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Dysregulation of vascular stiffness and cellular metabolism occurs early in pulmonary hypertension (PH). However, the
mechanisms by which biophysical properties of the vascular extracellular matrix (ECM) relate to metabolic processes
important in PH remain undefined. In this work, we examined cultured pulmonary vascular cells and various types of PH-
diseased lung tissue and determined that ECM stiffening resulted in mechanoactivation of the transcriptional coactivators
YAP and TAZ (WWTRH1). YAP/TAZ activation modulated metabolic enzymes, including glutaminase (GLS1), to
coordinate glutaminolysis and glycolysis. Glutaminolysis, an anaplerotic pathway, replenished aspartate for anabolic
biosynthesis, which was critical for sustaining proliferation and migration within stiff ECM. In vitro, GLS1 inhibition blocked
aspartate production and reprogrammed cellular proliferation pathways, while application of aspartate restored
proliferation. In the monocrotaline rat model of PH, pharmacologic modulation of pulmonary vascular stiffness and YAP-
dependent mechanotransduction altered glutaminolysis, pulmonary vascular proliferation, and manifestations of PH.
Additionally, pharmacologic targeting of GLS1 in this model ameliorated disease progression. Notably, evaluation of
simian immunodeficiency virus—infected nonhuman primates and HIV-infected subjects revealed a correlation between
YAP/TAZ-GLS activation and PH. These results indicate that ECM stiffening sustains vascular cell growth and migration
through YAP/TAZ-dependent glutaminolysis and anaplerosis, and thereby link mechanical stimuli to dysregulated
vascular metabolism. Furthermore, this study identifies potential metabolic drug targets for therapeutic development in
PH.
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Dysregulation of vascular stiffness and cellular metabolism occurs early in pulmonary hypertension (PH). However, the
mechanisms by which biophysical properties of the vascular extracellular matrix (ECM) relate to metabolic processes
important in PH remain undefined. In this work, we examined cultured pulmonary vascular cells and various types of PH-
diseased lung tissue and determined that ECM stiffening resulted in mechanoactivation of the transcriptional coactivators
YAP and TAZ (WWTR1). YAP/TAZ activation modulated metabolic enzymes, including glutaminase (GLS1), to coordinate
glutaminolysis and glycolysis. Glutaminolysis, an anaplerotic pathway, replenished aspartate for anabolic biosynthesis, which
was critical for sustaining proliferation and migration within stiff ECM. In vitro, GLS1 inhibition blocked aspartate production
and reprogrammed cellular proliferation pathways, while application of aspartate restored proliferation. In the monocrotaline
rat model of PH, pharmacologic modulation of pulmonary vascular stiffness and YAP-dependent mechanotransduction
altered glutaminolysis, pulmonary vascular proliferation, and manifestations of PH. Additionally, pharmacologic targeting

of GLS1in this model ameliorated disease progression. Notably, evaluation of simian immunodeficiency virus-infected
nonhuman primates and HIV-infected subjects revealed a correlation between YAP/TAZ-GLS activation and PH. These results
indicate that ECM stiffening sustains vascular cell growth and migration through YAP/TAZ-dependent glutaminolysis and

Introduction

Pulmonary hypertension (PH) and its particularly severe subtype
pulmonary arterial hypertension (PAH) are poorly understood
vascular diseases, characterized by pro-proliferative cellular phe-
notypes and adverse pulmonary vascular remodeling. Alterations
of the vascular extracellular matrix (ECM) are increasingly being
recognized as molecular drivers of PH. Dysregulated collagen
and elastin production has been observed in both end-stage and
early disease (1) and in both proximal and distal vessels (2). Phar-
macologic targeting of vascular ECM can improve PH (3), but the
processes that link ECM mechanotransduction (i.e., the processes
that enable cells to sense and adapt to external mechanical forces)
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anaplerosis, and thereby link mechanical stimuli to dysregulated vascular metabolism. Furthermore, this study identifies
potential metabolic drug targets for therapeutic development in PH.

to the vasculature are just emerging. Two related transcriptional
coactivators inherent to the Hippo signaling pathway, Yes-associ-
ated protein 1 (YAP) and TAZ (or WWRT1), are mechanoactivated
by stiff ECM and function as central regulators of cellular prolifer-
ation and survival across multiple organs, thus modulating tissue
growth and development (4). Recently, we found that pulmonary
vascular stiffness activates YAP/TAZ early in PH, thereby induc-
ing the miR-130/301 family to augment further ECM remodeling
and cellular proliferation in vivo (1). While these functional con-
nections are of considerable importance, their molecular mecha-
nisms still remain unclear.

Separately, aerobic glycolysis, a chronic shift in energy produc-
tion from mitochondrial oxidative phosphorylation to glycolysis,
has been described as a pathogenic driver of pulmonary arterial
endothelial and smooth muscle proliferation and migration in PH
(asreviewed by ref. 5). Prior mechanistic studies in PH related to this
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metabolic shift have historically relied on hypoxic disease modeling
(6, 7). Yet, numerous forms of PH — subtypes linked to idiopathic
or secondary conditions such as predisposing genetic mutations,
congenital heart disease, scleroderma, and HIV infection, to name
afew — are also characterized by profound metabolic dysregulation
in the absence of obvious hypoxic injury. Data are only just emerg-
ing (8) regarding the molecular regulators of metabolic dysfunction
operating independent of outright hypoxic stress in PH.

Via this perspective, increasing evidence suggests a central
connection of YAP/TAZ activity with cellular metabolism in con-
texts beyond PH, including processes related to glucose consump-
tion and aerobic glycolysis (9, 10). However, increased glycolysis
alone is insufficient to meet the total metabolic demands of such
proliferating cells. The tricarboxylic acid (TCA) cycle also serves as
a source of energy production and provides a critically important
reservoir of substrates for the biosynthesis of amino acids, carbo-
hydrates, and lipids (11). Continued functioning of the TCA cycle
requires the replenishment of carbon intermediates. This replen-
ishment, or anaplerosis, is accomplished via 2 major pathways:
glutaminolysis (deamidation of glutamine via the enzyme gluta-
minase [GLS1]) and carboxylation of pyruvate to oxaloacetate via
ATP-dependent pyruvate carboxylase (PC). Specifically, glutami-
nolysis via GLS1 activity contributes to anaplerosis by allowing for
mobilization of cellular energy, carbon, and nitrogen, particularly
in rapidly proliferating cells (12), and serves as a critical process
in transformed cells that have switched their metabolism from
oxidative phosphorylation to glycolysis in order to maintain cell
growth and viability (13). The particular ability of glutaminolysis
(and/or pyruvate carboxylation) to support aspartate production
for direct induction of proliferation has recently been reported in
malignant cells (14, 15). In PH, dysregulation of glutaminolysis in
the failing right ventricular cardiomyocyte has been observed (16).
Yet, the pathogenic importance of glutamine metabolism, partic-
ularly as driven by pulmonary vascular stiffening or in the context
of YAP/TAZ activation, has not been defined.

Consequently, in this study we investigated whether a met-
abolic response to pulmonary vascular stiffness controls cellular
proliferation in PH. Specifically, we aimed to determine whether
ECM stiffness directly modulates both glycolysis and anaplerosis
in order to meet the metabolic demands of the pro-proliferative
disease state, thus effectively linking vascular stiffness and met-
abolic dysfunction as 2 integrally related molecular drivers of
this enigmatic disease.

Results

Mechanical stimuli regulate metabolic reprogramming in pulmonary
vascular endothelial and smooth muscle cells. To determine whether
mechanical/physical cues conveyed by ECM stiffness modulate
vascular cell metabolism, we performed metabolic screening of
pulmonary vascular cell types cultured on soft or stiff matrix (Fig-
ure 1 and Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI86387DS1). Here, soft
matrix was defined by a Young’s (elastic) modulus of 1 kPa, consis-
tent with our prior studies of the stiffness of nondiseased pulmo-
nary arterioles in rodents (1); stiff matrix was defined as 50 kPa.
Via extracellular flux analysis, oxygen consumption rate and extra-
cellular acidification rate (a surrogate marker of glycolysis) were
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assessed in pulmonary arterial endothelial cells (PAECs) (Figure
1, A-C). As reflected by extracellular acidification rate quantifica-
tion (Figure 1, A and B), ECM stiffness increased basal glycolysis
while concomitantly decreasing glycolytic reserve capacity, cal-
culated as the difference between oligomycin A-induced extra-
cellular acidification rate and basal extracellular acidification
rate. Thus, cells on stiff matrix displayed a glycolytic flux closer
to their maximal rate compared with cells on soft matrix. Alter-
natively, increased ECM stiffness significantly decreased basal
oxygen consumption rate, ATP-dependent oxygen consumption
rate (difference between basal oxygen consumption rate and oli-
gomycin A-inhibited oxygen consumption rate), and maximal
oxygen consumption rate (reflected by induction via carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone [FCCP]) (Figure 1,
A and C), thus reflecting a decrease in mitochondrial oxidative
phosphorylation. Corresponding with these metabolic changes,
stiff matrix decreased overall mitochondrial potential (Figure 1D).
Similar results were observed for pulmonary arterial smooth mus-
cle cells (PASMCs) (Supplemental Figure 1, A-G). Taken together,
stiff conditions act as a mechanical stimulus to increase glycolysis
and decrease mitochondrial oxidative phosphorylation.

To determine the activity of glycolysis, anaplerosis, and the
TCA cycle under these same mechanical conditions, we measured
candidate intracellular amino acids and metabolites (Figure 1E) by
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
in PAECs. Consistent with increased glycolysis and decreased
oxidative phosphorylation in stiff conditions, we observed an
increase of lactate/pyruvate ratio (Figure 1F). Further consistent
with decreased oxidative phosphorylation (Figure 1A), stiff matrix
decreased succinate levels (Figure 1G) and increased lactate pro-
duction (Figure 1H). Importantly, ECM stiffening also decreased
intracellular glutamine accompanied by a robust increase of gluta-
mate and aspartate (Figure 1G), consistent with a putative anaple-
rotic process accompanying accelerated glycolysis. Levels of 3 key
enzymes in PAECs —lactate dehydrogenase A (LDHA), both GLS1
isoforms (KGA and GAC), and PC — implicated in both glycoly-
sis (LDHA) and anaplerosis (GLS1 and PC) were elevated (Figure
1, I-K, and Supplemental Figure 1K) in stiff matrix. Notably, only
GLS1, but not GLS2, was responsive to stiff matrix (Supplemental
Figure 1L). As above, similar results were obtained for PASMCs
(Supplemental Figure 1, H-K). Thus, exposure to stiff matrix not
only alters glycolysis and oxidative phosphorylation but also con-
trols anaplerotic replenishment of amino acids.

ECM stiffuness depends on YAP/TAZ to control metabolism. Giv-
en our prior findings that YAP and TAZ act as mechanosensors
in pulmonary vascular cells (1), we investigated whether they are
important in modulating the effects of ECM stiffening on meta-
bolic reprogramming. In PAECs in stiff matrix, knockdown of
YAP/TAZ (Figure 2A) decreased extracellular lactate and lactate/
pyruvate ratio (Figure 2, B-D, and Supplemental Figure 2), reflect-
ing its control over glycolysis. YAP/TAZ knockdown also blunted
the effects of stiff ECM on intracellular glutamine, glutamate, and
aspartate (Figure 2C). Mitochondrial membrane potential was
also sustained during YAP/TAZ knockdown in stiff matrix (Figure
2E). Conversely, in PAECs grown in soft matrix, stable expression
of YAP (pYAP) (Figure 2F) increased extracellular lactate and
lactate/pyruvate ratio (Figure 2, G-1); decreased glutamine and
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Figure 1. ECM stiffening activates glycolysis and glutaminolysis. (A) By extracellular flux analysis, PAECs cultivated in stiff matrix displayed decreased
oxygen consumption rate (OCR) and increased extracellular acidification rate (ECAR), reflective of glycolysis. (B) PAECs cultivated in stiff matrix displayed
increased basal glycolysis and corresponding decreased glycolytic reserve (as assessed by the difference between oligomycin A-induced ECAR and basal
ECAR). (C) Basal OCR, ATP-dependent OCR (difference between basal OCR and oligomycin A-inhibited OCR), and respiratory reserve (maximal FCCP-
induced OCR) were decreased in PAECs in stiff matrix. (D) MitoTracker (Thermo Fisher Scientific) labeling confirmed a decrease of mitochondrial activi-

ty in PAECs in stiff matrix. (E) Major metabolites in anaplerosis and glycolysis were measured in this study. GLS and PC generate the major anaplerotic
metabolites (blue), feeding into the TCA cycle (black) and supporting the anabolic demand for biosynthesis (green). LDHA modulates glycolysis (red). a-KG,
a-ketoglutarate; OAA, oxaloacetic acid. (F) In PAECs in stiff matrix, increased lactate/pyruvate ratio was observed, consistent with increased glycolysis
and decreased oxidative phosphorylation. (G) In these same cells, glutamine, pyruvate, and succinate were decreased, while glutamate and aspartate were
increased. (H) Released lactate was progressively increased in PAECs cultivated in an increasing gradient of matrix stiffness. (I1-K) In PAECs, GLST, LOHA,
and PC expression was increased by matrix stiffening, as confirmed by RT-quantitative PCR (RT-gPCR) (CTGF, positive control) (1), and by immunoblot and
densitometry () and K). In all panels, mean expression in controls (soft matrix) was assigned a fold change of 1, to which relevant samples were compared.
Data are expressed as the mean + SEM (*P < 0.05, P < 0.01, *P < 0.001) of at least 3 independent experiments performed in triplicate. Paired samples
were compared by 2-tailed Student’s t test, while 1-way ANOVA and post-hoc Tukey’s tests were used for group comparisons. Scale bar: 20 um. See also
Supplemental Figure 1 (similar results were found in PASMCs).

increased glutamate and aspartate (Figure 2H); and consequently,
decreased mitochondrial membrane potential (Figure 2]). Nota-
bly, the same pathways of glycolysis and glutaminolysis mechan-
ically controlled by stiff ECM in PAECs were activated by YAP/

TAZ in PASMCs (Supplemental Figure 2).

Several putative binding sites for YAP/TAZ complexes
(TEAD sites) were revealed by sequence analysis of the promoter
regions of key metabolic enzymes responsible for glycolysis and
glutaminolysis — LDHA, GLS1, and PC (Figure 3A). ChIP-quan-

titative PCR demonstrated the direct binding of YAP on at least
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Figure 2. A metabolic switch induced by ECM stiffening is coordinated by the mechanoactivation of YAP/TAZ. (A) Immunoblot analysis confirmed

the knockdown of YAP and TAZ by 2 independent siRNA sequences in PAECs. (B-E) PAECs were cultured in soft or stiff matrix. Released lactate was
increased in stiff matrix, but such increase was blunted by siRNA knockdown of YAP/TAZ (B). In stiff matrix, YAP/TAZ knockdown also blunted specific
metabolite alterations reflective of anaplerotic (C) and glycolytic activity as reflected by the lactate/pyruvate ratio (D). MitoTracker labeling confirmed
that YAP/TAZ knockdown reversed the alteration of mitochondrial membrane potential triggered by stiff matrix (E). (F) Immunoblot analysis confirmed
the forced expression of YAP in PAECs infected with a lentiviral vector containing the YAP coding sequences (pYAP) compared with cells infected with

a control vector (pGFP). (G) In PAECs cultivated on soft matrix, forced expression of YAP (pYAP) increased lactate compared with control vector (pGFP).
(H and 1) In similarly treated PAECs, YAP decreased glutamine, pyruvate, and succinate, increased glutamate and aspartate (H), and increased lactate/
pyruvate ratio (l). (J) MitoTracker labeling confirmed that YAP (pYAP) in soft matrix altered PAEC mitochondrial membrane potential. In all panels, mean
expression in control groups (si-NC, pGFP cultivated on soft matrix) was assigned a fold change of 1, to which relevant samples were compared. Data are
expressed as mean + SEM (*P < 0.05, P < 0.01, *P < 0.001) of at least 3 independent experiments performed in triplicate. Paired samples were compared
by 2-tailed Student’s t test, while 1-way ANOVA and post-hoc Tukey’s tests were used for group comparisons. Scale bars: 20 um. See also Supplemental
Figure 2 (similar results were found in PASMCs).

:

1 site for each gene (Figure 3B). Correspondingly, siRNA knock-
down of YAP/TAZ in PAECs (Figure 3, C-E) and in PASMCs
(Supplemental Figure 2) decreased target gene expression, while
forced YAP expression in PAECs in soft matrix increased their

levels (Figure 3, F-H). Notably, only knockdown of YAP and TAZ
together, but not YAP or TAZ alone, was sufficient to decrease
the target gene expression (Supplemental Figure 2). Taken
together, YAP and TAZ are integral to the mechano-triggered,
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Figure 3. YAP and TAZ control the transcription of key metabolic enzymes. (A) Sequence analysis predicted the presence of TEAD binding sites (labeled
as A-D) in the promoter regions of GLST, LDOHA, and PC. (B) ChIP-gPCR confirmed the presence of TEAD/YAP binding sites in the GLS1, LDHA, and PC pro-
moter regions. CTGF, a known YAP target, was used as a positive control. Results are expressed as percentage of total input DNA prior to immunoprecipi-
tation with anti-YAP or anti-I1gG control. (C-E) RT-gPCR (C) accompanied by immunoblotting (D) and densitometry (E) revealed that increased GLS1, LDHA,
and PC expression in PAECs in stiff matrix was blunted by YAP/TAZ knockdown. (F-H) RT-qPCR (F) and immunoblotting and densitometry (G and H)
revealed that YAP (pYAP) increased GLST, LOHA, and PC expression in PAECs in soft matrix. In all panels, mean expression in control groups (si-NC, pGFP
cultivated on soft matrix) was assigned a fold change of 1, to which relevant samples were compared. Data are expressed as the mean + SEM (*P < 0.05,
8P < 0.01, #P < 0.001) of at least 3 independent experiments performed in triplicate. Paired samples were compared by 2-tailed Student’s t test, while
1-way ANOVA and post-hoc Tukey's tests were used for group comparisons. See also Supplemental Figure 2 (similar results were found in PASMCs).

glycolytic and glutaminolytic metabolic reprogramming events
initiated by ECM stiffness.

Increased GLS1 expression and glutaminolysis are critical for
sustaining glycolysis and cell proliferation in a stiff environment. To
determine whether GLS1 is critical for stiffness-induced and YAP/
TAZ-dependent glutaminolysis, PAECs were cultivated in soft or
stiff matrix and exposed to known pharmacologic inhibitors of both
isoforms of GLS1 — BPTES [bis-2-(5-phenylacetamido-1,3,4-thia-
diazol-2-yl)ethyl sulphide] (17), DON (6-diazo-5-oxo-L-norleu-
cine) (18), C968 (glutaminase inhibitor, compound 968) (19)
(Figure 4, A-C), or siRNA (si-GLSI; Figure 4, D-G). As quantified
by LC-MS/MS, inhibition of GLS1 in PAECs blunted the stiffness-
induced processes of glutamine consumption, glutamate produc-
tion, and aspartate production (Figure 4, A and E). GLS1 inhibition
also decreased glycolysis in stiff matrix, as indicated by decreased

jci.org

extracellular lactate and lactate/pyruvate ratio (Figure 4, B, C, F,
and G). Similar alterations of metabolic activity were observed
when GLS1 was inhibited in PASMCs (Supplemental Figure 3, A-F).

To identify downstream molecular processes regulated by
GLS1, expression array analysis and pathway enrichment (20) of
PAECs exposed to si-GLS1 on stiff matrix revealed a systematic
reprogramming of multiple pathways, notably downregulating cell
cycle genes controlling proliferative capacity and factors involved
in extracellular matrix organization controlling cell migration
(Figure 5A, Supplemental Figure 4, A and B, and Supplemental
Table 1). As assessed by cell count (Figure 5, B, C, F, and G), BrdU
pulse (Figure 5, D and H), caspase-3/7 activity (Supplemental Fig-
ure 4C), and proliferating cell nuclear antigen (PCNA) /cleaved
caspase-3 double staining (Supplemental Figure 4, D and E), GLS1
inhibition had a negligible effect on apoptosis and on proliferation
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Figure 4. Pharmacologic or genetic inhibition of GLS1 blunts the upregulation of glutaminolysis in stiff matrix. (A-C) In PAECs, targeted LC-MS/MS
revealed that pharmacologic inhibition of GLS1 (BPTES or DON) blunted the alterations of metabolite expression in stiff matrix. Specifically, compared
with stiff matrix control (si-NC stiff), GLS1inhibition increased glutamine, pyruvate, and succinate, decreased glutamate and aspartate (A), and decreased
extracellular lactate (B) as well as lactate/pyruvate ratio (C). (D) Immunoblot analysis confirmed the knockdown of GLS1 by 2 independent siRNA sequenc-
es. (E-G) In PAECs, GLS1 knockdown blunted the alterations of metabolite expression in stiff matrix, increasing glutamine, pyruvate, and succinate;
decreasing glutamate and aspartate (E); and decreasing extracellular lactate and lactate/pyruvate ratio (F and G). In all panels, mean expression in control
groups (vehicle, si-NC cultivated on soft matrix) was assigned a fold change of 1, to which relevant samples were compared. Data are expressed as the
mean + SEM (*P < 0.05, P < 0.01, #P < 0.001) of at least 3 independent experiments performed in triplicate. One-way ANOVA and post-hoc Tukey's tests

were used for group comparisons.

in soft matrix but blunted proliferation on stiff matrix in PAECs.
Moreover, corresponding to the transcriptomic results affecting
matrix organization (Figure 5A and Supplemental Figure 4A),
GLS1 inhibition, achieved via siRNA (Figure 5E) or pharmacologic
means (Figure 5I), inhibited cell migration. Similar effects were
observed in PASMCs (Supplemental Figure 3, G and H).

To investigate whether the anaplerotic production of gluta-
mate and aspartate is central to the actions of GLS1 to sustain pro-
liferation, glutamate or aspartate supplementation was performed
in cells lacking GLS1 or YAP/TAZ. Consistent with our results
(Figure 5) and prior observations (21), siRNA knockdown of GLS1
or YAP/TAZ decreased proliferation in either PAECs or PASMCs,

as assessed by cell count (Figure 6, A-C, and Supplemental Fig-
ure 5) and quantitation of the proliferation marker PCNA (Figure
6, D and E). Importantly, in cells with diminished GLS1 or YAP/
TAZ (Figure 6, A-E, and Supplemental Figure 5), cellular prolifer-
ation was at least partially restored by glutamate and more fully
restored by aspartate supplementation. Aspartate supplemen-
tation similarly reversed the reduced cell migration of GLSI- or
YAP/TAZ-deficient PAECs on stiff matrix (Figure 6F). Collective-
ly, these results demonstrate that GLS1 and its control of gluta-
mate and aspartate production by glutaminolysis are essential for
metabolic reprogramming and consequent vascular cell prolifera-
tion and migration specific to stiff matrix exposure.

jci.org



The Journal of Clinical Investigation

A

2.0
si-GLS1 vs si-NC

0.0

-2.0

Extracellular matrix organization

Cell cycle

RESEARCH ARTICLE

B Soft (1 kPa)

(stiff matrix)

Stiff vs soft

Soft (1 kPa)
#  Stiff (50 kPa)

=
- -] -] (=]

Fold change in cellno. M
N

Soft (1 kPa)

@ Vehicle
m BPTES
A DON
m C968

G

Fold change in cell no.

si-NC

si-GLS1 1

30

25

20

15

10

Stiff (50 kPa)

* Vehicle
m BFTES
A DON
m C968

®ww

o

BPTES

Surface area (%

3
P
@
I

HIST1HZAC

MYBL2
CDC7
NEKT

BuUB1

120
100

CCNAT
CCNE1
PRIM1

R

HIST1H2ZAB
CDKNZB
CENPK
CENPI
CDC25A
HIST3HZBE
HIST1HZBE
CENPQ
MCME
PSMD10
cDCcz20
TUBG2
POLEZ

NUP214

WEE1

Osi-NC

= =
=
=

Surface area (%)

Soft (1 kPa)
5§ W stiff (50 kPa)

O Vehicle
BPFTES

WDON

WcCoes

I §

#
I#

&

Oh 10h

jci.org

PSMBE

Oh

8

#si-NC
m si-GLS1 1
A si-GLS1 2

Fold change in cell no.

Days

Cc Stiff (50 kPa)

®si-NC
W si-GLS1 1
A si-GLS12

[}
(5]

ha
=]

-
o

(L

Fold change in cell no.
S

si-GLS1 1
Msi-GLS12

10h

Figure 5. Inhibition of GLS1 decreases glutami-
nolysis in order to sustain cellular proliferation
in stiff matrix. (A) Transcriptomic analysis
(heatmap) of PAECs cultivated on soft or stiff
matrix (n = 3 per group) revealed a programmat-
ic alteration of genes associated with ECM orga-
nization and proliferation (cell cycle). Notably,
these changes were blunted by GLS1 knockdown
on stiff matrix. (B-D) GLS1 knockdown blunted
PAEC proliferation on stiff (C), but not soft (B),
matrix, as revealed by cell counting (B and C)
and BrdU pulse experiments (D). (E) As assessed
by scratch assay, GLS1 knockdown also inhibited
PAEC migration. (F-I) Similarly, pharmacologic
inhibition of GLS blunted PAEC proliferation

on stiff (G), but not soft (F), matrix (F-H) and
inhibited PAEC migration (l). In all panels, mean
expression in control groups (si-NC or vehicle
cultivated on soft matrix) was assigned a fold
change of 1, to which relevant samples were
compared. Data are expressed as the mean

+ SEM (*P < 0.05, P < 0.01, #P < 0.001) of at
least 3 independent experiments performed in
triplicate. Paired samples were compared by
2-tailed Student’s t test, while 1-way ANOVA
and post-hoc Tukey’s tests were used for group
comparisons. Scale bars: 200 um. See also
Supplemental Figures 3 and 4.
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Figure 6. The production of aspartate and glutamate is crucial for YAP/
TAZ-dependent glutaminolytic control of proliferation on stiff matrix.
(A) Representative micrographs of PAECs are shown, cultivated on stiff
matrix and exposed to the indicated conditions. Cell counting (B and C)
and quantification of PCNA fluorescent labeling (D and E) revealed that
siRNA knockdown of GLS1 or YAP/TAZ decreased cell proliferation. Sup-
plementation by glutamate and, to a better extent, aspartate sustained
proliferation of PAECs even when GLS1 or YAP/TAZ was knocked down. (F)
Similarly, scratch assay demonstrated that aspartate supplementation

of PAECs in stiff matrix increased cell migration even during GLS1 or YAP/
TAZ knockdown. In all panels, mean expression in control groups (si-NC)
was assigned a fold change of 1, to which relevant samples were compared.
Data are expressed as the mean + SD (*P < 0.05, P < 0.01, *P < 0.001) of
at least 3 independent experiments performed in triplicate. P values were
derived from 1-way ANOVA with a post-hoc Tukey's test. Scale bars: 200
um. See also Supplemental Figure 5.

The YAP/TAZ-GLSI1 axis activates glycolysis and glutamino-
lysis in PAECs and PASMCs exposed to vascular stiffness in rodent
and human instances of PH in vivo. In a rat model of inflammatory
PAH (monocrotaline-induced), we recently described pulmonary
arterial stiffening as an early pathologic event accompanied by
increased YAP/TAZ expression in diseased pulmonary arterioles
(1). In this same monocrotaline rat model (Figure 7 and Supple-
mental Figures 6-8), we investigated whether glutaminolysis was
activated and correlated with pulmonary arterial stiffness, YAP
activation, and PAH. As we previously reported (1), Picrosirius red
staining demonstrated an increase in fibrillar collagen deposition
in diseased pulmonary arterioles derived from monocrotaline-
exposed rats (Supplemental Figure 6) and correlated with increased
pulmonary arteriolar stiffness, as demonstrated by atomic force
microscopy (Figure 7B). These changes were accompanied by
hemodynamic manifestations of PAH (Supplemental Figure 7A).

From these rats, CD31* endothelial cells were isolated from
lungs 3 weeks after exposure to vehicle or monocrotaline (Figure
7A), and metabolites were quantified by LC-MS/MS (Figure 7,
C-E, and Supplemental Figure 6, C-F). Consistent with our obser-
vations of anaplerosis in cultured PAECs grown on stiff matrix
(Figure 1), glutamine was decreased (Figure 7C), and aspartate
was increased (Figure 7D) in PAH CD31* cells. Notably, no signif-
icant change in glutamate concentration was observed in these
cells (Supplemental Figure 6C), which may suggest an elevated
glutamate turnover in pulmonary cells in vivo. A decrease of suc-
cinate (Supplemental Figure 6F) was also observed, indicative of
a decrease in TCA cycle activity, and a glycolytic increase of the
lactate/pyruvate ratio (Figure 7E) was present. Consistent with
such metabolite alterations, a significant increase of GLS1 expres-
sion in CD31"* cells was observed (Figure 7F). Immunoblotting also
demonstrated a corresponding increase of GLS1, LDHA, and PC
expression at the protein level in both CD31* (Figure 7, G and H)
and CD31 cells from monocrotaline rat lungs (Supplemental Fig-
ure 6, H and I). In situ, confocal immunofluorescent microscopy
revealed increased GLS1 (Figure 71 and Supplemental Figure 6G),
PC, and LDHA staining (Supplemental Figure 6, ] and K) in both
CD31* (endothelial) and a-SMA* (smooth muscle) compartments
of diseased pulmonary arterioles. Notably, upregulation of GLS1
(Figure 7I), LDHA (Supplemental Figure 6]), and PC (Supplemen-
tal Figure 6K) all correlated with increases of YAP nuclear local-
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ization and resultant upregulation of PCNA* or Ki-67 proliferating
cells in diseased pulmonary arterioles (Figure 7] and Supplemen-
tal Figure 7, A and B).

In order to determine the precise kinetics of these events
during disease progression, we performed in situ confocal immu-
nofluorescent microscopy at various stages of monocrotaline-in-
duced PH in rats (Supplemental Figure 7). Consistent with previ-
ous theories of endothelial apoptosis in PH (22), we found an early
yet temporary induction of endothelial apoptosis as reflected by
cleaved caspase-3 in situ staining and by caspase-3/7 activity (days
0-3 after monocrotaline injection) (Supplemental Figure 7, C-E).
This was followed by a subsequent decrease of apoptosis and an
increase of smooth muscle and endothelial cell proliferation (Sup-
plemental Figure 7, A and B), correlating with an increase of both
splice isoforms (KGA and GAC) of vascular GLS1 expression (Sup-
plemental Figure 8, A-C). Taken together, and consistent with our
in vitro findings, these results demonstrated that, following vascu-
lar injury and just after an early wave of endothelial apoptosis, the
development of pulmonary vascular stiffness and glutaminolysis
follows the same kinetics as the increase of proliferation of dis-
eased endothelial and smooth muscle cells in vivo.

Consequently, we wanted to determine whether glutamino-
lytic reprogramming is an active process in human PAH to sus-
tain pulmonary vascular cell proliferation. We studied a cohort
of human patients with PAH (n = 13) stemming from causes
ranging from idiopathic and hereditary etiologies to scleroder-
ma (Supplemental Table 2), as compared with non-PAH subjects
(n=6) who died from traumatic or unrelated causes (1). Correlat-
ing with increased periarteriolar collagen remodeling in PAH
cases (Figure 8A), a concurrent upregulation of GLS1 (Figure 8,
B and C), PC, and LDHA (Supplemental Figure 9, A and B) was
observed in both CD31* (endothelial) and a-SMA* (smooth mus-
cle) cells (Figure 8B). As with PAH rats (Supplemental Figure 8),
both isoforms of GLS1 (KGA and GAC) were increased (Supple-
mental Figure 9, C and D). GLS1 was increased simultaneous-
ly with YAP nuclear localization (Figure 8C), and YAP nuclear
localization correlated with increased PCNA* or Ki-67* prolif-
erating vascular cells (Figure 8D and Supplemental Figure 9E).
Similar observations were made in plexiform lesions (Supple-
mental Figure 10, A and B) — late-stage vascular lesions where
active proliferation and quiescent apoptosis were consistently
observed (Supplemental Figure 10C). Importantly, alterations
of these metabolic enzymes correlated with metabolite profiles
in circulating plasma, as assessed by LC-MS/MS in samples
originating from the main pulmonary artery of PH individuals
(mean pulmonary arterial pressure [nPAP] 225 mmHg; patient
demographic information in Supplemental Table 3). In subjects
with particularly high pulmonary arterial pressures (mean pul-
monary pressure >45 mmHg), lactate/pyruvate ratio was elevat-
ed reflective of increased glycolysis, while glutamine/glutamate
ratio was decreased and aspartate was increased, indicative of
upregulated glutaminolysis and anaplerosis, in comparison with
non-PH individuals (mPAP <25 mmHg; Figure 8, E-G). Together,
these results support the notion that vascular stiffening activates
YAP/TAZ in order to induce a glutaminolytic metabolic switch
and vascular proliferation in PAH across both rodent and human
instances of disease in vivo.
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Figure 7. Periarteriolar fibrillar collagen correlates with increased arterio-
lar stiffness, GLS1, glutaminolysis, and aspartate in monocrotaline-
exposed PAH rats. Rats were administered 60 mg/kg of vehicle (n = 6) or
monocrotaline (n = 6) to induce PAH. (A) After 3 weeks, CD31* endothelial
cells were isolated from whole lung for analysis by LC-MS/MS, immuno-
blot, and RT-gPCR. AFM, atomic force microscopy. (B) AFM revealed
increased pulmonary arteriolar (<100 um diameter, 5-9 vessels per rat)
stiffness in PH lung (n = 4 rats) versus untreated (n = 4 rats); horizontal
lines denote median; symbols denote individual pulmonary arteriolar mea-
surements. P value was calculated by Mann-Whitney U test. (C-E) PAH
CD31* cells displayed a decrease in glutamine (C) and converse increase in
aspartate (D). This correlated with an increase in lactate/pyruvate ratio (E).
(F) RT-gPCR of PAH CD31* cells revealed an increase of Gls expression. (G
and H) Immunoblot analysis (G) and densitometry (H) revealed an increase
of GLS1, LDHA, and PC in CD31* lung cells of PAH rats (n = 3 rats per group).
(I'and J) Coimmunofluorescence microscopy demonstrated an increase

of YAP1/GLS1 (1) and YAP1/PCNA (J) double-positive cells in diseased
pulmonary arterioles. In all panels, mean expression in control groups was
assigned a fold change of 1, to which relevant samples were compared.
Data are expressed as the mean + SD (*P < 0.05, 'P < 0.01, #P < 0.001). In
all panels except B, P values were derived from 2-tailed Student’s t test.
Scale bars: 50 um. See also Supplemental Figures 6-8.

The YAP/TAZ-GLS axis induces glycolysis and glutaminoly-
sis in primates with SIV-PAH and in people with HIV-induced PAH.
Because rodent models of PAH do not replicate all aspects of dis-
ease in humans, we wanted to determine whether this same molec-
ular axis is active in a more relevant model organism without the
use of a direct hypoxic stimulus. Previously, a nonhuman primate
model of HIV-induced PAH was described in rhesus macaques
infected with SIV (23). Importantly, such a model replicates the
hemodynamic and histologic manifestations of PAH. It also dis-
plays an incomplete penetrance with 50% to 60% of infected
macaques developing PAH, thus consistent with the incomplete
penetrance of PAH with HIV infection in humans (24). Impor-
tantly, similar to the monocrotaline-exposed rats (Figure 7), in a
cohort of SIV-infected macaques with confirmed hemodynamic
(Figure 9A) and histologic (Supplemental Figure 11A) manifesta-
tions of PAH, Picrosirius red staining demonstrated an increase of
periarteriolar fibrillar collagen (Figure 9B) as compared with that
in non-PAH, SIV-infected animals. Diseased pulmonary arterioles
in SIV-PAH macaques also displayed increased expression of both
GLSl1 isoforms (Figure 9C and Supplemental Figure 11, B-D), PC,
and LDHA (Supplemental Figure 11, F and G), correlating with
increased YAP nuclear localization (Figure 9C and Supplemen-
tal Figure 11, F and G), proliferating PCNA* or Ki-67* cells (Fig-
ure 9D and Supplemental Figure 11E), and nonapoptotic, cleaved
caspase-3-negative cells (Supplemental Figure 11E).

Finally, on the basis of these findings in SIV-PAH macaques,
we wanted to determine whether humans suffering from HIV-
PAH may also display signs of increased pulmonary vascular stiff-
ness and consequent alterations in vascular glycolysis and glu-
taminolysis. We studied a cohort of 42 HIV-infected individuals
who underwent pulmonary arterial catheterization, leading to a
diagnosis of PAH in 11 individuals (Supplemental Table 4). Anal-
ysis of invasive hemodynamic data of HIV-PAH subjects revealed
a significant decrease of pulmonary arterial compliance (Figure
10A) consistent with an increase of pulmonary artery stiffness in
comparison with HIV-infected, non-PAH individuals. Important-
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ly, by quantification of peripheral venous plasma metabolites from
a separate cohort of HIV-infected people with and without PAH
(Supplemental Table 5), an increase of lactate/pyruvate ratio was
observed (Figure 10B), indicative of increased glycolytic activity,
while a decrease in glutamine/glutamate ratio and an increase
in aspartate were consistent with upregulation of glutaminolysis
and anaplerosis in HIV-PAH (Figure 10, C and D). Consequently,
mirroring the molecular findings in rodent and other instances
of human PAH, these observations of YAP/TAZ-GLS activation
in HIV-PAH correlate with the tightly linked connection between
pulmonary vascular stiffness and metabolic dysregulation.

Modulation of pulmonary vascular stiffness and YAP/TAZ-
dependent mechanotransduction regulates glutaminolysis and PH
manifestation in vivo. To establish definitively whether periarterio-
lar ECM remodeling and YAP/TAZ modulate vascular cell metab-
olismin vivo, we tested whether alteration of YAP/TAZ-dependent
mechanotransduction directly controls glutaminolysis and PH
development in the monocrotaline rat model. First, using a known
pharmacologic inhibitor (B-aminopropionitrile, BAPN) of lysyl
oxidase (Lox), the enzyme responsible for collagen cross-linking
and consequent matrix stiffening, we determined whether inhi-
bition of ECM stiffening could prevent the metabolic changes
and downstream PH manifestations observed in monocrotaline-
exposed rats (Figure 11A). BAPN treatment decreased pulmo-
nary Lox activity and consequent periarteriolar ECM stiffening,
as assessed by atomic force microscopy (Figure 11, C and D). In
line with previous reports (25), a trend toward decreased systemic
mean arterial pressure was observed with BAPN treatment (Sup-
plemental Figure 12E) but without adverse effects on left ventric-
ular cardiac function or heart rate (Supplemental Figure 12, A-D).
Consistent with our in vitro results, reduction of ECM stiffening
by BAPN led to a decrease of YAP and GLS1 expression (Figure
12A), YAP-dependent gene expression (Figure 11E), and down-
stream GLS activity, as reflected by direct enzymatic activity mea-
surement (Figure 11F). Such metabolic effects further decreased
vascular endothelial and smooth muscle proliferation, as reflected
by in situ arteriolar staining (Figure 12A), and ameliorated hemo-
dynamic and histologic manifestations of PH, as measured by
vascular remodeling and muscularization (Figure 12A), and right
ventricular systolic pressure (RVSP) (Figure 12B).

In a parallel experiment, verteporfin, a known pharmacolog-
ic inhibitor of YAP (26) previously used to study YAP activity in
tumorigenesis in vivo (27), was used to interrogate whether YAP
is also essential for activating vascular glutaminolysis and PH
in monocrotaline-injected rats (Figure 11B). As expected, verte-
porfin decreased YAP-dependent gene expression (Figure 11E)
without adverse effects on left ventricular cardiac function, heart
rate, or systemic blood pressure (Supplemental Figure 12). Conse-
quently, in a similar fashion to BAPN but to a much more robust
degree, verteporfin improved the downstream metabolic (GLS1
expression and GLS activity; Figure 11, E and F), proliferative (Fig-
ure 12A), and end-stage manifestations of PH, including reduc-
tions in vascular remodeling/muscularization, RVSP, and right
ventricular remodeling (Fulton index) (Figure 12, A-C). Notably,
verteporfin also decreased pulmonary arteriolar stiffness (Figure
11D), consistent with our prior report of YAP-dependent control
of ECM remodeling (1). As a result, these data provide causative
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Figure 8. Periarteriolar fibrillar collagen correlates with increased GLS1,
glutaminolysis, and aspartate in multiple forms of human PAH. (A)

By Picrosirius red stain of human PAH (n = 13) versus non-PAH lung

(n = 6), quantification of less-than-100-um vessels (5 vessels per patient)
confirmed increased collagen deposition and fibrillar collagen assembly in
PAH. (B) In human PAH tissue (n = 13), coimmunofluorescence microscopy
and quantification also confirmed an increase of GLS1in both a-SMA* and
VWF* cells in diseased pulmonary arterioles as compared with controls

(n = 6). (Cand D) Coimmunofluorescence microscopy revealed increased
YAP1/GLS1(C) and YAP1/PCNA (D) double-positive cells in diseased
pulmonary arterioles (PAH, n = 6, vs. no PAH, n = 6). (E-G) In correlation,
targeted LC-MS/MS revealed increasingly higher plasma levels of lactate/
pyruvate ratio (E), lower levels of glutamine/glutamate ratio (F), and
increasing levels of aspartate (G) in patients with increasing hemody-
namic severity of PH. In all panels, mean expression in control groups was
assigned a fold change of 1, to which relevant samples were compared.
Data are expressed as the mean + SD (*P < 0.001). In A-D, P values were
derived from 2-tailed Student’s t test. In E-G, P values were derived from
1-way ANOVA with a post-hoc Tukey's test. Scale bars: 50 um. See also
Supplemental Figures 9 and 10.

evidence in vivo that ECM stiffening relies on YAP/TAZ-specific
mechanotransduction in order to induce pulmonary vascular glu-
taminolysis and anaplerosis, proliferation, and PH.

GLSI-dependent inhibition of glutaminolysis decreases pulmo-
nary vascular cell proliferation in vivo and ameliorates PH. Finally, to
investigate whether glutaminolysis itself'is essential for promoting
pulmonary vascular proliferation in PH, we administered 2 sepa-
rate pharmacologic inhibitors of GLS1 — C968 (19) and CB-839
(28) — in monocrotaline-exposed rats using either a disease pre-
vention (Figure 13A) or a disease reversal (Figure 13B) dosing pro-
tocol. In both cases, C968 and CB-839 treatments decreased GLS
activity in whole rat lung as compared with control (Figure 13, C
and D) without adverse effects on left ventricular function, heart
rate, or systemic blood pressure (Supplemental Figure 13). Cor-
respondingly, C968 and CB-839 both decreased the presence of
proliferation markers (PCNA* or Ki-67*) in CD31* or vWF* (endo-
thelial) and 0-SMA* (smooth muscle) pulmonary arteriolar cells in
comparison with control PH rats (Figure 13, E-H) without effect on
pulmonary arteriolar cell apoptosis (Supplemental Figure 14). As a
result, both C968 and CB-839 significantly decreased pulmonary
arteriolar remodeling (Figure 14, A and B) and muscularization
(Figure 14, C and D), RVSP (Figure 14, E and G), and right ventric-
ular remodeling (Figure 14, F and H). Taken together, these results
directly implicate GLS1 and glutaminolysis, a process dependent
on ECM stiffening, as critical metabolic mediators necessary for
sustaining pulmonary vascular proliferation in PH.

Discussion

Both pulmonary vascular stiffness and metabolic derangements
have been described as crucial mediators of the pro-proliferative
condition in PH. Yet their precise mechanistic connections had
not been defined until now. In this study, we elucidated the cru-
cial connection of YAP/TAZ mechanoactivation to the glutami-
nolytic enzyme GLS1 and showed that they are required for coor-
dination of the cellular energetic needs for proliferation in the
setting of aerobic glycolysis (Figure 15). Such molecular insights
advance the paradigm of vascular stiffness beyond merely the
study of hemodynamic effects on vascular compliance, but
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revealing it as a specific metabolic cause of vascular remod-
eling and PH development. These results also alter our funda-
mental understanding of the dysregulated metabolic axis in PH
itself beyond direct hypoxic injury by revealing both glutamine
metabolism and aerobic glycolysis as integrally linked through a
shared hierarchy of regulation via YAP/TAZ. Finally, by placing
glutaminolysis as a central mechanism of how the extracellular
environment dictates pulmonary vascular dysfunction, these
results form a basis for developing novel therapeutics, or even
more likely, repurposing already approved medications, that tar-
get the YAP/TAZ-GLSI axis in PH.

Recent work has advanced the concept that vascular stiffen-
ing in PH is an early and potent pathogenic trigger in PH (1, 3).
Yet, beyond the association with vascular proliferation, a detailed
characterization has been missing of downstream metabolic path-
ways affected by such mechanical stimuli. Here, the identification
of glutaminolysis as a mechanoactivated process coregulated with
aerobic glycolysis advances our understanding of the regulatory
hierarchy seen in the metabolic reprogramming in PH. Such an
interface between stiffness and metabolism draws parallels to
related reprogramming events proposed in tumors in relation to
matrix remodeling (29). By its direct causative relation to meta-
bolic dysregulation, it also reinforces the paradigm of vascular
stiffness as an initiating pathogenic trigger of this disease rath-
er than merely an end-stage feature. This model of a stiffness-
metabolism interface in PH now invokes intriguing questions
regarding the exact timing of these molecular events in a variety
of PH subtypes and whether these events can be detected clini-
cally and prevented before disease advancement. It also raises a
question of how the metabolic response to vascular stiffness may
relate to other metabolic regulators in PH that are already known
to be driven by hypoxia, such as pyruvate dehydrogenase kinase
(30), miR-210 (31), and the bone morphogenetic protein receptor
type 2 (BMPR2) (8), among others.

Elucidation of a connection linking vessel stiffness with gluta-
minolysis and proliferation also provides fundamental insight into
the interplay between cellular proliferation, migration, and apop-
tosis among multiple vascular cell types during PH development.
As described in other contexts (32), increased glutaminolysis and
anaplerosis in response to stiff matrix and YAP/TAZ activation
answer a key metabolic need to sustain the hyperproliferative
state, particularly in PASMCs, and thus drive vascular remodeling
in PH. Separately, in adventitial fibroblasts, we recently described
a YAP/TAZ-miR-130/301 feedback loop whereby matrix stiffen-
ing spreads through pulmonary vasculature and perhaps even pul-
monary parenchyma via mechanoactivation of naive fibroblasts
that contact stiffened matrix (1). Given the current findings impli-
cating YAP/TAZ activation with glutaminolysis, it is possible that
glutaminolysis and anaplerosis in fibroblasts are also inherently
linked to the control of matrix stiffening and remodeling.

Moreover, vessel stiffness and glutaminolysis prominently
modulate the still incompletely defined dysfunction of PAECs in
PH. Historically, the results of using single markers of proliferation
or endothelial cell lineage to analyze diseased pulmonary vessels
have been challenging to interpret. To address those concerns, our
methods relied on multiple independent markers of endothelial
lineage (CD31 and vWF) and proliferation (Ki-67 and PCNA) to
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Figure 9. Periarteriolar fibrillar collagen deposition correlates with increased GLS1, glutaminolysis, and aspartate production in primate examples of
SIV-induced PAH. (A-D) Rhesus macaques were infected with SIV and evaluated over the course of 6 and 10-12 months postinfection (mpi) as compared
with before infection (BI). (A) In 13 of the 22 macaques infected by SIV, PAH was evident as assessed by RVSP and histologic remodeling (see Supplemen-
tal Figure 11A). (B) Picrosirius red stain revealed increased periarteriolar fibrillar collagen deposition in SIV-PAH. (C and D) Coimmunofluorescence micros-
copy revealed an increase of YAP1/GLS1(C) and YAP1/PCNA (D) double-positive cells in diseased pulmonary arterioles. In all panels, mean expression in
control groups was assigned a fold change of 1, to which relevant samples were compared. P values were derived from 1-way ANOVA and post-hoc Tukey's
tests in A, while 2-tailed Student’s t test was used for other comparisons (*P < 0.001). Scale bars: 50 pm. See also Supplemental Figure 11.
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pared with HIV-infected patients alone (n = 7). In all panels, mean expression in control groups was assigned a fold change of 1, to which relevant samples

were compared. P values were derived from a 2-tailed Student’s t test.

establish our conclusions. In doing so, our findings are consistent
with the model of spatiotemporal balance of PAEC apoptosis and
proliferation, originally described by Voelkel and colleagues (33)
and echoed by others (34). We found that YAP/TAZ-GLS]1 activa-
tion, glutaminolyis, and proliferation in PAECs closely followed an
initiating wave of injury and PAEC apoptosis. Such proliferation
may feed into increased PAEC turnover at earlier stages of PH
(i.e., days 3-7 after monocrotaline injection in rats; Supplemental
Figure 7) at which a balance of PAEC apoptosis and proliferation
was discerned. However, during later stages of PH when upregula-
tion of YAP and GLS1 was persistent, markers of proliferation were
also more evident. As reported by others (35), PAEC apoptosis
cannot be ruled out at later disease time points. However, our data
indicate that these apoptotic events must be occurring in cells oth-
er than the prevalent proliferative component driven by vascular
stiffness and glutaminolysis (Supplemental Figure 7). This finding
correlates with our observations of human plexiform lesions in
PAH (Figure 8C and Supplemental Figure 10), where YAP upreg-
ulation and glutaminolytic processes accompanied overgrowth
of PAEC-like cells. Even in settings where the diseased endo-
thelial layer is not overgrown, it is an intriguing possibility that
hyperactivated and glutaminolytic PAECs are reprogrammed for
pathophenotypes in addition to proliferation, including endothe-
lial-to-mesenchymal transition — a process that has been directly
connected to PH (36, 37) and where further proliferation could
allow for endothelial cells to feed into medial hyperplasia. Final-
ly, correlating with increased PAEC proliferation, our findings
revealed a promigratory phenotype promoted by matrix stiffness
and the YAP-GLSI axis (Figure 6F). A disorder of proliferation
and migration has been observed in human plexiform lesions (22),
and more recent studies of hyperproliferative PAECs in PH have
described an accompanying migratory phenotype (38). Such dis-
ordered migration may contribute to abnormal angiogenesis in
PH — which in some cases has been linked to a proangiogenic and
pathogenic remodeling of the pulmonary arteriole (39) and in oth-
er cases has been linked to a deficiency of angiogenesis (39) and a
pruning of the entire pulmonary vascular tree. Consequently, our
work places vessel stiffness, the YAP/TAZ-GLS1 axis, and gluta-
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minolysis at central points affecting multiple pulmonary vascular
cell phenotypes in a timed and stage-specific manner. According-
ly, future work should delineate connections of vascular stiffness
and glutaminolysis with pulmonary vascular cell reprogramming,
crosstalk, and timed evolution of cellular function and cellular
identity in this disease.

The mechanoactivation of YAP/TAZ as a central mediator of
glutaminolysis also advances our understanding of the intricate
control of metabolism by Hippo signaling. Notably, our data indi-
cated that YAP and TAZ together, but not alone (data not shown),
are necessary for GLS1, LDHA, and PC upregulation (Figure 3,
C-E), at least for the in vitro endogenous response to matrix stift-
ening. Thus, there exists some degree of compensation between
YAP and TAZ allowing for homeostatic maintenance of the met-
abolic phenotype even when 1 factor is repressed. The dynamics
of this compensatory relationship, however, await further mecha-
nistic definition in vivo. Moreover, cellular energy status has been
implicated as a potent regulator of YAP/TAZ activity either through
AMP-kinase activation (9, 10), induction of aerobic glycolysis
(40), or mevalonate metabolism (41). A connection between YAP
activity and glutamine synthetase (GS) has been reported in the
liver, where GS expression can predominate (42, 43). Yet, in other
tissue compartments such as the pulmonary vasculature, our find-
ings more directly define these factors as mechanical sensors to
reprogram glycolytic and glutaminolytic pathways and coordinate
with cellular proliferation. This reciprocity among YAP/TAZ and
metabolic cues suggests an adjustable, feedback-driven pathway
and may be partly responsible for individualized “tuning” of the
metabolic program, depending on burden of ECM remodeling,
PH subtype, severity, or temporal stage. Furthermore, it is likely
that the metabolic actions of Hippo signaling extend to an even
wider sphere of influence than vascular stiffness or PH alone. In
the contexts of organ development and tumorigenesis, it is tempt-
ing to speculate on the master regulatory role of Hippo signaling in
glutaminolysis and glycolysis as a primary mechanism to balance
proliferative capacity with efficient energy production.

The identification of glutaminolysis as a crucial mediator of
the PH pathophenotype shifts our attention to essential regulatory
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Figure 11. Manipulation of vascular mechanotransduction in vivo controls glutaminolysis. (A and B) Following monocrotaline exposure, rats were
treated with daily BAPN (n = 8) versus vehicle (A; n = 7) or with daily i.p. injections of separate verteporfin (n = 6) versus separate vehicle (B; n = 6). (C)
Both BAPN and verteporfin decreased Lox activity in lungs of monocrotaline-exposed rats. (D) Atomic force microscopy revealed decreased pulmonary
arteriolar (<100 um diameter) stiffness in BAPN- and verteporfin-treated rats. Horizontal lines denote median; symbols denote individual pulmo-

nary arterial measurements. (E and F) RT-gPCR of PAH CD31* cells revealed a decrease of 2 YAP-dependent target genes, Ctgf and Cyr67, as well as

a decrease of Gls expression (E) and GLS activity (F) in BAPN- and verteporfin-treated rats. Black font reports P values when comparing with pooled
vehicle controls; red or blue font reports P values when comparing with separate vehicle controls. sin all panels, mean expression in control groups was
assigned a fold change of 1, to which relevant samples were compared. P values were derived from 1-way ANOVA and post-hoc Tukey's tests (*P < 0.05,

#P < 0.001). See also Supplemental Figure 12.

metabolic checkpoints beyond aerobic glycolysis in this disease.
A metabolomic screen of pulmonary vascular endothelium inde-
pendent of hypoxia suggested broad metabolic reprogramming
beyond aerobic glycolysis in the context of mutant BMPR2 expres-
sion (44), but the points of regulation were not defined. Increased
glutamine utilization and metabolism have been observed in the
right ventricles of rats and humans with PH (16). Cardiac glutami-
nolysis, however, appeared to be driven by microvascular ischemia
rather than through mechanosensation. Indeed, the regulation and
downstream effects of glutaminolysis independent of hypoxic inju-
ry should guide future work to define precisely the crucial steps in
reprogramming the PH metabolic state. As also reported in malig-
nant cells (14, 15), we found that aspartate is crucial for stiffness-
dependent vascular proliferation (Figure 6). However, all metabolic
properties of cancer may not be fully replicated in PH. While evi-
dence exists in tumors of preferential GLS1 isoform activity (45),

both isoforms of GLS1 (KGA and GAC) were equally responsive to
matrix stiffness in vitro (Supplemental Figure 1K) and in PH in vivo
(Supplemental Figure 8, B and C; Supplemental Figure 9, C and D;
and Supplemental Figure 11, C and D), thus arguing against a differ-
ential isoform switch in PH. Nonetheless, the identification of GLS1
as a nodal control point emphasizes glutaminolysis and anaplerosis
as key molecular determinants underlying the overarching simi-
larity between the pathogenesis of PH and cancer (46). Moreover,
beyond GLS1, 2 additional enzymes — LDHA and PC — were iden-
tified here as linked checkpoints in stiffness-mediated alterations
of glycolysis and anaplerosis (Figure 1), indicating an even broader
level of control over the metabolic landscape in PH.

The mechanistic connection of the YAP/TAZ-GLS1 axis to
HIV-PAH also contributes needed insight into the pathogenesis of
this enigmatic form of PH. There exists an increased prevalence of
PAH in HIV-infected individuals (24), but little is known about the
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Manipulation of vascular mechanotransduction in vivo controls pulmonary vascular proliferation and PH. Following monocrotaline expo-

sure, rats were treated with daily BAPN (n = 8) versus vehicle (A; n = 7) or with daily i.p. injections of separate verteporfin (n = 6) versus separate vehi-
cle (B; n = 6). (A) H&E stain and coimmunofluorescence microscopy revealed a decrease of vessel thickness and muscularization as well as a decrease
of YAP1* cells, GLS1 vascular intensity, and CD31/PCNA and a-SMA/PCNA double-positive cells in BAPN- and verteporfin-treated rats compared with
vehicle controls. (B and C) Verteporfin reduced PAH severity, as quantified by RVSP (B) and right ventricular hypertrophy (Fulton index, RV/LV+S) (C).
Similar trends were observed with BAPN treatment. In all panels, mean expression in control groups was assigned a fold change of 1, to which relevant
samples were compared. P values were derived from 1-way ANOVA and post-hoc Tukey's tests (*P < 0.05, P < 0.01, *P < 0.001). Scale bar: 50 um. See

also Supplemental Figure 12.

molecular pathogenesis of HIV-PAH. By establishing the actions
of YAP/TAZ and GLS1 in primate and human models of PAH sec-
ondary to HIV or SIV infection, our findings provide long-awaited
evidence that, beyond histopathologic associations, the molec-
ular and cellular pathophenotypes active in this subtype of PAH
overlap with other PAH forms and may be amenable to treatment
with similarly targeted therapeutics. These results portend future
fundamental discoveries — specifically in elucidating how HIV
infection directly or indirectly activates vessel stiffening, YAP/
TAZ, and consequent metabolic derangement in the pulmonary
vasculature. Because of the lack of reliable rodent models of HIV
infection, our study also demonstrates the feasibility of discerning
molecular mechanism from PAH modeling in primates in general.

jci.org

Finally, the identification of the mechanoactivation of glutami-
nolysis in PH sets the stage to develop novel clinical management
strategies in PH. Our results (Figures 11-14) demonstrate that a
range of functionally connected targets related to matrix remod-
eling and glutaminolysis may also show promise for further ther-
apeutic development in PH. The improvement of hemodynamic
and histologic indices of PH in monocrotaline-exposed rats with
BAPN (Figures 11 and 12) reinforces the importance of collagen
cross-linking and ECM remodeling in PH pathogenesis and is con-
sistent with prior studies inhibiting Lox in chronic hypoxic PH (1, 3,
47). However, therapeutic use of a specific Lox inhibitor alone may
suffer from modest efficacy (i.e., right ventricular remodeling; Fig-
ure 12), potentially due to the importance of several other Lox fam-
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Figure 13. Pharmacologic inhibition of GLS1in monocrotaline-exposed rats decreases glutaminolysis and consequent pulmonary vascular cell prolifer-
ation. (A and B) After monocrotaline administration, rats were treated with daily i.p. injections of 2 pharmacologic inhibitors of GLS1. Vehicle (n = 6) versus
C968 (n = 6) (A) and vehicle (n = 8) versus CB-839 (n = 6) (B) were compared using either a disease prevention (C968) or disease reversal (CB-839) dosing
protocol. (C and D) Either C968 (C) or CB-839 (D) decreased GLS activity in lungs of monocrotaline-exposed rats. (E-H) Coimmunofluorescence microscopy
revealed Ki-67/PCNA-positive proliferating cells in diseased pulmonary arterioles (vehicle). Either C968 or CB-839 reduced the number of Ki-67/PCNA-
positive cells in a-SMA* medial (G and H) and CD31* or vVWF* endothelial (E and F) compartments. In all panels, mean expression in control groups was
assigned a fold change of 1, to which relevant samples were compared. Data are expressed as the mean + SEM (*P < 0.05, P < 0.01, #P < 0.001). Paired
samples were compared by a 2-tailed Student’s t test, while 1-way ANOVA and post-hoc Tukey’s tests were used for group comparisons. Scale bars: 50 um.
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Figure 14. Pharmacologic inhibition of GLS1in monocrotaline-exposed rats ameliorates PH in vivo. Following monocrotaline injection, via either a
disease prevention (C968) or disease reversal (CB-839) dosing protocol (cohort sizes defined in each panel), inhibition of glutaminolysis ameliorated PH
severity, as quantified by vascular remodeling (A and B), arteriolar muscularization (C and D), RVSP (E and G), and right ventricular hypertrophy (Fulton
index, RV/LV+S) (F and H). In all panels, mean expression in control groups was assigned a fold change of 1, to which relevant samples were compared.
Data are expressed as the mean + SEM (*P < 0.05, P < 0.01, *P < 0.001). Paired samples were compared by a 2-tailed Student’s t test, while 1-way ANOVA
and post-hoc Tukey's tests were used for group comparisons. Scale bars: 50 pm. See also Supplemental Figures 13 and 14.

ily members that may show complementary function (3). Yet, when
coupled with targeting of the downstream YAP/TAZ-GLSI axis, an
additive or perhaps synergistic therapeutic benefit may emerge in
inhibiting pulmonary vascular proliferation and remodeling. This
may be particularly evident with YAP, given the emerging benefi-
cial effects even beyond metabolism of altering Hippo signaling
in the pulmonary vasculature (1, 48) and the robust improvement
of severe rodent PH using the YAP inhibitor verteporfin alone
(Figures 11 and 12). Importantly, verteporfin is already approved

jci.org

by the US FDA as an intravenous medication for the treatment of
age-related macular degeneration (49). Moreover, an oral form
of the GLS1 inhibitor CB-839 is undergoing active clinical devel-
opment in early human clinical trials for cancer therapy (Clinical
Trial NCT02071862). Therefore, a repurposing of verteporfin and
CB-839 for treatment of PH, either separately or together with
possible optimization for tissue-specific delivery, presents a rare
opportunity to offer novel therapeutics in this disease without the
delay of decades to develop small-molecular inhibitors de novo.
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In sum, our findings define the YAP/TAZ-dependent acti-
vation of glutaminolysis and anaplerosis as a central pathogenic
mechanism by which vessel stiffness can stimulate cellular pro-
liferation in PH. These results carry broad implications for our
fundamental understanding of how cells balance their energet-
ic demands with extracellular mechanical cues. These findings
endorse the rapid application of novel pharmacologic inhibitors
to target the metabolic effects of vascular stiffness and thus pre-
vent or reverse human PH. Moreover, such translational studies
in PH may have broad application to other human metabolic con-
ditions in which such mechanosensitive interactions may serve as
crucial origins of disease.

Methods

Supplemental Methods are available online with this article. See com-
plete uncut gels in the supplemental material.

Cell culture reagents for studies dependent on matrix stiffness. At
baseline, cultured cells were grown in collagen-coated plastic (50 pg/
ml) at 37°C in a humidified 5% CO, atmosphere. Collagen-coated
hydrogel preplated in culture wells (Matrigen) was generated from
a mix of acrylamide and bis-acrylamide coated with collagen. Cells
were cultured, passaged, and harvested while on top of the hydrogel,
using standard cell culture techniques as we previously described (1).
According to the manufacturer’s descriptions, the Young’s (elastic)
modulus of a hydrogel was determined based on a published protocol
(50), with a modification of assuming a Poisson ratio of 0.48 for the
acrylamide mixture. Specifically, the hydrogels were fully equilibrat-
ed in PBS at room temperature (>24 hours). A sphere (glass or carbide
steel) of less than 1 mm diameter was placed on the surface of the
hydrogel, and the depth of indentation was measured. To determine
the Young’s (elastic) modulus using the measurement of this depth,
Hertz’s theory was applied with an adjustment for buoyancy.

Targeted LC-MS/MS. Metabolite extraction was performed essen-
tially as described with minor modifications (51). Briefly, metabo-
lites were extracted from cultured cells and CD31" cells on dry ice
using 80% aqueous methanol precooled at -80°C. Metabolites were
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Figure 15. Model of pathogenic mechanoactivation of YAP/TAZ and
key metabolic enzymes by pulmonary vascular stiffness in order
to control glutaminolysis and PH. In nondiseased and compliant
pulmonary arterioles, endothelial and smooth muscle cells undergo
a basal level of proliferation (left diagram). Pulmonary vascular

ECM stiffening mechanoactivates YAP/TAZ to induce key metabolic
enzymes GLS1, PC, and LDHA and to promote glutaminolysis and
glycolysis. Such glutaminolysis sustains the metabolic needs of
hyperproliferative vascular cells, thus driving overt pulmonary vascu-
lar remodeling and PH (right diagram).

extracted from plasma precleared by centrifugation at 20,000 g for
10 minutes at 4°C. Supernatants were extracted with 4 volumes of
100% methanol precooled at -80°C for 4 hours at -80°C. An inter-
nal standard, [*C_]-2-oxoglutarate ([*C,]-20G) (Cambridge Isotope
Laboratories), was added during metabolite extraction. Insoluble
material from both cell and plasma extractions was removed by cen-
trifugation at 20,000 g for 15 minutes at 4°C. The supernatant was
analyzed by targeted LC-MS/MS as previously described (52). Metab-
olites were separated using a ZIC-HILIC stationary phase (150 mm x
2.1 mm x 3.5 mm; Merck). The MS parameters were optimized using
a glutamine standard solution. Monitored mass transitions were 87 to
87 (pyruvate), 115 to 73+99 (succinate), 132 to 88 (aspartate), 145 to
101 (20G), 145 to 127 (glutamine), 146 to 128 (glutamate), and 149 to
105 ([*C,]-20G). Mass transitions and retention time windows were
confirmed by the analysis of neat and matrix-spiked standards. Peak
areas were quantified by Xcalibur Software (Thermo Fisher Scientif-
ic) and manually reviewed.

Extracellular flux analyses. PAECs (30,000 cells per well) or
PASMCs (50,000 cells per well) were plated in Seahorse Biosci-
ence 24-well plates precoated with 20 ul of soft or stiff hydrogel (as
described above). After overnight incubation to allow attachment,
cells were washed 2 times in assay medium (DMEM without phenol
red or pyruvate containing 0.5% dialyzed FBS and 0.1 mg/ml uridine
at pH 7.4; Seahorse Biosciences) and incubated in 500 pl of fresh assay
medium. Oxygen consumption rate and extracellular acidification
rate (a surrogate marker of glycolysis) were measured on an XF24 or
XFe24 Analyzer (Seahorse Biosciences). Mitochondrial and glycolytic
stress assays were performed according to the manufacturer’s pro-
tocols. Oxygen consumption rate and extracellular acidification rate
were normalized to cell count measured after assay completion.

Inhibition of Lox or YAP in PH rats. To induce PH, male Sprague-
Dawley rats (10-14 weeks old) were injected i.p. with 60 mg/kg
monocrotaline (Sigma-Aldrich). After 1 day, rats underwent i.p. injec-
tion daily with 25 mg/kg of verteporfin (Active Biochemicals Co.
Ltd.) versus vehicle control. In parallel but in separate rat cohorts,
1 day after monocrotaline injection, B-aminopropionitrile (BAPN;
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100 mg/kg/d; Sigma-Aldrich) was administered in drinking water
versus drinking water alone. In all cohorts, on day 21 after monocro-
taline injection (1 day after the last administration of BAPN, vertepor-
fin, or vehicle controls), right heart catheterization was performed in
all cohorts followed by harvesting of lung tissue and CD31* cells for
RNA or protein extraction, paraffin embedding, or cryopreservation
with OCT (Sigma-Aldrich), as we described (1).

Inhibition of GLSI in PH rats. To induce PH, male Sprague-
Dawley rats (10-14 weeks old) were injected i.p. with 60 mg/kg
monocrotaline (Sigma-Aldrich). After 2 days, serial i.p. injections
were given daily of C968 (10 mg/kg; Sigma-Aldrich) versus vehicle
control, and 7 days after monocrotaline injection, serial i.p. injec-
tions were given daily of CB-839 (10 mg/kg; Selleck Chemicals)
versus vehicle control. In all cohorts, on day 21 after monocrotaline
injection, right heart catheterization was performed followed by har-
vesting of lung tissue and CD31" cells for RNA or protein extraction,
paraffin embedding, or cryopreservation with OCT (Sigma-
Aldrich), as we described (1).

Human subjects. Informed consent was obtained for all study
procedures. For formalin-fixed paraffin-embedded lung samples,
human PH specimens were collected from unused or discarded
surgical samples (Supplemental Table 2), some of which we have
described previously (53); nondiseased human lung specimens from
the New England Organ Bank have been described (53). For plas-
ma harvesting and analysis described in Figure 8, E-G, individuals
were chosen with clinically significant dyspnea and undergoing
right heart catheterization at the Brigham and Women’s Hospital,
Boston, Massachusetts, USA (Supplemental Table 3; some of whom
were described in ref. 31). Subjects were stratified by the presence
or absence of clinical PH, as defined by elevated mean pulmonary
arterial pressure (mPAP) = 25 mmHg. For measurements of pul-
monary artery compliance, a cohort of 42 HIV-infected individuals
underwent pulmonary arterial catheterization at the University of
Pittsburgh. A diagnosis of PAH (mPAP > 25 mmHg) was made in 11
individuals (Supplemental Table 4). Based on these invasive hemo-
dynamic measurements, pulmonary arterial compliance was calcu-
lated by stroke volume/pulse pressure, as described previously (54).
Finally, for human subjects in whom peripheral plasma was analyzed
for circulating metabolites (Figure 10 and Supplemental Table 5), a
separate cohort of HIV-infected individuals were recruited at UCSF
either with documented PAH (assessed by invasive pulmonary arte-
rial catheterization, mPAP = 25 mmHg) or without PAH (assessed
either with invasive pulmonary arterial catheterization, mPAP < 25
mmHg, or by noninvasive echocardiographic estimation of pulmo-
nary arterial systolic pressure < 40 mmHg).

Human plasma sampling. To collect blood from subjects from the
main pulmonary artery, clinically indicated right heart catheterization
procedures were performed by standard protocol via a right internal
jugular approach under fluoroscopic guidance, as we described (53).
The catheter was positioned into the main pulmonary artery, as con-
firmed by fluoroscopy and hemodynamic waveforms. Blood was drawn
from the distal port and collected in vacutainer tubes with K*-EDTA.
Plasma was extracted after centrifugation of blood, followed by stor-
age at-80°C. A similar approach was used to collect venous peripheral
plasma from HIV-positive subjects, as we described (55).

Statistics. Cell culture experiments were performed at least 3
times and at least in triplicate for each replicate. The number of ani-
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mals in each group was calculated to measure at least a 20% differ-
ence between the means of experimental and control groups with a
power of 80% and SD of 10%. The number of unique patient sam-
ples for this study was determined primarily by clinical availability.
In situ expression/histologic analyses of both rodent and human
tissue, and pulmonary vascular hemodynamics in mice and rats,
were performed in a blinded fashion. Numerical quantifications for
in vitro experiments using cultured cells or in situ quantifications of
transcript/miR expression represent mean * SD. Numerical quantifi-
cations for physiologic experiments using rodents or human reagents
represent mean * SEM. Immunoblot images are representative of
experiments that were repeated at least 3 times. Micrographs are
representative of experiments in each relevant cohort. Normality
of data distribution was determined by Shapiro-Wilk testing. Paired
samples were compared by a 2-tailed Student’s ¢ test for normally
distributed data, while Mann-Whitney U nonparametric testing was
used for non-normally distributed data. For comparisons among
groups, 1-way ANOVA and post hoc Tukey testing was performed. A
Pvalue less than 0.05 was considered significant.

Study approval. All animal experiments were approved by the
Harvard Center for Comparative Medicine and the University of
Pittsburgh. All experimental procedures involving the use of human
tissue and plasma and the study of invasive and noninvasive hemo-
dynamics included the relevant receipt of written informed consent
and were approved by institutional review boards at Partners Health-
care, Boston Children’s Hospital, UCSF, UCLA, and the University of
Pittsburgh, as well as the New England Organ Bank. Ethical approval
for this study and informed consent conformed to the standards of the
Declaration of Helsinki.

Accession codes. Expression array data were deposited in the NCBI
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under
series GSE75793.
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