PAH patients, these
may not be the optimal drugs for PVOD, since both could
not completely reverse the malfunctional phenotype of
PVOD-iPSC-ECs.

DISCUSSION

In the present study, an iPSC-based disease model was uti-
lized, and iPSCs were generated from three PVOD patients
who carried two compound heterozygous variants of the
EIF2AK4 gene and two healthy control subjects. Then,
the p.Arg989Trp variant (c.2965C>T) in PVOD#1, p.Ly-
s1154Ter variant (c.3460A>T) in PVOD#2 p.Prol611fs
variant (c.4832_4833insAAAG) in PVOD#3 were corrected
by CRISPR-Cas9 technology in order to generate the GC-
PVOD-iPSC lines. The PVOD-iPSC-ECs exhibited a decrease
in EIF2AK4 expression, both at the protein and mRNA
levels. Furthermore, PVOD-iPSC-ECs exhibited a disease
phenotype featured by excessive proliferation and
increased tube formation capacity, when compared with
control-iPSC-ECs and GC-PVOD-iPSC-ECs. This is consis-
tent with the morphological observation obtained from
PVOD human lung tissues or MMC-exposed rat lung tis-
sues (Fabrice et al., 2015). Furthermore, the gene transcrip-
tional profiling of iPSC-ECs exhibited changes correlated
with cell proliferation and angiogenic capacity. The eluci-
dation of the PVOD pathophysiology allows for the better
understanding of the disease process and, consequently,
the development of potential new therapies. Critically,
the present results revealed that the disrupted proliferation
and angiogenic phenotype of PVOD-iPSC-ECs were
normalized by AKT inhibitor AZD5363 or MK2206, as
shown in Figure 7. In addition, imatinib and amifostine
both could alleviate the cellular disease phenotype, while
bosentan and sildenafil could not. Even though they may
be beneficial for PAH patients, they would frequently
induce pneumonedema when applied to PVOD patients.

Figure 6. Relative PAH-drugs testing on PVOD-iPSC-ECs

(A and B) Representative images of Ki67 immunostaining of PVOD-iPSC-ECs with DMSO, 10 uM imatinib, 2 mM amifostine, 10 uM bosentan,
and 10 pM slidenafil treatment and quantitative analysis. Scale bar, 100 pm.
(C-F) MTT assay to assess the inhibitory effect of imatinib, amifostine, bosentan, and slidenafil on PVOD-iPSC-ECs at dose-dependent

concentration during a 4-day time period.

(G and H) Representative images of tube formation of PVOD-iPSC-ECs with DMSO, amifostine, bosentan, and slidenafil treatment and
quantitative analysis. Scale bar, 100 um. Data are presented as the mean + SEM. *p < 0.05 vs. DMSO group by Student’s t test. Three

independent experiments were performed in duplicate.
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As reported in a previous research, merely the biallelic
variants of EIF2AK4 can cause heritable PVOD, while the
heterozygous variant is insufficient. In order to provide
more evidence for this presumption, the present study
generated the GC-PVOD-iPSC lines as isogenic controls
by erasing the specific variant sites. On one hand, the
GC-PVOD-iPSC-ECs made it possible to eliminate the
discrepancy caused by different genetic backgrounds,
when compared with unrelated healthy individuals with
a heterogeneously genetic background as the control. On
the other hand, the phenotype of GC-PVOD-iPSC-ECs re-
gressed to normal and strengthened the hypothesis that
the biallelic variant of the EIF2AK4 gene is the initiator
for PVOD at the cellular level, further elucidating the
cellular disease mechanism and effects of the tested drugs.

GCN2(EIF2AK4) belongs to a family of four kinases and
phosphorylates the o-subunit of eukaryotic translation
initiation factor 2 (elF2a). Phosphorylation of elF2a pro-
tects cells by reducing protein synthesis to maintain the
homeostasis. We speculated the decreased expression of
GCN2 caused by EIF2AK4 mutations breaks the equilib-
rium and leads to excessive proliferation of ECs. Recently,
Li et al.’s study indicated that GCN2 deletion led to activa-
tion of the AKT/mTOR pathway (Li et al., 2022), which is
consistent with our conclusion in this study. Additionally,
they showed GCN2 maintained proteostasis and inhibited
Src-mediated AKT activation. Src is a tyrosine kinase that
interacts with and facilitates AKT phosphorylation.
We assumed that EIF2AK4 mutations activated the AKT
signaling by upregulating Scr in endothelial cells, and

(@5)(@2)(E2)GC-PVOD#2-ECs
G

y increased tube formation capacity when
compared with those in control-iPSC-ECs
1\ cc.pvop#.ecs  and GC-PVOD-iPSC-ECs. Drug testing reveals

that AZD5363, MK2206, imatinib, and ami-
fostine, but not bosentan and sildenafil,
normalize the disease phenotype of PVOD-
iPSC-EC.

C-PVOD#3-ECs

PVOD-ECs were treated with Scr inhibitor PP2. As shown
in Figure S5C, PP2 efficiently inhibited the phosphoryla-
tion of Akt.

A defining pathological feature of PVOD is the diffuse
involvement of venules and septal veins in a vasculopathy
characterized by intimal fibrosis resulting in luminal nar-
rowing or obliteration (Pietra et al., 2004; Wagenvoort
and Wagenvoort, 1974). To observe endothelial to mesen-
chymal transition (EMT) in PVOD-iPSC-ECs, we performed
real-time PCR of EMT target genes and immunofluores-
cence of a-SMA. As shown in Figure S6, mRNA levels of
Twistl and ID1 had nearly no change between control
and three PVOD-iPSC-ECs lines (Figure S6A), and «-SMA
had negative staining in PVOD-iPSC-ECs (Figure S6B).
Therefore, to date, there has been no significant evidence
illustrating EMT in this study.

Actually, we also corrected EIF2AK4 c.4724 T>C variant
in PVOD#1, c.4736T>C variant in PVOD#2, and c.1942
T>C variant in PVOD#3 and obtained double-mutation
corrected iPSC-ECs as control. When compared with dou-
ble-mutation corrected iPSC-ECs, PVOD-iPSC-ECs still
showed a decreased in EIF2AK4 expression and exhibited
a typical disease phenotype featured by excessive prolifera-
tion and increased tube formation capacity (Figure S7).

In clinic, there are nearly no drugs available for the accu-
rate treatment of PVOD. Another finding in the present
study was the identification of AKT inhibitors. Both
AZD5363 and MK2206 were effective for reversing the dis-
ease phenotype of PVOD-iPSC-ECs. The PI3K/Akt signaling
is crucial to various aspects of cell growth and survival, and
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it is one of the most frequently hyperactivated signaling
pathways in cancer cells. Therefore, Akt inhibitors have
been extensively considered as therapeutic agents for can-
cers (Alzahrani, 2019; Porta et al., 2014). Present evidence
supports the concept that PVOD and pulmonary capillary
hemangiomatosis have indeed a varied expression of the
same disorder, and that biallelic mutations in the EIF2AK4
gene are responsible for both (Alzahrani, 2019). Appar-
ently, the changed behaviors of pulmonary endothelial
cell caused by the EIF2AK4 biallelic variants are similar to
those in cancer cells. However, further detailed investiga-
tions are needed to determine whether other therapeutic
drugs for cancer patients are appropriate for PVOD
patients.

iPSCs potentially provide an opportunity to generate a
human cell-based model of PVOD to test the effects of
PAH-relative drugs. Even at the cellular level, both imatinib
and amifostine can obviously inhibit the effect on cell pro-
liferation and angiogenic capacity at appropriate concen-
trations. However, it remains difficult to extrapolate this
from in vitro studies, due to the complete organism where
the intricate factors are involved, such as the hemody-
namics status, lung vasculature, and vascular remodeling.
Therefore, it remains to be determined whether imatinib
and amifostine toxins may be used as therapeutic drugs
for the treatment of PVOD in clinic in the future. Indeed,
further investigations on safety and efficacy on humans
are also needed, especially for amifostine, which has never
been used in humans. To date, there has been a paucity of
data on the therapeutic schedule of this rare disease. These
present findings provide evidence that illustrates the
different responses of PVOD-iPSC-ECs to the aforemen-
tioned medicines, suggesting a theoretical basis for clinical
medication on PVOD patients.

The present study has some limitations. First, the low
yield and significant heterogeneity of the observed ECs
were the notable defects of the differentiation technique.
In addition, when compared with adult pulmonary vein
endothelial cells in vivo, the maturity of iPSC-ECs still
needs to be improved through further studies in order
to allow these to accurately respond to different stimu-
lates. Second, we attempted to utilize a credible and
reasonable animal model capable of imitating the patho-
logic mechanism of human PVOD caused by EIF2AK4
biallelic mutations in order to decipher the previous ob-
servations from iPSC-derived ECs. Regrettably, merely
the PVOD animal model developed by Frédéric Perros
was induced by mitomycin, which involved a totally
different pathogenic mechanism, in which even the
GCN2 expression decreased. Hence, this was not suitable
for in vitro studies in the present research. Meanwhile, we
collected information that the EIF2AK4~/~ mouse does
not display PVOD phenotype and shows no defects in car-
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diovascular system and respiratory system from The
Mouse Genome Informatics Database (MGD; http://
www.informatics.jax.org) which is a community model
organism knowledgebase for the laboratory mouse (Blake
et al., 2021). Furthermore, the discrepancy between multi-
species and environmental impact for mutation pene-
trance may explain for that. Third, the iPSC-ECs or
HUVECs used in the present study were not lung specific.
Hence, it was not fully convincing to explain why pulmo-
nary vessels were more susceptible to EIF2AK4 mutations.
GCN2 is an elF2a kinase responsible for entirely rewiring
the metabolism of cells in response to amino acid starva-
tion stress, and it has been demonstrated that >10% of
cancer cell lines appear to be dependent on GCN2
(Saavedra-Garcia et al., 2021) (Gold and Masson, 2022).
The factors in the lung environment that trigger the dis-
ease require further longitudinal studies.

Collectively, these present findings demonstrate that pa-
tient-specific PVOD-iPSC-ECs and GC-PVOD-iPSC-ECs are
able to recapitulate the single-cell phenotype of PVOD
caused by EIF2AK4 loss-of-function variants. These latest
insights into the pathology of PVOD may help elucidate
the underlying mechanism and discover suitable therapeu-
tic drugs for treating this disease.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Zhou Zhou (fwcomd@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

RNA-seq data have been deposited in the NCBI Gene Expression
Omnibus. The accession number for the RNA-seq data reported
in this paper is GEO: GSE215978.

Materials

The following antibodies were used: goat antibody against human
VE-cadherin (1:1,000, AF938; R&D systems); rabbit antibody
against human GCN2 (1:1,000; ab134053; Abcam); rabbit anti-
body against human NANOG (1:500; ab109250; Abcam); rabbit
antibody against human OCT4 (1:500; ab200834; Abcam); mouse
antibody against human SSEA-1 (1:500; ab16285; Abcam);
mouse antibody against human TRA-1 (1:500; ab16288; Abcam);
rabbit antibody against phospho-Akt (Ser473) (1:1,000; 31957;
Cell Signaling); rabbit antibody against Akt (pan) (1:2,000; 4691;
Cell Signaling); Ki67 rabbit monoclonal antibody (1:200;
AF1738, Beyotime); Alexa Fluor 488-conjugated donkey anti-
rabbit IgG (1:1,000; R37118; Life Technologies); Ficoll-Paque
PREMIUM sterile solution (17544202; GE Healthcare); CytoTune-
iPS 2.0 Sendai Reprogramming Kit (A16517; Thermo Fisher


http://www.informatics.jax.org
http://www.informatics.jax.org
mailto:fwcomd@126.com

Scientific); Matrigel (354277; BD); mTeSR medium (05850;
STEMCELL Technologies); Y-27632 (STEMCELL Technologies); Ac-
cutase (07920; STEMCELL Technologies); MTT for cell prolifera-
tion detection (C0009S; Beyotime).

Patient recruitment

Human samples were collected after written informed consent ac-
cording to the declaration of Helsinki and local ethics board
approval (Approval No. 2017-877). PBMCs were obtained from
three PVOD patients and two healthy control subjects, and they
all signed the informed consent. This study was approved by the
Ethics Committees of Fuwai Hospital, National Center for Cardio-
vascular Diseases, China.

Gene correction of EIF2AK4 variant site by CRISPR-
Cas9

Isogenic gene-corrected control was generated using CRISPR-Cas9
mediated homology-directed repair with single-stranded oligo
DNA nucleotide (ssODN), which provided the wild-type template
for gene correction. To correct the heterozygous c.2965C>T
(p- Arg989Trp) mutation in exon 21, the c.3460A>T mutation (p.
Lys1154Ter) in exon 25, and the c.4832_4833insAAAG
(p- Pro1611fs) in exon 38 of EIF2AK4 gene, three mutation-specific
sgRNA, termed sgEIF2AK4 (target site: GTGGCTGTGGGCCAT
TTTGC, ATTTCATCCCTAAGAACTTC, TGAGGTATCTTTGCTTT
CTT), were designed using CRISPOR in http://crispor.tefor.net/.
SgEIF2AK4 were generated by in vitro transcription using GeneArt
Precision gRNA Synthesis Kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. ssODN was designed to contain
125 nt in total. The sequences of ssODNs are listed in Table S2.
PVOD-iPSCs at 70%-80% confluence were harvested with
0.5 mM EDTA. 1.0 x 10° cells were co-electroporated with
400 ng sgEIF2AK4, 2 ug recombinant Cas9 protein (Thermo Fisher
Scientific), and 10 pmol ssODN using 10 pL. Neon Tip with 1,100V,
20 ms, and two pulses by Neon transfection system (Thermo Fisher
Scientific). Immediately after electroporation, cells were trans-
ferred into one well of Matrigel-coated 24-well plate and cultured
in 500 pL mTeSR1 medium containing 5 uM Y-27632 (Selleck
Chemicals). Medium was changed daily and Y-27632 was removed
24 h later. 3 days after electroporation, cells were dispersed at low
density into Matrigel-coated 60-mm dish in mTeSR1 medium with
10 uM Y-27632, which was removed 24 h later. About 14 days later,
large colonies were picked and expanded, which were analyzed for
the desired base correction by sanger sequencing of amplicon
spanning the target site of EIF2AK4 gene. A positive clone was
selected for further analysis.

Endothelial cell differentiation

iPSC-ECs were generated using a 2D monolayer differentiation
protocol based on a modification of a previous protocol by Gu's
group (Gu, 2018). Briefly, iPSCs (over passage 25) were grown
to 80% confluence and placed in differentiation medium (RPMI
and B-27 supplement minus insulin, Life Technologies) toward
the mesodermal lineage with 6 mM CHIR-99021 (Selleck Chem-
icals) for 2 days, followed by 3 mM CHIR-99021 for 2 days. The
medium was then changed to a differentiation medium
composed of RPMI-B27 without insulin and endothelial medium

EGM2 (Lonza Group) supplemented with 20 ng/mL bone
morphogenetic protein-4 (PeproTech), S50 ng/mL vascular endo-
thelial growth factor (PeproTech), and 20 ng/mL basic fibroblast
growth factor (BD Biosciences). Cells were subjected to medium
change every 2 days. On day 12, iPSC-ECs were sorted for
CD144+ using antibody-coated beads and a magnetic-activated
cell sorter (Miltenyi Biotec) and expanded on 0.2% gelatin coated
plates and maintained in EGM-2 BulletKit (Lonza Group) with
10 uM SB431542 (Selleck Chemicals), a TGF-B inhibitor at
37°C, 21% O,, and 5% CO, in a humidified incubator with me-
dium changes every 48 h. Cells were passaged once they reached
80%-90% confluence. iPSC-ECs used for experiments were be-
tween passages 3 and 10.

Statistical analysis

All data are presented as the mean + standard error of the mean
(SEM). The statistical analyses were performed using GraphPad
Prism 8.0 software (San Diego). For statistical comparisons, we
first used a normality test to evaluate whether the data were nor-
mally distributed. For two-group comparisons of normally distrib-
uted data, we applied Student’s t test with Welch’s correction if
equal standard deviations were not assumed through an F test.
In addition, the Brown-Forsythe test was used to assess equal var-
iances among data from more than two groups; we applied ordi-
nary ANOVA or Welch ANOVA for equal variances assumed or
not, respectively. Nonparametric tests were used when the data
were not normally distributed. In all cases, a statistically signifi-
cant difference was present when the two-tailed probability was
less than 0.05. The details of the statistical analysis applied to
each experiment are presented in the corresponding figure
legends.
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