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ABSTRACT

The sex-biased disease pulmonary arterial hypertension (PAH) is
characterized by the proliferation and overgrowth of dysfunctional
pulmonary artery endothelial cells (PAECs). During inflammation
associated with PAH, granzyme B cleaves intersectin-1 to produce
N-terminal (EH,rsn) and C-terminal (SH3A-Ersn) protein fragments.
In a murine model of PAH, EHrsy triggers plexiform arteriopathy via
p38—-ELK1—c-Fos signaling. The SH3A-E;rsy fragment also
influences signaling, having dominant-negative effects on ERK1
and ERK2 (also known as MAPK3 and MAPK1, respectively). Using
PAECs engineered to express tagged versions of EH;rgy and SH3A-
Eirsn, We demonstrate that the two ITSN fragments increase both
p38—ELK1 activation and the ratio of p38 to ERK1 and ERK2 activity,
leading to PAEC proliferation, with female cells being more
responsive than male cells. Furthermore, expression of EHsn
substantially upregulates the expression and activity of the long non-
coding RNA Xist in female PAECs, which in turn upregulates the
X-linked gene ELK1 and represses expression of kriippel-like factor 2
(KLF2). These events are recapitulated by the PAECs of female
idiopathic PAH patients, and may account for their proliferative
phenotype. Thus, upregulation of Xist could be an important factor in
explaining sexual dimorphism in the proliferative response of PAECs
and the imbalanced sex ratio of PAH.

KEY WORDS: Intersectin, Endothelial cells, Proliferation, Plexiform
phenotype, p38 to ERK1/2 activity ratio, Sexual dimorphism, ELK1,
c-Fos, IncRNA Xist, KLF2

INTRODUCTION

Intersectin-1s (a short isoform of intersectin-1, referred to here as
ITSN), first identified as an endocytic protein and a potential
connection between endocytosis and exocytosis, has a wide range of
physiological and pathological functions. ITSN participates in
scaffolding of the endocytic machinery, regulation of dynamin-2
function, formation of endocytic vesicles and coordination of
endocytic membrane traffic with actin assembly (Okamoto et al.,
1999; Hussain et al., 1999; Predescu et al., 2003). Moreover,
dysregulated ITSN expression has been implicated in several human
cancers, lung injury, pulmonary arterial hypertension (PAH) and

"Department of Internal Medicine, Pulmonary, Critical Care and Sleep Medicine,
Rush University Medical Center, Chicago, IL 60612, USA. ?Division of Hematology/
Oncology, Feinberg School of Medicine, Northwestern University, Chicago,

IL 60611, USA. ®Division of Bioanalytics, Biophysics and Cytomics, University of
lllinois at Chicago, Chicago, IL 60612, USA.

*Author for correspondence (Sanda_Predescu@rush.edu)

S.A.P., 0000-0002-9386-6756

Handling Editor: John Heath
Received 8 August 2019; Accepted 13 March 2020

neurodegenerative disorders such as Down syndrome and
Alzheimer’s disease (Keating et al., 2006; Harris et al., 2017,
Russo et al., 2015; Gu et al., 2015; Jeganathan et al., 2016; Patel
etal., 2017; Shah et al., 2018). ITSN regulates a variety of signaling
pathways, including those involving Ras, TGFBR1 (also known as
TGFBRI, or ALKY), receptor tyrosine kinases and MAPKs, as part
of diverse processes including neuronal migration, synaptic
plasticity, learning and memory (Hunter et al., 2013; Jeganathan
et al., 2017; Alvisi et al., 2018; Jakob et al., 2017; Sengar et al.,
2013). Initially thought to be a cytoplasmic membrane-associated
protein, ITSN has also been found to localize to the nucleus (Alvisi
et al., 2018; Okamoto et al., 1999). Intersectin-1 is a ubiquitously
expressed protein, encoded by a gene located on chromosome 21
(21g22.11), with two main protein isoforms and multiple known
mRNA splice variants (Kropyvko et al., 2010; Pucharcos et al.,
2001). ITSN has several important functional domains: an
N-terminal domain composed of two epsinl5 homology motifs
(EH1-EH2), a central coiled-coil domain and a C-terminal domain
comprising five consecutive src homology-3 motifs (SH3A—E;rsn).
The different domains of ITSN mediate multiple protein—protein
interactions. ITSN interacts with epsin-1, epsin-2, stonin-2, RAB/
Rip (also known as AGFG1), IGFBP1 and IGFBP2 via the EH
domains. The coiled-coil domain of ITSN binds SNAP23, SNAP25
and epsin, whereas the SH3A—E region mediates the interactions of
ITSN with dynamin, synaptojanin-1, CDGAP (also known as
ARHGAP31), N-WASP and son of sevenless homolog 1 (SOS1)
(Gardiner et al., 2004). Moreover, within the EH2 domain there is a
well-conserved granzyme B (GrB) cleavage site, IDQD?’'GK
(Patel et al, 2013; Loeb et al., 2006). Under inflammatory
conditions associated with PAH, GrB cleaves ITSN and generates
EH;rsn, a biologically active protein fragment with endothelial cell
(EC) proliferative potential, which is mediated via sustained
activation of the MAPK p38, the transcription factor ELK1 and
the immediate-early response gene c-Fos (also known as FOS)
(Patel et al., 2013). Prolonged expression of EHyrgy in the lungs of
ITSN-knockout heterozygous mice results in a severe lung
phenotype characterized by occlusive proliferation of ECs and
formation of plexiform lesions as well as differences in function of
the right ventricle. This phenotype closely recapitulates many of the
characteristics of human PAH, including gender differences (Patel
et al., 2017; Predescu et al., 2019).

We have previously reported that expression of EHrgy, in a
similar manner to ITSN deficiency, can shift physiological
(caveolae-mediated) vesicular transport towards alternative
endocytic pathways, a finding that further supports the idea that
ITSN has a significant role in the dysfunctional molecular phenotype
of PAECs in PAH (Predescu et al., 2018). The SH3A—E;rsn
fragment functions in a dominant-negative manner by sequestering
the interacting partners of ITSN (specifically dynamin and SOST1)
away from their sites of action, with detrimental consequences for
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endocytosis and pro-survival signaling via ERK1 and ERK2 (also
known as MAPK3 and MAPKI, respectively, and referred to
hereafter collectively as ERK1/2) (Tong et al., 2000b). As
proteolysis of ITSN by GrB generates two biologically active
protein fragments, the N-terminal EH;rsy and the C-terminal
SH3A-E;tsn, We sought to gain more insight into the proliferative
effects of EHyrgy activity and to determine how interplay between
the two concurrently expressed protein fragments affects EC
proliferation and endocytic activity. Here, we report that, despite
the dominant-negative effects of the SH3A—E,rgN fragment, EH gy
is still able to contribute to the endocytic activity, proliferation and
overgrowth of dysfunctional PAECs, and hence influence the
development and progression of PAH. The concurrent expression of
the two protein fragments augmented the activation of p38—-ELK1
and increased the ratio of p38 to ERK1/2 activity, with female cells
being more responsive than male cells. Moreover, the increased
responsiveness of female cells to EHjrsy expression is due to
upregulation (above basal levels) of expression of the long non-
coding RNA (IncRNA) Xist (X-inactive specific transcript), which is
essential for X-chromosome inactivation and dosage compensation of
expression of X-linked genes (Yang et al., 2018). Downregulation of
Xist gene expression using siRNA, or by inhibition using a highly
specific EH;rgy inhibitory peptide, causes a decrease in proliferation
of PAECs and inhibits activation of p38—ELKI1—c-Fos signaling.
Moreover, Xist upregulation augments the expression of FLKI, an
X-linked gene implicated in PAH pathobiology, and negatively
regulates expression of KLF2, which encodes a key transcription
factor that governs signaling pathways regulating the EC dysfunction
that characterizes PAH (McLean et al.,, 2012). These molecular
alterations could explain sexual dimorphism in the proliferative
potential of PAECs, and the higher susceptibility of women to PAH.

RESULTS

EH,rsn and SH3A-E, sy can be efficiently expressed in
cultured PAECs

To address the effects of concurrent expression of the two ITSN
protein fragments on EC phenotype, and to determine whether the
proliferative potential of EHrgy is affected by the presence of
SH3A-E;rsn, we cloned the EHjrgn ¢cDNA into myc- and GFP-tag
expression vectors, and cloned the SH3A—E sy cDNA into FLAG-
and mCherry-tag expression vectors. A schematic of the domain
structure of ITSN and the site of GrB cleavage is illustrated in
Fig. 1A. The two ITSN protein fragments were expressed
individually or together in human PAECs. Following optimization
of transfection conditions, analyses of cell lysates by western
blotting using myc and FLAG antibodies demonstrated efficient
expression of the two ITSN protein fragments at 48 h post-
transfection (Fig. 1B). No tag immunoreactivity was detected in
untreated control cells (Fig. 1B). Demonstration of equivalent
expression levels for the two protein fragments in co-transfected
cells was not feasible by western blotting, as two different tag
antibodies with different characteristics were used.

Direct fluorescence imaging of GFP-EHjrgn- and mCherry-
SH3A-Ersn-transfected cells (Fig. 1C,D) further demonstrated
efficient protein expression. When expressed individually, GFP-
EH;rsn Was found in the cytosol, at the plasma membrane and often
within the nucleus (Fig. 1C), whereas mCherry-SH3A—E rsn Was
found mainly in the cytosol (Fig. 1D). Co-transfected cells showed
proximity between the two protein fragments and a certain degree of
colocalization (Fig. 1E), as well as a more limited plasma membrane
distribution (Fig. 1E, arrows). DAPI staining of EC nuclei, as an
indicator of the total cell population, was used to quantify the

transfection efficiency expressed as the ratio of the number of
fluorescent tag-positive cells versus the total number of cells. We
found an average transfection efficiency of 65-70% for the
experimental conditions used (Fig. 1F). To document the efficient
transfection and subcellular distribution of GFP-EH;rgn and
mCherry-SH3A—E;rsy in cultured PAECs, lower magnification
micrographs are included in Fig. S1. Given the proliferative
potential of EHjrgy and its nuclear localization, we subjected
myc-EHrgn-transfected male and female PAECs to subcellular
fractionation, as described by Patel et al. (2013), to quantitatively
evaluate the subcellular distribution of this fragment. The nuclear
and cytosolic fractions, pre-cleared with Protein A/G, were
subjected to immunoprecipitation with myc antibodies followed
by western blot analyses using an antibody against the ITSN EH
domains (Fig. 1G). Myc-EH;rgn Was found to be distributed in both
the cytoplasm and the nucleus, in a ratio of 3:1, as determined by
densitometry, with no significant differences between female and
male fractions (Fig. 1G). No myc-EH;rgy immunoreactivity was
detected in non-transfected control PAECs (PAECcy; Fig. 1G).
Omission of the myc antibody from the immunoprecipitation
reaction was used as a negative control (data not shown).

Concurrent expression of EH;rsy and SH3A-E sy does not
affect the increased endocytic activity of EH,rsy-expressing
PAECs
Based on the findings of previous studies into the functional impact
of individually expressed EHjrgy and SH3A—E sy fragments on
the endocytic activity of ECs, we decided to investigate the effects
of simultaneous expression of the two fragments. To this intent,
control and transfected PAECs were subjected to a biotin-based
assay of caveolae internalization that used fluorescent labeling by
Alexa-Fluor-594-conjugated NeutrAvidin to detect internalized
biotinylated proteins, as described by Predescu et al. (2003). For
all cell lines tested (PAECcy, myc-EHrgn-transfected PAECs,
FLAG-SH3A-Ersn-transfected PAECs and myc-EHypgn and
FLAG-SH3A-E;rgn co-transfected cells), this assay revealed fine
fluorescent puncta at the cell surface and scattered fluorescent
puncta all over the cytoplasm (Fig. 2A—D), with no significant
differences between cell lines in the pattern of NeutrAvidin—Alexa
Fluor 594 labeling. However, this fine punctate labeling, indicative
of biotin association with endothelial vesicular carriers, was less
pronounced in all transfected cells due to impairment of vesicular
(caveolae-mediated) transport. As expected, the frequency of large
fluorescent puncta showed a modest increase in all transfected cells
compared to PAECy (Fig. 2B-D, arrowheads). This increase in large
puncta is consistent with the ability of ECs to upregulate morphological
intermediates (large endocytic structures, membranous rings, and
vesiculo-tubular elements) of compensatory endocytic pathways when
caveolae-mediated transport is impaired. In our cellular context, the
impairment in vesicular transport is likely due to either the lack of
the peripheral actin band, as caused by EH;rgn expression, or
sequestration of dynamin-2 in the cytosol, away from the neck
region of caveolae, as caused by SH3A—E|rgy expression, or a
combination of these two effects (Predescu et al., 2003, 2018).
Quantification of internalized biotin by ELISA using
streptavidin—horseradish peroxidase (HRP) indicated a 28%
increase in biotin uptake in myc-EHrgn-transfected PAECs
compared to biotin uptake in untreated PAECs (Fig. 2E). FLAG-
SH3 A—E;rsn-transfected PAECs showed ~20% inhibition of biotin
uptake, while the double-transfected PAECs showed a biotin uptake
similar to that of EHjrgn-expressing cells (Fig. 2E). This
observation indicates that the functional upregulation of
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Fig. 1. EH;rsny and SH3A-E,rsy cDNA plasmids are efficiently expressed in cultured PAECs_ (A) Diagram showing the domain structure of ITSN and GrB
cleavage. Within the EH2 domain of ITSN there is a single, well-conserved GrB cleavage site, IDQD?7'GK. (B) Lysates (70 pg/lane) of control (a) and
myc-EHrsn- and FLAG-SH3A-E rsn-transfected PAECs (b) were subjected to SDS—PAGE and western blotting using anti-myc and anti-FLAG antibodies. Actin
is shown as a loading control. (C—E) Imaging analyses of expression and subcellular distribution of GFP-EH sy and mCherry-SH3A-E rsn. A cell expressing
GFP-EHrsn is shown in C, and a cell expressing mCherry-SH3A-E rsn is shown in D. Panel E and magnification e1 show the proximity of the two protein
fragments in PAECs co-transfected with the two plasmids. The dashed box in E indicates the location of magnification e1. Arrows in C and E indicate punctate
signal localized at the plasma membrane. (F) The transfection efficiency of PAECs was determined as the ratio of cells expressing the fluorescent tag (GFP,
mCherry or GFP and mCherry) versus the total number of cells (determined by DAPI staining) across 50 high power fields of view. Data are expressed as
meanzs.d. n=3 independent experiments, performed in triplicates. *P<0.05; **P<0.01. The P values for each condition were obtained by comparing the number of
tag-positive cells to the number of DAPI-stained cells. (G) Quantification and representative western blot of the subcellular distribution of myc-EH;rgn in
transfected female and male PAECs. Nuclear (Nucl) and cytosolic (Cyt.) fractions (350 ug total protein) were pre-cleared with Protein A/G, followed by incubation
with anti-myc antibody and protein A/G. Western blotting for detection of the myc-EH sy was performed with an ITSN antibody that recognized an EH epitope. No
myc-EH,rsn immunoreactivity is detected in non-transfected PAEC¢y,. Densitometry was performed on representative x-ray films with identical chemiluminescent
detection conditions. Data are expressed as meanzts.d. n=3. *P<0.01. Scale bars: 10 um (C-E), 3 um (e1).

compensatory transport pathways induced by expression of the two
ITSN fragments accounts for a highly efficient endocytic activity,
demonstrating a potential role for the concurrent expression of
EHjrsn and SH3A-E;rgy in the proliferation and overgrowth of
PAECs in PAH, and thus, in the development of the disease.

SH3A-E;rsy does not prevent EH,rsy from exerting its
proliferative potential in ECs

Next, we used flow cytometry analyses of the cell cycle to evaluate
whether the proliferative potential of EH;rsy in PAECs is affected by
expression of SH3A-E;rgn. For these analyses, PAECs were
transfected with GFP-EHjrqn, and  mCherry-SH3A-E N

plasmids, either singly or in combination. At 48 h post-transfection,
PAECs were stained with the nucleic acid stain DAPI and used in
flow cytometry analyses of cellular DNA content (Fig. 3A-C).
Estimates of the percentage of proliferating cells in the entire PAEC
population indicated that SH3A—E 15y expression caused a decrease
of ~26% in the proportion of proliferating cells relative to that in the
total EH;rgn population (Fig. 3D), whereas concurrent expression of
EHrsny and SH3A-Ejrsy resulted in a decrease of only 12%
(Fig. 3D), suggesting that, despite the dominant-negative effects of
the SH3A—E;rsn on ERK1/2 pro-survival signaling (Tong et al.,
2000a), EHyrgy still maintained its proliferative potential. Similar
results were obtained when only transfected PAECs were analyzed.
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Fig. 2. Concurrent expression of EH,;rsy and SH3A-Ersy does not affect the increased endocytic activity of myc-EHrsy expressing PAECs. PAECcy, (A)
and PAECs transfected with myc-EH sy (B), FLAG-SH3A-E sy (C) or myc-EHrsy and FLAG-SH3A-E sy (D) were subjected to biotinylation of cell surface
proteins at 48 h post-transfection, followed by biotin internalization and NeutrAvidin Dylight 495 staining. Arrowheads indicate large fluorescent puncta.

(E) Quantification of internalized biotin, as assayed by an ELISA using streptavidin-HRP, in PAEC¢, and transfected cells as indicated and expressed relative to
PAECcy, which was normalized to 100. Results are the meants.d. of eight different experiments each performed in triplicate. *P<0.01, **P<0.001. Images in A-D

were taken at the same magnification. Scale bar: 10 pm.

At 48 h post-transfection, SH3A-E;rgn expression reduced the
number of proliferating cells by ~30% (from 15.5x103 to 10.8x10%),
while concurrent expression of EHjrsy and SH3A-E gy caused a
decrease in the number of proliferating PAECs of only ~13% (from
15.5x10? to 13.4x10°) (Fig. 3E,F). These data indicate that PAECs
that express the two ITSN fragments at the same time have a
proliferation rate comparable to that of cells expressing EHyrgy only,
and thus SH3A—E gy does not prevent EHjrgy from exerting its
proliferative potential.

PAECs show gender differences in the proliferative response
to EH;rsn expression

To further investigate the proliferative response to EHirsy
expression, control PAECs and PAECs transfected as above, were
subjected to an EdU-based cell proliferation assay and DAPI
counterstaining (Fig. 3G-J). Because the physiology and pathology
of PAECs are involved in gender difference in PAH, we used
PAECs from both male and female donors to evaluate whether these
cultured human PAECs show differences in their proliferative
response to the expression of ITSN fragments. Manual counting of
EdU-positive cells and DAPI counterstained cells at 48 h post-
transfection indicated that, for all experimental conditions tested,
female PAECs show a higher proliferation rate compared to that of
male PAECs (Fig. 3K). When female PAECs were analyzed, we
observed that EHjrey expression caused a 37% increase in the
proportion of EdU-positive PAECs compared to that observed in
non-transfected PAECs. PAECs transfected with SH3A-E;rsy
showed a 12% reduction in proliferation compared to control cells
and a 25% inhibition compared to myc-EH;rgn-transfected PAECs.
In PAECs concurrently expressing the two ITSN protein fragments,
the proportion of EdU-positive cells was close to that observed for
GFP-EH,gn-transfected cells. Male PAECs showed a similar trend
in their proliferative response to the expression of the two protein
fragments, but they are less responsive overall (Fig. 3K and
Table S1). Transfection with the empty vector did not affect the
number of EdU-positive PAECs by reference to controls (not
shown). These data further demonstrate that SH3 A—E;rgy does not
prevent EHrgy from exerting its proliferative potential and show
that there are gender differences in the proliferative response of
PAECs to EH;rgn expression, with PAECs from the female

donor having a higher proliferation rate than PAECs from the
male donor.

Concurrent expression of the two protein fragments
increases the ratio of p38 to ERK1/2 activity ratio

As our previous studies indicated that myc-EHyrgy expression in
mouse lungs triggers a p38—ELK1—c-Fos proliferative signaling
response responsible for EC proliferation and plexogenic
arteriopathy (Patel et al., 2017), with a more severe lung
phenotype in female mice (Predescu et al., 2019), we next
addressed whether concurrent expression of the two ITSN
fragments affects p38 phosphorylation. Lysates from female-
donor PAECs transfected with myc-EH;rsn, FLAG-SH3A—-E sy
and myc-EH;rgy and FLAG-SH3A—E;rsy combined, alongside
untransfected control lysates (PAECcy), were subjected to western
blotting with antibodies that recognize phosphorylated and total p38
kinase (Fig. 4A). Densitometric analysis indicated that myc-EHrgn
expression induced a greater than 2-fold increase in p38
phosphorylation, compared to the level in PAECc; (Fig. 4A). A
similar increase in phosphorylated p38 was detected in PAECs
transfected with both EHjrgy and SH3A—E;rsn, Whereas cells only
transfected with SH3A—E;rgn showed only 1.9-fold increase in p38
phosphorylation. As the expression of SH3A—E sy was expected to
inhibit ERK1/2 activation, and because previous studies indicate
that p38 signaling causes rapid inactivation of ERK1/2 through
PP2A activation (Juntilla and Koretzky, 2008), we next analyzed
ERK1/2 phosphorylation status. Although expression of EHjrgn
caused ~20% decrease in ERK1/2 phosphorylation, the expression
of SH3A-E;rgn induced a significant decrease of 50% (Fig. 4B).
Concurrent expression of the two cleavage fragments of ITSN also
resulted in a 50% decrease in ERK1/2 phosphorylation, consistent
with previous reports regarding negative regulation of the ERK1/2
pathway through p38 signaling. Because the balance of ERK1/2 and
p38 kinase activity may play a crucial role in regulation of the cell
cycle (Zhang and Liu, 2002), we also evaluated the effects of
EH;rsn and SH3A—E gy concurrent expression on the ratio of p38
to ERK1/2 activity (Fig. 4C). These data are consistent with a model
wherein concurrent expression of the two protein fragments
produces a high ratio of p38 to ERK1/2 activity, which favors EC
proliferation.

()
Y
C
Ry
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


http://jcs.biologists.org/lookup/doi/10.1242/jcs.237776.supplemental

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs237776. doi:10.1242/jcs.237776

A B C
DAPI PB450-A / SSC-A DAPI PB450-A / SSC-A DAPI PB450-A / SSC-A
&> 1000 &~ 1000 &~ 1000
1= o o
X - =
< 800 < 800 1 < 800 1
< 00 < 600 7 < 600
2 2 2
& 400 ® 4001 B 4001
200 § : 200 é : 200 F
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
(x108) (x10%) (x10%)
C—eGFP-EHWSN Cherry—SH3A-E,TSN C-eGFP-EHWSN
+ Cherry—SH3A—EnsN
D E F
120 120 «g 18
5 s
® & 100 B 2%
2 3 3
s S &0 * % g
2 2 g
© E 60 =
© 2 S
.g £ 40 k]
. ot
)] > [0}
§ S 20 &
5} S S
2 4
X X 0
5 \)\1‘5“ eﬂ%“ st Wt et ot \(\19“ xs“ Aot
of? " e e o o e of? ot et See
o™ o e ‘:’Y\ e d,s\'\
‘
x oe® x o * e\
G K —9Q PAECs — ‘—6 PAECs —
dedk
o ke -
| § 04y —
E — ek
g 0.12 4 _I_ —I— l*ﬁ
e ECctn = 0.1 r 1
| £ 008
2 0.06 -
w
0.04 -
0.02 A
SH3A-Ejrsn EHirsn + SH3A-Arrsn 0
a b ¢ d e f 9 h
a, e - PAECcy ¢, g - Cherry-SH3A-Eirsn
b, f - GFP-EHirsn d, h - GFP-EHjren +

C herry—SH 3A-E|15N

Fig. 3. PAECs show gender differences in the proliferative response to EH,rsy expression. (A—C) Representative flow cytometry dot plots showing DAPI
staining of the indicated transfected PAEC cell lines. Populations of proliferative PAECs in the S phase of the cell cycle are highlighted (boxed regions).

(D) Meants.d. proliferation of PAECs transfected with mCherry-SH3A—E gy or GFP-EHrsy and mCherry-SH3A-E sy, relative to PAECs transfected with
GFP-EH,rsn. Data includes the entire mixed population of expressing and non-expressing cells. *P<0.05. (E) Meants.d. proliferation of transfected PAECs, as in D,
but reporting data from cells expressing the relevant fluorescent tags. Gates used to define GFP- and mCherry-expressing cells were drawn based on untransfected
control populations. At least 50,000 cells collected for each sample were analyzed. n=3. *P<0.05. (F) The number of proliferating cells, 48 h post-transfection, as
indicated. Transfected cell lines were compared to untransfected controls; *P<0.05, **P<0.01. (G—-J) Control PAECs (PAECc) and PAECs transfected

with myc-EH,rsn, FLAG-SH3A-E sy or myc-EHrsy and FLAG-SH3A-E sy were subjected to a Click-iT EJU Alexa Fluor proliferation assay followed by DAPI
staining. Scale bar: 200 um. (K) The ratio of EdU-positive to DAPI-stained transiently transfected female and male PAECs was used to estimate the proliferative rate
of PAEC:s. Fifty high power fields of view were used for cell counting. Results are the meanzs.d. of three different experiments. *P<0.05; **P<0.01; ***P<0.001.
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Fig. 4. Concurrent expression of EH;rsy and SH3A-E,rsy alters the ratio of p38 and ERK1/2 activity. (A,B) Lysates (70 ug total protein/well) of PAECcyy
donors and female PAECs transfected with myc-EH rsn, FLAG-SH3A—E | rsn or myc-EH sy and FLAG-SH3A-E sy were subjected to western blotting

using specific phospho- and total kinase antibodies, as indicated. Quantifications and representative blots are shown. *P<0.05 versus PAEC¢,. (C) The ratio of
p38 to ERK1/2 activity in control and transfected PAECs, as above. *P<0.01 versus PAECcy,. The ratios of phosphorylated (P-kinase)

to total (T-kinase) kinase and of P-p38 to P-ERK1/2 are shown as meanzs.d. of at least three independent experiments.

Concurrent expression of the two protein fragments increases
expression and activity of the ELK1 transcription factor
Nuclear extracts prepared from female PAECs transfected as above,
alongside control PAECs, were subjected to an ELK1 transcription
factor activation assay, as used by Patel et al. (2013, 2017), to
evaluate the effects of concurrent expression of the two fragments
on ELK1 activity (Fig. 5A). The presence of SH3A—E sy did not
cause significant changes in ELK1 activation; however, the values
recorded in the assay also indicate that it does not prevent the
endothelial pro-proliferative response to EHpgn expression. As our
studies suggested that cultured human PAECs may show sex
dimorphism in their proliferative response to the expression of ITSN
fragments, we also evaluated the expression of ELK 1, a transcription
factor encoded on the X chromosome (chrX:47635519-47650604).
Aliquots of nuclear extracts prepared from myc-EH;rgn-transfected
PAECs of male and female donors were subjected to
western blotting using an ELK1 antibody (Fig. 5B). The
expression of myc-EH;rgy triggered an increase in ELK1 protein
expression in female PAECs that was 35% greater than that triggered
in male PAECs. When reverse transcription quantitative PCR
(RT-gqPCR) was used to determine the expression of ELK/ mRNA,
EH;rgn-transfected female PAECs showed a greater than 3-fold
increase in ELK]/ mRNA levels relative to the levels in female
PAECC[ﬂ (Flg SC)

EH,ysn upregulates the expression of IncRNA Xist and
increases proliferation of PAECs

Given the increased proliferation of female PAECs compared to the
proliferation of male PAECs in response to EH;rgn expression, and
based on previous reports suggesting a critical role of IncRNA Xist
upregulation in cell proliferation and in the molecular mechanisms
of sex-biased diseases (Shenoda et al., 2018; Xu et al., 2017; Schurz
etal., 2019), we performed an RT-qPCR to determine whether there
is a correlation between expression of the Xist RNA gene and of the
EH;rsn protein fragment. Fig. 6A shows the relative expression of
Xist RNA in non-transfected male and female control PAECs,

confirming that the expression of Xist is significantly increased in
female cells compared to the males. We then performed RT-qPCR
on EHjrgn-transfected male and female PAECs. Expression of
EH;rsn led to a significant upregulation of Xist expression, above
basal levels, in both female and male PAECs, compared to the
expression in control cells (Fig. 6A).

To further demonstrate that EHjrgy induces Xist upregulation,
female EHrgn-transfected PAECs were treated for 1 h at 37°C with
12.5 uM penetratin-NPF (PenNPF), an EHjrgy inhibitory peptide
[containing the NPF motif (Asn-Pro-Phe), which is the essential
target of EH domains (de Beer et al., 1998)], or four different control
peptides [pl, PenAAA (where the NPF motif was substituted with
AAA); p2, penetratin sequence alone; p3, NPF (the NPF motif and
residues vital for binding) and p4, a peptide consisting of the Pen
sequence and a scrambled NPF sequence]. RT-qPCR revealed that
exposure of EHjrgn-transfected PAECs to the EH-inhibitory
PenNPF peptide decreased Xist expression by 30%, whereas none
of the control peptides affected Xist expression (Fig. 6B). When the
effects of PenNPF treatment and subsequent Xist downregulation on
cell proliferation were tested, EH rgn-transfected PAECs showed
less proliferation by comparison to the proliferation of transfected
PAECs with no peptide exposure, as indicated by a 3-(4,5-
Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
assay (Fig. 6C). The ODsgs values of all wells containing
EH;rgn-transfected cells exposed to PenNPF-FITC were similar
to those of wells containing PAEC -, cells. The number of EHjrgn-
transfected cells in wells receiving PenNPF—FITC treatment was
more than 35% lower than the number of EH;rgn-transfected cells in
wells not exposed to the PenNPF—FITC peptide (Fig. 6D). Exposure
of EHjrgn-treated PAECs to control peptides did not inhibit cell
proliferation (Fig. 6D). However, a small inhibition with no
statistical significance was caused by NPF treatment (Fig. 6D,
p3), most likely due to the size (~1 kDa) and polar/non-polar amino
acid content of the peptide conferring a low ability to penetrate cell
membranes (Milletti, 2012). Fluorescence imaging of PAECs
exposed to PenNPF-FITC indicated efficient peptide internalization
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(Fig. 6E), while a PenNPF-FITC overlay approach, as described by
Knezevic et al. (2011), confirmed direct interaction between the
NPF motif and the EH;rgy protein fragment (Fig. 6F). Although the
increase in Xist expression was less dramatic in male EHjrgn-
transfected PAECs compared to that in female cells (Fig. 6A), this
increase is consistent with the more modest increase in cell
proliferation observed for these cells (Fig. 3K).

To further investigate the effects of the Xist IncRNA on
proliferation of female PAECs, Xist expression was downregulated
using an siRNA approach, specifically targeting Xist (siRNA XIST
SmartPOOL) (Fig. 6G). RT-qPCR revealed downregulation of Xist
expression in siRNA-treated cells compared to expression levels in
untreated PAECs or cells treated with control (scrambled) siRNAs.
All four siRNA sequences against Xist downregulated Xist efficiently,
with sequence 3 being the most efficient. We thereby chose
sequence 3 for use in subsequent experiments. Given the
significant upregulation of Xist in female EHpsn-transfected
PAECs (Fig. 6A), we also investigated the involvement of Xist in
the enhanced proliferative response of these female cells to EHjrgn
expression. Knockdown of Xist impaired proliferation of female
PAECs by 50% compared to proliferation of untreated PAECs or cells
treated with the control siRNA sequence (Fig. 6H).

PAECs from female idiopathic PAH patients show increased
Xist expression and transcriptional activity

To validate these observations in a physiologically relevant
disease context, we used PAECs isolated from idiopathic PAH
male and female patients (Table S2). PAECs isolated from non-
disease subjects (ND-Ctrl) of both genders were used for

I [ Myc-EHprsy
- FIag-SH3A-E|TSN
D MyC-EHITSN+ FIag-SHsA-ErrSN

Fig. 5. Concurrent expression of EH;rsy and
SH3A-E sy protein fragments increases the
activity and expression of the ELK1 transcription
factor. (A) Nuclear extracts (three different
concentrations) prepared from control, EHrsn-,
SH3A—E|TSN- and EHITSN and SH3A—E|TSN-
transfected female PAECs were assayed for ELK1
activity using an ELISA kit designed to detect active
ELK1. *P<0.05, **P<0.01 versus PAEC¢ or EHirsn-
transfected PAECs, as indicated. Data are meanzs.d.
of three independent experiments performed in
triplicate. (B) Nuclear extracts prepared from control
(Ctrl) and EH,rsn-transfected male and female
PAECs, as indicated, were subjected to western
blotting using a specific ELK1 antibody. Actin shown
as a loading control. For purposes of comparison,
detection of ELK1 immunoreactivity was performed
using the same ELK1 and reporter antibody
concentration and ECL exposure. Representative
blots and a densitometric analysis of ELK1
immunoreactivity are shown, expressed as the ratio of
ELK1 to actin signal. *P<0.05. (C) RT-gPCR analysis

female and male PAECs. *P<0.05 versus control
female PAECs. Data are meants.d. of three
independent experiments.

MyC-EH|TSN

comparison. We first examined the expression of the IncRNA
Xist by RT-qPCR and found that expression was higher in female
PAECpay than female PAECyp._cq1 cells (Fig. 7A). As expected,
Xist expression was significantly lower in male cell lines than in
female cell lines, with expression values extending over a wide
range (Fig. 7B). We also used a luciferase-based assay to
investigate the transcriptional activity of Xist. PAECnp.cy1 and
PAECpay of male and female patients were co-transfected with an
Xist firefly luciferase reporter vector and a control Renilla
luciferase construct. The relative luciferase activity, calculated
based on the ratio of firefly luciferase to Renilla luciferase
fluorescence, indicated that Xist transcriptional activity in
PAECpay cells is higher compared to the activity in PAECyp.
cui cells, by 2.3-fold in cells from female patients and 1.5-fold in
cells from male patients (Fig. 7C).

As ELK] is an X-linked gene implicated in the pathogenesis of
plexiform PAH, we also examined ELK] expression in PAECpay by
RT-gqPCR. ELK]I expression was upregulated in female PAECpayy
(Fig. 7D), whereas no change in ELK expression was detected in the
male PAECpay compared to PAECyp.cy1. Of note, the values for
ELK] expression in female PAECs extend over a wider range
compared to that in male cells, which is likely consistent with the
regulation of its expression by the abnormally expressed Xist.

As recent studies indicated that KLF2, a relevant transcription
factor for PAH pathogenesis due to its role in EC proliferation and
antiangiogenic effects (Atkins and Jain, 2007; Fang et al., 2016) is a
Xist target, we next examined the expression of KLF?2 in male and
female PAECs of ND-Ctrl and PAH patients. RT-qPCR analyses
revealed that KLF2 expression was downregulated in female
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Fig. 6. EH;rsyn upregulates the IncRNA Xist and increases PAEC proliferation. (A) Relative expression of INcRNA Xistin male and female non-transfected
PAECc and EHrsn-transfected PAECs. (B) Relative expression of Xist in female EH,rsn-transfected PAECs with or without 12.5 ym PenNPF or control
peptide treatment for 12 h, as indicated. p1, Pen-AAA (NPF substituted with the AAA sequence); p2, Pen alone; p3, NPF (NPF and the vital residues for
binding); p4, Pen (scrambled) NPF peptide. Data are normalized to the untreated control. (C) MTT assay applied to female PAECc, and EHrsn-transfected
PAECs with and without 12.5 uM PenNPF peptide. Data represent dilution series conducted in triplicate for each experimental condition. (D) Quantification of
PAEC proliferation. Growth curve data was used to relate the ODsg5 values shown in C to cell number. Graph shows cell numbers for female PAECcy,
EHrsn-transfected PAECs, and EH,rsn-transfected PAECs exposed to PenNPF, Pen-AAA (p1), Pen alone (p2), NPF alone (p3) and scrambled peptide
(p4). Data in A-D are meanzs.d. of three independent triplicate experiments. *P<0.05, **P<0.01 versus male PAEC¢, in A, versus female EHrsn-
transfected PAECs in B and versus female PAECcy, in D. (E) Fluorescent imaging of PAECs exposed to 12.5 yM PenNPF—FITC, for 10 min at room
temperature (RT). Scale bar: 50 ym. (F) PAECc, and EHrgn-transfected PAEC lysates (70 ug total protein) resolved using SDS—-PAGE and transferred to
nitrocellulose membranes were overlaid with 5 yM PenNPF-FITC peptide per ml. The bound peptide was detected using a FITC antibody. Blot is
representative of n=3 experiments. (G) Relative expression levels of Xist in female EHrsn-transfected PAECs assayed 72 h after transfection with two
siRNAc; sequences or with the specific SmartPOOL reagent (siRNA Xist, sequences s1-s4). (H) Quantification of cell number of female EH,rsn-transfected
PAECs, 72 h post-Xist siRNA transfection using the Xist siRNA sequence s3. Two scrambled siRNA sequences served as controls. Data in G and H are
meants.d. of three independent experiments. *P<0.05 and **P<0.01 versus female EH,rsn-transfected PAECs in G and versus control siRNA-treated female
EHrsn-transfected PAECs in H.
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Fig. 7. IncRNA Xistis upregulated in
female PAECpay and regulates the
9 expression of ELK1 and KLF2
* transcription factors. (A,B) The
relative expression of Xist in PAECs
& isolated from female and male ND-Ctrl
and idiopathic PAH patients, as
determined by RT-gPCR. *P<0.05;
ns, not significant. (C) Luciferase
activity in ND-Ctrl PAECs and PAECs
of male and female PAH patients.
Data are meanzs.d. of triplicate
transfections representing at least
three experiments. *P<0.05,
**P<0.01. (D,E) The relative
expression of ELK1 and KLF2,
respectively, in PAECs of female and
male ND-Ctrl and PAH patients, as
determined by RT-gPCR. *P<0.05;
ns, not significant. (F) RT-qPCR
analysis showing that Xist knockdown
in EH rsn-transfected female PAECs
through siRNA treatment (sequence
ns s3) restores KLF2 expression. Data
shown are meants.d. *P<0.05;
**P<0.01. GAPDH expression was
used for normalization for all RT-
gPCR analyses, and all experiments
were performed in triplicate. In A, B, D
and E, n=5 PAEC lines per
experimental condition. Whiskers
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PAECpay compared to the female baseline healthy state, but no
significant difference in expression was detected between male
PAECpan and the male baseline healthy state (Fig. 7E).
Interestingly, KLF2 gene expression was different between sexes
even at the baseline healthy state (Fig. 7E), suggesting that Xist
upregulation has a significant effect on KLF2 expression in female
PAECs. Thus, the extent of KLF2 expression downregulation
between female PAH and female control cells underlies the
functional significance of KLF2 repression in PAH. Moreover,
siRNA-mediated Xist knockdown, an experimental manipulation
that decreases EC proliferation as shown above (Fig. 6H),
augmented KLF?2 expression (Fig. 7F). Based on these findings
we conclude that Xist upregulation may account for the gender bias
in PAH on two accounts: first, by causing aberrant expression of the
gene encoding the ELKI transcription factor, an X-linked gene
involved in PAH pathogenesis, and second, through regulation of its
downstream target, KLF2.

ND-Ctrl PAH  ND-Ctrl PAH

indicate the range, boxes indicate the
25t to 75™ percentile and horizontal
bars indicate median values.

The PenNPF peptide, a specific inhibitor of EHrsy, inhibits
activation of p38-ELK1-c-Fos signaling

As EHjrgy triggers proliferation of PAECs via the p38—ELK1—c-
Fos signaling pathway, we investigated if the PenNPF peptide,
which decreases Xist IncRNA expression, also inhibits this
signaling pathway. Western blotting using antibodies to recognize
phosphorylated p38 was conducted on lysates of PAECcy,
untreated EHjpgn-transfected PAECs and EHjpgn-transfected
PAECs treated with PenNPF and control peptides. Densitometric
analyses showed a 70% decrease in p38 activation in transfected
cells treated with the PenNPF peptide compared to p38 activation in
untreated transfected cells (Fig. 8A). EHrgn-expressing PAECs
treated with control peptides did not show significant changes in
p38 activation. Nuclear extracts from EH;rgn-transfected PAECs
treated with PenNPF showed a 55% decrease in ELK1 activation
compared to untreated transfected PAECs (Fig. 8B). Similar results
were also obtained for c-Fos expression. Treatment with the
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Fig. 8. The PenNPF peptide decreases activation of p38—ELK1—c-Fos signaling. (A) Lysates from female PAEC¢, and EH,rsn-transfected PAECs,
untreated or treated with PenNPF and control peptides, were analyzed for p38 phosphorylation. Data were normalized to total kinase signal. Meants.d.
densitometric values are shown with representative blot images. n=3 independent experiments. *P<0.001 versus PAECc, (Ctrl), apart from Pen-NPF sample
where *P<0.001 versus untreated transfected cells. (B) Nuclear extracts prepared from female PAEC¢; and EHrsn-transfected PAECs, untreated or

treated with peptides, were assayed for ELK1 activity. Data are meants.d. of n=3 independent experiments performed in triplicate. *P<0.05 versus PAEC¢y, (Ctrl);
**P<0.01 compared to untreated transfected PAECs. (C) Western blotting of nuclear extracts (45 ug protein/lane) from female PAECcy, and EHrsn-transfected
PAECs, untreated or treated with peptides using a c-Fos antibody. Data were normalized to B-actin signal and represent meants.d. for n=3 different experiments.
*P<0.05 versus PAECcy, (Ctrl), **P<0.01 compared to untreated transfected female PAECs. (D) Diagram of the proposed EHrsn- and Xist-mediated
molecular mechanism to explain sexual dimorphism in the proliferative response of PAECs. EH,rsy translocates to the nucleus to modulate the expression of Xist
and activate p38 kinase. The p38 kinase directly phosphorylates and interacts with the transcription factor ELK1; p38 kinase activity is necessary for the
recruitment of ELK1 to the c-Fos promoter (Ferreiro et al., 2010). Moreover, increased Xist expression upregulates expression of the X-linked gene ELK1 and
downregulates KLF2, an Xist downstream target, leading to increased expression of VEGF Receptor 2 (VEGF-R2) and increased proliferation of PAECs. Thus,
Xist upregulation could be an important factor to explain sexual dimorphism in the proliferative response of PAECs and the imbalanced sex ratio of PAH.

PenNPF peptide decreased c-Fos expression in EHjrgn-transfected — antiangiogenic effects and a known Xist target (Fang et al., 2016; Yu
cells by 53% compared to expression in untreated EHrgn- et al.,, 2015; Carman et al., 2019). These molecular alterations may
transfected cells and transfected PAECs treated with control explain the sexual dimorphism in the proliferative potential of PAECs
peptides (Fig. 8C). and the increased susceptibility of women to PAH.
Based on these data, we propose a model in which EHjrgn

translocated into the nucleus may have a dual function, to modulate ~DISCUSSION

Xist expression and to activate p38 kinase (Fig. 8D). Xist upregulation  Inflammatory processes are recognized as a major pathogenic
may control expression of ELK, a transcription factor encoded by a  component of pulmonary vascular remodeling in PAH (Hassoun
gene located on chromosome X that is an important link between et al., 2009). Increased pulmonary expression of different cytokines
hypoxia, c-Fos and c-Fos target genes. Xist upregulation could also  and chemokines, the identification of perivascular cell infiltrates
affect the expression of KLF2, a transcription factor with potent composed of macrophages, T cells and B cells in plexiform lesions
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in the lungs of PAH patients and correlation of perivascular
inflammation with intima and media remodeling support this
inflammatory component in PAH (Dorfmuller et al., 2003; Sanchez
etal.,2007; Tuderetal., 1994; Stacher et al., 2012). Previous studies
using human lung PAH specimens have shown that GrB
immunoreactivity is associated with plexiform lesions of small
pulmonary arteries (Patel et al., 2017). These observations are
consistent with the fact that during PAH progression, when T-cell
inflammation is persistent, GrB cleaves ITSN, a prominent protein
of the lung tissue with a well-conserved GrB cleavage site (Patel
etal.,2013; Loeb etal., 2006), and generates two cleavage products,
with the N-terminal fragment (EH;rgy) possessing EC proliferative
potential. The lung tissue of PAH animal models and human
specimens, as well as PAECs of PAH patients, express the EHjrgy
cleavage fragment, an important modifier of endocytic activity in
PAECs (Patel et al., 2013). Our recent studies show that EH gy
expression alters the subcellular localization of EH domain-binding
protein 1 and the organization of cortical actin, resulting in increased
trafficking through alternative endocytic structures (Predescu et al.,
2012). Moreover, transient expression of the SH3A—Ergn fragment
in PAECs specifically inhibits caveolae-mediated endocytosis by
sequestering dynamin-2, the membrane fission GTPase, in the
cytosol away from the neck region of endocytic vesicles (Predescu
et al., 2003). However, when the EHjrgny and SH3A-Ejren
fragments are concurrently expressed it appears that the ability of
EH;rsn to shift the physiological vesicular (caveolae-mediated)
transport towards alternative endocytic pathways (Predescu et al.,
2012) overcomes the endocytic deficiency generated by SH3A—
Errsn expression, and EC endocytic activity stays at the basal level.
Thus, despite the dominant-negative effects of SH3A—Ejren
expression, EHrgy still contributes to the endocytic activity,
proliferation and overgrowth of dysfunctional PAECs, and hence, to
the development and maintenance of the dysfunctional PAECpay
phenotype and to progression of the disease.

Besides being the molecular backbone of membrane trafficking,
endocytic scaffold proteins can affect cellular proliferation and
signaling at both the nuclear and cytoplasmic level. Similar to other
endocytic proteins, ITSN undergoes nucleo-cytoplasmic trafficking
that may allow it to perform specialized tasks in the nucleus, such as
regulation of cellular proliferation and transcription (Alvisi et al.,
2018). Previous studies indicated that the src homology-3 (SH3)
domain and the coiled-coil domain of ITSN mediate an interaction
with importin and thus, ITSN is capable of nucleo-cytoplasmic
shuttling in a chromosome region maintenance 1-dependent manner
(Alvisi etal., 2018). In addition to the roles of the coiled-coil and SH3
domains, the N-terminal EH motif(s) may also be responsible for the
localization of endocytic proteins, including ITSN, in the nucleus
(Predescu et al., 2018; Borlido et al., 2009). Ectopically expressed
myc-EHyrgy was found to be predominantly present in the cytosol;
however, a hefty fraction showed nuclear localization. We have
shown that EHrgn expression triggers persistent and specific p38
phosphorylation (Patel et al., 2013). p38 kinase has been reported to
regulate gene expression through direct phosphorylation and
interaction with transcription factors responsible for activation of
target genes. p38 activity is necessary for the recruitment of ELK1 to
the c¢-Fos promoter and for c-Fos transcriptional upregulation
(Ferreiro et al., 2010). Thus, prolonged expression of the EH;rgy
fragment triggers p38-dependent signaling, which results in
activation of the transcription factor ELK1 and the immediate-early
response gene c-Fos, and EC proliferation. Conversely, chemical
inhibition of p38 kinase activity interferes with proliferation of
EH;rgn-expressing PAECs (Patel et al., 2017, 2013).

The C-terminal cleavage product of ITSN comprises a coiled-coil
region and five consecutive SH3 domains. Expression of the full
SH3A-Ersn sequence, or truncated versions, in different cell types
(including ECs) indicated that this motif sequesters SOSI1, a
Ras-specific guanine-nucleotide-exchange factor, resulting in a
dominant-negative effect on Ras—ERK1/2 signaling (Tong et al.,
2000a; Bardita et al., 2013). The molecular mechanisms involved in
balancing the proliferative and apoptotic signaling controlled by the
two cleavage products, and the physiological and pathological
implications, are complex and not fully understood. This study
provides in vitro evidence that, when concurrently expressed, the
two protein fragments of ITSN increased not only p38 activation, an
event associated with proliferation of PAECs and formation of
plexiform lesions (Patel et al., 2017), but also the ratio of p38 to
ERK1/2 activity. It seems that SH3A—Ergn cooperates with EH gy
in activation of the p38—ELK1 pathway to support pathological
excessive proliferation of PAECs. Given the proliferative effects of
concurrent expression of EHjrgy and SH3A-E; gy detected in our
cellular context, the possibility that SH3 A—E;rgy undergoes nucleo-
cytoplasmic trafficking and is involved in regulation of EC
proliferation and perhaps transcriptional processes cannot be
ruled out.

Moreover, concurrent expression of the two protein fragments
augmented p38 and ELK activation and the ratio of p38 to ERK1/2
activity, with female cells being more responsive than the male
cells. Dysregulated MAPK signaling is observed in various
experimental models of PAH (Awad et al., 2016). Although the
relative significance of any given signaling pathway studied thus far
seems to be influenced by the specific animal strain, stimulus, age,
sex, environment and cell type used, the activation of p38 appears to
be a characteristic of animal models of PAH that develop plexiform
lesions (Carman et al., 2019). This observation suggests that the
formation of plexiform lesions in different systems may share a
common pathophysiological mechanism that converges on p38
activation (Carman et al., 2019).

Accumulating evidence indicates that IncRNA regulation plays
key roles in the development and progression of many human
diseases (Yang et al., 2018). IncRNAs are involved in many aspects
of gene regulation, including epigenetic regulation, imprinting,
trafficking between the nucleus and cytoplasm, transcription and
mRNA splicing (Yang et al., 2018). Abnormal levels of the IncRNA
Xist interfere with the expression profiles of X-linked genes and
have been linked to tumorigenesis, cell cycle regulation, apoptosis,
and cell proliferation. Recent studies demonstrated that Xist is
abnormally expressed in several cancers, with a negative relation to
clinical outcome, and that abnormal expression of Xist may partially
contribute to sex biases in cancer (Yang et al., 2018). Altered
expression of X-linked genes is observed in female-biased
autoimmune disorders and mouse models of autoimmunity
(Libert et al., 2010). Chromosome X has the greatest density
of immunity-related genes, and thus females, with two X
chromosomes, have an immunological advantage over males
(XY). The strong female-specific immune response is not always
beneficial and can result in autoimmunity (Wang et al., 2016). Thus,
aberrant expression of the IncRNA JXist, although essential for
X-chromosome inactivation and dosage compensation of X-linked
gene expression (Yang et al., 2018), might also affect the expression
of genes carried on human and mouse chromosome X that are
documented to be involved in PAH pathogenesis (Table S3)
including apelin (Brash et al., 2018; Yang et al., 2017, 2019), tissue
inhibitor of metalloproteinase-1 (Tiede et al., 2016; Chelladurai
et al., 2012; Wang et al., 2015), histone deacetylase 6 (Boucherat
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et al., 2017), angiotensin-converting enzyme 2 (Hemnes et al.,
2018; Li et al., 2013), filamin (Huang et al., 2018; Hirashiki et al.,
2017), O-linked beta-N-acetyl-glucosamine (Barnes et al., 2015),
host cell factor-1 (Barnes et al., 2015), androgen receptor (Elinoff
et al., 2013), nicotinamide adenine dinucleotide phosphate oxidase
(Ghouleh et al., 2017; Hood et al., 2016) and ELK] (Patel et al.,
2017). Dysregulation of Xist can result in genes escaping
inactivation or reactivation in female cells (Vacca et al., 2016).
Our results revealed that in female PAECs, Xist was upregulated
above basal levels in response to EH rgn expression, an event that
caused an increase in their proliferation rate. In addition, female
PAECs showed increased expression of the X-linked gene ELK],
3.4-fold greater than expression in male PAECs,

Thus, similar to other types of human ECs, such as pulmonary
microvascular ECs (Addis et al., 2014) and umbilical ECs (Zhang
et al., 2018), PAECs display sexual dimorphism that affects their
response to EHrgn expression. Inhibition of EHrgy using a highly
specific EH-inhibitory peptide abolished both the increase in Xist
expression and PAEC proliferation. PAEC proliferation was also
abolished by siRNA-mediated Xist knockdown. Altogether, these
findings suggest a causal link between EHrgn expression, Xist
upregulation, and PAEC proliferation.

The increased responsiveness of female cells to EH gy expression
was due to upregulation above basal levels of the IncRNA Xist,
because downregulation of Xist gene expression using siRNA
knockdown or treatment with a highly specific EH;pgy inhibitory
peptide decreased PAEC proliferation and activation of the p38—
ELK1-c-Fos signaling pathway. Thus, Xist upregulation could
explain the sexual dimorphism in the proliferative potential of
PAECs and the increased susceptibility of women to PAH. Of
particular interest is the finding that PAECs of female PAH patients, a
physiologically relevant disease setting, recapitulated the in vitro
results. The PAECs of female PAH patients showed upregulation of
Xist expression above the baseline healthy state and increased ELK/
expression, two molecular events that may account for the increase in
their proliferation rate. In this study we also found that upregulation of
Xistin PAECs of PAH female patients was associated with repression
of KLF2 transcription factor expression. KLF2 deficiency has been
implicated in PAH pathogenesis (Eichstaedt et al., 2017; Kim, 2014,
Kimetal., 2015), but so far has not been related to gender differences.
Previous reports indicated that in non-small cell lung cancer, Xist
interacts with enhancer of zeste homolog 2, an RNA binding protein
that is the catalytic subunit of the Polycomb Repressive Complex 2, to
repress KLF2 expression (Fang et al., 2016). Moreover, Xist can
interact with miR-92a, a miRNA that targets KLF2 and that might
also regulate KLF2-dependent genes (von Willebrand factor, Tie-2,
FLK-1, VEGF-R2) important for regulation of endothelial functions
(Wuetal., 2011; Yu et al.,, 2015).

As shown in Fig. 8, the mechanisms underlying the effects of Xist
upregulation in response to EHjrgy expression are complex and
might involve multiple parts of the Xist regulatory network (i.e. all
levels of gene regulation, including cis-regulatory elements,
transcription factors, chromatin modifications and higher-order
chromatin structure), as well as the targets of Xisz, such as the
X-linked PAH genes. Understanding the complex relationship
between Xist and proliferation of PAECs remains challenging, and
more work is needed to develop the use of Xist as a diagnostic and
prognostic marker and a therapeutic target for the treatment of PAH
in women. Though this is a robust study, we employed only five
PAECpag cell lines. Owing to this relatively small sample size, the
findings should be complemented by additional studies of PAECs
and lung tissue of PAH patients in order to further elucidate the role

of upregulation of Xist expression in PAH. Mechanistic studies on
how the expression of X-linked genes and transcription factors
involved in PAH can be influenced by changes in Xist expression
levels are needed to validate our findings.

MATERIALS AND METHODS

Materials

Non-disease (control) human pulmonary artery endothelial cells (PAECs)
from male and female donors, Endothelial Basal Medium (EBM-2),
Medium 199 and EGM-2 Endothelial Growth SingleQuots Kit
Supplement and Growth Factors were from Lonza (Walkersville, MD).
X-tremeGENE HP DNA transfection reagent was from Roche Applied
Science (Mannheim, Germany). EZ-Link Sulfo NHS-SS-Biotin, Click-iT
EdU Alexa Fluor Cell Proliferation kit, ProLong Gold Antifade reagent
with DAPI, NeutrAvidin-Dylight 594 conjugated, Foxp3 Staining Buffer
set, DAPI Nucleic Acid Stain and NE-PER Nuclear and Cytoplasmic
Extraction kit were from Thermo Fisher Scientific (Hanover Park, IL).
MTT Cell Proliferation Assay kit was from ATCC (Manassas, VA).
Streptavidin-HRP-conjugated was from EMD Millipore Corporation
(Temecula, CA). Antibodies used were as follows: phospho-p38 mAb
(T180/Y182; #46318S), p38 pAb (#92128S), phospho-ERK1/2 mAb (T282/
Y284; #4370S), ERK1/2 pAb (#9102S), myc-tag mAb (#2276S), FLAG-
tag mAb (#14793S) and c-Fos rabbit Ab (#2276) from Cell Signaling
Technology (Beverly, MA); actin mAb (#sc-47778) and ITSN1 Ab (EH
epitope; #ABN1378) from Sigma-Aldrich (St. Louis, MO); ELK1 pAb
(#sc-355) and FITC Ab from Santa Cruz Biotechnology (Santa Cruz, CA);
KLF2 Ab (#PAS5-40591) from Thermo Fisher Scientific (Hanover Park,
IL), HRP-conjugated reporter antibodies from Cappel, Organon Teknika
(Durham, NC). Specific Xist siRNA SmartPOOL reagent and control
(scrambled nucleotide) sequences were from Dharmacon (Lafayette, CO).
The PenNPF and control peptides were synthesized by the Protein Core,
University of Illinois at Chicago.

Cell culture and transfection

Male and female PAECs were grown as described by Patel et al. (2013). For
transfection, EHyrsny cDNA (encoding amino acids 3-271) was cloned into
the pReceiver/Myc-M43 and CS-Z3999-M03/C-eGFP vectors while the
SH3A-E;rsn ¢cDNA (encoding amino acids 744—1206) was cloned into the
pReceiver/Flag-M12 and the pReceiver/Cherry-M55 vectors (GeneCopoeia,
Rockville, MD). All transfections were performed using an optimized 3:1
(ul:png) ratio of X-tremeGENE 9 DNA transfection reagent to DNA. For
co-transfection experiments, PAECs were grown to 90% confluency and the
transfection mixtures were added at the same time. Empty vector was used as
control throughout.

Localization of GFP- and mCherry-tagged ITSN fragments in transfected
PAECs was determined by imaging with excitation at 488 nm and emission
at 500-550 nm for GFP, and excitation at 568 nm and emission at 580—700
nm for mCherry.

For siRNA transfection, the Xist SmartPOOL Reagent, four sequences
designed and synthesized by Dharmacon, were prepared as 50 uM stock
solutions and stored at —80°C until use. PAECs grown in complete
endothelial media (EBM-2 and Medium 199 supplemented with 20% fetal
calf serum) at 37°C, in 60 mm Petri dishes, were transfected with lipoplexes
as follows: 4 pg of siRNA was added to 396 pl of serum-free media mixed
with 4.34 ul Dharmafect, as per the manufacturer’s protocol. Cells were
collected 72 h after transfection and analyzed by RT-qPCR for Xist
expression.

Male and female idiopathic PAECp4;; and ND-Ctrl PAECs were from the
Pulmonary Hypertension Breakthrough Initiative (PHBI) or kindly provided
by Drs Serpil Erzurum and Suzy Comhair (Lerner Research Institute,
Cleveland Clinic, Cleveland, OH) at passages 3-5. The PAECs were
harvested and cultured as described in Combhair et al. (2012). The PAECs
were de-identified in accordance with the Health Insurance Portability and
Accountability Act and authenticated to confirm their endothelial identity.
The studies were conducted in compliance with the PHBI guidelines, as per
the MTA agreement. These studies did not meet the definition of human
subject research (15090702-IRB02-CR04).
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Protein extraction, western blotting and immunoprecipitation
Human PAECs grown on Petri dishes were collected and solubilized in lysis
buffer [20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.3% SDS, 1% (w/v)
Triton X-100, 1 mM Na3;VO,, 1 mM PMSEF, protease and phosphatase
inhibitors (Sigma-Aldrich, St Louis, MO)] for 1 h at 4°C under gentle
agitation. The resulting lysate was clarified by centrifugation in a Beckman
Optima Max-XP ultracentrifuge, TLA-55 rotor at 45,000 rpm for 45 min at
4°C. Protein concentration was determined using the BCA method with a
BSA standard. Cell lysates (70 pg total protein/lane), were subjected to
SDS-PAGE on a 4-20% gel and transferred to nitrocellulose membranes,
which were probed with antibodies for detection of phospho-p38 and total
p38 (1:1000), phospho-ERK1/2 and total ERK1/2 (1:1000), myc-tag
(1:500), FLAG-tag (1:500), c-Fos (1:100) and ELK1 (1:100). An antibody
for detection of actin (1:2000) was used as a loading control. HRP-
conjugated reporter antibodies were used at 1:1000 dilution. Western blots
were visualized using ECL and HyBlot CL films. Representative HyBlot CL
films were subjected to densitometry using Image] software (1.37v; NIH,
MD). For immunoprecipitation, nuclear and cytosolic fractions (350 g total
protein) prepared from PAECs were pre-cleared with Protein A/G for 1 h at
room temperature, followed by overnight incubation with 2 ug anti-myc
antibody and 30 pl Protein A/G slurry at 4°C. Beads were extensively
washed and the resulting immunoprecipitates were solubilized in
electrophoresis sample buffer then analyzed by SDS-PAGE and western
blotting, as above.

Biotin internalization assay

Transfected PAECs grown on plastic Petri dishes or glass coverslips were
washed with ice-cold PBS and then incubated with 0.5 mg/ml cleavable
biotin reagent as reported previously (Predescu et al., 2003). Biotinylated
cell surface proteins were internalized for 20 min at 37°C. Biotinylated
proteins still at the cell surface after 20 min were reduced with glutathione
and the cells were further processed for morphological analyses or lysed
for biochemical investigation. For imaging, cells grown on glass coverslips
were washed in PBS (five washes of 2 min each), fixed and permeabilized
(in methanol for 7 min at -20°C), quenched (in PBS containing 1% BSA
for 1 h at room temperature) and incubated with NeutrAvidin-Dylight 594
conjugated (for 1 h at room temperature). PAECs were rewashed
(five washes of 2 min each), mounted on glass slides using ProLong
Antifade reagent, examined and photographed using a Zeiss Axiolmager
M1 motorized upright microscope equipped with an AxioCam ICcl R3
RGB color digital camera (Carl Zeiss Microlmaging, Inc., Thornwood,
NY). For biochemical studies, control and transfected cells were lysed as
above. The lysates were clarified by centrifugation to obtain a final
supernatant expected to contain the biotinylated proteins internalized by
control or transfected cells. The amounts of biotin-labeled protein were
assessed by ELISA. For quantitative assessment of biotin molecules in the
final PAEC supernatant, standard curves were generated using known
concentrations of BSA-biotin. The average number of biotin molecules
present in each cell lysate was determined for a series of decreasing
concentrations using the linear part of a curve obtained by successively
diluting a standard volume (100 pl) from each lysate, and normalized per
mg of total protein.

Cell proliferation assay

Cell proliferation was determined using the Click-iT EdU Alexa Fluor
Imaging kit according to the manufacturer’s instructions. Briefly, control
and transfected PAECs, grown on coverslips in 6-well plates (1.5x10° cells
per well), were incubated in complete endothelial medium containing
10 uM EdU solution for 2h at 37°C. PAECs were fixed with 3.7%
formaldehyde in PBS and permeabilized with PBS containing 0.5% Triton
X-100, then washed with 3% BSA in PBS before the Click-iT reaction
cocktail was added to each well and incubated for 30 min, at room
temperature. The coverslips were mounted using ProLong Antifade reagent
with DAPI. EdU-positive cells were counted on high-power field of view
images using a Zeiss Axiolmager M1 motorized upright microscope
equipped with an AxioCam ICcl R3 RGB color digital camera and a 40x
objective, and data were expressed as the ratio of EdU-positive cells to
DAPI-stained cells per 50 high-power fields of view.

MTT assay

Triplicate aliquots of cells (10° cells suspended in 100 pl complete
endothelial medium) were seeded onto a 96-well plate and serial dilutions
were prepared in the endothelial medium. Cells were cultured for 48 h,
followed by addition of 10 ul MTT Reagent to each well. After 5h
incubation, 100 ul of detergent was added to each well, the plate was
covered and kept in the dark at room temperature overnight. Absorbance
was measured at 595 nm using an Epoch BioTech microtiter plate reader
(BioTech Instruments, Highland Park, VT) on the following day. Parallel
triplicate experiments using non-treated PAECs were performed.
A growth curve was generated to relate the ODsgs values to the number
of cells.

Flow cytometry analysis of cell cycle

The C-eGFP-EH;rsN- and mCherry-SH3 A—Ergn-transfected PAECs were
harvested, washed with PBS and fixed in 75% ethanol at —20°C for 10 min
followed by 15 min incubation at room temperature in 1 ml of 3 uM DAPI
nucleic acid stain solution in staining buffer (100 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1 mM CaCl,, 0.5 mM MgCl, and 0.1% Nonidet P-40)
followed by flow cytometry analysis of the cellular DNA content. Cell
doublets were excluded using forward scatter area versus forward scatter
height parameters. Gates for C-eGFP and mCherry expressing cells were
drawn based on untransfected populations used as controls. At least 50,000
cells were collected for each sample and analyzed on a CytoFLEX flow
cytometer (Beckman Coulter, Brea, CA). The proportion of cells within the
synthetic (S) phase of the cell cycle was determined using DAPI, which
binds to DNA in a stoichiometric manner. The population of G2 phase cells
(having twice the DNA content of G1 phase cells), was defined as those cells
that fluoresced twice as brightly as the G1 population. The S phase
population was defined as the population of cells with fluorescence intensity
between that of the G1 and the G2 populations. Cell doublets were gated out
using PI (propidium iodide) area versus PI height, and PI intensity was
measured on a linear scale. Kaluza software version 2.1 (Beckman Coulter,
Brea, CA) was used to analyze the data.

PenNPF peptide treatment

PAECs grown on coverslips were incubated for 1 h with 12.5 uM PenNPF—
FITC peptide using a 1 mg/ml stock solution of the peptide in PBS. After 1 h
incubation, cells were washed with PBS and fixed in 4% paraformaldehyde
before mounting on glass slides using Prolong Antifade reagent. Peptide
uptake by PAECs was detected by fluorescence microscopy using a Zeiss
Axiolmager M1 motorized upright microscope equipped with an AxioCam
ICc1 R3 RGB color digital camera and a 63x objective. Similarly, PAECs
grown on 100 mm plates and transfected with myc-EH;rgy were incubated
for 12 h with PenNPF or control peptides (12.5 uM) as described by Clark
and Petty (2010). Then, the cells were plated for the MTT assay. We
generated the PenNPF peptide, which consisted of the membrane permeable
Pen peptide (RQIKIWFQNRRMKWKK) (Derossi et al., 1996) followed by
the NPF motif and vital residues for binding (PTGSSSTNPFL), as well as a
FITC-tagged version (PenNPF-FITC) to facilitate morphological and
biochemical detection. In addition, the following control peptides were
used: (i) Pen-AAA (NPF residues substituted with an AAA sequence), (ii)
Pen alone, (iii) NPF alone (NPF motif and the vital residues for binding) and
(iv) Pen [scrambled] NPF peptide (the Pen peptide sequence and a
scrambled NPF sequence).

PenNPF-FITC peptide overlay

The overlay assay was performed as described in Knezevic et al. (2011).
Immediately  following electrotransfer, nitrocellulose ~membranes
containing PAEC lysates resolved by SDS-PAGE, were blocked for 1 h
in blocking buffer [150 mM NaCl, 5% (w/v) non-fat powdered milk,
50 mM phosphate, pH 7.5], rinsed with water and incubated for 1 h in
Buffer A (3% BSA, 0.1% TWEEN 20, 1 mM dithiothreitol and 20 mM
Tris-HCL, pH 7.4) containing 5 uM PenNPF-FITC peptide per ml. The
membranes were then washed in blocking buffer, rinsed with water, and
incubated for 1 h in Buffer A (without dithiothreitol) containing anti-FITC
antibody, followed by incubation the appropriate HRP-conjugated reporter
antibody and ECL detection.
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RNA isolation and RT-qPCR

Briefly, RNA from HPAECs was isolated using an RNeasy Micro Kit
(Qiagen; Valencia, CA). RT-qPCR for Xist was performed on cDNA
generated from 2000 ng of total RNA using a High-Capacity RNA to cDNA
kit and Power SYBR Green PCR Master Mix (Thermo Fisher Scientific;
Hanover Park, IL). Amplification and detection of specific products were
performed using a Roche Light cycler 480 Detection System. Relative gene
expression was calculated by comparing cycle times for each target PCR.
The following human qPCR primer pairs (Sigma-Aldrich; St. Louis, MO)
were used: Xist, fwd 5-GGATGTCAAAAGATCGGCCC-3', rev 5'-
GTCCTCAGGTCTCACATGCT-3'; ELKI, fwd 5-GCTGCCTCCTAGC-
ATTTCACTTC-3’, rev 5'-CCACGCTGATAGAAGGGATGTG-3'; KLF2,
fwd 5'-CCAAGAGTTCGCATCTGAAGGC-3', rev 5'-CCGTGTGCTTT-
CGGTAGTGGC-3"; GAPDH (used for mRNA normalization), fwd 5'-G-
TCTCCTCTGACTTCAACAGCG-3', rev 5'-ACCACCCTGTTGCTGTA-
GCCAA-3'. Reactions were run under the following conditions: 95°C for
10 min; 95°C for 15 s then 60°C for 1 min, repeated 40 times; and the
melting curve was 95°C for 15 s, 60°C for 1 min, 95°C for 15 s. Once the
fluorescent signals were normalized to an internal reference, the threshold
cycle (Ct) was set within the exponential phase of the reaction. Relative gene
expression was expressed as a ACt value, and the comparative expression
between treatments was subsequently calculated using the following
equation: relative gene expression=2(ACt sample—ACt control)

Luciferase reporter assay

Reporter constructs were generated by Origene (Rockville, MD). The
human Xist cDNA clone was subcloned using Sacl and Xhol restriction sites
into the pmirGLO vector (Promega, Madison, WI). Controls and EH;rgn-
expressing ECs were co-transfected with the Xist reporter construct and a
control Renilla construct, using Lipofectamine 3000 in 60 mm Petri dishes,
according to the manufacturer’s instructions. Cell lysates were obtained by
adding Promega CCLR buffer (400 pl/plate), rocking the plates for 30 s to
1 min before scraping the monolayer. The resulting lysate was transferred to
achilled 1.5 ml microfuge tube on ice. After a short centrifugation (12,000 g
for 1 min at 4°C), the supernatant was stored at —80°C until readings were
taken. The firefly and Renilla luciferase activities were determined using a
double Luciferase Reporter Analysis System (Promega) according to the
manufacturer’s instructions. The relative luciferase activity was calculated
based on the firefly/Renilla fluorescence ratio.

ELK1 activity assay

Nuclear extracts of control and transfected cells were prepared using the
NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The nuclear extracts were then
analyzed using a TransAM Elk-1 ELISA kit (Active Motif, Carlsbad, CA) in a
96-well plate containing the immobilized Elk1 consensus site oligonucleotide as
reported by Patel et al. (2013). Activated Elk1 was detected using an antibody
against phosphorylated Elk1 followed by an HRP-conjugated reporter antibody.
The plates were read at 450 nm using an Epoch plate reader. Data from triplicate
wells in three different experiments were expressed as a means.d.

Statistical analysis

All experiments were repeated at least three times, and statistical analyses
were performed using GraphPad Prism 8.2.1 software. Student’s #-test (two
tailed, unpaired #-tests) and one-way analysis of variance (ANOVA) were
used to compare the samples and their controls. All data are expressed as
meanzs.d. A value of P<0.05 was considered significant.
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