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Interferonopathies, interferon (IFN)-α/β therapy, and caveolin-1 (CAV1)
loss-of-function have all been associated with pulmonary arterial hy-
pertension (PAH). Here, CAV1-silenced primary human pulmonary ar-
tery endothelial cells (PAECs) were proliferative and hypermigratory,
with reduced cytoskeletal stress fibers. Signal transducers and activa-
tors of transcription (STAT) and phosphoinositide 3-kinase (PI3K)/pro-
tein kinase B (AKT) were both constitutively activated in these cells,
resulting in a type I IFN-biased inflammatory signature. Cav1−/− mice
that spontaneously develop pulmonary hypertension were found to
have STAT1 and AKT activation in lung homogenates and increased
circulating levels of CXCL10, a hallmark of IFN-mediated inflammation.
PAH patients with CAV1 mutations also had elevated serum CXCL10
levels and their fibroblasts mirrored phenotypic and molecular fea-
tures of CAV1-deficient PAECs. Moreover, immunofluorescence stain-
ing revealed endothelial CAV1 loss and STAT1 activation in the
pulmonary arterioles of patients with idiopathic PAH, suggesting that
this paradigmmight not be limited to rare CAV1 frameshift mutations.
While blocking JAK/STAT or AKT rescued aspects of CAV1 loss, only
AKT inhibitors suppressed activation of both signaling pathways si-
multaneously. Silencing endothelial nitric oxide synthase (NOS3) pre-
vented STAT1 and AKT activation induced by CAV1 loss, implicating
CAV1/NOS3 uncoupling and NOS3 dysregulation in the inflammatory
phenotype. Exogenous IFN reduced CAV1 expression, activated STAT1
and AKT, and altered the cytoskeleton of PAECs, implicating these
mechanisms in PAH associated with autoimmune and autoinflamma-
tory diseases, as well as IFN therapy. CAV1 insufficiency elicits an IFN
inflammatory response that results in a dysfunctional endothelial cell
phenotype and targeting this pathway may reduce pathologic vascu-
lar remodeling in PAH.
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Pulmonary arterial hypertension (PAH) is a progressive dis-
ease characterized by angio-obliterative vascular remodeling

propagated, at least in part, by a dysfunctional pulmonary artery
endothelium (1). While a growing armamentarium of pulmonary
vasodilators have improved disease management, the occlusive
arteriopathy of PAH has remained refractory to currently available
therapies and is often fatal (2). Nonetheless, our understanding of
PAH pathobiology, encompassing multiple cell types and aberrant
signaling pathways, has advanced rapidly, raising hopes for a thera-
peutic breakthrough (3). Although universal approaches suitable for
most patients would be highly desirable, the complexity of PAH and
numerous conditions associated with its development have led to
speculation that future treatment strategies may require targeting
several dysregulated signaling pathways simultaneously and precision
medicine therapeutics tailored to narrow patient subgroups.
A heterozygous frameshift mutation in caveolin-1 (CAV1) asso-

ciated with decreased pulmonary artery endothelial CAV1 protein

expression was recently identified as a rare cause of hereditary PAH
(HPAH) (4). Pathologically remodeled pulmonary arterioles (5, 6)
and plexiform lesions (7) in idiopathic PAH (IPAH) and other
forms of PAH also exhibit decreased CAV1 expression, suggesting
that CAV1 loss may be a generalizable condition not unique to
CAV1 mutation-associated PAH. However, the molecular patho-
genesis of PAH due to CAV1 deficiency in human pulmonary ar-
tery endothelial cells (PAECs) is incompletely understood. CAV1 is
a plasma membrane protein, located in 50- to 100-nm flask-shaped
vesicles called caveolae, with myriad functions, including molecular
scaffolding, trafficking, and signal transduction (8, 9). Within cav-
eolae, CAV1 organizes signaling hubs by coupling with endothelial
cell receptors and membrane-anchored signaling complexes, many
of which are of known importance to PAH including bone mor-
phogenetic protein receptor type 2 (BMPR2) (10), endothelial
nitric oxide synthase (NOS3) (11), and intracellular kinase networks
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(12, 13). Importantly, CAV1 amplifies BMPR2 signaling (14, 15)
and genetic ablation of Cav1 in mice leads to a general lack of
caveolae, pulmonary hypertension, and cardiac abnormalities (16,
17). Furthermore, recent studies have revealed mechanisms by
which CAV1 is depleted in the pulmonary endothelium, including
tumor necrosis factor (TNF)-α– and nitric oxide-induced nitro-
sation of CAV1, eventually leading to its proteasome-dependent
degradation (5), as well as release of CAV1 containing extracel-
lular vesicles following endothelial injury in vitro and in vivo (6).
Less is known about the effects of CAV1 deficiency on inflam-

mation and how they may influence the development or progression
of PAH. Disrupted B cell receptor signaling in Cav1 knockout
(Cav1−/−) mice has recently been linked to impaired central toler-
ance and autoimmunity (18). Similarly, CAV1 is suppressed in
psoriatic plaques and CAV1 silencing activates JAK2/STAT3 (signal
transducers and activators of transcription) in keratinocytes (19).
Essential for full activation and propagation of JAK/STAT/inter-
feron (IFN) responses (20, 21), phosphoinositide 3-kinase (PI3K)/
protein kinase B (AKT) signaling is constitutively activated in
CAV1-silenced endothelial cells (12) and the pulmonary arteries of
Cav1−/− mice (13). Importantly, type I IFNs cause drug-induced
PAH (22) and play a prominent role in autoimmune diseases as-
sociated with the development of PAH (23). In addition, two type I
interferonopathies were recently linked to pulmonary hypertension
and pulmonary vasculopathy: chronic atypical neutrophilic derma-
tosis with lipodystrophy and elevated temperature due to loss-of-
function mutations in the PSMB8 gene (24), and stimulator of
IFN response cGAMP interactor 1 (STING)-associated vasculop-
athy with onset in infancy (SAVI) due to a gain-of-function mutation
in TMEM173 (25). Nonetheless, whether CAV1 loss triggers a self-
sustaining inflammatory response in endothelial cells has not been
explored. Here, using small-interfering RNA (siRNA) knockdown of
CAV1 in human PAECs and Cav1−/− mice, as well as serum and
fibroblasts from patients with CAV1 mutations, the consequences of
CAV1 deficiency were investigated, focusing on endothelial cell
phenotype, signaling, and inflammation.

Results
CAV1 Silencing in PAECs Induced a Proliferative, Apoptosis-Resistant,
Invasive, and Inflammatory Phenotype with Cytoskeleton Remodeling.
To determine the specific role of CAV1 loss in human PAEC
pathobiology, CAV1 was knocked down using a targeted siRNA
approach (siCAV1). CAV1 mRNA and protein were both signifi-
cantly reduced in these cells (SI Appendix, Fig. S1A). Precapillary
angioproliferative lesions, the pathological hallmark of PAH, are
hypothesized to be driven by a hyperproliferative and apoptosis-
resistant endothelium (1). Similarly, compared to control siRNA-
transfected PAECs (siCTRLs), CAV1-silenced PAECs displayed
aberrant proliferation (Fig. 1A), apoptosis resistance (Fig. 1B) in
response to serum and growth factor withdrawal, and increased
migration (Fig. 1C). Given that PAEC migration starts with the loss
of membrane proteins involved in cell–cell contact (26), vascular
endothelial cadherin (VE-cadherin) and platelet endothelial cell
adhesion molecule (PECAM)1 were examined by immunofluores-
cence labeling and confocal imaging. In contrast to intense staining
of VE-cadherin and PECAM1 at endothelial cell–cell junctions in
control PAECs, staining was diminished in CAV1-silenced cells
(Fig. 1D and E). Furthermore, VE-cadherin and PECAM1 staining
was no longer specifically localized to cell junctions in CAV1-
deficient PAECs, but instead diffuse and, in part, cytoplasmic. Im-
portantly, CAV1 silencing also led to cytoskeletal remodeling, as
shown by a decrease in filamentous actin polymerization (F-actin,
stress fibers) (Fig. 1F). Expression of ICAM1 and VCAM1, markers
of endothelial activation, were also increased in CAV1-silenced
PAECs (Fig. 1G and SI Appendix, Fig. S1B). Similarly, the secre-
tion of interleukin (IL)-6 and IL-8, inflammatory cytokines, was
increased two- to threefold in CAV1-silenced PAECs compared to
siCTRLs (Fig. 1H and SI Appendix, Fig. S1B). Taken together, these

results indicate that CAV1 loss leads to a highly dysfunctional en-
dothelial cell phenotype characterized by proliferation, apoptosis
resistance, hypermigration, and inflammatory activation.

Prominent IFN Gene Signature in CAV1-Deficient PAECs. Genome-
wide expression profiling was performed to unbiasedly assess the
impact of CAV1 deficiency on gene transcription. Selection of
differentially expressed transcripts following CAV1 gene silencing
(false-discovery rate [FDR] ≤ 10% and fold-change [FC] ≥ 1.2)
yielded 344 unique genes (Dataset S1); 227 were up-regulated and
117 were down-regulated. Using Ingenuity Pathway Analysis (IPA),
CAV1-silenced PAECs showed strong enrichment for antiviral re-
sponse (P = 1.05 × 10−16), cell movement (P = 2.01 × 10−12), sys-
temic autoimmunity (P = 2.39 × 10−12), and endothelial cell
proliferation (P = 3.11 × 10−9) (Fig. 2A). IFN signaling was iden-
tified by IPA as the top canonical pathway (P < 0.0001) (SI Ap-
pendix, Fig. S2A) predicted to be activated in CAV1-silenced
PAECs (z-score = 2.828). In addition to a prominent IFN gene
signature, leukocyte adhesion and diapedesis, pattern recognition
receptor signaling, innate and adaptive immune cell communica-
tion, and activation of IFN response factor (IRF) by cytosolic pat-
tern recognition receptors were among the most highly enriched
canonical pathways following CAV1 loss in PAECs (P < 0.01 for
all) (SI Appendix, Fig. S2A). Although induction of IFN-like gene
expression has been reported in cells exposed to siRNA, the short
length, low concentration, and low GU-content of the CAV1-
specific siRNA used here make an off-target, IFN response
unlikely (27).
Gene-expression changes in CAV1-silenced PAECs were also

analyzed by gene set enrichment analysis (GSEA). In contrast to
bioinformatic analyses that rely on a subset of genes defined by
selection filters (e.g., FDR thresholds or FC differences), GSEA is a
computational method that rank orders the entire gene-expression
dataset and determines whether a priori defined gene sets dem-
onstrate significant differences between two biological phenotypes
(siCAV1 vs. siCTRL). The five most significantly enriched gene sets
in CAV1-silenced PAECs were IFN-α, IFN-γ, and inflammatory
responses, as well as IL6/JAK/STAT3 and TNF-α–induced NF-κB
signaling (FDR < 0.01 for all) (SI Appendix, Fig. S2B). Collectively,
both IPA- and GSEA-based thematic analyses identified an IFN
inflammatory signature as the most highly enriched transcriptomic
response in CAV1-silenced PAECs.
Next, using ClueGO (v2.5.4) with gene ontology (GO;

GO_ImmuneSystemProcesses) and Reactome pathway annotation
terms, a functional network analysis of up-regulated transcripts in
CAV1-silenced PAECs (FDR ≤ 10% and FC ≥ 1.2; n = 227)
reinforced activation of IFN signaling as a prominent consequence
of CAV1 loss in PAECs (Fig. 2B). To further analyze and sub-
stantiate the apparent association of CAV1 loss with an IFN in-
flammatory response in PAECs, differentially expressed transcripts
were analyzed in Interferome v2.01, a database that enables reli-
able identification of IFN response genes based on collated ex-
perimental data from nearly 200 human datasets of cells, tissues, or
subjects treated with IFNs. Notably, >80% (283 of 344) of the
transcripts differentially expressed in CAV1-deficient PAECs were
identified as IFN-regulated, mostly annotating to type I and II
responses (SI Appendix, Fig. S2C).
The constitutive activation of an IFN gene signature in CAV1-

silenced PAECs was validated by quantitative real-time PCR
(qRT-PCR) in six different donors to determine donor-to-donor
variability (SI Appendix, Table S1). There was good correlation
between microarray and qRT-PCR determined FC (r = 0.79, P =
0.004) (SI Appendix, Figs. S2D and S3) for a subset of IFN response
genes (CCL5,CXCL5,CXCL11, IFIT1, IFIT3, IRF9, ISG15, EDN1,
SPRY1,DCBLD2, and LAMP3). Thus, CAV1 loss alone induced an
IFN-biased, proinflammatory signature in PAECs.
Expression of a strong IFN response gene signature in our

transcriptomic analysis indicated that endothelial cell dysfunction
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from CAV1 loss might be a direct consequence of a constitutive
IFN inflammatory response. Therefore, we hypothesized that loss
of CAV1 dysregulated IFN signal transduction pathways, potentially
explaining the roles of both CAV1 and IFN in PAH pathobiology.
This concept was then further tested in vitro and in vivo.

Activation of a Type I IFN Inflammatory Response in CAV1-Silenced
Human PAECs. To identify molecules and pathways involved in the
constitutively activated IFN response seen in CAV1-deficient
PAECs, we first assessed the expression of type I (IFN-α, IFN-β)
and type II (IFN-γ) IFNs. Secreted IFN-α and IFN-β protein were
significantly increased in CAV1-silenced, human PAECs compared
to nontargeting siRNA controls (Fig. 3A). As expected, IFN-γ was
not detected in either control or CAV1-silenced PAECs. Next, IFN
signaling through the JAK/STAT pathway was investigated.
STAT1, STAT2, and STAT3 mRNA were all increased in CAV1-
silenced PAECs compared to controls (SI Appendix, Fig. S4A).
Similarly, both total and activated (phosphorylated) STAT1 and

STAT3 proteins were increased, denoting canonical JAK/STAT
activation (Fig. 3B).
STAT signaling interacts with and activates IRFs, including

IRF3 and IRF7, thereby inducing the transcription of canonical
type I IFN-response genes. IRF3 and IRF7 activation was further
explored in PAEC nuclear lysates using DNA-binding ELISAs.
CAV1 loss activated both IRF3 and IRF7 DNA binding to cognate
IFN response elements (Fig. 3C), further confirming the activation
of type I IFN responses. Furthermore, CXCL10, a prototypical
IRF3- and IRF7-dependent chemokine, was robustly induced in
CAV1-silenced PAECs (Fig. 3D and SI Appendix, Fig. S4B). IRF3
activation and the induction of a type I IFN response can occur
downstream of STING1 and TANK binding kinase 1 (TBK1)
phosphorylation and activation in response to intracellular DNA
fragments (28). Notably, CAV1 silencing had no impact on either
activated (pTBK1Ser172) or total TBK1 (SI Appendix, Fig. S4C),
suggesting that the constitutive type I IFN response associated with
CAV1 loss was STING:TBK1-independent. Finally, luciferase re-
porter assays driven by either the IFN-stimulated response element
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Fig. 1. CAV1 gene silencing in primary human PAECs leads to a proliferative, apoptosis-resistant, and hypermigratory phenotype with remodeling of the
cytoskeleton and inflammatory activation. (A) Cell proliferation, assessed by MTS and ATP assays, was significantly increased in CAV1-silenced PAECs com-
pared to siCTRL. After CAV1 knockdown (48 h), PAECs were transferred to 96-well plates for 6 h, then serum-starved for 24 h, followed by complete media for
72 h to assess proliferation. Data presented as mean FC ± SE. (B) CAV1-deficient PAECs demonstrated significantly less apoptosis following serum and growth
factor withdrawal compared to siCTRL-transfected cells. After CAV1 knockdown (48 h), PAECs were transferred to 96-well plates in serum and growth factor-
free media. Caspase 3/7 activity, a marker of apoptosis, presented as mean ± SE. (C) Cell migration using the Oris ProCell migration assay was significantly
increased in CAV1-silenced PAECs compared to siCTRL. After CAV1 knockdown (48 h), PAECs were transferred to 96-well plates containing a circular gel insert
and allowed to adhere for 6 h. Cells were then serum-starved for 24 h, returned to complete media, and the insert was removed. Percent closure (mean ± SE)
of the defect was assessed 72 h later. A representative image at 0 and 72 h is shown (Right; 10 × magnification). (D) VE-cadherin, (E) PECAM1/CD31, and (F)
Phalloidin (F-actin) immunofluorescence staining (all green; white arrow), as well as CAV1 (red) and DAPI (nuclear counterstain; blue) in PAECs 48 h after
CAV1-silencing or siCTRL. Results were similar in three independent experiments. (Scale bars, 20 μm.) (G) Immunoblotting of whole-cell lysates collected 48 h
after siRNA knockdown demonstrated a significant increase in ICAM1 and VCAM1 expression in CAV1-deficient PAECs. Densitometric quantification of ICAM1
and VCAM1 protein normalized to β-actin and relative to siCTRL presented as mean ± SE. Representative Western blots shown in the Insets. (H) IL-6 and IL-8 in
conditioned media from CAV1-silenced compared to siCTRL PAECs measured by ELISA at 48 h. Data presented as mean ± SE and replication throughout are
independent experiments using different PAEC donors. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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(ISRE) or γ-IFN activation site (GAS) tandem repeat-containing
promoters demonstrated augmented responses to IFN-α/IFN-β, or
IFN-γ stimulation, respectively, in CAV1-silenced human EAhy926
endothelial cells compared to siCTRLs (Fig. 3E and SI Appendix,
Fig. S4D). Collectively, CAV1 loss was shown to constitutively ac-
tivate endogenous type I JAK/STAT/IFN signaling by the following
evidence: 1) increased IFN-α and IFN-β expression and secretion;
2) phosphorylation and activation of STAT1 and STAT3; 3) in-
creased DNA binding of IRF3 and IRF7 to cognate promoter se-
quences; 4) the induction of IFN target genes including canonical
CXCL10; and 5) activation of IFN reporter assays.

JAK/STAT and PI3K/AKT Activation in Cav1−/− Mice Recapitulate CAV1
Silencing in Human PAECs. In addition to JAK/STAT pathway ac-
tivation, type I IFN signaling has been reported to activate MEK/
ERK1/2, p38 and PI3K/AKT in some cell types and PI3K/AKT
activation is essential to fully propagate JAK/STAT signaling and
IFN responses (20, 21). Notably, MEK/ERK1/2 and PI3K/AKT
signaling, oncogenic pathways associated with cell proliferation,
have been shown to be constitutively activated in the heart and

lungs of Cav1−/− mice (13, 29). Therefore, we next sought to ex-
plore these pathways in CAV1-silenced PAECs. While the MEK/
ERK1/2 pathway was not affected, AKT activity as determined by
phosphorylation at serine 473 (pAKTSer473) was increased in
CAV1-silenced PAECs (SI Appendix, Fig. S5).
In order to investigate the in vivo relevance of JAK/STAT and

PI3K/AKT activation and the resulting IFN inflammatory re-
sponse observed in CAV1-silenced PAECs, whole-lung lysates
from Cav1−/− mice were examined by Western blotting. As
expected, CAV1 was detected in wild-type, but not Cav1−/− mice
(SI Appendix, Fig. S6). Both total and activated (phosphorylated)
STAT1 were elevated in CAV1-null mice compared to wild-type
controls (Fig. 4A). Similarly, both total and pAKTSer473 were also
increased in whole-lung lysates from Cav1−/− mice (Fig. 4B).
Consistent with these findings, circulating CXCL10 was elevated
in Cav1−/− mice compared to controls (Fig. 4C). These in vivo
results further corroborate STAT and AKT activation and the
IFN inflammatory signature of CAV1-silenced human PAECs.

Proliferative, Hypermigratory Phenotype and STAT Activation in
Dermal Fibroblasts from Patients with CAV1 Mutations and HPAH.
Pulmonary vascular cell proliferation, migration, and inflammation
are hallmarks of PAH and CAV1-silenced PAECs recapitulated
these disease-defining aspects of PAH pathobiology. Next, fibro-
blasts from three HPAH patients with CAV1 loss-of-function mu-
tations were investigated in order to determine whether these cells
harbored similar phenotypic and signaling abnormalities. Compared
to healthy control subjects, dermal fibroblasts from HPAH patients
with a heterozygous frameshift mutation, resulting in a dominant-
negative form of CAV1 (30), exhibited lower CAV1 protein ex-
pression (SI Appendix, Fig. S7A), increased proliferation (Fig. 5A),
resistance to apoptosis (SI Appendix, Fig. S7B), and a hyper-
migratory phenotype (Fig. 5B). In addition, like CAV1-silenced
PAECs, ICAM1 and VCAM1 (SI Appendix, Fig. S7C), as well as
both total and activated STAT1 and STAT3, were all increased in
fibroblasts from patients with CAV1 mutation-associated HPAH
(Fig. 5C). These cells displayed high pAKTSer473 levels relative to
control fibroblasts (Fig. 5C), and secreted CXCL10 was also ele-
vated in culture supernatants from HPAH-patient cells (Fig. 5D).
Thus, dermal fibroblasts from HPAH patients with CAV1 muta-
tions displayed an abnormal cellular and molecular phenotype that
mirrored our findings in CAV1-silenced PAECs. Importantly and
consistent with an underlying IFN inflammatory response in vivo,
serum CXCL10 concentrations were significantly elevated in
HPAH patients carrying CAV1 disease-associated mutations com-
pared to noncarrier controls (Fig. 5D). Finally, in support of a
broader role for CAV1-deficiency–associated IFN activation, im-
munofluorescent staining of explanted lung tissue from IPAH pa-
tients demonstrated reduced CAV1 expression along with
activation (phosphorylation) of STAT1 in distal PAECs (Fig. 5E).

JAK/STAT Inhibitors Suppress the IFN Signature and the Proliferative
and Migratory Phenotype of CAV1-Silenced PAECs. The JAK/STAT/
IFN pathway was explored as a potential therapeutic target in PAH
associated with CAV1 loss. Three currently available, Food and
Drug Administration (FDA)-approved JAK inhibitors were tested:
baricitanib, ruxolitinib, and tofacitinib. A clinically achievable con-
centration of all three JAK inhibitors (100 nM) (25) substantially
blocked CAV1 loss-mediated STAT1 activation in human PAECs
(SI Appendix, Fig. S8A). Ruxolitinib modestly reduced total STAT1
expression, whereas baricitanib and tofacitinib had no effect. Bar-
icitanib, ruxolitinib, and tofacitanib abrogated elevated CXCL10
secretion in CAV1-silenced PAECs (Fig. 6A), and normalized
CAV1-silenced PAEC proliferation (Fig. 6B, measured by BrdU
incorporation, and SI Appendix, Fig. S8B, measured by formazan
production) and migration (Fig. 6C). Yet, JAK/STAT inhibitors did
not block AKT activation (SI Appendix, Fig. S8C), suggesting this
approach may not fully rescue the cellular consequences of CAV1
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loss. Notably, JAK/STAT inhibitors have ameliorated pulmonary
hypertension in some patients with myelofibrosis (31), while others
have experienced disease worsening (32).

PI3K-AKT Signaling Axis in the CAV1 Loss-Mediated Proliferative
Phenotype of PAECs. To investigate the role of PI3K/AKT activa-
tion as a driver of phenotypic abnormalities and type I IFN re-
sponses associated with CAV1 loss, PI3K/AKT signaling was
blocked with LY294002 (15 μM) and Wortmannin (50 nM), two
pan-PI3K inhibitors. These concentrations of LY294002 and
Wortmannin were previously shown to inhibit PI3K signaling in
endothelial cells (33). As expected, PI3K inhibition significantly
reduced AKT activation. Furthermore, these inhibitors also pre-
vented STAT1 activation in CAV1-silenced PAECs (Fig. 7A and
SI Appendix, Fig. S9). Consistent with this effect on STAT acti-
vation, both LY294002 and Wortmannin suppressed increased
CXCL10 secretion by CAV1-silenced PAECs (Fig. 7B). Next, two
currently available antitumor drugs, a pan-PI3K inhibitor (GDC-
0980) and a pan-AKT inhibitor (MK-2206), were used to examine
the contribution of PI3K/AKT activation to CAV1 deficiency-
induced proliferation. Both inhibitors attenuated proliferation in
CAV1-silenced PAECs (Fig. 7C) and concurrent inhibition of
pAKTSer473 by GDC-0980 is shown in Fig. 7D. Collectively, these
results suggest that STAT and AKT activation may contribute to
the proliferative and IFN-biased inflammatory phenotype of
CAV1-silenced PAECs. However, unlike JAK/STAT inhibitors,
PI3K/AKT blockade was able to shut down both pathways and
warrants further investigation as a strategy for treating the disease-
defining vascular remodeling of PAH.

NOS3 Knockdown Prevents Constitutive STAT1 and AKT Activation in
CAV1-Deficient Human PAECs. Endothelial dysfunction associated
with reduced CAV1 expression has been previously linked to

dysregulated NOS3 activity (5, 34–36). In particular, under con-
ditions that promote NOS3 uncoupling (e.g., depletion of CAV1,
L-arginine, and tetrahydrobiopterin), phosphorylation at serine
1177 (Ser1177) by AKT increases superoxide production, thereby
favoring production of peroxynitirite, a potent mediator of intra-
cellular oxidant stress (36, 37). Therefore, we next examined
whether Ser1177 phosphorylation of NOS3 was altered in CAV1-
silenced PAECs. In line with prior studies (5, 38), NOS3 phos-
phorylation at ser1177 was significantly increased in CAV1-
deficient PAECs (Fig. 8A), consistent with our finding of consti-
tutive AKT activation. Furthermore, NOS3 gene silencing abro-
gated both constitutive STAT1 and AKT activation (Fig. 8 B and
C), evoking NOS3 uncoupling as potential contributor to IFN
activation in CAV1-silenced human PAECs.

Exogenous IFN Decreases CAV1 Expression and Mirrors CAV1 Loss-Induced
Alteration of the Cytoskeletal Architecture in Human PAECs. Since CAV1
loss induced inflammatory adhesion molecules and IFN target
genes, human PAECs were treated with exogenous IFN-α (100
U/mL) (39), IFN-β (10 ng/mL) (40), and IFN-γ (1,000 ng/mL) (41)
using previously published doses for endothelial cell cultures, to
determine their effects on CAV1 expression, JAK/STAT and AKT
signaling, as well as cellular phenotype. As expected, all three IFNs
activated STAT1, as determined by phosphorylation, and increased
STAT1 expression (SI Appendix, Fig. S10A). Challenging human
PAECs with either type I or type II IFNs substantially decreased
CAV1 protein (Fig. 8D), while mean CAV1 mRNA expression was
not significantly suppressed by either IFN-α or -β. Somewhat dif-
ferently, IFN-γ treatment nominally decreased CAV1mRNA levels
(SI Appendix, Fig. S10B). AKT was also activated in response to
IFN exposure (Fig. 8E), similar to CAV1 silencing in these cells.
Furthermore, immunofluorescence staining revealed attenuation
of central stress fibers (Fig. 8F), albeit less pronounced than in
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Fig. 3. Constitutive activation of IFN signaling due
to CAV1 loss-of-function in primary human PAECs.
(A) IFN-α and IFN-β, measured by ELISA, were signif-
icantly higher in conditioned media 48 h after CAV1-
silencing compared to siCTRL-transfected PAECs.
Data presented as mean ± SE. (B) Whole-cell lysate
immunoblotting 48 h after CAV1 knockdown dem-
onstrated a significant increase in both total and
phosphorylated (activated) STAT1 and STAT3. Den-
sitometric quantification of protein normalized to
β-actin and relative to siCTRL presented as mean ± SE
with representative Western blots. (C) Nuclear pro-
tein isolated from CAV1-silenced PAECs 48 h after
knockdown demonstrated significantly increased
IRF3 and IRF7 DNA binding compared to siCTRL-
transfected cells (mean absorbance ± SE). (D) CAV1
loss in PAECs led to significant increase in CXCL10
protein. Cell supernatants collected 48 h after CAV1
knockdown. CXCL10 measured by ELISA presented as
mean ± SE. (E) ISRE activity was significantly higher
in CAV1-silenced human EAhy926 endothelial cells in
the absence and presence of IFN-α/β stimulation.
Additionally, CAV1-silenced EAhy926 cells displayed
significantly greater response to IFN-α/β stimulation
compared to siCTRL-transfected cells. Human
EAhy926 endothelial cells were stably transfected
with ISRE reporter constructs and then transiently
transfected with CAV1-specific or nontargeting con-
trol siRNA. After siRNA transfection (48 h), cells were
treated with IFN-α/β (10 U/mL) or vehicle alone (PBS
with 0.1% BSA) for 5 h. Luciferase intensity pre-
sented as the mean ± SE. Each independent experi-
ment used different PAEC donors. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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CAV1-silenced PAECs where CAV1 protein levels are more
markedly reduced. These findings raise the possibility that IFN
itself can induce a PAH-like, dysfunctional PAEC phenotype with
CAV1 loss that in turn may further augment downstream JAK/
STAT and AKT signaling.

Discussion
Using an in vitro model of CAV1 gene silencing in human PAECs,
we demonstrated that CAV1 plays a crucial role in protecting
human pulmonary arterial endothelial cells from excessive pro-
liferation, apoptosis resistance, hypermigration, and inflammation.
Importantly, the phenotypic abnormalities caused by CAV1
knockdown were closely mirrored by dermal fibroblasts from
HPAH patients with a CAV1 loss-of-function mutation. More-
over, the inflammatory component of these anomalous attributes
was surprisingly specific, consisting of STAT and AKT activation
and a predominant type I IFN-driven gene signature, as demon-
strated by global expression profiling. CAV1-null mice and blood
CXCL10 levels in HPAH patients with CAV1 mutations con-
firmed the presence of a constitutively activated IFN inflammatory
response in vivo. In vitro, JAK/STAT inhibitors blocked many of
the phenotypic features of CAV1 loss in human PAECs but did
not dampen AKT activation. In contrast, blocking aberrant AKT
activation not only mitigated functional and phenotypic abnor-
malities caused by CAV1 deficiency in PAECs, but also sup-
pressed STAT activation and secretion of CXCL10, an archetypal
IFN target gene. Collectively, these findings demonstrate that
CAV1 loss, either from mutations or suppression by other
mechanisms in IPAH, can result in aberrant endothelial type I
IFN activation. Importantly, type I (IFN-α and IFN-β) or type II
IFN (IFN-γ) stimulation was sufficient to reduce the expression of
CAV1 protein, induce both STAT1 and AKT activation, and
disrupt the cytoskeletal organization of human PAECs. These
findings have implications for understanding mechanisms by which
autoimmune and autoinflammatory diseases (24, 25), as well as
IFN therapy (22), all lead to PAH. Furthermore, JAK/STAT and
AKT signaling warrant further investigation as potential thera-
peutic targets for arresting or even possibly reversing pathologic
vascular remodeling in CAV1 loss-associated PAH.

Enhanced cell proliferation in CAV1-silenced PAECs is con-
sistent with previous findings, which conversely showed that CAV1
overexpression caused cell cycle arrest at G0/G1 phase in endo-
thelial cells (42, 43). Furthermore, dermal fibroblasts from HPAH
patients harboring a heterozygous c.474delA frameshift mutation
displayed a proproliferative phenotype analogous to CAV1-
silenced PAECs, confirming the results of a recent study using
the same cells (44). Investigations of CAV1 expression and func-
tion in endothelial cells (45) and its role in PAH pathogenesis (46)
have reported variable effects on proliferation, migration, and
angiogenesis, depending on experimental conditions and cell type
(47–50). Here, a proliferative, hypermigratory phenotype resulted
from either molecular (siRNA gene silencing in PAECs) or ge-
netic (fibroblasts expressing a pathogenic CAV1 mutation) dis-
ruption of CAV1 expression. Notably, closure of a monolayer
defect in vitro likely reflects both proliferation and migration of
CAV1-deficient cells (51). While attenuation of well-formed
stress-fibers as seen in our CAV1-silenced PAECs, might sup-
port aspects of an undirected migratory phenotype, coherent, di-
rectional migration has been reported to be impaired by CAV1
loss (47). Importantly, altered VE-cadherin and PECAM-1 ex-
pression and localization in CAV1-deficient PAECs is consistent
with prior work that found increased lung vascular permeability in
Cav1−/− mice, a defect that was reversed by endothelial-specific
CAV1 reconstitution (13). Similarly, CAV1 knockdown was pre-
viously shown to hamper insulin-induced actin remodeling in bo-
vine aortic endothelial cells (52).
Notably, while CAV1 protein expression is reduced in PAH

lung samples (5–7, 35), mRNA transcript levels have been more
inconsistent. While an early microarray study revealed significantly
decreased CAV1 mRNA expression in whole lung tissue from
PAH patients (53), a more recent study found that CAV1 mRNA
expression was increased in isolated PAECs from PAH patients
(5). Here we demonstrate that stimulation of PAECs with exog-
enous IFNs reduced CAV1 protein with variable effects on CAV1
mRNA levels. Importantly, the reduction of CAV1 protein ex-
pression in the absence of a significant decrease in mRNA levels
following IFN-α and IFN-β exposure is consistent with previously
reported mechanisms of CAV1 protein loss that were independent
of gene transcription (5, 6). Nevertheless, Interferome 2.01, a
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database of IFN regulated genes, includes CAV1 among IFN-
suppressed genes, similar to our findings in IFN-γ–treated PAECs.
In addition to angioproliferative vascular remodeling, lung his-

topathology from PAH patients is notable for perivascular inflam-
matory cell infiltrates (54, 55), which presumably could be recruited
to plexiform lesions by a dysfunctional, proinflammatory pulmonary
vascular endothelium. Importantly, CAV1 knockdown in PAECs
induced expression of adhesion molecules (ICAM1 and VCAM1)
and cytokines (IL-6 and IL-8), proinflammatory molecules that have
been directly linked to PAH pathogenesis (56), as well as type I
interferonopathies (24, 25). Genome-wide expression profiling of
CAV1-silenced PAECs identified a predominant type I IFN sig-
nature, further supporting the proinflammatory endothelial phe-
notype we observed. Accordingly, CAV1 loss appeared to derepress
inflammatory activation, and specifically IFN responses, in endo-
thelial cells. CXCL10, a classic IFN target gene whose expression
was increased in CAV1-silenced PAECs, has been shown to prime
T lymphocyte adhesion to endothelium (57), stimulate CXCR3+

T cell migration to the lung, and is up-regulated in the serum of
PAH patients (58). Furthermore, among the differentially expressed
IFN target genes identified by microarray, both CCL2 and CCL5
mRNA were significantly up-regulated. This finding is consistent
with previously reported elevated levels of CCL2 in serum and lung
tissue of IPAH patients, as well as increased CCL2 secretion by
PAH lung-derived endothelial cells (59). Similarly, CCL5 mRNA
expression is elevated in PAH lung tissue and CCL5 protein ex-
pression is specifically increased in the endothelial cells of remod-
eled precapillary pulmonary arteries (60). The IFN predominant

inflammatory response that results from CAV1 depletion demon-
strated here, along with previous evidence that endothelial CAV1
expression, is reduced by inflammatory mediators—such as TNF-α
(5), LPS, and IL-6 (34)—suggests the potential for a feed-forward
mechanism that sustains chronic inflammation in PAH.
Given the IFN-biased gene signature, it is not surprising that

another prominent feature of global transcriptomic changes in
CAV1-silenced PAECs was evidence of an antiviral response.
Mirroring gene-expression changes observed in CAV1-deficient
PAECs, metaanalysis of blood transcriptomic studies recently
demonstrated a prominent, IFN-driven gene signature in the cir-
culating cells of PAH patients that was similarly enriched for an-
tiviral response genes (61). Interestingly, a recent study detailed the
potential pathogenic role of an endogenous retrovirus (ERV) as a
trigger for inflammatory vessel remodeling in PAH (62). Notably,
ERV3 was among the differentially expressed, up-regulated tran-
scripts identified by microarray in CAV1-silenced PAECs. ERV3
has been proposed to act as an autoantigen involved in various
immune-pathologies (63). While ERV3-encoded gene products
have been shown to result in both immunosuppressive (64) as well
as immunostimulatory (65) effects, CAV1 deficiency may predis-
pose to an exaggerated IFN-mediated inflammatory response to
viral gene products.
Induction of JAK/STAT signaling as a consequence of CAV1

gene silencing is consistent with evidence linking reduced CAV1
expression in psoriatic plaques to enhanced cytokine production
and keratinocyte hyperproliferation through JAK/STAT activation
(19). It is important to emphasize that CAV1-silencing in PAECs
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(100 nM) all reduced cell proliferation, as assessed by bromodeoxyuridine (BrdU) incorporation, in CAV1-silenced PAECs. BrdU incorporation was unaffected in
siCTRL transfected PAECs treated with either baricitinib, ruxolitinib, or tofacitinib (P ≥ 0.20 for all compared to vehicle-treated siCTRL cells). After CAV1
knockdown (48 h), PAECs were transferred to 96-well plates in complete media for 6 h, then serum-starved for 24 h and returned to complete media with the
specified JAK/STAT inhibitor or vehicle control. BrdU was added after 48 h of drug treatment and incorporation was assessed 24 h later. Data presented as
mean FC ± SE. (C) Treatment with baricitinib (100 nM), ruxolitinib (100 nM), or tofacitinib (100 nM) significantly reduced cell migration in CAV1-silenced
PAECs (P = 0.02 for the interaction between CAV1-silencing and drug treatment). After CAV1 knockdown (48 h), PAECs were transferred to 96-well plates
containing a circular gel insert (Oris Pro Cell Migration Assay) for 6 h, then serum-starved for 24 h, followed by return to complete media with the specified
JAK/STAT inhibitor or vehicle control and the insert was removed. Percent closure of the monolayer defect was assessed 48 h later. Data presented as the
mean ± SE with representative images at 0 and 48 h shown (Right; 10× magnification). Replication throughout represent independent experiments each
using different PAEC donors. *P < 0.05, **P < 0.01, ***P < 0.001.
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led to the induction of an IFN inflammatory gene response both in
the absence and presence of exogenous IFN stimulation. The
predominance of this response was specific for CAV1 knockdown
and was not seen with control siRNA or in our model of BMPR2-
silenced PAECs (66). Nonetheless, induction of IFN-like re-
sponses has been reported with siRNA exposure in a length,
concentration, GU-content, and cell-type–dependent manner, and
thus may not be generalizable across different experiments.
However, the CAV1-specific siRNA used here was only 19-bp
long, which is shorter than the length of oligonucleotides associ-
ated with IFN induction (21 to 23 bp) and the GU-content was
also much less than the pooled control siRNAs (26% versus a
mean of 53%). The activation of STAT in mouse lung homoge-
nates and concurrent increases in serum CXCL10 concentrations
strongly supports our in vitro findings in CAV1-silenced PAECs
and further argues against off-target effects due to siRNA. IFN-α,
IFN-β, and CXCL10 production was associated with the down-
stream activation of IRF3, IRF7, STAT1, and STAT3, as well as

increased total STAT1, which was shown to prolong the expres-
sion of a subset of IFN-induced genes (67, 68). Notably, STAT3
has been implicated in the proliferative and fibrotic response to
CAV1 deficiency (69) and in the pathogenesis of PAH (70).
However, this study demonstrates STAT1 activation due to

CAV1 loss. Since normal cell viability is not dependent on STAT1
activity (71), STAT1 might be a relatively safe therapeutic target
for reversing proliferative vascular remodeling in PAH. While
IFN-responsive genes have been classically linked to growth in-
hibition, senescence, and apoptosis (72, 73), our findings corre-
spond more closely to recent studies that link STAT1 activation to
proliferation (74, 75), possibly indicating a more complex and
nuanced role for the regulation of cell growth by IFNs. Here we
demonstrated that currently available, FDA-approved JAK/STAT
pathway inhibitors (baricitinib, ruxolitinib, tofacitinib) not only
blocked STAT1 activation and CXCL10 expression, but also
blunted proliferation and migration in CAV1-silenced PAECs.
IFN-driven responses could also be targeted more proximally with
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monoclonal antibodies that directly inhibit the IFN-α/β receptor
(76), a concept that was not tested here. Notably, in patients with
myelofibrosis, JAK/STAT inhibitor therapy has sometimes im-
proved (31) and at other times worsened (32) concomitant pul-
monary hypertension, suggesting that incompletely understood
factors may affect the efficacy of this approach.
Caveolae, through the scaffolding functions of CAV1, nega-

tively regulate many signaling cascades critical for cell prolifer-
ation, migration, and apoptosis, such as the mitogen-activated
protein kinase (MAPK) and AKT pathways (13). We observed
activation of AKT but not ERK in CAV1-silenced PAECs,
consistent with previous findings in CAV1-silenced bovine aortic
endothelial cells (12). Importantly, STAT1 and STAT3 phos-
phorylation, and therefore activation, can be mediated by PI3K/
AKT directly, independent of JAK (77, 78). Similarly, AKT ac-
tivation complements and reinforces STAT signaling by pro-
moting the translation of IFN-stimulated genes (20). Therefore,
although a precise mechanistic link between CAV1 loss and
constitutive IFN activation is yet to be determined, loss of CAV1
undoubtedly impedes its normal functions, including molecular
scaffolding, trafficking, and signal transduction. For example,

consistent with prior studies (5, 38), we found that NOS3
Ser1177 phosphorylation is increased in CAV1-deficient PAECs
and that NOS3 knockdown decreased both constitutive STAT1
and AKT activation. Thus, the disruption of CAV1 and NOS3
regulatory coupling appears, at least in part, to contribute to the
activation of STAT and AKT signaling with the downstream
induction of an IFN inflammatory response.
Constitutive activation of STAT/AKT and evidence of a type I

IFN response in CAV1-silenced PAECs was similarly demon-
strated in vitro using HPAH patient fibroblasts expressing a
pathogenic CAV1 gene variant, as well as in lung tissue and
blood from Cav1 knockout mice. Perhaps more importantly,
endothelial CAV1 loss and STAT1 activation was found in the
small pulmonary arteries of patients with idiopathic PAH, indi-
cating that this inflammatory phenotype might be more widely
applicable and not merely limited to the very few patients har-
boring rare CAV1 frameshift mutations. While JAK/STAT in-
hibitors did not block AKT phosphorylation, two different PI3K
inhibitors significantly diminished both AKT and STAT1 acti-
vation in CAV1-deficient PAECs. Furthermore, two orally active
antitumor therapies, targeting PI3K/mTOR (mammalian target
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Fig. 8. Knockdown of NOS3 prevents constitutive activation of STAT1 and AKT in CAV1-silenced cells and exogenous IFN treatment decreases CAV1 ex-
pression, activates AKT, and disrupts cytoskeletal architecture in primary human PAECs. (A) NOS3 is activated (phosphorylated at Ser1177) in CAV1-deficient
PAECs while total NOS3 expression is unchanged compared to siCTRL transfected cells (P = 0.19). Whole-cell lysates were collected 48 h following siRNA
transfection and protein levels were assess by immunoblotting. The effect of CAV1 loss on phosphorylated (activated) and total (B) STAT1 and (C) AKT levels
were significantly different in the presence and absence of NOS3 knockdown. *P < 0.05, **P < 0.01, for the comparison with siCTRL. An interaction between
siCAV1 and siNOS3 conditions was considered significant at P < 0.10. Treatment of PAECs with either IFN-⍺ (100 IU/mL), IFN-β (10 ng/mL), or IFN-γ
(1,000 ng/mL) (D) reduced CAV1 protein expression, as well as (E) increased phosphorylated (activated) AKT. PAECs were serum-starved for 24 h followed by
treatment with IFN-⍺, IFN-β, IFN-γ, or vehicle alone for 24 h prior to cell lysate collection. Densitometric quantification of protein, normalized to β-actin and
relative to vehicle treated PAECs, is presented as mean ± SE and representative Western blots are shown. Replication represents independent experiments
each using different PAEC donors. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 for the comparison vehicle control. (F) Immunofluorescence staining of
PAECs treated with IFN-⍺ (100 IU/mL), IFN-β (10 ng/mL), or IFN-γ (1,000 ng/mL) for 24 h demonstrated reduced CAV1 expression (red) and disruption in well-
formed filamentous actin (Phalloidin; green). Nuclei are stained blue with DAPI. Images are representative of three independent experiments, each with a
different donor. (Scale bar, 20 μm.)
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of rapamycin; GDC-0980) or AKT (MK-2660) dose-dependently
reduced CAV1-silenced PAEC proliferation at concentrations
achievable in patients. Constitutive Smad1/5/8 phosphorylation
was recently observed in the same dermal fibroblasts from
HPAH patients investigated here, and use of a chemical inhibitor
of ALK1/2/3/6 reduced cell proliferation in these CAV1 mutant
cells, suggesting that other growth-promoting pathways may also
be involved (44).
In conclusion, comprehensive in vitro characterization of CAV1

deficiency in PAECs revealed a proliferative, IFN-biased inflam-
matory phenotype driven by constitutively activated STAT and
AKT signaling. While JAK/STAT and PI3K/AKT inhibitors sim-
ilarly mitigated inflammation and proliferation, only PI3K/AKT
inhibitors blocked both aberrantly activated pathways simulta-
neously. Based on strong preclinical data (79), mTOR inhibition
downstream from PI3K/AKT is currently under investigation in
PAH patients (NCT02587325). Determining if PAH-associated
signaling abnormalities can be safely targeted more proximally
and whether such an approach might yield greater benefits in
addressing pathologic vascular remodeling warrants further study.

Materials and Methods
Detailed descriptions are provided in SI Appendix.

Dermal Fibroblasts and Serum Samples fromHPAH Patients. The Office of Human
Subjects Research Protections approved the use of deidentified dermal fibro-
blasts (SI Appendix, Table S2) and serum from HPAH patients (SI Appendix,
Table S3) with known CAV1 mutations and controls provided by Vanderbilt
University (OHSRP no. 13084), as well as the use of deidentified serum samples
from the National Biological Sample and Data Repository for PAH (SI Ap-
pendix, Table S3) (OHSRP no. 18-CC-00542). The institutional review board of
Vanderbilt University approved the clinical protocol originally associated with
their samples (#9401). All participants provided written informed consent.

Cav1−/−Mice.All aspects of animal testing and care were approved by the NIH
Clinical Center Animal Care and Use Committee and conducted in accordance
with the NIH Guidelines for the Care and Use of Laboratory Animals (80).

Microarray Expression Analysis. Raw and RMA normalized data were sub-
mitted to the National Center for Biotechnology Information Gene Expres-
sion Omnibus database (NCBI GEO; https://www.ncbi.nlm.nih.gov/projects/
geo/index.cgi; accession no. GSE138991), and all data are MIAME compliant.

Statistical Analysis. Statistical analysis was performed using JMP version 12.1
(SAS Institute) with a two-tailed α of 0.05 as the cut-off for significance. Data
are represented as arithmetic means ± SE except mRNA levels measured by
qRT-PCR, for which geometric means of FCs were plotted.

Data Availability. Raw and RMA normalized data were submitted to the NCBI
GEO database, https://www.ncbi.nlm.nih.gov/projects/geo/index.cgi (accession
no. GSE138991). All other study data are included in the article and supporting
information.
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