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Abstract

Germline mutations involving small mothers against decapentaplegic-transforming growth factor-
B (SMAD-TGF-B) signaling are an important but rare cause of pulmonary arterial hypertension
(PAH), which is a disease characterized, in part, by vascular fibrosis and hyperaldosteronism
(ALDO). Here, we developed and analyzed a fibrosis protein-protein network (fibrosome) in
silico, which predicted that the SMAD3 target neural precursor cell expressed developmentally
down-regulated 9 (NEDD?9) is a critical ALDO-regulated node underpinning pathogenic vascular
fibrosis. Bioinformatics and microscale thermophoresis demonstrated that oxidation of Cys18 in
the SMAD3 docking region of NEDD9 impairs SMAD3-NEDD? protein-protein interactions in
vitro. This effect was reproduced by ALDO-induced oxidant stress in cultured human pulmonary
artery endothelial cells (HPAECS), resulting in impaired NEDD9 proteolytic degradation,
increased NEDD9 complex formation with Nk2 homeobox 5 (NKX2-5), and increased NKX2-5
binding to COL3A1. Upregulation of NEDD9-dependent collagen 111 expression corresponded to
changes in cell stiffness measured by atomic force microscopy. HPAEC-derived exosomal
signaling targeted NEDD?9 to increase collagen I/111 expression in human pulmonary artery smooth
muscle cells, identifying a second endothelial mechanism regulating vascular fibrosis. ALDO-
NEDD? signaling was not affected by treatment with a TGF-f ligand trap, and, thus, was not
contingent on TGF-B-signaling. Colocalization of NEDD9 with collagen 111 in HPAECs was
observed in fibrotic pulmonary arterioles from PAH patients. Furthermore, NEDDZ ablation or
inhibition prevented fibrotic vascular remodeling and pulmonary hypertension in animal models of
PAH in vivo. These data identify a critical TGF-p-independent post-translational modification that
impairs SMAD3-NEDD?9 binding in HPAECs to modulate vascular fibrosis and promote PAH.

One Sentence Summary:

TGF-p-independent oxidative modification of NEDD9 at Cys18 promotes vascular fibrosis and the
pathobiology of pulmonary arterial hypertension.

INTRODUCTION

Activation of small mothers against decapentaplegic (SMAD)-2/3 signal transduction
through stimulation of the transforming growth factor-g receptor-11 (TGF-B-RII) complex is
a principal mechanism underlying transcriptional regulation of genes coding for collagen
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(1). However, perturbations to TGF-f biofunctionality are associated with collagen
deposition patterns that vary across cell types (2), and within patients who share circumspect
clinical phenotypes (3). This heterogeneity suggests that the TGF-p *master switch’ theory
may be an insufficient construct by which to understand fibrosis globally. Nonetheless, little
is established on TGF-B-independent and cell-specific molecular mechanisms that control
collagen synthesis to promote fibrosis in human disease.

Pulmonary arterial hypertension (PAH) is characterized, in part, by a fibrotic vasculopathy in
pulmonary arterioles, which promotes early right heart failure and death (4). In PAH,
endothelial dysfunction and vascular fibrosis are key pathogenic events that occur
concurrently with changes in the normal cellular redox potential. Prior association studies
imply a positive correlation between oxidant stress and collagen I/111 protein synthesis via
TGF-B in pulmonary endothelial cells in vitro (5), or upregulated endothelial mesenchymal
transition (EndMT) in subpopulations of cells in remodeled PAH vessels in vivo (6).
However, transgenic experimental PAH models or PAH patients harboring germline
mutations that exaggerate TGF-p signaling express an angioproliferative-dominant
phenotype with inconsistent vascular fibrosis patterns (7). Collectively, these data suggest
there may be alternative or parallel redox-sensitive molecular mechanisms in endothelial
cells that contribute to fibrosis in PAH.

In PAH patients, overactivation of the renin-angiotensin axis is associated with elevated
concentrations of the mineralocorticoid hormone aldosterone (ALDO) (8), which correlate
positively with hemodynamic measures of vascular remodeling (9). Pathophysiological
aldosterone concentrations observed in PAH are sufficient to perturb the normal redox
potential of cultured pulmonary artery endothelial cells by direct activation of the reactive
oxygen species generating enzyme NOX4 (10). However, stimulation of the
mineralocorticoid receptor by ALDO is implicated in both adaptive wound healing in skin
and pathogenic vascular fibrosis in PAH (5, 11). This observation suggests that there is
substantial overlap among ALDO signaling pathways irrespective of fibrosis subtype. To
address this knowledge gap, we hypothesized that applying Bayesian (conditional
probability) analytical methods to ALDO gene targets segregated by distinct fibrosis
functionalities would enable the discovery of unknown PAH-specific fibrogenic
mechanisms, which may be independent of TGF-p signaling.

NEDD9 is a critical network node distinguishing fibrosis subtypes

Network medicine is an analytical approach to studying the relationships among molecular
interactions that may be important in diseases, and was used in this study to identify critical
genes regulated by ALDO that account for protein-protein connectivity involving adaptive
and pathogenic fibrosis phenotypes. Fibrosis seed genes that are focused on interactions
associated with dermal (adaptive) fibrosis and vascular (pathogenic) fibrosis were selected
from GeneCards. Because of our focus on PAH as a human disease correlate to these in
silico analyses, we excluded genes that were associated with lung fibrosis in particular (n=
362) to avoid studying pathways relevant to idiopathic pulmonary fibrosis or other fibrotic
parenchymal lung diseases (Fig. 1A). The gene products (proteins) of the remaining fibrosis
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genes were mapped to the consolidated human protein-protein interactome (CHI) (12) to
generate a network of fibrosis protein-protein interactions. The resulting fibrosome had 315
proteins nodes and 1,171 interactions (Fig. 1B and expanded view in fig. S1A).

We also incorporated a total of 130 ALDO-regulated genes in human vascular endothelial
cells expressing the mineralocorticoid receptor (13). Thus, the proteins corresponding to 246
adaptive fibrosis genes, 236 pathogenic fibrosis genes, and 86 ALDO-regulated genes in
total were mapped to the CHI. Compiling the fibrosis and ALDO-regulated gene products
generated a subnetwork, the ALDO-fibrosome, that included 348 protein nodes and 1,236
interactions (fig. S1B). To emphasize the connectivity involving ALDO-regulated genes, the
ALDO-fibrosome network was modified to exclude the connections between fibrosis nodes
exclusively (Fig. 1C and expanded view in fig. S1C).

Next, betweenness centrality (BC) was used to focus on pathways regulated by ALDO that
are likely to perform a critical function in the fibrosis phenotype transition, and, thus, permit
identification of critical nodes distinguishing adaptive from pathogenic fibrosis in silico.
Using this approach, neural precursor cell expressed developmentally down-regulated 9
(NEDD?9) emerged from our analysis. Specifically, NEDD9 was assigned a top BC score (P
= 0.004 versus other ALDO-regulated genes; P= 7.5 x 10~/ versus random network) (Fig.
1D). Of the proteins with high BC scores, NEDD9 was selected for further analysis based on
its previously reported role in clinical phenotypes that overlap with PAH, such as connective
tissue disease (14), converging lines of evidence in tumorigenic cells lines that have
indirectly implicated negative regulation of NEDD9 by SMAD3 via proteolytic degradation
(15), and lack of data on the role of NEDD9 in primary cardiopulmonary diseases.

NEDD9-Cys18 regulates NEDD9-SMAD3 binding in vitro

Oxidative modification of Src Homology (SH) domain cysteinyl thiols has been shown to
regulate linkage between Crk-associated substrate (Cas) proteins and binding partners (16).
We used computational analyses to predict that among 10 protein cysteinyl thiols, Cys18 in
the NEDD9 SH3 domain is the most prone to react with an oxidant based on the pKa (6.65)
and accessible surface area (17.5 A2) of its sulfur atom (fig. S2A). Using microscale
thermophoresis, co-incubation of purified human wild type (WT) NEDD9 and SMAD3 with
hydrogen peroxide (H,05) (500 uM) diminished WT-NEDD9-SMAD3 binding, whereas a
mutant NEDD?9 containing an alanine-for-cysteine substitution at position 18 (NEDD9-
C18A) did not show impaired protein-protein interactions with SMAD3 (Fig. 2A,B).
Directionally similar effects were observed by oxidant stress on NEDD9-SMAD3 binding in
COS-7 cells transfected with cDNA coding SMAD3 and WT-NEDD9 or NEDD9-C18A
(Fig. 2C and fig. S2B,C).

We confirmed that H,O» treatment oxidatively modified NEDD9-Cys18 to sulfonic acid
(SO3H) by in-tandem liquid chromatography-mass spectrometry (LC-MS) (Fig. 2D).
Lysates from human pulmonary artery endothelial cells (HPAECS) treated with ALDO,
which stimulates NOX4 to increase reactive oxygen species accumulation (10), or H,O5,
demonstrated increased NEDD9-SOH by 56% (P < 0.02) and 106% (~P = 0.026),
respectively. Furthermore, NEDD9-SOH induced by ALDO or H,0, was associated with a
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decrease in SMAD3 binding to NEDD?9 by 66% (= 0.04) and 54% (P < 0.02), respectively
(Fig. 2E).

Decreased NEDD9-SMAD3 binding promotes NEDD9-dependent fibrosis

Treatment with ALDO or hypoxia (FiO, 2%), which has been shown previously to induce
ALDO synthesis in HPAECs (5), increased NEDD9 expression (Fig. 3A). We also observed
no significant effect by ALDO on NEDD9 mRNA expression in HPAECs (P = 0.43, fig.
S3A), providing further evidence in favor of posttranscriptional regulation of NEDD9 by
oxidant stress. Treatment with spironolactone decreased NEDD9 in ALDO- and hypoxia-
treated HPAECs by 44% (P < 0.04) and 42% (P = 0.03), respectively, indicating that
upregulation of NEDD9 by ALDO involves mineralocorticoid receptor signaling. Although
TGF-B-RII is a downstream target of ALDO reported previously to regulate NEDD9 in
epithelial cancer cell lines (15), pre-treatment with a TGF-B—1/3 ligand trap to inhibit
bioactive TGF-B did not affect NEDD9 expression significantly in ALDO-treated HPAECs
(P=0.60) (Fig. 3B). However, a time-dependent effect on NEDD9 accumulation was
observed by the proteasome inhibitor MG-132 or by H»0> (fig. S3B,C), and combining
these treatments increased NEDD9 expression maximally (Fig. 3C). By contrast, ALDO or
hypoxia did not affect NEDD9 in dermal microvascular endothelial cells, dermal fibroblasts,
or keloid fibroblasts, which are cell types associated with adaptive fibrosis and excessive,
benign fibroblast proliferation, respectively, or in other cell types associated with arterial
remodeling (fig. S4AA-F).

We next aimed to validate our network findings suggesting that NEDD9 regulation by
ALDO is important in vascular fibrosis. RNASEQ next generation sequencing was
performed on RNA isolated from ALDO-treated HPAECs that were transfected with SIRNA
to NEDD9 (si-NEDD?9) or untransfected (fig. S5A,B and data file S1). Compared to
untransfected cells, si-NEDD?9 decreased expression of various genes implicated in collagen
synthesis, matrix remodeling, or PAH, including COL1A1,2and BMPR1A (table S1).
RNASEQ also showed that mMRNA transcript quantity of collagen 111, which is the principal
fibril-forming collagen in cardiovascular disease, was increased significantly in HPAECs
treated with ALDO compared to vehicle control (Fold change [FC] = +2.47, n= 3-6
samples from female and male donors, multiple-test corrected Pvalue, False discovery rate
[FDR] = 0.016, 2=10.001) (data file S2). However, this effect was inhibited by transfection
with si-NEDD9 (FC = +1.78 in si-NEDD9+ALDO versus vehicle, 7= 3-6 samples from
female and male donors, multiple-test corrected Pvalue, FDR = 0.250, £=0.07) (data file
S3).

The transcription factor Nk2 homeobox 5 (NKX2-5) is predicted to target COL3A1, and we
observed NEDD9 expression in the nucleus of HPAECs with or without ALDO treatment,
and in the nucleus of HPAECs isolated from PAH patients (PAH-HPAECS) (fig. S5C,D and
Movie S1-3). ALDO increased nuclear colocalization (fig. S6A) and co-
immunoprecipitation of NKX2-5 with NEDD?9 (Fig. 3D). We also observed an inverse
relationship between amount of the NEDD9-SMAD3 complex and NEDD9-NKX2-5
complex (r=-0.91, £<0.01), as well as a positive correlation between amount of NEDD9
and the NEDD9-NKX2-5 complex (r= +0.86, £=0.03) (fig. S6B). These findings were
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consistent with our observation that si-NEDD9 decreased NKX2-5 without significantly
influencing SMAD3 expression (P= 0.75) (fig. S6C), and, overall, show that impaired
SMAD3 association with NEDD9 promotes NEDD9 stability, which, in turn, permits greater
NEDD9-NKX2-5 interaction. Transfection with si-SMAD3 (fig. S6D) increased NEDD9-
NKX2-5 co-immunoprecipitation under basal conditions and in ALDO-treated HPAECs
(Fig. 3E). ALDO increased NKX2-5 binding to the COL3A1 gene as well as COL3A1
MRNA transcript quantity, which was inhibited significantly by si-NEDD9 (P =0.046) and
si-NKX2-5 (P < 0.001), respectively (Fig. 3F and fig. S6E,F).

We next analyzed the functional consequences of increased NEDD9 on COL3AI gene
transcription in ALDO-treated HPAECs. Molecular inhibition of NEDD?9 attenuated the
ALDO-induced increased collagen 111 expression, matrix metalloproteinase-2 proteolytic
activity, 3-dimensional collagen matrigel contraction, and cell stiffness (Fig. 3G-J). In
contrast, overexpression of NEDD9 correlated positively with collagen I11 expression in
HPAEC:s (fig. S7A). Pro-fibrotic changes to HPAECs by ALDO (fig. S7B) included a
distinctive “net” pattern of collagen stranding in HPAECs that was not evident in human
pulmonary artery smooth muscle cells (HPASMCs) or normal human lung fibroblasts
(NHLFs) (fig. S7C). In addition, an ALDO-induced fibrotic phenotype in HPAECs was
observed without differences in expression of von Willebrand factor (VWF), vascular
endothelial cadherin (VE-cadherin), platelet endothelial cell adhesion molecule-1
(PECAM-1), or the EndMT markers twist-related protein 1 (TWIST) and a-smooth muscle
actin (SMA) (fig. S7C,D).

NEDD9 is increased and co-localizes with collagen Il in PAH-HPAECs

To determine the relevance of our in silico and in vitro findings to PAH in vivo, we analyzed
NEDD?9 and collagen Il expression in remodeled pulmonary arterioles from PAH patients
and animal models characterized by ALDO, overactivation of TGF-f signaling, or vascular
reactive oxygen species accumulation (10, 17, 18). We observed an increase in NEDD9,
collagen 111, and NEDD9-collagen 111 co-localization in lung tissue from IL-6(TG+) PAH
and Schistosoma mansoni-PAH mice; SU-5416/Hypoxia-PAH and monocrotaline (MCT)-
PAH rats; and from patients with PAH (Fig. 4A and fig. S8).

Compared to control, we also observed a significant increase in NEDD9-positivity in PAH-
HPAECSs (P < 0.001) (Fig. 4B), which included NEDD9 expression in the nucleus of cells
(fig. S5D and Movie S3), and correlated positively with collagen Il quantity measured by
volumetric analysis (r = +0.78, = 0.02) (fig. S8C). Compared to control, PAH-HPAECs
expressed significantly higher concentrations of the NEDD9-NKX2-5 complex (£ < 0.02)
and lower concentrations of the NEDD9-SMAD3 complex (P=0.04) (Fig. 4B), providing a
translational correlate to our data implicating endothelial NKX2-5-COL3A1 signaling. This
conclusion was supported further by findings in situ demonstrating increased collagen 111 co-
localization with VWF-positive cells in remodeled arterioles from PAH patients compared to
controls (Fig. 4C). Furthermore, oxidative modification of NEDD9-Cys18 to cysteinyl
sulfonic acid was confirmed by LC-MS in PAH-HPAECS in the absence of exogenous
oxidant stress (fig. S9). Although our observations in vitro demonstrated that upregulation of
NEDD?9-collagen 111 was specific to HPAECs, immunohistochemical studies showed
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increased NEDD?9 expression globally in remodeled pulmonary arterioles from PAH
patients, which was not evident in specimens from idiopathic pulmonary fibrosis and
malignancy patients or healthy control (fig. S10).

HPAEC-derived exosomes regulate NEDD9 in pro-fibrotic vascular cells

Our findings in PAH patients suggest diffuse upregulation of NEDD? in fibrotic pulmonary
arterioles; however, ALDO did not increase NEDD9 expression in HPASMCs or other
fibrogenic vascular cell types in vitro. Therefore, we explored the possibility that treating
HPAECSs with ALDO induces NEDD9 expression in HPASMCs through a mechanism
involving paracrine signaling. In a co-culture system where HPAECs were grown on the
upper position of the co-culture apparatus insert plate, NEDD9 expression was analyzed in
HPASMCs. ALDO increased NEDD9 expression by 1.9-fold (P= 0.02) and 2.0-fold (P=
0.01) when HPASMCs were co-cultured with HPAECs (Fig. 5A).

We next explored exosome-mediated crosstalk between cells as a mechanism by which to
account for this effect, and observed co-localization of the exosome marker CD9 with
NEDD?9 (fig. S11A) and NEDD9 with DAPI staining in HPASMCs and NHLFs treated with
exosomes from ALDO-treated HPAECs (exo-ALDO-HPAEC) (fig. S11B). Compared to
untreated cells or exosomes from vehicle-treated HPAECs, NEDD9 positivity was increased
significantly in HPASMCs, NHLFs, or dermal fibroblasts from systemic sclerosis patients
treated with exo-ALDO-HPAEC (P < 0.03 for all comparisons) (Fig. 5B,C). In HPASMCs,
exo-ALDO-HPAEC increased collagen | expression significantly (P< 0.02) (Fig. 5D).
However, this effect was not mediated by TGF-B; compared to exosomes from HPAECs
treated with vehicle, no significant changes in TGF-p large latent complex (TGF-B-LLC)
expression were observed in exo-ALDO-HPAECs (P=0.16) (Fig. 5E), nor was there
evidence of endothelial NEDD9 release into the culture medium of vehicle- or ALDO-
treated cells by LC-MS (fig. S12).

Inhibition of NEDD9 prevents PAH in vivo

We next tested whether NEDD9 is a target by which to modulate pulmonary arterial fibrosis
and improve pulmonary hypertension in PAH in vivo. NEDD9-deficient transgenic mice
(fig. S13A) were studied using the SU-5416/Hypoxia model of PAH, which among murine
models is characterized by severe vascular fibrosis. Compared to WT-SU-5416/Hypoxia, we
found that NEDD9*/~-SU-5416/Hypoxia and NEDD9~/~-SU-5416/Hypoxia mice had
decreased right ventricular systolic pressure (RVSP) by cardiac catheterization (38.4 + 2.9
versus 31.1 + 0.9 versus 28.9 + 1.1 mmHg, £< 0.001) and RV mass by Fulton index (0.37
+ 0.01 versus 0.31 + 0.02 versus 0.28 + 0.02 g, A< 0.001), which corresponded to a
decrease in endothelial collagen 111 expression and pulmonary arterial collagen burden (Fig.
6A,B). Overall, we observed strong correlation between pulmonary arterial collagen level
and RVSP (r= +0.98, P< 107°) (fig. S13B), implicating NEDD9-dependent fibrosis as a key
determinant of pulmonary hypertension in this model of PAH.

We next studied MCT-PAH rats owing to prior reports showing ALDO, increased oxidant
stress, substantial pulmonary vascular fibrosis in this model (5). Proximity ligation assay
demonstrated elimination of the physical association of NEDD9 with SMAD3 in remodeled
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pulmonary arterioles of MCT-PAH rats compared to controls (fig. S13C). Staramine-mPEG
(19) labeled with si-NEDD9 decreased NEDD9 and collagen 111 expression in PAECs from
MCT-PAH rats (Fig. 6C). This treatment prevented hypertrophic remodeling and fibrillar
collagen deposition in distal pulmonary arterioles assessed by anti-a-SMA
immunohistochemistry, Picrosirius Red staining, and Gomori Trichrome staining (Fig. 6D
and fig. S13D,E).

The favorable effects of NEDD9 inhibition on vascular remodeling in MCT-PAH normalized
RVSP (80 £ 9 versus 28 + 3 mmHg, £< 0.001), indexed pulmonary vascular resistance (7.3
+ 2.3 versus 1.8 + 0.3 Wood units, A= 0.02) (Fig. 6E), and RV-pulmonary arterial coupling
(1.6 £ 0.2 versus 0.6 + 0.02 Ees/Ea, P< 0.01) (Fig. 6F). Taken together, these data
demonstrate that NEDD9 is a modifiable treatment target by which to improve fibrotic
pulmonary vascular remodeling and cardiopulmonary hemodynamics as shown in two
animal models of PAH.

DISCUSSION

From our network analysis emphasizing tissue-specific pathways involved in fibrogenesis,
the Cas protein NEDD9 emerged as a critical node regulating collagen pathogenicity. Redox
regulation of NEDD9 at Cys18 impaired the physical interaction between SMAD3 and
NEDD?9, which in HPAECs stabilized NEDD9 by inhibiting its proteolytic degradation.
Increased bioavailable NEDD9 was not contingent on TGF-f but induced NKX-2-5 binding
to the COL3A1 gene, resulting in pulmonary endothelial fibrosis. Endothelial exosomes
target other pro-fibrotic pulmonary vascular cells to increase NEDD9 and fibrillar collagen,
which is consistent with our finding that NEDD9 expression is increased globally in
remodeled pulmonary arterioles from PAH patients. Genetic ablation or molecular inhibition
of NEDD9 decreased pulmonary vascular fibrosis and improved vascular resistance in
experimental PAH in vivo. Overall, these data demonstrate TGF-B-independent regulation of
collagen synthesis through posttranscriptional oxidative modification of NEDD9-Cys18, and
illustrate two endothelium-dependent molecular mechanisms underpinning pulmonary
vascular fibrosis in PAH.

Comparative analyses between fibrosis subtypes using unbiased methods are lacking, despite
substantial overlap among signaling pathways reported to regulate collagen of varying
functionality, tissue involvement, and clinical phenotypes. In this study, we developed an
innovative network strategy in which a unique fibrosome derived from the CHI was
analyzed, using betweenness centrality to identify important pathways regulating the
transition between functionally distinct forms of fibrosis. We found that a series of nodes (of
which we focused on NEDD?9) were transitional between these fibrosis subtypes, which
provides key insight on the alignment between molecular pathways regulating collagen
deposition and collagen function. This result supports a paradigm shift in which disease-
specific mechanisms are emphasized in addition to collagen quantification as key metrics
that are important but underutilized when characterizing fibrosis pathogenicity (20).

There are converging data implicating NEDD?9 in the biology of solid tumors (21-22) and
proliferative rheumatoid diseases (23), which in malignancy occurs primarily through focal
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adhesion kinase (FAK)-mediated cell-cell adhesion, growth, and metastasis (24). Our
findings expand on these observations by providing a comprehensive analysis of NEDD?9 in
cardiopulmonary disease, and identify NEDD9 as a heretofore-unrecognized mediator of
vascular fibrosis with direct relevance to pulmonary hypertension. Of note, however, our
data diverge from earlier reports in breast cancer cells which suggested bidirectional positive
and negative feedback between TGF-B-R1 and NEDD9 (25). Here we show that oxidation of
NEDD9-Cys18 by ALDO or oxidant stress decreased NEDD9-SMAD3 binding, which
corresponded to impaired NEDD?9 proteolysis and increased NEDD9 accumulation. Thus,
NEDD?9 protein stability, due to its dissociation from SMAD3, regulated the physical
association of NKX2-5 to the COL3A1 gene. NEDD?9 inhibition prevented NKX2-5
binding to the COL3A1 gene and Nxk2-5 inhibition decreased collagen Il mRNA transcript
quantity. This is consistent with data showing NEDD?9 expression in the nucleus: in MCF-7
cultures, the endogenous NEDD?9 fragment p55 localizes to mitotic spindle (26), and in the
current study NEDD? localization to the nucleus was observed in vehicle- and ALDO-
treated HPAECs as well as PAH-HPAEC:s.

These data provide an alternative mechanism which accounts for the variability in fibrosis
observed across PAH subgroups defined commonly by overactivation of TGF-p, including
hereditable PAH from BMPR-2 mutation or Schistosoma mansoni-PAH, which was a model
that was included in the current study. Our findings demonstrate that endothelial exosomes
transduce the remodeling effect of ALDO on different vascular cell types. This, in turn, has
important implications on understanding diffuse patterns of fibrosis in cardiac tissues and
other targets of end-organ damage mediated by ALDO in many cardiopulmonary diseases,
including the pulmonary circulation in PAH (5, 27).

Prior reports have identified vascular smooth muscle cells, adventitial fibroblasts, and
endothelial cells via EndMT in the pathogenesis of vascular fibrosis in PAH (28, 29). Based
on published work indicating that collagen synthesis in stimulated HPAECs occurs at a time
point prior to EndMT onset (5), we focused on alternative (or parallel) mechanisms by
which endothelial cells may contribute to fibrosis in the absence of phenotype switching. In
this study, upregulation of NEDD9 by oxidant stress controlled HPAEC collagen net
formation to increase cell stiffness without altering expression of EndMT proteins. This
finding suggests that endothelial cells are independent contributors to collagen synthesis
resulting in increased cell stiffness through NEDD9, and, thus identifies endothelial fibrosis
as a critical PAH pathophenotype. Furthermore, endothelial exosomes from ALDO-treated
HPAECs increased NEDD?9 and collagen in other cell types associated with vascular
fibrosis, including HPASMCs. This mechanism may also have direct relevance to other pro-
fibrotic cell types, particularly adventitial fibroblasts, which are sensitive to paracrine
signaling and regulate collagen deposition in PAH (30). Further investigations focusing on
endothelial NEDD9 in early-stage disease, which is characterized by increased oxidant
stress, endothelial injury, and vascular fibrosis (31), or as a target of circulating exosomes
are warranted (32).

Epigenetic and post-transcriptional regulation of signaling pathways that control vascular
structure and function are central to PAH (33). In HPAECs, ALDO increases reactive
oxygen species accumulation, including H,O», which is generated via the reduction of
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superoxide anion spontaneously or via superoxide dismutases, or directly through a two-
electron reduction of molecular oxygen catalyzed by NOX4. The sulfur atom of cysteinyl
thiols may react with partially reduced oxygen species to form higher oxidative
intermediaries that modify the conformational structure of proteins, impair G-protein
coupled receptor signaling, or inhibit S-nitrosylation to modulate cardiovascular disease
(34). However, prior reports in PAH have studied thiols with known biofunctionality, and
tested the consequences of thiol oxidation indirectly (10). By contrast, computational
modeling was used in this study to rank thiol reactivity based on pKa and access to oxidative
insults, as predicted when analyzing proteins with NEDD9 structural homology. From this
approach, Cys18 was identified as a redox-sensitive regulatory protein cysteinyl thiol, which
was not based on a priori understanding of thiol biochemistry in NEDD9. Microscale
thermophoresis provided definitive evidence on NEDD9-SMAD3 binding affinity and the
contribution of Cys18 to the dynamics of this protein-protein interaction. Our observations
in HPAECs show a time course-dependent increase in NEDD9 accumulation induced by
H,0, and that oxidation of NEDD9-Cys18 included the formation of cysteine sulfenic acid,
which is a reversible modification. However, further experimentation is needed to determine
if the redox switch at NEDD9-Cys18 is reversible, and if this bears on the therapeutic
relevance of attenuating vascular oxidant stress in PAH.

Characterizing the redox regulation of NEDD9-SMAD3 may be relevant to a range of
functionally essential pathways in PAH, including bone morphogenetic protein receptor-2
(BMPR-2) signaling. Indeed, our findings have implications for hereditary PAH, since
vascular cells expressing a germline mutation in the BMPRZ2 gene are predisposed to both
increased oxidant stress (35) and increased SMAD3 (36). Under these circumstances, two
parallel but independent pro-fibrotic signaling pathways relevant to PAH emerge through: i)
oxidized NEDD9 and ii) increased bioactive SMAD3 that may occur due to the direct effects
of BMPRZ2Z mutation or impaired NEDD9-SMAD3 binding.

Apoptosis resistance, dysregulated cell growth, and unopposed vascular proliferation
contribute to the vasculopathy of PAH (37). Although NEDD9 has been linked to these
processes in other cell types, and its inhibition improved hypertrophic remodeling in
experimental PAH, the direct effect of NEDD9 on mitosis or cell survival was not
investigated specifically in our study. Our data quantifying the ECgn for NEDD9-SMAD3
binding were limited by the maximum concentration of protein tested, and it is also possible
that other NEDDO thiols not analyzed in this study could exert functional effects on
endothelial phenotype. Along these lines, alternative NEDD9-Cys18 post-translational
modifications relevant to ALDO and PAH-HPAEC biology, including via cysteine reactivity
with peroxynitrite and other reactive nitrogen species or formation of S-nitrosothiols, could
affect NEDD9 stability and its bioactivity and merit further investigation.

We focused on NEDD9-dependent signaling involving SMAD3; however, crosstalk between
SMAD3 and other SMAD isoforms, as well as TGF-B-connective tissue growth factor
(CTGF) signaling, have been implicated in the pathobiology of pulmonary vascular fibrosis
and PAH (37). Thus, additional studies in HPAECs are required to understand the effect of
SMAD-SMAD interactions on proteolytic regulation of NEDD9, the effect of impaired
NEDD9-SMAD3 binding on SMAD bioactivity, and NEDD9-independent pathways
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regulating collagen. Further investigation is also needed to clarify the precise mechanism by
which to account for redox regulation of NEDD9 selectively in HPAECs. This finding may
be consistent with variability across cell types reported for intracellular reductive potential
(38), subcellular compartmentalization of proteins (NEDD?9) that affect exposure to oxidants
(39, 40), and signaling responses to ALDO (5).

Although our seed genes were selected from the curated database, it was not possible to
confirm that adaptive fibrosis genes were not also implicated in maladaptive processes, such
as hypertrophic scar. In turn, including such pathways could have affected the validity and
topology of our networks. Additionally, plasma or vascular ALDO concentrations were not
available from the PAH patients, which could affect the translational relevance of our
findings implicating ALDO-NEDD?9-fibrosis signaling in vivo; however, the adverse effects
of oxidant stress in PAH are well established and was a central mechanistic focus of this
study. Experiments analyzing the effect of si-NEDD9 on PAH used a disease prevention
experimental design, and, therefore, the therapeutic implications of our in vivo data require
further investigation.

In summary, we identify NEDD9 as a contributor to pulmonary arterial fibrosis, vascular
remodeling, and pulmonary hypertension in PAH. Our observations illustrate two previously
unrecognized mechanisms underpinning endothelial regulation of vascular fibrosis:
oxidative modification of NEDD9-Cys18 to increase COL3A1 gene transcription in
HPAECs and paracrine signaling mediated by HPAEC-exosomes to increase fibrillar
collagen expression in pro-fibrotic target cells. Our findings on NEDD9-SMAD3 binding
affinity also suggest that opportunity may exist to maintain normal NEDD?9 proteolysis by
inhibiting Cys18 oxidation and prevent fibrotic vascular remodeling. Collectively, these data
suggest that NEDD9 mediates fibrotic vascular remodeling with potential therapeutic
relevance for PAH patients.

MATERIALS AND METHODS
Study design

We hypothesized that systems biology could be used to identify disease-specific mechanisms
underpinning pathogenic fibrosis, including vascular fibrotic remodeling in PAH. All data
included in the manuscript were reproduced across multiple iterations of the same
experiment, which were often performed on different days, replicated by different
investigators involved in the project, and confirmed using multiple approaches. Cell culture
experiments were performed at least 3 times, and at least in triplicate for each replicate when
possible. For studies involving rats and mice, animals were randomly assigned to a treatment
intervention. Power calculations for these studies were performed based on prior work (10,
17, 19). The number of animals needed in each treatment group was calculated to detect a
40% difference in pulmonary pressures with a 5% a-error and 80% power was used for
performing experiments. For experiments involving human lung tissue, the number of
samples included in each experiment was based largely on availability. Once conditions for
an experiment were optimized, all data were included in the absence of a specific technical
or procedural reason that confounded interpretation of a finding or if data met the pre-
specified, standard outlier definition of |£| 2-S.D. of the mean. When possible for
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experiments involving biochemistry, cell biology, and other in vitro assays, the senior author
(B.A.M.) and other senior investigators (J.A.L.) involved in the project were blinded to the
treatment conditions for initial data review/interpretation. A similar policy was used for
blinding with respect to animal experiments; however, owing to the severity of vascular
remodeling and pulmonary hypertension in experimental PAH and patients with PAH this
was not possible uniformly.

Human lung samples

The experimental protocol included only discarded lung samples and was approved by the
institutional review board at Brigham and Women’s Hospital (IRB# 2015P001526;
2011P002419; 2001P000876) and Boston Children’s Hospital (IRB# P00010717).
Hematoxylin and eosin, elastin, and Gomori trichrome staining as well immunofluorescence
(described in detail in the Supplementary Materials and Methods) were performed on distal
pulmonary arterioles from formalin-fixed, paraffin-embedded archival lung specimens
acquired by clinical experts in the field that confirmed accurate patient diagnosis as follows:
lung explant for PAH (S.0.V.) or idiopathic pulmonary fibrosis (IPF) (I.0.R.); and, open
lung biopsy to diagnose malignancy (S.0.V.) (table S2). Samples from controls without lung
or pulmonary vascular disease were fully deidentified discarded donor lung samples
provided by the New England Organ Bank (K.J.H.) (table S2).

Animal models of PAH

All animals were handled in accordance with US National Institutes of Health guidelines,
and all procedures were approved by the local committees at Brigham and Women’s
Hospital and the University of Colorado. All animals were fed standard chow. Animal
treatments and analyses were controlled and blinded, whenever possible. Additional details
can be found in the Supplementary Materials and Methods.

Statistical analysis.

All analyses were performed using Origin 9.01, Graphpad Prism v7.03, and Cytoscape 3.5.1.
Data are expressed as mean + S.E.M. Comparison between two groups was performed by
the Student’s unpaired two-tailed t-test. For the analyses involving the proximity ligation
assay and assessment of NEDD?9 versus p130Cas expression using anti-NEDD9 Ab2: a
signal was not detectable in the control group, and, therefore, a one-sample t-test was used to
determine if results for the comparator group were statistically significant. One-way analysis
of variance (ANOVA) was used to examine differences in response to treatments between
groups. An analysis of covariance (ANCOVA) was used to examine differences between
groups and control for the effect of continuous variables. Post-hoc analysis was performed
by the method of Tukey. P< 0.05 was considered significant. For experiments with /7 < 20,
individual data points are presented in the figure or are included in data file S4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Betweenness centrality analysisidentifies NEDD9 as a critical node regulating the
transition between adaptive and pathogenic fibrosis.

(A) Protein-protein interaction network analysis was used to clarify the molecular pathways
that regulate two functionally distinct fibrosis subtypes: adaptive and pathogenic. Genes
related to dermal and vascular fibrosis were collected from the curated literature, focusing
on pulmonary arterial hypertension (PAH) as a human disease correlate to these findings in
silico. Genes specifically associated with lung fibrosis (7 =362) were excluded from the
analysis to limit the probability of analyzing pathways responsible for lung parenchymal
fibrosis rather than pulmonary vascular fibrosis. (B) The gene products (proteins) associated
with adaptive fibrosis (blue), pathogenic fibrosis (red), or both adaptive and pathogenic
fibrosis (blue with red border) were mapped to the consolidated human protein-protein
interactome (12), resulting in the fibrosome. (C) An aldosterone (ALDO)-fibrosome protein-
protein interactome subnetwork resulting from associations involving fibrosis genes
connected to ALDO-regulated genes. Arrow points to the SMAD3 target and Cas protein
NEDD?9. (D) Betweenness centrality (BC), a measure of importance in information transfer
across the network of a node (protein) based on the shortest paths, was used to identify
NEDDS? as a critical node in the phenotype transition from adaptive to pathogenic fibrosis.
BC of an ALDO-regulated gene (&;) in connecting adaptive and pathogenic fibrosis (/ and
F, respectively) is the sum of the fraction of all fibrosis gene pairs’ shortest paths in the
interactome that pass through this ALDO-regulated gene (2 in the interactome, and of(s,4a)
is the number of those shortest paths in the interactome that pass through ALDO-regulated
gene a; The BC score for NEDD9 was ranked 6t of 86 proteins.
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Fig. 2. Oxidation of NEDD9-Cys18 impairs NEDD9-SM AD3 binding.
(A) Hill curves and EC5g values of purified wild type (WT) human NEDD9 (0.06 nM-2

uM) or (B) mutant NEDDS containing a substitution of cysteine for alanine at position 18
(C18A-NEDDS9, 0.03 nM-1 uM), which is resistant to oxidant stress, incubated with
fluorescently labeled SMAD3 (20 nM) in the presence of H,O, (500 UM, 20 min). Data are
expressed as ECsg £ ECsq confidence interval. 7 =2. (C) Immunoprecipitation of COS-7
cells transfected with human DNA coding SMAD3 and WT-NEDD?9 or C18A-NEDD?9 after
treatment with vehicle (V) control, which in this experiment was phosphate-buffered saline,
or H,0, (500 uM) for 5 min. NEDD9-SMAD3 binding was calculated by comparing the
densitometry ratio of SMAD3 to NEDD9 assessed by immunoblot. Data are from
representative immunablots and expressed as the ratio of SMAD3/NEDDS9 in densitometry
arbitrary units (a.u.). Means £ SE, n= 3-4, Student’s unpaired two-tailed #test. (D) In-gel
trypsin digestion on NEDD9 immunoprecipitated from human pulmonary artery endothelial
cells (HPAECs) treated with HoO5 (250 uM) for 20 min. Arrow, doubly charged y8 ion
corresponding to NEDD9-Cys18 with the addition of three oxygens (-SO3H) at retention
time of 77.3 min and m/zvalue of 944.425 (n =3). (E) Immunoprecipitation of NEDD9
from HPAECs treated with vehicle (V) control (DMSO 10~7 mol/L), H,05 (250 uM) for 20
min, or aldosterone (ALDO) (10~7 mol/L) for 24 hr. Immunoblotting used an antibody
against dimedone, detected upon reaction with cysteine sulfenic acid (R-SOH). Data from
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representative immunoblots expressed as the ratio of oxidized NEDD9 (NEDD9-SOH)/
NEDD9 and the ratio of SMAD3/NEDD9-SOH in a.u.. Means + SE, n= 3, Student’s
unpaired two-tailed #test. (C-E) Representative immunoblots and spectra are shown. MS,
in-tandem liquid chromatography-mass spectrometry; m/z, mass/charge; 1B, immunoblot; IP,
immunoprecipitation.
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Fig. 3. NEDD9 modulates pulmonary endothelial cell collagen synthesisand fibrosis.
(A) Immunoblot and quantitation in densitometry arbitrary units (a.u.) of NEDD9 form

human pulmonary artery endothelial cells (HPAECS) treated with vehicle (V) control,
aldosterone (ALDO) (10~7 mol/L) for 24 hr, spironolactone (SP) (10 pM) for 24 hr to inhibit
ALDO-induced oxidant stress, or hypoxia (FiO5 0.2%) for 24 hr. Means + SE, 7= 3, one-
way ANOVA and Tukey’s multiple comparisons. The orientation of the hypoxia samples
was adjusted for consistency with ALDO samples; however, all bands are from the same
blot. (B) NEDDS expression in HPAECs treated with the pan-TGF-p ligand neutralizing
antibody TGF-BRII-FC (2.3 pg/mL) for 24 hr prior to treatment with ALDO (10~ mol/L)
for 24 hr. Means + SE, 7= 3, Student’s unpaired two-tailed #test. (C) NEDD9 expression in
HPAECs pre-treated with the proteasome inhibitor MG-132 (50 uM) for 0—4 hr prior to
H,0, (250 pM) for 20 min. Means + SE, n= 3, Student’s unpaired two-tailed #test. The
orientation of the si-Scr and si-NEDD9 samples was adjusted for consistency; however, all
bands are from the same blot. (D) Co-immunoprecipitation and quantitation for NEDD9 and
the COL3A1-targeting transcription factor NKX2-5 from HPAECs incubated with vehicle
or ALDO (107 mol/L) for 24 hr. Means + SE, 7= 3, Student’s unpaired two-tailed #test. In
(E), HPAECSs were transfected with si-RNA to SMAD3 (si-SMAD3) and the ratio of
NKX2-5/NEDD? is presented in a.u.. Means + SE, 7= 3, one-way ANOVA and Tukey’s
multiple comparisons. (F) Chromatin immunoprecipitation of cell lysates using an anti-
histone H3 antibody (positive control), immunobeads (negative control), and an anti-NKX2—
5 antibody was followed by polymerase chain reaction amplification of the Co/3A1 region
containing the NKX2-5 binding site. Data were normalized to positive control and
expressed as fold-change for NKX2-5 over negative control. Means = SE, = 3, one-way
ANOVA and Tukey’s multiple comparisons. (G) MMP-2 proteolytic activity by SDS-PAGE
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zymography, collagen 111 (Col 111) expression, and quantitation. (N9, NEDD?9); (H) images
and quantitation of 3-D collagen Matrigel contraction (scale bar = 17.4 mm); (1) images and
quantitation of collagen fiber content area in um? (scale bar = 100 um); and (J) stiffness
assessed by atomic force microscopy from HPAECs transfected with si-NEDD? or si-
scrambled (negative) control (si-Scr) and treated with ALDO (10~7 mol/L) for 24 hr. (G-J)
Means + SE, n= 3-6, one-way ANOVA and Tukey’s multiple comparisons. *£< 0.05
versus V; **P < 0.05 versus ALDO. (A-l) Representative immunoblots, gels, and
micrographs shown. MMP, matrix metalloproteinase; Un, untreated.
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Fig. 4. Pulmonary endothelial NEDD9-collagen |11 isincreased in PAH in vivo.
(A) Immunofluorescence for NEDD9 and collagen Il in tissue sections from animal models

of PAH [IL-6 TG+ (n=4), Schisto (n=4), SU-5416/Hypoxia (7 =5), MCT (n =5)] and
PAH patients (7= 9). Samples from control mice (n7=4) and rats (r7=5), and donor tissue
from non-diseased control patients (7= 5) were used for comparison. Insets are merged
images for DAPI (blue) and NEDD?9 (green) to show nuclear NEDD9 expression;
representative images from samples within each condition are provided. Colocalization of
collagen 111 and NEDD?9 is expressed as percent double positive area/sum total area of stain
for each protein in pulmonary arterioles. Means + SE, Student’s unpaired two-tailed #test.
(B) Immunofluorescence for collagen 111 and NEDD9 in human pulmonary artery
endothelial cells (HPAECs) isolated from PAH patients (PAH-HPAEC). Number of
NEDD9+ cells per high powered field is quantitated. Co-immunoprecipitation of NEDD9
and NKX2-5 and immunoblot of NEDD9 and SMAD3, with quantitation in densitometry
arbitrary units (a.u.). Means + SE, n= 3-6/group. Student’s unpaired two-tailed #test. (C)
Collagen I11-vWF co-localization in remodeled PAH pulmonary arterioles, expressed as
percent double positive area/sum total area of stain for each protein in pulmonary arterioles.
Means + SE, 7= 3-5/group, Student’s unpaired two-tailed #test. IP, immunoprecipitation;
IB, immunoblot; vVWF, Von Willebrand Factor; PAH, pulmonary arterial hypertension; h.p.f.,
high powered field (200x). Scale bar = 50 pm, Inset scale bar = 4 um. Representative
micrographs and immunoblots shown.
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Fig. 5. Exosomes from AL DO-treated HPAECsincrease NEDD9 and fibrillar collagen in
HPASMC:s.

(A) Schematic of culture conditions and representative immunoblots of NEDD9 from human
pulmonary artery smooth muscle cells (HPASMCs) co-cultured with human pulmonary
artery endothelial cell (HPAECs), treated with aldosterone (ALDO) (10~7 mol/L) for 24 hr.
Data are expressed as densitometry arbitrary units (a.u.). Means £ SE, n= 3, one-way
ANOVA and Tukey’s multiple comparisons. (B) Quantification of NEDD9 positivity in
HPASMCs, normal human lung fibroblasts (NHLFs), and dermal fibroblasts from patients
with systemic sclerosis without PAH (SSc-DFBs) that were untreated (Un) or treated with
exosomes isolated from vehicle (V) (DMSO 10~/ mol/L)-treated or aldosterone (ALDO)
(10~ mol/L)-treated HPAECs. Data are expressed as % of cells that were NEDD9+ per
h.p.f. (200x) (white arrows). exo-HPAEC, exosomes isolated from HPAECs. Inset,
representative NEDD9+ cell. Means £ SE, n = 3-4, one-way ANOVA and Tukey’s multiple
comparisons. Scale bar = 100 pm for representative micrographs, scale bar for inset=10 um.
*P < 0.01 versus NHLF exo-HPAEC ALDO; **P< 0.001 versus HPASMC Un. (C)
Colocalization of NEDD?9 and collagen 111 in the perinuclear regions of cells undergoing
mitotic division in HPASMCs and NHLFs treated with exosomes from ALDO-treated
HPAECs (exo-ALDO-HPAEC). n= 3. Scale bar = 20 um. (D) Immunoblot of NEDD9 and
collagen | in HPASMCs treated with exo-ALDO-HPAEC. Data are expressed in
densitometry a.u.. Means + SE, n= 4 for NEDD9; n = 4 for collagen I, Student’s unpaired
two-tailed #test. (E) Representative immunoblots of exosomal TGF-B-LAP (TGF-p latent
complex) secreted by HPAECs treated with \V control and ALDO (10~7 mol/L) for 24 hr.
Means + SE, 7= 3. Student’s unpaired two-tailed #test.
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Fig. 6. Gene ablation or molecular inhibition of NEDD9 prevented vascular fibrosisand PAH in
vivo.

(A) Right ventricular systolic pressure (RVSP) and RV mass by Fulton index (RV/LV + S) in
male and female C57BL (WT), C57BL/NEDD9*/~, and C57BL/NEDD9~/~ mice injected
with Sugen-5416 (20 mg/kg) every 7 days during a 3-week period of hypoxia treatment
(FiO, 10%). Means * SE, 7= 6-9 mice/condition for RVSP, n=5-10 mice/condition for
heart weight, one-way ANOVA and Tukey’s multiple comparisons. (B) Representative
images of Gomori trichrome staining to assess vascular fibrosis burden and vWF-collagen
I11 colocalization, expressed as percent double positive area/sum total area of stain for each
protein, of pulmonary arterioles (20-50 um in diameter, adjacent to terminal bronchiole)
from WT, NEDD9*/~, and NEDD9™~ mice treated with or without SU-5416/Hypoxia.
Means + SE, n=6-10 mice/condition for trichrome; n= 4-7 mice/condition for vVWF-
collagen 111, one-way ANOVA and Tukey’s multiple comparisons. Scale bar = 50 um. Col
I11, collagen 111. (C) NEDD9-collagen 11l and NEDD9-VWF colocalization in lung tissue
from male Sprague Dawley rats administrated monocrotaline (MCT) (50 mg/kg) and treated
with Staramine-mPEG (1.5 mg/kg) formulated with NEDD9 siRNA (si-NEDD9). Means +
SE, n=4-5 rats/condition, one-way ANOVA and Tukey’s multiple comparisons Scale bar =
50 pm. (D) The number of hypertrophic vessels/high powered field (red arrow) and percent
vascular fibrillar collagen in paraffin-embedded lung sections was analyzed using anti-a.-
smooth muscle actin (SMA) immunohistochemistry and Picrosirius Red staining,
respectively, from vehicle-, MCT-, and MCT + si-NEDD9-treated rats. Means + SE, /7= 4-5
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rats/condition, one-way ANOVA and Tukey’s multiple comparisons. Scale bar = 100 pym.
Inset, representative hypertrophic vessel magnified, scale bar = 50 um. (E) Table of
phenotypic changes in V, MCT, and MCT + si-NEDD9-treated rats. Means + SE, n=5-7
rats/condition. P values in column represent one-way ANOVA. *P < 0.05 versus V, **P<
0.001 versus MCT; ***P=0.02 versus MCT by Tukey’s multiple comparisons. (F)
Representative RV pressure-volume loops are show to quantify RV-pulmonary artery
coupling, assessed by the ratio of end-systolic elastance (Ees)/pulmonary vascular elastance
(Ea) in MCT and MCT + si-NEDD9-treated rats. Means = SE, 7= 3 rats/condition,
Student’s unpaired two-tailed #test. h.p.f, high power fields (200x). N9, NEDD9; HR, heart
rate; MAP, mean arterial pressure; RAP, right atrial pressure; Cl, cardiac index; CO, cardiac
output, indexed pulmonary vascular resistance (PVRI) in Wood units.
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