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Abstract

Pulmonary arterial hypertension (PAH) is an incurable disease
characterized by disordered and dysfunctional angiogenesis
leading to small-vessel loss and an obliterative vasculopathy. The
pathogenesis of PAH is not fully understood, butmultiple studies
have demonstrated links between elevated angiostatic factors,
disease severity, and adverse clinical outcomes. ES (endostatin),
one such circulating angiostatic peptide, is the cleavage product
of the proteoglycan COL18A1 (collagen a1[XVIII] chain).
Elevated serum ES is associated with increased mortality and
disease severity in PAH. A nonsynonymous variant of ES
(aspartic acid–to-asparagine substitution at amino acid 104;
p.D104N) is associated with differences in PAH survival.
Although COL18A1/ES expression is markedly increased in
remodeled pulmonary vessels in PAH, the impact of ES on
pulmonary endothelial cell (PEC) biology and molecular
contributions to PAH severity remain undetermined. In the
present study, we characterized the effects of exogenous ES on
human PEC biology and signaling. We demonstrated that ES
inhibits PEC migration, proliferation, and cell survival, with
significant differences between human variants, indicating that
they are functional genetic variants. ES promotes proteasome-
mediated degradation of the transcriptional repressor ID1,
increasing expression and release of TSP-1 (thrombospondin 1).

ES inhibits PEC migration via an ID1/TSP-1/CD36-dependent
pathway, in contrast to proliferation and apoptosis, which
require both CD36 and CD47. Collectively, the data implicate
ES as a novel negative regulator of ID1 and an upstream
propagator of an angiostatic signal cascade converging on CD36
and CD47, providing insight into the cellular and molecular
effects of a functional genetic variant linked to altered outcomes
in PAH.
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Clinical Relevance

The molecular and genetic determinants of disease
heterogeneity in pulmonary arterial hypertension are
incompletely defined. This study provides additional evidence
that endostatin is a novel negative regulator of ID1 and an
upstream propagator of an angiostatic signal cascade
converging on CD36 and CD47. In addition, it provides insight
into the cellular and molecular effects of a functional genetic
variant linked to altered outcomes in pulmonary arterial
hypertension.
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Pulmonary arterial hypertension (PAH) is
a disease of the pulmonary vasculature
with diverse etiologies. Although the
pathogenesis of PAH is complex and
multifactorial, it is clear that pulmonary
endothelial cell (PEC) dysfunction is a
central feature of the disease (1). The
mechanism(s) responsible for initiating and
propagating PEC dysfunction in PAH have
not been fully elucidated. A leading
hypothesis in the field is that PEC
dysfunction and apoptosis are sentinel
events in PAH-associated vascular
remodeling. A number of the stimuli
linked to the development of disease,
including shear stress, hypoxia, infection,
autoimmunity, and genetic susceptibility,
promote PEC injury leading to activation
and apoptosis (2). Robust preclinical
models of PAH are characterized by
widespread PEC apoptosis, which is
necessary for subsequent disease
development (3, 4). Inactivating
mutations in the bone morphogenetic
protein (BMP) receptor type II (BMPR2)
found in familial PAH promote PEC
apoptosis, and, consistent with this
hypothesis, BMP–BMPR2 signaling
promotes PEC survival (5, 6). It is
postulated that PEC apoptosis and
dysfunction destabilize the vascular intima
and thus promote smooth muscle cell
proliferation, perivascular inflammation,
and endothelial–mesenchymal
transdifferentiation (2). Collectively, these
events would give rise to the obliterative
plexiform lesions pathognomonic of
advanced PAH and contribute to the
pathologic signaling milieu characterized by
excess ET-1 (endothelin 1) and insufficient
nitric oxide and prostacyclin (1, 7, 8).

ES (endostatin) is a potent circulating
angiostatic factor derived from the cleavage
of the matrix molecule COL18A1 (collagen
a1[XVIII] chain) localized within the
perivascular space (9). COL18A1/ES
expression is significantly increased in the
intima and media of remodeled vessels in
PAH lungs (10). Elevated circulating ES
concentrations are observed in PAH and
correlate with adverse pulmonary
hemodynamics. In PAH, ES is strongly
associated with increased mortality, making
it a novel prognostic biomarker (11).
Genetic studies in PAH have identified a
nonsynonymous variant of COL18A1
associated with survival differences in PAH,
implicating COL18A1/ES as a genetic
modifier of clinical phenotype and

outcomes (11). ES has dramatic effects on
endothelial cell (EC) gene and protein
expression as well as the capacity to inhibit
EC migration, proliferation, and survival
(12–16). However, the effects of ES on
PECs and the cellular and molecular
impacts of identified nonsynonymous
variants remain unknown.

To further understanding of the role of
ES in disease, we defined the effects of ES on
primary human PECs and assessed the
impact of the genetic polymorphisms. We
hypothesized that COL18A1/ES contributes
to PAH severity via its effects on PEC
biology and that this is modified by the
observed human polymorphism.
Collectively, our findings indicate that ES
acts as a novel negative regulator of ID1, an
established BMP/BMPR2 target, and
propagates angiostatic signaling through
release of TSP-1 (thrombospondin 1).
Clinically relevant genetic polymorphisms
in COL18A1/ES impact the peptide’s
angiostatic properties in PECs, specifically
impacting the antimigratory and
proapoptotic properties of ES. Some of the
results of these studies were previously
reported in the form of abstracts (17, 18).

Methods

Reagents and Cell Lines
Primary human PECs and human lung
microvascular endothelial cells (HLMVECs)
derived from three individual donors (CC-
2530 and CC-2527; Lonza) were maintained
according to the manufacturer’s
recommendations in endothelial cell
growth media 2 (EGM-2) supplemented
with the EGM-2 BulletKit (Lonza). Primary
human pulmonary artery vascular smooth
muscle cells (HPASMCs) (CC-2581; Lonza)
were maintained according to the
manufacturer’s recommendations provided
with the SmGM 2 Smooth Muscle Cell
Growth Medium-2 BulletKit (CC-3182;
Lonza).

Cells were analyzed between passages
5 and 9 and cultured, unless otherwise
indicated, in complete media. Experiments
were conducted in complete media. For each
individual experiment, cells were matched
for donor and passage number. Reagents
used included recombinant human
endostatin (rES) and recombinant human
TSP-1 (R&D Systems) and the proteasome
inhibitor MG132 (Cell Signaling
Technology). Peptides were synthesized as

previously described [(ESD104 99–111
[RIFSFDGKDVLRH] and ESN104 99–111
[RIFSFNGKDVLRH])] (19). The reference
protein sequence of full-length COL18A1
containing variant rs12483377 was
ENST00000359759.8:c.5023G.A
(NP_085059.2:p.Asp1437Asn;
www.ncbi.nlm.nih.gov/clinvar/47079898/).

Duplex RNAs encoding nontargeting
negative control siRNA (ON-TARGETplus,
Non-Targeting Pool) were manufactured by
Dharmacon Inc. The transfection of duplex
RNA was performed using Geneporter B
reagent (Genlantis) according to the
manufacturer’s recommendations, as
previously described (20).

ID1 Adenovirus Overexpression
PECs were infected with ID1 adenovirus or a
null adenovirus (Adeno CMV Null
adenovirus; Applied Biological Materials
Inc.) at a multiplicity of infection of 10.
Twenty-four hours after viral infection,
PECs were treated with the indicated
dose of ES.

Western Blotting
Specific proteins were detected with
the following antibodies: anti-ID1
(Calbioreagents), anti–TSP-1 (Cell
Signaling Technology), anti-CD36
(STEMCELL Technologies), anti-CD47
(Santa Cruz Biotechnology), and antiactin
(horseradish peroxidase conjugated) (Cell
Signaling Technology).

qRT-PCR
The following primers were used for
qRT-PCR: ID1/ID1 (Qiagen), THDS1/TSP-1
(Qiagen), and ACTB/Actin, b (Qiagen).

Proliferation Assay
Proliferation was assessed after 48 hours of
rES exposure. Cells were treated with
fixation/permeabilization concentrate
(Thermo Fisher Scientific), and
permeabilized cells were stained with anti-
Ki67. Flow cytometry was performed with a
FACSAria cell sorter (BD Biosciences) and
analyzed using FlowJo software (FlowJo,
LLC).

Migration Assay
Migration was assessed after 4 hours of rES
exposure via Transwell assay using Corning
Transwell filters (Sigma-Aldrich), and cells
were scraped, fixed, and stained before
counting using Hema 3 Stat Pack (Thermo
Fisher Scientific).
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Apoptosis

Morphology. Apoptotic cells were identified
on the basis of altered nuclear morphology
after staining with Hoechst dye 33342
(Invitrogen) as previously described (21). A
minimum of 300 cells per sample were
evaluated using fluorescence microscopy.
Sample identification was blinded during
both image acquisition and analysis to
minimize the potential for bias.

Annexin 5 assay and caspase 3 activity
flow cytometry. Apoptotic cells were
evaluated using an annexin V–FITC
apoptosis kit (Thermo Fisher Scientific)
with live cells or intracellular staining with
cleaved caspase 3 Alexa Fluor 488 antibody
(R&D Systems).

Statistics
All data are expressed as mean6 SEM.
Comparison of means between two groups
was made using an unpaired Student’s t test
or two-way ANOVA when appropriate.
Differences were considered significant at
P< 0.05. Additional methods are described
in the data supplement.

Results

ES Exposure Inhibits Human PEC
Proliferation and Migration and
Promotes PEC Apoptosis
To determine the cellular and molecular
impact of ES on the pulmonary circulation,
we characterized the effects of rES on
primary human macro- and microvascular
PECs (human pulmonary artery endothelial
cells [HPAECs] and human lung micro-
vascular endothelial cells [HLMVECs],
respectively) and HPASMCs in vitro.
Migration was quantified using Transwell
migration assays. Cells were exposed to rES
for 4 hours. Migration in rES-exposed cells
was normalized to migration in vehicle-
treated cells. Cells exposed to rES
demonstrated a significant dose-dependent
decrease in migration (726 7% reduction
achieved at 1.2 mg/ml) compared with
vehicle-treated HPAECs (Figure 1A). This
dose similarly reduced migration in
HLMVECs by 526 2% (Figure 1A).

Proliferation was quantified using the
proliferative antigen Ki67 and flow
cytometry. PECs were exposed to rES for
48 hours. Treatment with rES resulted in a
significant decrease in proliferation in both
HPAECs and HLMVECs (Figure 1B).

Apoptosis was evaluated using three
complementary assays. First, apoptosis was
quantified by nuclear morphology using
microscopy. PECs were exposed to
increasing concentrations of rES (0.156
mg/ml to 2.5 mg/ml) or vehicle for 24 hours.
Apoptotic cells were identified after
staining with the nuclear dye Hoechst
33342. Treatment of PECs with rES
resulted in a dose-dependent increase in
cell death within 24 hours. The apoptosis
dose–response curve plateaued at 0.6
mg/ml, resulting in a 2.4-fold increase in
apoptosis (176 7% rES vs. 76 1% vehicle)
(Figure E1A in the data supplement).
Subsequent experiments used a dose of
0.6 mg/ml or 1.2 mg/ml as indicated.

Apoptosis was confirmed with two
additional assays. Active caspase 3– and/or
annexin V–positive cells were identified
with flow cytometry when indicated. PECs
were exposed to rES or vehicle for 18 hours.
PEC cultures treated with rES had a
1.7–2.5-fold increase in active caspase 3–
positive cells compared with vehicle-treated
cells (Figure 1C). Similarly, PECs treated
with rES had higher rates of annexin V
positivity than vehicle-treated cells
(16–17% compared with 10%, respectively),
indicating increased rates of apoptosis with
rES exposure (Figure E1B).

ES Antagonizes ID1 to Modify PEC
Biology
Having established that rES alters PEC
phenotype, we evaluated potential
molecular mechanisms. Published
transcriptional profiling of human umbilical
vein endothelial cells treated with ES
suggests that ES can alter mRNA expression
of the ID1 transcript (12). Because ID
proteins have been widely implicated in EC
growth and differentiation, and because the
expression of ID1 is altered in PAH, we
hypothesized that ID1 may be a critical
effector of ES in PECs. PECs were treated
with rES or vehicle, and both mRNA and
protein were assessed. Recombinant ES
promptly reduced ID1 protein expression
in PECs, with greater than 75% reduction
of total cellular ID1 observed within
30 minutes of exposure (Figure 2A). In
contrast to the effects reported in human
umbilical vein endothelial cells, rES did
not decrease ID1 mRNA expression
(Figure 2B), implicating an alternative post-
transcriptional mechanism. We speculated
that rES was acting at the level of protein
turnover, and thus we evaluated the role of

the proteasome in rES-dependent ID1
suppression. Cells were treated with the
proteasome inhibitor MG132 or its carrier
(PBS). Each arm was then challenged with
vehicle or rES. ID1 expression was
stabilized in the presence of MG132, and
rES treatment no longer reduced ID1
expression (Figure 2C). This suggested that
proteasome-mediated degradation was
required for rES-induced reductions in ID1
expression. Together, these observations
indicate that rES altered ID1 expression via
a post-transcriptional, proteasome-
dependent mechanism.

We then evaluated the ability of forced
overexpression of ID1 protein to block rES-
mediated effects on PECs. Adenoviral gene
transduction achieved high levels of ID1
protein expression in PECs (Figure E2A).
PECs transduced with a null adenovirus or
ID1-expressing adenovirus were challenged
with rES or vehicle. Migration and
proliferation were quantified using
Transwell assays and flow cytometry,
respectively. Apoptosis was quantified by
flow for active caspase 3. Basal rates of
apoptosis assessed by activated caspase 3
were decreased by ID1 forced
overexpression (Figure E2B). Forced
overexpression of ID1 completely inhibited
rES-mediated effects on migration,
proliferation, and apoptosis (Figures
2D–2F). Thus, suppression of ID1 is
required for rES-mediated effects on PEC
biology.

TSP-1 Is an Effector of ES Function
Having established that ID1 is an effector of
ES in PECs, we focused on potential
transcriptional targets of ID1. Expression of
THBS1 (thrombospondin 1), the gene
encoding TSP-1, is an angiostatic ID1 target
previously implicated both in preclinical
models of pulmonary hypertension and
in human PAH (22, 23). Thus, we
hypothesized that rES may increase
expression of THBS1/TSP-1. We evaluated
the effects of rES on the THBS1 gene and
protein expression. HPAECs were exposed
to rES or vehicle for 30 minutes to 8 hours,
and total RNA was extracted to analyze
THBS1 mRNA expression by qPCR
(Figure 3A). Recombinant ES increased
THBS1 mRNA 1.8-fold, with a peak change
at 4 hours. A similar increase in THBS1
mRNA expression was observed in
HLMVECs (Figure 3B) after 4 hours of
exposure (4-h time point selected on the
basis of peak effect observed in HPAEC
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time course). Having established that
MG132 prevents rES-mediated suppression
of ID1, we evaluated its impact on
rES-induced changes in THBS1 mRNA.
PECs were treated in the presence of
MG132 or its carrier and challenged with
rES. Total RNA was extracted, and THBS1
mRNA was quantified by qRT-PCR and
expressed relative to baseline
concentrations. In the presence of MG132,
rES treatment failed to increase THBS1
mRNA expression (Figure 3C), suggesting
that suppressing ID1 is necessary for
rES-mediated alterations to THBS1
expression.

At the level of protein expression, total
cell-associated TSP-1 expression did not
significantly change in response to rES
(Figure 3D). In contrast, treatment of PECs
with rES resulted in a 1.7-fold increase in
TSP-1 released from PECs in vitro
(extracellular TSP-1) (Figure 3E). Notably,
with reducing SDS-PAGE, we detected two
motilities for TSP-1 in the extracellular
pool and a single band in cell lysates. The
additional faster-mobility band was unique
to the extracellular pool. The ability of
extracellular proteases to liberate such
smaller bioactive forms of TSP-1 has
previously been described (24).

The induction and release of TSP-1 from
PECs in response to rES suggest that TSP-1
may function to propagate ES-mediated
effects in an autocrine or paracrine manner.
To test this, we first confirmed that primary
PECs were sensitive to exogenous TSP-1
in vitro. PECs were treated with recombinant
TSP-1 (rTSP-1) at increasing doses and
assayed for changes in migration,
proliferation, and survival (data not shown).
To determine if endogenous TSP-1 was an
obligatory downstream effector of rES, we
suppressed TSP-1 using RNA interference.
PECs were transfected with TSP-1 or control
siRNA and challenged with rES or vehicle.
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Figure 1. Endostatin exposure inhibits pulmonary endothelial cell (PEC) proliferation and migration and promotes PEC cell death. Human macrovascular
pulmonary endothelial cells (HPAECs) (left) and human microvascular pulmonary endothelial cells (HLMVECs) (right). (A) PECs were treated with vehicle
or recombinant endostatin (rES) (0.6 mg/ml or 1.2 mg/ml) for 4 hours, after which migration was assessed with a modified Boyden Transwell assay.
Migration Index= normalized number of PECs relative to vehicle-treated arm. (B) PECs treated with vehicle or rES (0.6 mg/ml or 1.2 mg/ml) for 48 hours,
after which proliferative antigen Ki67 was quantified using flow cytometry. Proliferative Index= percentage of Ki67-positive cells normalized to vehicle
control. (C) PECs were exposed to rES for 18 hours, and the percentage of cells staining for active caspase 3 were assessed with flow cytometry.
Apoptosis Index =percentage of caspase 3–positive cells normalized to vehicle control. n=4 per treatment arm. *P< 0.05 compared with vehicle. Data
expressed as mean6SEM.
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TSP-1 siRNA efficiently decreased TSP-1
protein (Figure 4A). TSP-1 deficiency had
no demonstrable effects on basal rates of cell
death, migration, or proliferation (Figure
E3). Migratory, proliferative, and apoptotic
responses of PECs to ES in the setting of
TSP-1 knockdown were analyzed and were
displayed indexed to individual siRNA
control arms to emphasize the role of ES
specifically (Figure 4). Data were also
analyzed to demonstrate control versus
TSP-1 siRNA effect by normalizing only
to control siRNA vehicle-treated cells
(Figure E4). Importantly, TSP-1–deficient
(TSP-1 siRNA) cells were insensitive to
rES-mediated effects on migration,
proliferation, and apoptosis (Figures

4B–4D). TSP-1–deficient PECs were
still sensitive to the proapoptotic and
antimigratory effects of exogenous rTSP-1
(data not shown), providing additional
evidence of specificity.

Receptor Requirements for
ES-mediated Effects on PECs
Given that endogenous TSP-1 is a
downstream effector of rES, we assessed the
role of established TSP-1 cell surface
receptors in the signaling pathways.
Although there are multiple binding
partners for TSP-1, two receptors, CD36 and
CD47, have been linked with TSP-1–
mediated angiostatic activities and
implicated in PAH pathobiology (25). We

evaluated the role of CD36 and CD47 in
PECs individually using RNA interference
(Figure E5). Migratory, proliferative, and
apoptotic responses of PECs to ES in the
setting of receptor siRNA knockdown
were analyzed and were displayed indexed
to individual siRNA control arms to
emphasize the role of ES specifically
(Figure 5). Data were also analyzed to
demonstrate the control versus target
siRNA effect by normalizing to only
control siRNA vehicle-treated cells (Figure
E6). To assess the role of these receptors in
rES-dependent signaling in PECs, control
and receptor-specific siRNA-transfected
PECs were then challenged with vehicle or
rES in vitro. CD36 expression contributes
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Figure 2. Endostatin suppresses ID1 protein expression through a post-transcriptional proteasome-dependent mechanism, and ID1 is necessary for rES-
induced angiostasis. (A) PECs were exposed to rES for an increasing length of time (15–90 min), and total cellular ID1 protein expression was evaluated by
Western blot analysis (WB). WB is representative of several independent experiments. The total number per treatment arm included in the analysis was
between four and nine samples. (B) PECs were exposed to rES (1.2 mg/ml) or vehicle for 30 minutes. RNA was extracted, and ID1 mRNA expression was
assessed relative to ACTB/actin expression with qRT-PCR. (C) PECs were exposed to rES and the proteasome inhibitor MG132 (1 mM) or vehicle for
30 minutes. ID1 protein expression was evaluated with WB analysis. For WB, ID1 expression was quantified by protein densitometry, normalized to actin,
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to rES effects on PEC migration, because
CD36-deficient PECs are resistant to the
antimigratory effects of rES (Figure 5A).
Similar results were observed in
rTSP-1–treated cells (Figure E7A, left).
However, CD47-deficient PECs remained
sensitive to rES (Figure 5B). Thus, CD47 is
not required for rES to inhibit PEC
migration.

Recombinant ES-dependent effects on
proliferation were lost in CD36-deficient
cells (Figure 5C). This indicates that CD36
is required for rES signaling PECs. With
CD47 deficiency, treatment with rTSP-1
failed to inhibit proliferation (Figure E7B,
right), suggesting that CD47 is necessary
for the effects of TSP-1 on PEC
proliferation. Similarly, rES’s ability to

inhibit proliferation was lost in the
absence of CD47 expression (Figure 5D).
Thus, CD47 expression appears to be
necessary for rES-mediated effects on
PEC proliferation, presumably via a
TSP-1–dependent mechanism.

rES’s ability to induce apoptosis was
similarly lost in CD36- and CD47-
deficient PECs (Figures 5E and 5F,
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respectively). Similarly, the capacity of
rTSP-1 to trigger PEC death was also lost
in CD36- or CD47-deficient PECs (Figure
E7C). Thus, both CD36 and CD47 are
required for rES- and rTSP-1–induced
apoptosis of human PECs.

Collectively, the loss-of-function
studies indicate that expression of CD36
and CD47 is required for rES-induced
apoptosis and proliferation, whereas only
expression of CD36 is obligatory for an
rES-dependent effect on migration. The
receptor requirements overlap those of
rTSP-1, suggesting that ES acts on these
receptors through TSP-1. Our observations
support a model in which rES works via
ID1–TSP-1 to alter PEC phenotype via

autocrine/paracrine signaling mediated by
CD36 and CD47.

Natural Variants in ES Impact
Function
To assess the impact of human genetic
variants of the COL18A1 gene on ES
function, we generated ES peptides
overlapping the amino acid of interest.
Prior work based on the crystal structure of
ES has identified smaller ES-derived
peptides that maintain biological activity
(19). One such peptide spans amino acids
99–111 (ES99–111) and thus overlaps with
the identified natural variant linked to
differences in clinical outcomes in PAH
(residue p.D104N) (11). We synthesized

peptides corresponding to human ES
residues 99–111 with either aspartic acid
(D) to asparagine (N) at residue 104
(ES99–111D104 and ES99–111N104,
respectively). PECs were exposed to equal
concentrations of full-length rES,
ES99–111D104 or ES99–111N104 peptides,
or vehicle and analyzed for migration,
proliferation, and cell death. Both rES and
ES99–111D104 treatment resulted in
significant decreases in PEC migration
(z50% reduction) compared with vehicle
(Figure 6A). In contrast, ES99–111N104
peptides did not significantly modify PEC
migration. This suggests that residues
99–111 of ES are sufficient to mediate the
antimigratory effects and that the aspartic
acid–to-asparagine substitution disrupts
that function. Neither the ES99–111D104
peptide nor the ES99–111N104 peptide
altered PEC proliferation as assessed by
Ki67 and flow cytometry. This is in contrast
to full-length rES, which reduced
proliferation by half (Figure 6B). This
suggests either that the residue(s) required
for antagonism of proliferation are outside
of this region or that a much higher
concentration of peptide is required.
ES99–111D104 was as potent as full-length
rES in triggering apoptosis, whereas
ES99–111N104 had an intermediate effect
on cell death (Figure 6C).

Discussion

There is a growing body of literature linking
angiostatic factors, including ES, TSP-1, and
angiostatin, to adverse hemodynamics and
decreased survival in PAH (11, 22, 26).
Defining the cellular and molecular impacts
of these factors on the pulmonary
circulation is critical to understanding their
contribution to disease severity and their
potential as exploitable therapeutic targets.

In the present study, we established
that rES promotes apoptosis and inhibits
proliferation and migration of human
PECs derived from both the conduit
and microvascular pulmonary beds
(i.e., macrovascular and microvascular
pulmonary ECs). The impact of rES on
PECs is linked to increased expression and
secretion of TSP-1, a second angiostatic
protein implicated in disease pathobiology.
The data supported a model in which TSP-1
acts as a downstream effector of rES in PECs.
The complete loss of rES-mediated effects
in TSP-1–deficient cells and the ability of
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rTSP-1 to trigger PEC apoptosis and
inhibit migration and proliferation similar to
rES were consistent with such a model.

ES’s induction of TSP-1 occurred via
an ID1-dependent mechanism. In contrast
to results reported in ECs derived from
other vascular beds (12), rES did not
significantly alter ID1 mRNA in PECs.
Recombinant ES triggered a rapid decrease
in ID1 protein expression, implicating a
distinct post-transcriptional mechanism.
TGF-b (transforming growth factor-b),
VEGF (vascular endothelial growth factor),
and BMPs are established positive
regulators of ID1 expression, acting at
the transcriptional level (27, 28), whereas
post-transcriptional regulation of ID1
occurs via ubiquitin-mediated proteasome
degradation (29, 30). Treatment with the
proteasome inhibitor MG132 antagonized
rES-mediated ID1 degradation and
prevented rES-mediated THBS1 mRNA
expression. Loss of basal ID1 expression in
PECs was sufficient to increase THBS1
mRNA, implicating basal ID1 as a

transcriptional suppressor of THBS1 in
PECs. Importantly, the capacity of rES to
further modify THBS1 expression was lost
in ID1-deficient cells (data not shown). In
contrast, forced overexpression of ID1
antagonized the effects of rES on PEC
biology. Collectively, the data indicated that
rES destabilizes ID1 via a proteasome-
dependent mechanism and that
degradation was required for THBS1
expression and angiostatic functions on
PECs.

ES binds cell surface heparin sulfate
proteoglycans and integrins (31). The
peptide’s antiproliferative and
antimigratory properties have been linked
to activation of the tyrosine kinase Src (19)
and inhibition of other kinases, specifically
focal adhesion kinase and Jnk (c-Jun
terminal kinase) (32, 33). Less is known
about the signaling required for ES-
mediated apoptosis. Although ES exposure
alters expression of both pro- and
antiapoptotic genes, specifically Bcl2 and
Bax, the upstream signaling mediators are

unknown (15). In the present study, we
provide evidence that rES promoted PEC
apoptosis via liberation of a second
angiostatic and apoptogenic protein, TSP-1.
The region within the peptide containing
amino acids 99–111 of ES was sufficient to
promote both apoptosis and inhibit cell
migration but had no discernible impact on
PEC proliferation. The nonsynonymous
variant, ES99–111N104, induced less
apoptosis, suggesting that the variant
impacts ES-mediated cell death. In contrast,
the ancestral ES99–111D104 was as potent
as full-length rES in terms of apoptosis,
indicating that this region was sufficient to
induce cell death. ES99–111D104, but not
ES99–111N104, was a potent inhibitor of
PEC migration in vitro. Neither truncated
ES peptide retained antiproliferative
functions. We emphasize that this is an
observation we made in HPAECs and that
this may not be generalizable to ECs from
other vascular beds, which will have distinct
phenotypes and molecular signaling
control. Both cell types used in the present
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study, micro- and macrovascular PECs, are
widely used in the study of PAH
pathobiology, likely because of multiple
observations linking PEC dysfunction to
disease (1). Collectively, the data suggest
that different regions within the peptide
are responsible for its divergent effects on
PEC function. Furthermore, it provides
evidence that the nonsynonymous
p.D104N variant in ES linked to improved
survival in PAH (11) is functional, impacting
effects of ES on PECs, although based on our
published work, we do believe this to be not a
causal variant but a modifier of disease risk.

Like ES, TSP-1 has multiple cell surface
receptors, including CD36 and CD47,
both of which have been implicated in
apoptosis and inhibition of migration
and proliferation (34–37). CD36 is a
multifunctional glycoprotein and member
of the class B scavenger receptor family,
which plays an important role in fatty
acid and glucose metabolism. In addition
to TSP-1, it acts as a receptor for a
broad range of other ligands, including
fibronectin, collagen, phospholipids, and
oxidized lipoprotein. It is dependent on
coreceptor signaling for ligand specificity
(25). CD36 binds to TSP-1, dimerizes,
and becomes actively involved in signal
transduction–promoting apoptosis (35) as
well as inhibiting migration (36). CD47 is a
membrane protein that interacts with TSP-1
in the COOH-terminal domain to impact
cell adhesion, spreading, and proliferation.
In addition, CD47 has been implicated in
TSP-1–mediated regulation of nitric
oxide and ET-1 signaling, two major
pathways currently targeted with PAH-
specific therapies (38, 39). ES-mediated
apoptosis and inhibition of PEC
proliferation required both CD36 and

CD47, whereas antimigratory signaling
only required CD36.

Disordered and dysfunctional
angiogenic function is present in vascular
smooth muscle cells (VSMCs) in addition to
PECs in PAH (40). VSMCs express TSP-1,
CD36, and CD47 (25, 41, 42), so, although
prior studies have indicated that the cell
biologic properties of ES were restricted to
ECs (16), we briefly explored the PASMC
response to rES. Studies in HPASMCs
confirmed that these cells were directly
insensitive to the rES-induced apoptosis,
and furthermore, rES did not alter
expression of ID1 or TSP-1 protein in
human PASMCs (Figure E8). Although ES
may not directly impact other vascular cell

types, its capacity to trigger PEC release
of TSP-1 raises the possibility of its
contributing to remodeling via paracrine
signaling. TSP-1 alters VSMC function as a
mitogen and chemoattractant (43). It may
also influence vascular tone and remodeling
via its effects on ET-1 and endothelial nitric
oxide synthase and activation of latent
TGF-b (23, 38, 39). Thus, in contrast to the
observed cell-restricted direct effects of rES
in vitro, the effects of ES in vivo may be
mediated secondarily through TSP-1. Our
data indicate that ES acts via ID1 and
THBS1/TSP-1, TSP-1 release, and
autocrine/paracrine signaling through
CD36 and/or CD47 to modify PEC
phenotype.
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Figure 7. Proposed rES/ID1/TSP-1 signaling pathway. In the absence of rES, ID1 regulates growth
factor (BMP and TGF-b) signaling by acting as a transcriptional repressor via dimerization with other
basic helix–loop–helix transcription factors. This results in maintenance of vascular homeostasis via
regulation of PEC proliferation, migration, and activation; via alterations in endothelial progenitor cell
migration and proliferation; and via modification of the vascular smooth muscle cell (SMC) phenotype.
In our proposed pathway, in the presence of rES, ID1 is degraded via the proteasome, alleviating
transcriptional repression of ID1 target genes, including THBS1. Increased TSP-1 protein expression
promotes PEC apoptosis, inhibits migration and proliferation, and conversely promotes SMC
proliferation. TSP-1 has also been implicated in TGF-b activation, regulation of nitric oxide (NO)
signaling, and promoting reactive oxygen species (ROS), all of which are pathways implicated in the
molecular pathobiology of pulmonary arterial hypertension. BMP=bone morphogenetic protein;
EC=endothelial cell; PASMC=pulmonary artery vascular smooth muscle cells; TGF-b= transforming
growth factor-b; VEGF=vascular endothelial growth factor.
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Although rES-dependent effects
require ID1 and its target THBS1, it is
reasonable to suspect that ES may also alter
expression of other ID1 targets. The ID
family of proteins has a dominant-negative
effect on the expression of many genes
regulating angiogenesis and EC phenotype
(44). ID proteins, including ID1, are known
transcriptional targets of BMP and TGF-b
(28, 45–47). In patients with PAH, ID1
expression is lower in PECs and VSMCs
relative to control cells (46, 48). Thus, PAH
is characterized by depressed ID1
expression. Intriguingly, pharmacologic
enhancement of ID1 expression protects
PECs from apoptosis in vitro and reverses
pulmonary hypertension in vivo (49, 50).

Loss-of-function mutations in BMPR2 and
other TGF-b receptors are associated with
decreased ID1 expression (5, 51); however,
mutations in these receptors are not
observed in most cases of sporadic PAH.
The most recent PAH guidelines estimate
that, on the basis of current genetic and
genomic studies published to date, 70–75%
of cases of IPAH occur without an
identified receptor mutation (52),
suggesting that other events are responsible
for ID1 suppression in the majority of
patients with PAH. The capacity of ES to
inhibit ID1 may provide another
mechanism accounting for ID1 suppression
in human PAH, highlighting its potential
role as a therapeutic target.

In summary, ES alters PEC biology
via an ID1/TSP-1–dependent pathway
(Figure 7). These properties are altered
in human genetic variants linked to
differences in PAH outcomes. We have
identified ES as a novel regulator of
TSP-1 expression and provide evidence
that ES acts via proteasome-mediated
degradation to suppress ID1 to alter
PEC gene expression. Further studies,
informed by this work, will define
the contribution of this ES/ID1/TSP-1
pathway in PAH sensitivity and
severity. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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