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PHYSIOLOGY

Cross-talk between TSC2 and the extracellular matrix
controls pulmonary vascular proliferation and
pulmonary hypertension

Yuanjun Shen’, Dmitry A. Goncharov', Andressa Pena?, Jeffrey Baust?, Andres Chavez Barragan?,
Arnab Ray?, Analise Rode?, Timothy N. Bachman?, Baojun Chang?, Lifeng Jiang’,

Paul Dieffenbach?, Laura E. Fredenburgh3t, Mauricio Rojas®, Horace DeLisser®, Ana L. Mora?,
Tatiana V. Kudryashova', Elena A. Goncharova'*

Increased proliferation and survival of cells in small pulmonary arteries (PAs) drive pulmonary arterial hyperten-
sion (PAH). Because cell growth mediated by the mTOR-containing mTORC1 complex is inhibited by tuberous
sclerosis complex 2 (TSC2), we investigated the role of this GTPase-activating protein in PAH pathology. TSC2
abundance was decreased in remodeled small PAs and PA vascular smooth muscle cells (PAVSMCs) from patients
with PAH or from rodent pulmonary hypertension (PH) models, as well as PAVSMCs maintained on substrates
that reproduced pathology-induced stiffness. Accordingly, mice with smooth muscle—specific reduction in TSC2
developed PH. At the molecular level, decreased TSC2 abundance led to stiffness-induced PAVSMC proliferation,
increased abundance of the mechanosensitive transcriptional coactivators YAP/TAZ, and enhanced mTOR
kinase activity. Moreover, extracellular matrix (ECM) produced by TSC2-deficient PAVSMCs stimulated the pro-
liferation of nondiseased PA adventitial fibroblasts and PAVSMCs through fibronectin and its receptor, the asf;
integrin. Reconstituting TSC2 in PAVSMCs from patients with PAH through overexpression or treatment with the
SIRT1 activator SRT2104 decreased YAP/TAZ abundance, mTOR activity, and ECM production, as well as inhib-
ited proliferation and induced apoptosis. In two rodent models of PH, SRT2104 treatment restored TSC2 abun-
dance, attenuated pulmonary vascular remodeling, and ameliorated PH. Thus, TSC2 in PAVSMCs integrates ECM
composition and stiffness with pro-proliferative and survival signaling, and restoring TSC2 abundance could be
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an attractive therapeutic option to treat PH.

INTRODUCTION
Pulmonary arterial hypertension (PAH) is a progressive and rapidly
fatal disease with a high mortality rate and no cures (I) and is a
serious public health problem with increasing death and hospitali-
zation rates (2—4). In PAH, vasoconstriction and remodeling of
small pulmonary arteries (PAs) (5-10) lead to chronically increased
PA pressure (PAP), right ventricular (RV) afterload, and eventually,
right ventricle failure and death (4). Available therapies fail to
reverse established pulmonary vascular remodeling or prevent
disease progression (5, 9), and development of novel antiprolifera-
tive/antiremodeling therapies is an unmet important need.
Increased proliferation and survival of resident pulmonary vas-
cular cells, a key component of PA remodeling (8, 11, 12), are
induced by the combination of soluble stimuli, such as excessive
production of growth factors and proinflammatory mediators,
and of physical factors, such as stiffening and remodeling of the ex-
tracellular matrix (ECM). As PAH progresses, PA vascular smooth
muscle (VSM) cells (PAVSMCs) undergo a switch to the secretory,

'Lung Center, Division of Pulmonary, Critical Care and Sleep Medicine, University
of California, Davis School of Medicine, Davis, CA 95616, USA. 2Pittsburgh Heart,
Lung, Blood and Vascular Medicine Institute, University of Pittsburgh School of
Medicine, Pittsburgh, PA 15213, USA. 3Division of Pulmonary and Critical Care
Medicine, Brigham and Women's Hospital, Boston, MA 02115, USA. “Division of
Pulmonary, Critical Care and Sleep Medicine, Ohio State University College of Med-
icine, Columbus, OH 43210, USA. *Department of Pathology and Laboratory Med-
icine, Pulmonary Vascular Disease Program, University of Pennsylvania Perelman
School of Medicine, Philadelphia, PA 19104, USA.

*Corresponding author. Email: eagoncharova@ucdavis.edu

tPresent address: Regeneron Pharmaceuticals, Tarrytown, NY 10591, USA.

Shen et al., Sci. Signal. 15, eabn2743 (2022) 6 December 2022

proliferative, apoptosis-resistant phenotype, which is self-supported
by constitutive inhibition of the growth suppressor HIPPO-large
tumor suppressor 1 (LATS1) pathway and consequent up-regula-
tion of its pro-proliferative downstream effectors, the transcription-
al coactivators Yes-associated protein (YAP)/transcriptional
coactivator with PDZ-binding motif (TAZ) and the mechanistic
target of rapamycin (mTOR) complex 1 (mTORC1) and
mTORC2 (7-9, 12-15). The mechanisms coordinating growth-pro-
moting signals with proliferative responses of resident PA cells in
PAH are not completely understood, and clinical use of available
antiproliferative therapeutic strategies is challenging because of
their side effects.

The growth suppressor tuberous sclerosis complex 2 (TSC2)
(tuberin) inhibits mMTORCI1, cell growth, and proliferation (16). De-
ficiency or mutational inactivation of TSC2 is linked to proliferative
diseases such as cancer, tuberous sclerosis, and pulmonary lym-
phangioleiomyomatosis (LAM) (16-18). Several lines of evidence
suggest that TSC2 may act as a coordinator of mTORCI and
HIPPO-YAP/TAZ pathways in PAH pulmonary vasculature. First,
mTORCI1 is activated in remodeled small PAs and contributes to
human PAH PAVSMC proliferation, VSM remodeling, and exper-
imental pulmonary hypertension (PH) in mice (7, 19, 20). Second,
mTOR-induced accumulation of YAP is reported in TSC2-null cells
(21). In addition, PH develops in mice with VSM-specific knock-
down of TSC1 (a binding partner of TSC2 that protects it from deg-
radation) (22). Last, a subset of patients with pulmonary LAM
(caused by somatic mutations or loss of heterozygosity in TSC)
develop disproportionate precapillary PH that cannot be fully
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explained by hypoxemia and is likely attributable to the loss of pul-
monary vascular TSC function (23).

In the present study, we sought to determine the role of TSC2 in
pulmonary vascular hyperproliferation in PAH. We found that
TSC2 acted as a mechanosensor and mechanotransducer, and its
deficiency in smooth muscle cells from small PAs permitted up-reg-
ulation of YAP-TAZ and mTOR; increased PAVSMC proliferation,
survival, and remodeling; and promoted PH. We also mechanisti-
cally linked PAVSMC-specific TSC2 deficiency to excessive ECM
production, ECM-dependent activation of YAP/TAZ and mTOR,
and increased growth of PAVSMCs and PA adventitial fibroblasts
(PAAFs). Last, we demonstrated that TSC2 restoration by
SRT2104 was beneficial in inhibiting YAP/TAZ and mTOR, revers-
ing pulmonary vascular remodeling, and reducing PH.

RESULTS

TCS2 abundance is decreased in PAVSMCs from human

PAH lungs

To determine the status of TSC2 in human PAH lungs, we per-
formed immunohistochemical and immunoblot analysis of lung
tissue specimens from individuals with PAH and from nondiseased
(control) donors (table S1). We found that TSC2 protein levels were
lower in smooth muscle a-actin (SMA)—positive areas and whole-
tissue lysates of small PAs from PAH lungs compared with those
from control lungs (Fig. 1, A to D). Supporting our observations,
PAVSMCs from small (<1.5-mm outer diameter) human PAH
PAs had significantly reduced TSC2 protein content (Fig. 1, E
and F) and significantly higher nonstimulated proliferation than
those from nondiseased individuals (Fig. 1, G and H). TSC2 abun-
dance was not changed in human PAH PA endothelial cells
(PAECs) or PAAFs (fig. S1, A to D). Together, these data demon-
strate that TSC2 is deficient in PAVSMCs in remodeled small PAs in
human PAH lungs.

Reduced TSC2 abundance enables PAVSMC
hyperproliferation, remodeling, and PH

To determine the functional outcome of decreased TSC2 content,
we depleted TSC2 in human control PAVSMCs by small interfering
RNA (siRNA), which significantly increased DNA synthesis [as as-
sessed by bromodeoxyuridine (BrdU) incorporation] and cell pro-
liferation (Fig. 1, I to K). To test the in vivo consequences of TSC2
deficiency, we generated mice with SMC-specific Tsc2 knockout by
crossing Tsc2o¥/flox mijce and Tagln (Sm22)-cre mice (13). Homozy-
gous knockout of Tsc2 was embryonically lethal. Mice with hetero-
zygous deletion of Tsc2 (Tsc2*/~) (fig. S2, A and B) developed
spontaneous mild experimental PH as early as 9 weeks of age. Com-
pared with the same-age wild-type (WT) controls, 9-week-old male
SM22-Tsc2*'~ mice had significantly greater medial thickness of
small (<150 um) PAs (PA MT) (Fig. 1, L and M), elevated systolic
RV pressure (sSRVP) (Fig. IN), and RV hypertrophy [as determined
by the significant increase in the RV/(LV + S) ratio] (Fig. 10). Four
of six female mice also developed mild experimental PH (sRVP >30
mmHg) at 9 weeks of age (fig. S3A). Exposing 9-week-old SM22-
Tsc2*'~ mice to hypoxia (10% O,, 3 weeks) resulted in significantly
higher PA MT for male mice and RV hypertrophy for both male
and female mice (fig. S3, B to G) without altering sSRVP compared
with same-sex same-age controls (fig. S3, H and I). Twenty-two-
week-old male SM22-Tsc2*/~ mice, but not their female
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counterparts, had significant pulmonary vascular remodeling com-
pared with same-age controls and significantly greater RV hypertro-
phy than 9-week-old SM22-Tsc2*/~ mice (fig. S4, A to G),
suggesting that the experimental PH phenotype continued to
develop. Together, these data demonstrate that reduced TSC2 abun-
dance results in increased PAVSMC proliferation, VSM remodeling,
and spontaneous experimental PH.

Decreased TSC2 content is induced by substrate stiffening
and enables YAP/TAZ accumulation and PAVSMC
proliferation

To identify pro-PAH stimuli that induce TSC2 deficiency in
PAVSMCs, we exposed control human PAVSMCs to various
soluble growth factors and proinflammatory mediators (platelet-
derived growth factor-BB (PDGF-BB), insulin growth factor 1, in-
terleukin-6, tumor necrosis factor—a, and endothelin-1). We also
maintained the cells on matrices of different compositions (collagen
1, collagen 1V, fibronectin, and laminin) or stiffnesses (0.2 kPa, a
stiffness seen under normal physiological conditions, and 25 kPa,
a stiffness seen under pathological conditions) (8, 11, 13). We
found that TSC2 protein levels showed a trend to decrease in
PAVSMCs maintained on the collagen 1 matrices or treated with
PDGE-BB (Fig. 2, A to D) and that PDGF-dependent increases in
the phosphorylation Akt and, in part, ribosomal protein S6 were at-
tenuated in control PAVSMCs treated with the PDGF receptor in-
hibitor AG1295 (fig. S5, A to C). These data agree with previously
published studies demonstrating that PDGF inhibits TSC2-
mTORCI1 signaling through Akt (24).

Maintenance of PAVSMCs on stiff (25 kPa) (8, 12, 14, 15) ma-
trices reduced TSC2 protein content and significantly increased cell
proliferation compared with the cells seeded on soft (0.2 kPa) sub-
strates (Fig. 2, E to G). To determine whether TSC2 modulates stiff-
ness-induced PAVSMC proliferation, we transfected control human
PAVSMCs seeded on stiff (25 kPa) matrices with mammalian
vectors expressing green fluorescent protein (GFP)-TSC2 or
control GFP. GFP-TSC2-transfected PAVSMCs had about
twofold lower proliferation on stiff matrices than GFP-transfected
cells (Fig. 2H), suggesting that TSC2 acts as a mechanosensor and
mechanotransducer and that decreased TSC2 abundance in
PAVSMCs is induced by increased matrix stiffness and is required
for stiffness-induced cell proliferation.

Stiffening of small PAs drives pulmonary vascular cell prolifer-
ation and remodeling in PAH through the transcriptional coactiva-
tors YAP/TAZ, which act partially by promoting pro-proliferative
and survival signaling through the Akt-mTOR pathway (8, 12,
14). Reexpression of TSC2 in control PAVSMCs maintained on
stiff matrices not only significantly decreased the phosphorylation
of the ribosomal protein S6, a hallmark of mMTORCI activation, but
also significantly reduced YAP/TAZ protein levels compared with
those in GFP-expressing cells (Fig. 2, I and J). Supporting our find-
ings, siRNA-mediated depletion of TSC2 in control human
PAVSMC:s resulted in a significant increase in S6 and Akt phos-
phorylation and accumulation of YAP/TAZ compared with cells
transfected with control siRNA (Fig. 2, K and L). These data
show that decreased TSC2 content in PAVSMCs is required for stiff-
ness-induced PAVSMC proliferation and increases in YAP/TAZ
abundance and mTOR activity.

PAVSMCs in PAH have an overaccumulation of active YAP in
nuclei, leading to hyperproliferation and pulmonary vascular
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Fig. 1. TSC2 deficiency results in increased PAVSMC proliferation, vascular re-
modeling, and PH. (A) Immunohistochemical analysis of human lung tissue sec-
tions to detect TSC2 (magenta), SMA (green), and DAPI (blue). Scale bar, 100 pm.
Images are representative of three individuals per group, six PAs per individual. (B)
Optical density (OD) measurement of TSC2 fluorescent signal in SMA-positive
regions of human small PAs. Data are means + SE from three individuals per
group, six PAs per individual, 12 areas per PA. PAH was normalized to control,
which was set at 1. P value for PAH compared to control was determined by
Mann-Whitney U test. Images from different parts of the same gel are separated
by a dashed line. (C and D) Immunoblot analysis of small PAs. Data are means + SE
from n = 3 individuals per group. P values for PAH compared to control was deter-
mined by Mann-Whitney U test. (E and F) Immunoblot analysis of human nondi-
seased (control) (white bars) and PAH (gray bars) PAVSMCs. Data are means + SE.
PAH was normalized to control which was set to 1. n = 5 individuals per group. P
values for PAH compared to control was determined by Mann-Whitney U test. (G)
Proliferation of human control and PAH PAVSMCs as measured by Ki67 staining.
Data represent percentage of Ki67-positive cells per total number of cells (as de-
tected by DAPI) and are means + SE from n = 6 individuals per group. P values for
PAH compared to control was determined by Mann-Whitney U test. (H) Equal
quantity of cells was plated on each well of six-well plate (day 0), and cell
counts were performed at days 3 and 6. Data are fold change to day 0. Data are
means * SE from n = 5 individuals per group. P values for PAH compared to control
were determined by Mann-Whitney U test. (I to K) Immunoblot (1), proliferation as
measured by BrdU incorporation (J) or cell counting (K) performed on control
human PAVSMCs transfected with siRNA directed against TSC2 (siTSC2) or
control siRNA GLO (siCont) for 48 hours. Data are means + SE from n = 3 individuals
per group. P values for siTSC2 compared to siCont were determined by Mann-
Whitney U test. (L to O) Morphological and hemodynamic analysis of 9-week-
old male SM22-Tsc2*~ and wild-type (WT) mice. Images (L) are representative of
six mice per group, 12 PAs per mouse. Scale bars, 30 um. Graphs show PA medial
thickness (PA MT) (M), systolic RV pressure (sRVP) (N), and Fulton index [right ven-
tricle (RV)/(left ventricle (LV) + septum] (O). Data are means + SE for n = 6 WT mice
and n =7 SM22-Tsc2*/~ mice. P values for SM22-Tsc2*/~ compared to WT by Mann-
Whitney U test.
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Fig. 2. Decreased TSC2 content is induced by increased substrate stiffness
and is required for YAP/TAZ accumulation, activation of Akt and mTOR,
and increased PAVSMC proliferation. (A to D) Immunoblot analysis of control
human PAVSMCs treated with the indicated soluble factors (A and B) or maintained
on the indicated matrices (C and D) for 48 hours. Data are means + SE from n =3
individuals per group. Values were normalized to vehicle treatment or uncoated
matrix, which were set at 1. P values were determined by Kruskal-Wallis test with
Dunn’s pairwise comparison. (E and F) Immunoblot analysis of control human
PAVSMCs maintained on softwell hydrogels with normal (0.2 kPa) or pathological
(25 kPa) stiffness for 48 hours. Data are means + SE from n = 3 individuals per
group. Twenty-five kilopascals was normalized to 0.2 kPa, which was set at 1. P
values for 25 kPa compared to 0.2 kPa were determined by Mann-Whitney U
test. (G) Equal numbers of control human PAVSMCs were plated on hydrogels
with 0.2- or 25-kPa stiffness, and cell proliferation analysis was performed on
day 4. Data are means + SE from n = 3 individuals per group. Twenty-five kilopas-
cals was normalized to 0.2 kPa, which was set at 1. P values for 25 kPa compared to
0.2 kPa were determined by Mann-Whitney U test. (H to J) Human control PAVSMCs
were plated on softwell hydrogels with 25-kPa stiffness and transfected with mam-
malian vectors expressing GFP or GFP-tagged human TSC2 for 36 hours. Cell pro-
liferation (H) and immunoblot analyses (I and J) were performed. Data are
means * SE from n = 3 (cell counts) and 4 (immunoblots) individuals per group.
GFP-TSC2 was normalized to GFP, which was set at 1. P values for GFP-TSC2 com-
pared to GFP were determined by Mann-Whitney U test. (K and L) Human control
PAVSMCs were transfected with siRNA directed against TSC2 (siTSC2) or control
siRNA GLO (siCont) for 48 hours and were immunoblotted for the indicated pro-
teins. Data are means * SE from n = 4 or 5 individuals per group. siTSC2 was nor-
malized to siCont, which was set at 1. P values for siTSC2 compared to siCont were
determined by Mann-Whitney U test.
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remodeling (8, 11, 12, 14). YAP could be phosphorylated at Ser'?”
by LATS1/2 and Akt, leading to its cytoplasmic retention and inhi-
bition (25, 26). We observed no differences in the phosphorylation
of Ser'?” in YAP in human PAH PAVSMCs compared to controls
(fig. S6, A and B) and in SMA-positive areas of small PAs from
SM22-Tsc2™~ mice compared to WT animals (fig. S6, C and D).
Treatment of human PAH PAVSMCs with the LATS1/2 kinase in-
hibitor LATS-IN-1 (27) significantly reduced the phosphorylation
of Ser'?” in YAP, an effect not observed with transfection of

siRNA Akt1/2, which also did not affect LATS-IN-1-dependent in-
hibition of this phosphorylation event (fig. S7, A and B). Together
with published studies, these data suggest that LATS, rather than
AKkt, is responsible for the phosphorylation of Ser!'?” in YAP in
human PAH PAVSMCs.

Aktl is a key Akt isoform involved in pulmonary vascular re-
modeling (28), but cotransfection of siRNAs targeting TSC2 and
Aktl did not significantly reduce TSC2-dependent phosphorylation
of S6K1 and S6 (fig. S8, A and B), suggesting that TSC2 loss
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Fig. 3. Reduced TSC2 abundance in PAVSMCs promotes YAP/TAZ accumulation, mTOR activity, and proliferation of nondiseased pulmonary vascular cells
through ECM remodeling. (A and B) Human control and PAH PAVSMCs (from five individuals per group) were immunoblotted for fibronectin (FN) and collagen
1A1 (Col1A1). Data are means + SE. PAH was normalized to Cont, which was set at 1. P values for PAH compared to Cont were determined by Mann-Whitney U test.
(C and D) Human control PAVSMCs were transfected with siRNA directed against TSC2 (siTSC2) or control siRNA GLO (siCont) and immunoblotted for FN and Col1A1. Data
are means + SE from n = 3 individuals per group. siTSC2 was normalized to siCont, which was set at 1. P values for siTSC2 compared to siCont were determined by Mann-
Whitney U test. (E to O) Preconfluent control PAVSMCs were infected with adenoviruses encoding control shRNA (shCont) or shRNA directed against TSC2 (shTSC2) for 6
days (E). Cells were removed and an equal amount of nondiseased (control) untreated PAVSMCs (F to L), PAVSMCs treated with diluent, 10 uM ATN161 (asp; integrin
inhibitor), or 10 uM BTT3033 (a,f; integrin inhibitor) (M), control PAAFs (N), or control PAECs (O) were plated on the matrices. Four days after plating, immunoblot (F to J)
and proliferation analyses as measured by Ki67 staining (K) or cell counting (L to O) were performed. Data are means + SE from n = 3 individuals per group. P values for
siTSC2 compared to siCont were determined by Mann-Whitney U test (significance) (G to L, N, and O) and by Kruskal-Wallis test with Dunn's pairwise comparison (M).
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attenuates Akt-dependent mTORCI activation. To confirm our ob-
servations, we used rat Eker leiomyoma tumor 3 (ELT3) cells, which
carry a germline Tsc2 mutation, resulting in TSC2 loss and consti-
tutive mTORCI1 activation (fig. S8C) (29). Treatment of ELT3 cells
with the Akt inhibitor VIII did not affect S6K1 and S6 phosphory-
lation (fig. S8, D and E), demonstrating that TSC2 deficiency com-
promises Akt-dependent mTORCI activation.

Decreased TSC2 content promotes increases in YAP/TAZ
abundance, mTOR activity, and PAVSMC proliferation
through ECM remodeling

Because YAP and TAZ facilitate resident pulmonary vascular cell
proliferation in PAH through ECM remodeling (8, 11), we hypoth-
esized that, in addition to canonical Rheb-dependent activation of
mTORC], reduced TSC2 abundance in PAH PAVSMCs may facil-
itate pro-proliferative signaling by modulating ECM production. In
agreement with previous studies (8, 11), PAVSMCs from human
PAH lungs had higher fibronectin and collagen 1A protein
content compared with those from control lungs (Fig. 3, A and
B). Moreover, TSC2 knockdown significantly increased fibronectin
and collagen 1A protein levels in control human PAVSMCs (Fig. 3,
C and D), suggesting that decreased TSC2 content facilitates pro-
duction of the two key ECM proteins involved in PAH. Because ex-
cessive ECM production promotes stiffening of small muscular PAs
(30), we next tested the effect of smooth muscle TSC2 loss on pul-
monary vascular wall stiffness using atomic force microscopy
(AFM) analysis. Mechanical characterization of small (<200 pm
in diameter) PAs by AFM microindentation (15) revealed that 9-
week-old male SM22-Tsc2*/~ mice had significantly higher vascular
wall stiffness compared with WT mice (fig. S9, A and B). Together,
these data demonstrate that a decrease in smooth muscle TSC2 el-
evates ECM production and induces pulmonary vascular wall
stiffening.

Next, we evaluated whether reduced TSC2 abundance modulat-
ed pro-proliferative signaling in neighboring cells through the
ECM. We used decellularized matrices from control human
PAVSMCs infected with lentiviruses producing TSC2 short
hairpin RNA (shRNA) (shTSC2) or control shRNA as substrates
for the plating of control human PAVSMCs (Fig. 3E). We found
that control PAVSMCs seeded on matrices produced by shTSC2-in-
fected control PAVSMC:s had significantly higher YAP/TAZ protein
levels, increased phosphorylation of Ser*”? in Akt and of $6, and el-
evated proliferation compared with cells seeded on matrices pro-
duced by shCont-infected PAVSMCs (Fig. 3, F to L). To further
confirm the role of ECM in the increase in YAP/TAZ abundance,
Akt phosphorylation, mTOR activity, and cell proliferation in
TSC2-deficient PAVSMCs, we maintained control PAVSMCs on
cell-free matrices produced by shTSC2-infected PAVSMCs in the
presence of ATN-161, a small peptide antagonist of asP; integrin,
and BTT-3033, a selective inhibitor of a,(; integrin, to block cell
binding with fibronectin and collagen, respectively (Fig. 3E).
ATN-161, but not BTT3033, prevented matrix-induced PAVSMC
proliferation (Fig. 3M), suggesting that decreased TSC2 abundance
promotes PAVSMC proliferation by regulating extracellular fibro-
nectin content. Supporting the relevance of these findings to
human PAH, control PAVSMCs seeded at the decellularized ECM
produced by human PAH PAVSMCs showed increases in the phos-
phorylation of Ser*”? in Akt and of S6 and in YAP/TAZ protein
content compared with cells maintained on matrices produced by
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nondiseased PAVSMCs (fig. S10, A to F). Collectively, these data
demonstrate that TSC2 deficiency promotes increases in YAP/
TAZ abundance, mTOR activity, and PAVSMC proliferation
through ECM remodeling.

In contrast to stiffness-induced TSC2 deficiency (Fig. 2, E and
F), control PAVSMCs seeded on the matrices produced by TSC2-
deficient control or PAH PAVSMCs showed increased YAP/TAZ
abundance and mTOR activity without a reduction in TSC2
protein levels (Fig. 3, F to I, and fig. S10, A to F). These data
support our observations that TSC2 acts upstream of YAP/TAZ
and mTOR by regulating the ECM and suggest an ECM composi-
tion-independent mechanism(s) that maintains a self-sustaining
suppression of TSC2 content in PAH PAVSMCs. We observed no
significant differences in the protein levels of TSC2 binding partner
TSC1 (17, 31) in SMA-positive areas of small PAs from SM22-
Tsc2*/~ and control mice and in human PAVSMCs from control
and PAH individuals (fig. S11, A to D). Because mTOR acts both
upstream (through mTORC2) and downstream (through
mTORC1) of TSC2 (17), and because the activity of both
mTORC2 and mTORCI1 is increased by YAP/TAZ in human
PAH PAVSMCs (7, 8), we hypothesized that stiffness-independent
TSC2 deficiency could be self-supported by a YAP/mTORC?2 feed-
forward loop. Supporting our hypothesis, siRNA-mediated deple-
tion of YAP and disruption of mTORC2 by siRNA-mediated
depletion of Rictor led to TSC2 accumulation in human PAH
PAVSMCs compared with cells transfected with control siRNA
(figs. S12, A and B, and S13, A to C). Moreover, cotransfection
with TSC2 siRNA reversed the Rictor siRNA-induced decrease in
PAH PAVSMC proliferation (fig. S13, D and E), suggesting that
mTORC2-dependent reduction of TSC2 protein levels is required
for PAH PAVSMC proliferation. However, treatment of human
PAH PAVSMCs with either the mTOR kinase inhibitor PP242
(which inhibits mTOR in both mTORC1 and mTORC2) or the al-
losteric mTORCI inhibitor rapamycin did not increase TSC2
protein levels or reduce YAP/TAZ accumulation (fig. S14, A and
B), suggesting that suppression of TSC2 abundance in PAH
PAVSMCs is supported by YAP/mTORC2 independently of
mTOR kinase activity.

ECM produced by TSC2-deficient PAVSMCs induces PAAF
proliferation

Because changes in ECM composition affect the proliferative re-
sponse of neighboring pulmonary vascular cells, we next tested
whether the matrix produced by TSC2-deficient PAVSMCs modu-
lates the proliferation of other resident pulmonary vascular cells.
We seeded control human PAECs and PAAFs on matrices pro-
duced by control human PAVSMCs infected with adenovirus pro-
ducing shTSC2 or control shRNA (Fig. 3E). We found that control
PAAFs, but not PAECs, had significantly higher cellular prolifera-
tion when maintained on matrices produced by shTSC2-infected
PAVSMCs compared with cells seeded on the matrices produced
by shCont-infected PAVSMCs (Fig. 3, N and O). These data show
that TSC2 deficiency in PAVSMCs results in dysregulated ECM pro-
duction, which promotes PAAF proliferation.

Restoration of TSC2 abundance suppresses proliferation
and induces apoptosis in PAH PAVSMCs

We next sought to evaluate the potential benefits of restoring func-
tional TSC2 in PAVSMCs from human PAH lungs. We found that
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TSC2 expression suppressed Akt and S6 phosphorylation, YAP/
TAZ protein levels, and fibronectin and collagen 1A production
compared with GFP-expressing cells (Fig. 4, A and B, and fig.
S15a). Moreover, expression of TSC2 suppressed PAH PAVSMC
proliferation (Fig. 4C and fig. S15B) and induced the accumulation
of cleaved caspase-3 and significant apoptosis (Fig. 4, D and E), sug-
gesting that restoration of TSC2 may be a possible therapeutic strat-
egy to suppress both YAP/TAZ and mTOR pathways, halt excessive
ECM production, inhibit proliferation, and induce apoptosis in
PAH PAVSMCs.

SRT2104 reverses the PAVSMC phenotype in PAH by
restoring TSC2 abundance

Next, we evaluated potential pharmacological strategies to restore
functional TSC2 in human PAH PAVSMCs. TSC2 is regulated by
direct phosphorylation, which either prevents or promotes its deg-
radation (17), and other types of posttranslational modification,
such as deacetylation by sirtuin 1 (SIRT1) (32). Positive and nega-
tive regulators of TSC2 involved in PAH are Akt and adenosine mo-
nophosphate—activated protein kinase (AMPK). Akt is activated,
whereas AMPK is inhibited, in human PAH PAVSMCs, and
either inhibition of Akt or activation of AMPK suppresses
mTORCI1 and PAH PAVSMC proliferation (8, 19, 28, 33-36). We
found that pharmacological inhibition of Akt or activation of
AMPK reduced S6 phosphorylation but did not elevate TSC2
protein content (fig. S16, A and B). Together with the inability of
mTORCI1/2 inhibitor PP242 to restore TSC2 abundance in PAH
PAVSMCs, our data suggest that mTOR, Akt, and AMPK act down-
stream of or in parallel to TSC2 and that targeting these signaling
proteins cannot restore PAH-specific TSC2 deficiency.

Next, we tested the effect of the SIRT1 activator SRT2104. We
found that treatment of human PAH PAVSMCs with SRT2104 sig-
nificantly increased TSC2 protein levels and suppressed S6 phos-
phorylation (Fig. 5, A to C), showing that SRT2104 restores
functional TSC2. Moreover, SRT2104 significantly decreased the
phosphorylation of Ser*”? in Akt and the abundance of collagen
1A and fibronectin, showed a trend in reducing YAP/TAZ accumu-
lation (Fig. 5, A and D to H), and significantly inhibited prolifera-
tion and promoted apoptosis in PAH PAVSMCs (Fig. 5, I to K). In
addition, SRT2104 also reduced the proliferation of control
PAVSMC:s on stiff matrices (Fig. 5L), suggesting potential benefits
of SRT2104 in targeting both self-sustaining and stiffness-induced
PAVSMC proliferation in PAH. To test whether SRT2104 acted
through TSC2, we targeted TSC2 by siRNA in SRT2104-treated
cells. We found that siRNA-mediated knockdown of TSC2 prevent-
ed SRT2104-induced inhibition of S6 phosphorylation and of cell
proliferation and blocked SRT2104-induced apoptosis (Fig. 5, M
to Q). Together, the data show that restoration of TSC2 abundance
by SRT2104 inhibits proliferation and induces apoptosis in human
PAH PAVSMC.

SRT2104 restores TSC2 in small PAs and reduces
established PH in mice and rats

We examined whether short-term treatment of mice with SRT2104
after the establishment of SU5416/hypoxia (SuHx)—induced exper-
imental PH led to TSC2 accumulation in small PAs (Fig. 6A).
Similar to human PAH PAVSMCs, vehicle-treated mice from the
SuHx group had reduced TSC2 protein levels in SMA-positive
areas of small PAs (Fig. 6B), suggesting similar underlying
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mechanisms. As expected, these mice developed pulmonary vascu-
lar remodeling and experimental PH as evidenced by significantly
higher PA medial thickness (PA MT), sRVP, PAP, and RV hyper-
trophy (Fig. 6, B to F). The SRT2104-treated mice had higher TSC2
protein content in small PAs and significantly lower PA MT, sRVP,
PAP, and RV hypertrophy compared with vehicle-treated SuHx
mice (Fig. 6, B to F). There were no significant differences
between male and female mice. Systolic left ventricular (LV) pres-
sure (sLVP), mean arterial pressure (MAP), and heart rate did not
significantly differ between vehicle- and SRT2014-treated groups
(fig. S17, A to C). These data show that short-term SRT2104 treat-
ment increases TSC2 abundance, attenuates VSM remodeling and
PH, and improves RV hypertrophy in mice with SuHx-induced PH.

To evaluate the potential benefits of SRT2104 in severe experi-
mental PH, we next tested the effects of long-term SRT2104 treat-
ment using a rat SuHx model of experimental PH (Fig. 7A). Similar
to human PAH PAVSMCs and the mouse PH model (Figs. 1A and
6B), vehicle-treated rats with SuHx-induced PH developed VSM-
specific TSC2 deficiency in remodeled small PAs and robust pulmo-
nary vascular remodeling, which were reversed by treatment with
SRT2104 (Fig. 7, B to D). SuHx-exposed rats developed experimen-
tal PH and RV hypertrophy compared with control rats (Fig. 7, E to
H). Treatment with SRT2104, but not vehicle, normalized sSRVP and
PAP and improved RV morphology and function (as shown by re-
versals of RV hypertrophy and normalized max dP/dT and the con-
tractility index) (Fig. 7, E to I). There were no significant differences
in SLVP, MAP, and heart rate between SuHx + vehicle and SuHx +
SRT2104 groups (fig. S17, D to F). Together, these data demonstrate
that SRT2104 reverses established PH and improves RV morpholo-
gy and function in a severe irreversible rat model of experimen-
tal PH.

DISCUSSION
The present study provides evidence that reduced TSC2 abundance
in the medial layer of small PAs is an important trigger of PH and
suggests that the restoration of functional TSC2 may be an attractive
therapeutic strategy to reverse existing pulmonary vascular remod-
eling and PH. We found that TSC2 content was decreased in remod-
eled small PAs from individuals with PAH, two models of
experimental PH, and early-passage PAVSMCs derived from
small PAs of patients with PAH. Reduced abundance or loss of
TCS2 decreased PAVSMC hyperproliferation, survival, pulmonary
vascular remodeling, and development of spontaneous PH. More-
over, TSC2 in PAVSMCs acted as a mechanosensor and mechano-
transducer and prevented the increases in YAP/TAZ abundance,
mTOR activity, and cell proliferation induced by pathological stiff-
ness. In addition, TSC2 controlled ECM composition, and reduced
abundance or loss of TSC2 enhanced the production of abnormal
ECM that resulted in increases in YAP/TAZ abundance, mTOR ac-
tivity, and proliferation of PAVSMCs and PAAFs. Last, pharmaco-
logical restoration of functional TSC2 by SRT2104 reversed
molecular abnormalities, inhibited proliferation, induced apoptosis
in human PAH PAVSMCs, and reduced established pulmonary vas-
cular remodeling and PH in two rodent models of experimental
PH (Fig. 8).

Increased proliferation and resistance to apoptosis of pulmonary
vascular cells in small PAs underlie pulmonary vascular remodel-
ing, a key component of PAH pathogenesis. Here, we showed that
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Fig. 4. TSC2 reconstitution reduces YAP/TAZ accumulation and fibronectin
production, suppresses proliferation, and induces apoptosis in human PAH
PAVSMCs. (A and B) Human PAH PAVSMCs were transfected with GFP or GFP-
TSC2 for the indicated times and immunoblotted to detect the indicated proteins.
Data are means + SE from three individuals per group. P values for GFP-TSC2 com-
pared to GFP were determined by Kruskal-Wallis rank test with Dunn’s pairwise
comparison. (C to E) Proliferation (as measured BrdU incorporation) (C), apoptosis
(as measured by TUNEL staining) (D), and immunocytochemical analysis to detect
cleaved caspase-3 (red), GFP (green), and DAPI (blue) (E). Data are means + SE from
three individuals per group. A minimum of 12 transfected cells per individual and
condition were analyzed. P values for GFP-TSC2 compared to GFP were deter-
mined by Mann-Whitney U test. Scale bar, 50 um. White arrows indicate transfect-
ed cells.

TSC2, a key inhibitor of mTORCI and cell proliferation (37), was
decreased in abundance in proliferative PAVSMCs, small remod-
eled PAs from human PAH lungs, and two rodent models of exper-
imental PH. Our data indicated that reduced TSC2 content in
PAVSMC:s resulted in the unstimulated growth and proliferation
of nondiseased human PAVSMCs, and SMC-specific Tsc2 hetero-
zygosity in mice led to pulmonary vascular remodeling and early
onset of spontaneous PH, indicating that even partial depletion of
smooth muscle Tsc2 was sufficient to induce pulmonary vascular
remodeling and PH.

Shen et al., Sci. Signal. 15, eabn2743 (2022) 6 December 2022

A switch to the hyperproliferative, apoptosis-resistant PAVSMC
phenotype could be induced by various pro-PH factors, including
exposure to soluble mitogens and changes in the ECM composition
and stiffness (9, 38, 39). We found that decreased TSC2 content
induced by pathological matrix stiffening was required for stiff-
ness-induced proliferation of PAVSMCs, suggesting that TSC2
acts as a mechanosensor and a mechanotransducer. In addition to
pathological stiffness, TSC2 abundance was reduced, although to a
lesser extent, by its upstream inhibitor PDGF (37), suggesting the
multifactorial nature of TSC2 regulation. We found that TSC2
loss was required for the accumulation of the pro-proliferative/pro-
survival mechanotransducers YAP/TAZ, which are implicated in
the pathogenesis of PAH (8, 12, 40) and increased activity of the
Akt-mTOR axis, suggesting that TSC2 integrates the mTOR and
HIPPO networks, two major regulators of pulmonary vascular
cell proliferation and survival in PAH (7-9, 41). Further, TSC2 reg-
ulates cellular metabolism, protein translation, and autophagy, and
the loss or mutational inactivation of TSC2 in pulmonary LAM ac-
tivates mTORC1, RhoA, and cyclin-dependent kinase 2 (42), pro-
proliferative and vasoconstrictive molecules involved in PAH path-
ogenesis (43, 44). Although further studies are needed, TSC2 in
PAH may integrate mechanobiological cues with PAVSMC contrac-
tility, cellular metabolism, proliferative signaling, and cell cycle pro-
gression. If so, the reduced TSC2 abundance that we observed in
PAVSMCs from patients or disease models may be responsible for
both vasoconstriction and pulmonary vascular remodeling, two
major pathological features of PAH.

Our proposal of a central role of TSC2 in pulmonary vascular
remodeling is further supported by our findings that TSC2 modu-
lated ECM production by PAVSMCs. Reductions in TSC2 abun-
dance in PAVSMCs led to overproduction of two major ECM
components, fibronectin and collagen 1 (8, 30), and formation of
the abnormal ECM that induces PAH phenotypes. It is also impor-
tant to note that the decellularized matrix produced by control
PAVSMCs with shRNA-induced TSC2 depletion induced the pro-
liferation of not only PAVSMCs but also PAAFs, suggesting that
TSC2 also modulates cell-cell communication in the pulmonary
vasculature. Our findings agreed with evidence highlighting the im-
portance of cell-matrix and cell-cell communications in PAH path-
ogenesis (30) and suggest that TSC2 may be an attractive molecular
target to disrupt mechanotransduction signaling mediated by YAP
and to inhibit ECM remodeling and the associated proliferation of
pulmonary vascular cells in PAH.

In TSC2-deficient perivascular epithelioid tumors, YAP accu-
mulation is induced by mTOR through impaired autophagoso-
mal/lysosomal degradation (21). Our findings suggest a
mechanism of TSC2-dependent YAP/TAZ and mTOR regulation
through the ECM, specifically fibronectin and asf; integrin, and
link TSC2 to the PAVSMC proliferative response. Supporting our
in vitro findings, SM TSC2 deficiency in mice resulted in stiffening
of small PAs, introducing a stiffness-dependent mechanism by
which TSC2 regulates YAP in vivo. Stiffening of small PAs occurs
as an early event preceding development of pulmonary vascular re-
modeling and PAH and worsens as the disease progresses (15). Al-
though further studies are needed, it is possible that TSC2
deficiency increases PA wall stiffness through at least two mecha-
nisms, excessive ECM production and activation of mTORCI-de-
pendent PAVSMC proliferation and the resultant wall thickening
due to VSMC remodeling. Further, our observations that YAP
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Fig. 5. SRT2104 restores functional TSC2, inhibits proliferation, and induces apoptosis in human PAH PAVSMCs. (A to G) Human PAH PAVSMCs were treated with
diluent (0) or the indicated concentrations of SRT2104 and immunoblotted for the indicated proteins. Data are means + SE from three experiments, each performed on
the cells from a different individual. P values for SRT2104 treatment compared to diluent (0) were determined by Kruskal-Wallis rank test with Dunn's pairwise compar-
ison. (H) Immunocytochemical analysis to detect fibronectin produced by human nondiseased (control) and PAH PAVSMCs treated with diluent or 10 uM SRT2104 for
48 hours. Scale bar, 100 um. (I to K) Human PAH PAVSMCs were treated with diluent (—) or 10 uM SRT2104 (+) for 48 hours. Proliferation assessed by cell counts (1) or BrdU
incorporation (J) and apoptosis as determined by TUNEL staining (K) analyses were performed. Data are means + SE from three experiments, each performed on the cells
from a different individual. P values for SRT2104 treatment compared to diluent (0) were determined by Mann-Whitney U test. (L) Equal numbers of human control
PAVSMCs were seeded on hydrogels with 25-kPa stiffness, treated with diluent (—) or 10 uM SRT2104 (+) for 48 hours, and counted. Data are means + SE from three
experiments, each performed on the cells from a different individual. P values for SRT2104 treatment compared to diluent (0) were determined by Mann-Whitney U test.
(M to Q) Immunoblot (M and N), proliferation (as measured by cell counting or BrdU incorporation) (O and P), and apoptosis (as measured by TUNEL staining) (Q) analyses
were performed on PAH PAVSMCs transfected with siContr or siTSC2 and treated with 10 uM SRT2104 or diluent for 48 hours. Data are means + SE from three experiments,
each performed on the cells from a different individual. P values for SRT2104 and/or siTSC2 compared to siContr (Scr) and diluent were determined by Kruskal-Wallis rank
test with Dunn's pairwise comparison.

Shen et al., Sci. Signal. 15, eabn2743 (2022) 6 December 2022 8 of 15

€202 ‘9z Afenuer uo siAed eIuiojIeD Jo AISBAIUN e B10°80Us 105" MMM//:SANY WOoJ ) papeo jumod



SCIENCE SIGNALING | RESEARCH ARTICLE

A C57/BL6 mice

SU5416  SU5416  SU5416

* ¢ Vehicle
Hypoxia Hypoxia Hemodynamic
SRT2104 measurements
- > | Tissue collection
Normoxia for analysis
1 1 1 1 |
I T T T 1
Weeks ¢ 1 2 3 4
B 0.032 E 0.028
Sufbc+ Suktx + fa " 0 000019'_‘
Control  vehicle  SRT2104 zoe Rt T
-
: ne
2 18 ¥ :
% G T T T
T
< 0.000325
= —
%2 0.6 <0.00001
[
.
g X
2 041 , 1
E ﬁ ataa
0.2
w 0.0
= Cont Ve SRT
SuHx

Fig. 6. SRT2104 restores TSC2 in small PAs, attenuates PH, and reduces RV
hypertrophy in mice. (A) Six- to 8-week-old male and female mice were main-
tained under hypoxia for 3 weeks and received SU5416 injection at the beginning
of every week. Starting at week 4, mice kept under hypoxia were randomly as-
signed to receive SRT2104 (SRT) or vehicle (Veh) for 5 days/week for 1 week, and
hemodynamic and morphological analyses were performed. Controls were same-
age and same-sex mice kept under normoxia. (B) Immunohistochemical analysis to
detect TSC2 (red), SMA (green), and DAPI (blue). Images are representative of three
mice per group, 12 PAs per mouse. Scale bar, 80 um. For H&E staining, images are
representative from seven control mice and six SuHx + vehicle or SuHx + SRT2104,
12 PAs per mouse. Scale bar, 30 um. (C) PA MT was calculated from 12 to 24 PAs per
mouse. Data are means + SE from n = 7 control mice (three male, four female), n=6
PH mice (three male, three female), n = 6 PH + SRT2104 mice (three male, three
female) groups. P values were determined by one-way ANOVA with a Fisher's LSD
post hoc test.(D to F) Systolic right ventricular pressure (sRVP) (D), PA pressure
(PAP) (E), and Fulton index [RV/(LV + septum) weight ratio] (F) were calculated.
Data are means + SE from n = 7 control mice (three male, four female), n = 8 PH
mice (four male, four female), n = 8 PH + SRT2104 mice (four male, four female)
groups. P values were determined by one-way ANOVA with a Fisher’s LSD post
hoc test.

inhibited TSC2 in an ECM-independent manner provide evidence
for negative intracellular TSC2-YAP cross-talk that supports unsti-
mulated self-sustained proliferation and resistance to apoptosis of
PAVSMCs in PAH.

Our study identified the SIRT1 activator SRT2104 as a potential
approach to restore TSC2 abundance and reverse pulmonary vascu-
lar remodeling and PH. Reconstitution of TSC2 normalized PAH-
specific molecular abnormalities and ECM production, reduced ab-
normal proliferation, and induced apoptosis in human PAH
PAVSMCs. Similar effects were observed in human PAH
PAVSMC treated with SRT2104. SIRT1 reduces vascular aging
and atherosclerosis in systemic vasculature (45), and its activation
improves systemic arterial vascular stiffness in smokers and individ-
uals with type 2 diabetes. SIRT1 stabilizes TSC2 through lysine de-
acetylation that prevents its degradation (32). We showed that by
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Fig. 7. SRT2104 restores TSC2 in small PAs, attenuates PH, and reduces RV
hypertrophy in rats. (A) Male 6- to 8-week-old rats received one SU5416 injection
and were maintained under hypoxia for 3 weeks. Starting in week 4, rats were
transferred to normoxia and were randomly assigned to receive SRT2104 (SRT)
or vehicle (Veh) for 5 days/week for 5 weeks (days 21 to 56 of the experiment).
Upon experiment termination, rats were subjected to hemodynamic and morpho-
logical analyses. Controls were same-age untreated male rats kept under normoxia
for 8 weeks or exposed to SU5416-hypoxia-normoxia without treatment. (B) Im-
munohistochemistry was performed for TSC2 (red), SMA (green), and DAPI
(blue) and H&E analyses. Scale bar, 50 um. Images are representative from six
rats per group, 12 PAs per rat. (C to ) Percentage of fully (grade 2), partially
(grade 1), and not occluded PAs (grade 0) was determined (C). Scale bar, 50 um.
PA MT (D), sRVP (E), PAP (F), Fulton index (G), RV contractility [max(dP/dT)] (H), and
RV contractility index (I) were measured on day 56. Data are means + SE from six
rats per group. *P < 0.05 compared to control, #P < 0.05 compared to PH. P values
were determined by one-way ANOVA with a Tukey's post hoc test (C), one-way
ANOVA with a Fisher's LSD post hoc test (D), and Welch's one-way ANOVA F test
with Games-Howell post hoc analysis (E to I).

restoring TSC2 abundance, SRT2104 reversed the PAH PAVSMC
phenotype, reducing proliferation and inducing apoptosis. Orally
administered SRT2104 restored smooth muscle TSC2 in small
PAs in two animal models of SuHx-induced experimental PH,
and even a short treatment of mice with established experimental
PH led to reduced pulmonary vascular remodeling, sSRVP, and
RV hypertrophy, the central clinical features of this disease. More-
over, longer treatment of rats with established experimental PH re-
versed pulmonary vascular remodeling, sSRVP, max dP/dT, and RV
hypertrophy and improved the RV contractility index, making
SRT2104 a promising drug for therapeutic intervention.
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Fig. 8. Schematic representation of the mechanism by which decreased TSC2 abundance in PAVSMCs promotes pulmonary vascular remodeling and PH. De-
creased TSC2 abundance in PAH PAVSMCs, caused predominantly by the ECM stiffening, results in excessive production of fibronectin, ECM remodeling, overaccumu-
lation of YAP/TAZ, and activation of mTOR, leading to increased proliferation of PAVSMCs and PAAFs, reduced apoptosis of PAVSMCs, pulmonary vascular remodeling, and
PH. The SIRT1 activator SRT2104 restores functional TSC2, resolves the molecular and cellular abnormalities caused by decreased TSC2 protein content, and attenuates

pulmonary vascular remodeling and PH.

In agreement with our findings, a polyphenol resveratrol that
acts at least partially by activating SIRT1 prevents monocrotaline-
induced PH in rats (46). However, resveratrol is extensively metab-
olized in humans, resulting in low systemic bioavailability and
limited potential for clinical utility (47). The rapamycin-based
mTORCI inhibitor ABIO09 is now in a clinical trial for patients
with severe PAH (ClinicalTrials.gov identifier: NCT02587325)
and shows promising interim results (48); however, intravenous de-
livery and reported side effects could make use of this drug chal-
lenging for patients with PAH. SRT2104 has better bioavailability
than ABI009, demonstrates benefits in preclinical models of age-
related disorders (49), is well tolerated in humans, has a favorable
selectivity profile (50), and has already entered clinical trials for type
2 diabetes and psoriasis (51, 52), which makes it an attractive can-
didate for clinical trials for patients with PAH.

We recognize that our study has several limitations. The first
limitation is the small human sample size that arises from the
nature of the studied disease. PAH is a rare disease, which limits
the availability of human lung tissue specimens and early passage
cells for mechanistic research of this type. However, the causal
role of reduced TSC2 content in mediating PAVSMC hyperprolif-
eration and pulmonary vascular remodeling in PAH was supported
by siRNA-mediated depletion in human PAH PAVSMCs and
studies of transgenic mice with SMC-specific Tsc2 deficiency. A
second limitation was that not all our in vitro experiments used hy-
drogel matrices to model physiological or pathological stiffness. To
separate stiffness-dependent TSC2 functions from their role in
ECM remodeling and self-sustained proliferation and survival of
PAH PAVSMCs, we collected several datasets from cells cultured
on plastic. Although these data agreed with our human tissue—
based and hydrogel-derived data, the different substrate may have
affected the magnitude of the observed molecular changes. A
third limitation was that only male rats were evaluated in the rat
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SuHx model of PH, because we did not observe differences
between SRT2104-treated male and female SuHx mice. Last,
rodent models of PH cannot completely recapitulate human
PAH. Moreover, SRT2104 was given to animals as a monotreat-
ment, and the combination of SRT2104 with currently used U.S.
Food and Drug Administration—approved therapies was not evalu-
ated. However, given our current findings in cells from PAH indi-
viduals and transgenic mice, further testing of targeting TSC2 to
reverse PAH is worthy of further investigation.

Despite major progress in PAH treatment within the past
decade, there are still no options to reverse advanced disease due
to the multifactorial nature of this disease and to the molecular
and metabolic reprogramming of pulmonary vascular cells support-
ed by cell-cell and cell-matrix interactions. Our finding that TSC2
links mechanobiological cues, growth factors, and ECM signals with
hyperproliferation of PAVSMCs and PAAFs offers a new target for
therapeutic intervention. Our preclinical evidence shows that
SRT2104, which is already in clinical trials for other diseases and
has a favorable safety profile (53), has beneficial effects in human
PAH PAVSMCs and two rodent models of PH, warranting
further assessment in other preclinical models of PH and perhaps
in clinical trials.

MATERIALS AND METHODS

Human tissues and cell culture

Human lung tissues from unused donor (control) and idiopathic
patients with PAH were provided by the University of Pittsburgh
Medical Center Lung Transplant, Pulmonary Division Tissue Don-
ation under protocols approved by the University of Pittsburgh in-
stitutional review board. Human primary distal PAVSMCs, primary
pulmonary adventitial fibroblasts (PAAFs), and primary PAECs
were provided by the Pulmonary Hypertension Breakthrough
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Initiative (PHBI) or by the University of Pittsburgh Vascular Med-
icine Institute (VMI) Cell Processing Core. Cell isolation, character-
ization, and maintenance were performed under the rigorous and
well-established study protocols adopted by the PHBI (7, 8).
Briefly, pre-capillary PAs were dissected from the left lower lobe
and adherent lung parenchymal tissue using microscissors and
scalpel. The arteries were minced to 1-mm? blocks and placed on
the tissue culture plates with a small drop of LONZA culture
medium (LONZA) supplemented with the SmGM-2 or FGM-2
media kit for PAVSMC and PAAF isolation, respectively (7, 8).
On the following day, a full volume of respective full growth
culture medium was added to the plates, which were left undis-
turbed for 3 to 5 days. The medium was then subsequently
changed every other day until the cells reached confluence.
PAVSMCs were characterized using antibodies against three
smooth muscle—specific markers (SMA, smooth muscle myosin
heavy chain, and SM22; Cell Signaling Technology) and cell mor-
phology (7, 8). PAAFs were characterized using antibodies against
vimentin and CD90, and negative staining for SM22, von Wille-
brand factor (vWF), and cytokeratin (Cell Signaling Technology),
to exclude contamination with smooth muscle, endothelial, and ep-
ithelial cells, respectively (54). Primary cells (third to eighth
passage) of the same passage from a minimum of three control
and three PAH individuals were used for each experimental condi-
tion. Cells and tissues from deidentified human individuals were
used (table S1). Cells were maintained at 37°C in a humidified in-
cubator with 5% CO,. For serum deprivation, cells were maintained
for 24 to 48 hours in basal PromoCell medium (PromoCell) supple-
mented with 0.1% bovine serum albumin (BSA) (Thermo Fisher
Scientific, Waltham, MA). Softwell hydrogel-coated plates were
purchased from Matrigen and used following the manufacturer’s
protocol. Rat ELT3 cells (CRL-3371; RRID: CVCL_4616) were pur-
chased from American Type Culture Collection and maintained ac-
cording to the manufacturer’s instructions. The cells were regularly
tested for mycoplasma contamination.

Apoptosis

Apoptosis was measured with the In Situ Cell Death Detection Kit
(Roche, Nutley, NJ) based on terminal deoxynucleotidyltransfer-
ase—mediated deoxyuridine triphosphate-biotin nick end labeling
(TUNEL) technology according to the manufacturer’s protocol as
previously described (7, 8, 55). Nuclei were detected by 4',6-diami-
dino-2-phenylindole (DAPI) (Invitrogen). Images were captured by
an All-in-One Fluorescence Microscope BZ-X810 (Keyence). Blind
semiautomatic counts were performed. A minimum of 200 cells
were counted per condition in each experiment.

Cell proliferation

Cell proliferation was measured by DNA synthesis analysis (BrdU
incorporation assay) or Ki67 detection with specific antibody (Cell
Signaling Technology) as described previously (7, 8, 55, 56). For the
BrdU incorporation assay, cells were serum-deprived for 48 hours,
incubated with 10 uM BrdU (Abcam) for 18 hours, fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS; Santa Cruz
Biotechnology), permeabilized by 2 M HCI, and stained with
anti-BrdU antibody (BD Biosciences). Staining with DAPI and
anti-GFP antibody (Cell Signaling Technology) was performed to
detect nuclei and GFP, respectively. To detect Ki67, we performed
staining with anti-Ki67 antibody and DAPI. Images were taken
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using an All-in-One Fluorescence Microscope BZ-X810
(Keyence). Blinded semiautomatic analysis was performed. Cell
proliferation was calculated as the percentage of BrdU-positive or
Ki67-positive cells per the total number of cells. A minimum of
200 cells were counted in each experiment per each condition.
Cell proliferation was performed as described previously (7, 8,
55). Briefly, cells were treated with ATN-161 (MCE LLC), BTT-
3033 (R&D Systems), SRT2104 (InvivoChem), or an appropriate
diluent. Cells were trypsinized and resuspended in the same
volume of basal medium supplemented with 0.1% BSA. Cell
counts were performed using the Countess II FL Automated Cell
Counter (Thermo Fisher Scientific).

Immunohistochemical, immunocytochemical, and
immunoblot analyses

These analyses were performed as previously described (7, 8, 19, 57).
Images were captured with an Olympus FV1000 Confocal Micro-
scope (Olympus America Inc.) or the All-in-One Fluorescence Mi-
croscope BZ-X810 (Keyence). Immunoblot signals were captured
with HyBlot CL Autoradiography Films (Thomas Scientific), and
fixed and developed by Medical Film Processor (Konica Minolta).
Densitometry measurements for immunoblots and immunostain-
ings were done with Image] [National Institutes of Health
(NIH)]. Antibodies for TSC2 (#4308; Research Resource Identifier
(RRID): AB 10547134), cleaved caspase-3 (Asp'”®) (#9661; RRID:
AB_2341188), GFP (#2956; RRID: AB_1196615), phospho—Ser?*/
236_86 (#4856; RRID: AB_2181037), S6 (#2217; RRID: AB_331355),
YAP/TAZ (#8418; RRID: AB_10950494), phopsho-Ser'2’YAP
(#13008; RRID: AB_2650553), TSC1 (#4906; RRID:
AB_2209790), Rictor (#2114; RRID: AB_2179963), o/p-tubulin
(#2148; RRID: AB_2288042), phospho—Ser*’3-Akt (#4060; RID:
AB_2315049), Akt (#9272; RRID: AB_329827), and anti-rabbit im-
munoglobulin G (IgG)-horseradish peroxidase (HRP)-linked anti-
body (#7074; RRID: AB_2099233) were purchased from Cell
Signaling Technology. Anti-fibronectin antibody (ab2413;
RRID:AB_2262874) was purchased from Abcam. Anti-collagen
1A1 antibody (AF6220; RRID:AB_10891543) was purchased from
R&D Systems. Anti-actin and a—smooth muscle—fluorescein iso-
thiocyanate antibody (F3777; RRID: AB_476977) were purchased
from Sigma-Aldrich. Alexa Fluor 488, 594, and 647 dyes, rabbit
anti-sheep IgG-HRP-linked antibody (#61-8620;
RRID:AB_2533942), and anti-TSC1 antibody (#PA5-18506;
RRID: AB_10985558) were purchased from Thermo Fisher
Scientific.

Transfection, infection, and decellularization

These procedures were performed as described previously (7, 8, 58).
The pEGFP plasmid (#6077-1) was obtained from Addgene. The
pEGFP-TSC2 plasmid was previously generated (59, 60). siRNAs
and shRNAs were purchased from Dharmacon (PerkinElmer)
and Santa Cruz Biotechnology, respectively. siRNA transfection
and shRNA infection were performed according to the manufactur-
ers’ protocols. Effectene (Qiagen) was used to transfect cells accord-
ing to the manufacturer’s protocol. To produce decellularized
matrices, we maintained preconfluent PAVSMCs on plastic plates
for 6 days, after which decellularization was performed.
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Animals

All animal procedures were performed under the protocols ap-
proved by the Animal Care and Use Committees of the University
of Pittsburgh and the University of California, Davis (protocols
#17019864 and #21853, respectively). SM22-Tsc2*/~ mice were gen-
erated by crossing female Tsc2”/ mice (Tsc2"™1-1M2/], #027458) with
male SM22-Cre mice [B6.Cg-Tg(Tagln-cre)1Her/], #017491]
(Jackson Laboratory) carrying mouse smooth muscle protein 22-
alpha (SM22) promoter that induced Cre recombinase expression
selectively in VSMCs (61, 62). Mice were genotyped before experi-
ments. The genotyping of the DNA extracted from ears of transgen-
ic mice by the Extract-N-Amp Tissue PCR Kit (Sigma-Aldrich) was
performed following the manufacturer’s protocol. Polymerase
chain reaction (PCR) samples were prepared using the KAPA2G
Fast PCR Kit (Sigma-Aldrich) following the manufacturer's proto-
col. The SM22-Cre gene was detected using the primers 5-GCAA
TTTCGGCTATACGTAACAGGG and 5-GCAAGAACCTGAT
GGACATGTTCAG with the internal control primers 5-CTAGG
CCACAGAATTGAAAGATCT (0IMR7338) and 5'-GTAGGTGG
AAATTCTAGCATCC (0IMR7339). Tsc2 gene was detected with
the primers 5'-ACAATGGGAGGCACATTACC and 5'-AAGCAG
CAGGTCTGCAGTG). Primers were purchased from Sigma-
Aldrich. Control mice were the same age, sex, and background
(C57BL/6J, Jackson Laboratories) and housed under the same con-
ditions (8, 63, 64). Experimental PH was induced by SU5416/
hypoxia as described previously in (7, 8, 56).

Six- to 8-week-old C57BL/6] mice were randomly assigned to ex-
perimental groups and exposed to hypoxia (10% O,) for up to 35
days. Subcutaneous injections of SU5416 (20 mg/kg) (Tocris)
were performed at days 0, 7, and 14 of the experiment. At days 15
to 21 after experimental PH induction, SRT2104 (InvivoChem) sus-
pended in warm corn oil (ACROS Organics) (100 mg/kg per day,
oral gavage, 200 ul per mouse) or warm corn oil alone were admin-
istrated daily. Both male and female mice were used; controls were
same-age same-sex mice maintained under normoxia.

Six- to 8-week-old male Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA) received a single dose of SU5416
(sq 20 mg/kg) and were maintained for 3 weeks under hypoxia
(10% O,) and for 5 weeks under normoxia. Then, animals were ran-
domly assigned to experimental groups. SRT2104 (InvivoChem) in
warm corn oil (ACROS Organics) and vehicle (warm corn oil alone)
were administrated starting at the beginning of week 4 of the exper-
iment for 5 weeks (100 mg per kg per day, oral gavage, 5 days/week).
Negative controls were normoxia-maintained age-matched
animals. Positive controls were untreated SU5416/hypoxia/nor-
moxia-exposed rats. The volume of the vehicle was equal for the
volume of SRT2104 suspension (200 pl per mouse or 3 ml per
rat). After blinded terminal hemodynamic analysis, animals were
euthanized, and lung and heart tissues were collected for morpho-
logical analysis. Hearts were separated into RV and LV + septum,
and the Fulton index was calculated by the RV/(LV + septum)
weight ratio.

Blinded hemodynamic analysis was performed as previously de-
scribed (8, 56, 64, 65). Briefly, animals were anesthetized by isoflur-
ane (Minrad Inc.): 5% for induction, 2% during surgery, and 1%
while performing pressure-volume (PV) loop measurements. PV
loop measurements were performed by PV catheters (Scisense
Inc.). The catheter attached to the data acquisition system (EMKA
Instruments) was inserted into the RV and then into the LV. Data
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were acquired by the ADVantage PV System (Transonic Systems
Inc.) and IOX2 software (EMKA Technologies Inc.). PAP was cal-
culated as a sSRVPx0.65 + 0.55 mmHg (56, 66). MAP was calculated
as sLVPx0.65 + 0.55 mmHg (56, 66); RV contractility index was cal-
culated as (max dP/dT)/sRVP s~! (56, 67).

Blinded morphological and immunohistological analyses were
performed as described previously (7, 8, 19, 55, 56, 65, 68).
Briefly, after being perfused by PBS through the PA, lungs were
filled with 80% Tissue Plus OCT Compound (Thermo Fisher Scien-
tific)/20% saline solution, snap-frozen in dry ice and kept at —80°C,
or fixed in 4% paraformaldehyde solution in PBS and embedded in
paraffin. After sectioning, lung tissue slides (5-pm thickness) were
stained by hematoxylin and eosin (H&E) or immunostained to
detect TSC2, SMA, and nuclei (DAPI) (Invitrogen) as previously
described (7, 8). Images for PA MT calculation were captured
from blind-selected small PAs (25- to 100-um outer diameter
from a minimum of six animals per group and a minimum of 12
PAs per animal) of H&E- or SMA-stained rodent lung tissues and
calculated using the VMI Calculator (68). The entirety of H&E-
stained rat lung tissue sections was captured (six rats per group,
minimum of 29 PAs per rat) to count percentage of fully (grade
2), partially (grade 1), and nonoccluded (grade 0) small PAs (25-
to 50-pum outer diameter) (8, 65, 68—70). Images were taken with
an All-in-One Fluorescence Microscope BZ-X810.

Atomic force microscopy

Lungs were inflated with optimal cutting temperature (OCT) com-
pound (50 ml/kg body weight), frozen in dry ice-cooled 2-methyl
butane, and stored at —80°C. Lung parenchymal tissue strips 10 um
in thickness were prepared using a cryostat (Leica CM1850),
mounted on poly-L-lysine—coated glass slides, stored at —20°C,
and measured within 48 hours. Residual OCT was dissolved and
rinsed away with PBS immediately before AFM measurements.
PAs were identified by morphologic criteria using phase-contrast
microscopy. PAs (<200 um in diameter) were mechanically charac-
terized through microindentation using a JPK NanoWizard 4XP Bi-
oscence (Bruker) atomic force microscope. Microindentation was
performed using a sphere-tipped probe (Novascan) with a diameter
of 5 um and a nominal spring constant of about 60 pN/nm as de-
scribed (15). The cantilever spring constant was further confirmed
at each use by the thermal fluctuation method. This method corre-
lated well with contact-based calibration. The entire AFM system
was calibrated by following the manufacturer’s instructions before
each measurement. Force-indentation profiles were acquired
through force scanning at an indentation force of 1 to 2 nN with
a Z length of 1.5 um. Force curves were obtained over a 128 x 128
grid of 30 to 80 um in size, depending on the size of the vessel.
Young's elastic modulus was calculated by fitting force-indentation
data using a Hertz sphere model with JPK data processing software
(Bruker). Height and Young's modulus data were converted to 128
x 128 TIFF files and analyzed in Image] to allow isolation of only
those curves associated with vessel walls. Five to 10 vessels were an-
alyzed per animal.

Statistical analysis

Statistical comparisons between two groups were performed by the
Mann-Whitney U test and considered to be statistically different
when the P value was less than 0.05. Statistical comparisons
among three or more groups were performed by the Kruskal-
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Wallis test with Dunn's pairwise comparison (all data with sample
size n < 6 per group and skewed data with sample size n > 6 per
group), analysis of variance (ANOVA) test with Fisher’s least signif-
icant difference (LSD) or Tukey's post hoc test comparison (all data
with sample size n > 6 per group that satisfied a test of normality
assessed using the Kolmogorov-Smirnov test and had equal vari-
ances assessed using Bartlett's test), or Welch's one-way ANOVA
F test with Games-Howell post hoc analysis (all data with sample
size n > 6 per group that satisfied a test of normality but that
failed the equal variances assumption test). Statistical analysis was
performed using STATA (StataCorp), StatView (SAS Institute), and
GraphPad Prism 9.2 (GraphPad Software) software. No animals
were excluded from the analysis. To determine animal group
sizes, we performed power calculations using G*Power (release
3.1.9.4) software.
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Protection from pulmonary hypertension

Pulmonary arterial hypertension (PAH) is partially driven by the proliferation of pulmonary arterial vascular smooth
muscle cells (PAVSMCs) induced by stiffening of pulmonary arteries. The GTPase-activating protein TSC2 inhibits
cell growth—promoting signaling, leading Shen et al. to characterize how TSC2 might prevent the pathogenesis of
PAH. Pulmonary arteries and PAVSMCs from PAH patients had reduced TSC2 abundance, and pulmonary artery
remodeling and hypertension developed in mice with partial deficiency of TSC2 in smooth muscle. Analysis of
PAVSMCs suggested that the stiffening of pulmonary arteries in PAH led to a decrease in TSC2 content in smooth
muscle, triggering remodeling of the extracellular matrix, activation of mechanosensitive and cell growth signaling
pathways, and increased PAVSMC proliferation. Restoring TSC2 abundance in rodent models with a drug currently
in clinical trials improved lung function and reduced pulmonary hypertension. Thus, strategies that increase TSC2
abundance in PAVSMCs may reverse PAH, a condition that is ultimately fatal and that currently lacks effective
treatments. -WW
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