Laboratory Investigation (2017) 97, 1033-1046
© 2017 USCAP, Inc All rights reserved 0023-6837/17

Endothelial fibrosis induced by suppressed STAT3
expression mediated by signaling involving the
TGF-B1/ALK5/Smad pathway

Alvaro Becerra'**, Macarena Rojas', Alejandro Vallejos', Vicente Villegas', Lorena Pérez', Claudio Cabello-Verrugio'
and Felipe Simon'~

During systemic inflammatory pathologies, mediators of inflammation circulate in the bloodstream and interact with
endothelial cells (ECs), resulting in endothelial dysfunction that maintains and enhances the pathological condition.
Inflammatory mediators change the protein expression profile of ECs, which become activated fibroblasts via endothelial-
to-mesenchymal transition. This process is characterized by downregulated endothelial proteins and strongly upregulated
fibrotic-specific genes and extracellular matrix-forming proteins. The main inductor of endothelial fibrosis is transforming
growth factor-B1 (TGF-f1), which acts through the TGF-B1/activin receptor-like kinase 5 (ALK5)/Smads intracellular
signaling pathway. The signal transducer and activator of transcription 3 (STAT3) is also involved in fibrosis in several
tissues (e.g. heart and vascular system), where STAT3 signaling decreases TGF-B1-induced responses by directly interacting
with Smad proteins, suggesting that decreased STAT3 could induce TGF-B1-mediated fibrosis. However, it is unknown if
suppressed STAT3 expression induces EC fibrosis through a mechanism involving the TGF-§ signaling pathway. The
present study evaluated the fibrotic actions of STAT3 suppression in ECs and investigated TGF-31/ALK5/Smad4 signaling
pathway participation. Suppressed STAT3 expression stimulated fibrotic conversion in ECs, as mediated by protein
expression reprograming that decreased endothelial marker expression and increased fibrotic and extracellular matrix
protein levels. The potential mechanism underlying these changes was dependent on TGF-B1 secretion, the ALK5
activation pathway, and Smad4 translocation into the nucleus. We conclude that suppressed STAT3 expression converts
ECs into activated fibroblasts via TGF-81/ALK5/Smad4 signaling pathway involvement.
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Endothelial cells (ECs), which compose the inner layer of
blood vessels that form the endothelium, participate in several
physiological functions, including vasorelaxation, hemostasis
control, and vascular permeability, among others. However,
several inflammatory conditions are associated with endothe-
lial dysfunction, including hypertension, atherosclerosis,
thrombosis, obesity, and diabetes. During inflammation,
proinflammatory molecules interact with ECs on the inner
walls of blood vessels, thereby generating several actions,
including endothelial fibrosis.!™

Endothelial fibrosis is mediated by a widely reported
process known as endothelial-to-mesenchymal transition
(EndMT).> There are several efficient inductors of EndMT,

including cytokines and mediators of inflammation such as
transforming growth factor-$1 (TGF-p1), TGEF-$2, TNF-q,
IL-1p, reactive oxygen species, and endotoxins, among
various others.>”%713 Of these inductors, TGF-# types 1
and 2 participate in the main pathway for fibrotic intracellular
signaling in ECs. Activation of the plasma membrane receptor
of TGEF-f, activin receptor-like kinase 5 (ALK5), stimulates
intracellular signaling. Several proteins are involved in the
TGEF-p/ALKS pathway, such as numerous Smad family
proteins. Specifically, after activation of Smad2 and Smad3,
the Smad4 protein is phosphorylated to promote transloca-
tion to the nucleus and the subsequent transcription of genes
supporting profibrotic actions.!*1>
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During endothelial fibrosis, ECs undergo protein expres-
sion reprograming and convert into activated fibroblasts. This
process is characterized by the downregulation of endothelial
proteins, such as vascular endothelial (VE)-cadherin and
cluster of differentiation 31 (CD31)/PECAM, and the
upregulation of fibrotic-specific markers, such as fibroblast-
specific protein 1 (FSP-1), a-smooth muscle actin (a-SMA)
and vimentin. Furthermore, the levels of extracellular matrix
(ECM)-forming proteins, such as fibronectin and collagen
types I and III, strongly increase during EndMT.>7

The signal transducer and activator of transcription 3
(STAT3) is involved in generating fibrosis in several tissues.
Supporting this, tissue-specific, cardiomyocyte-restricted
STAT3 knockout (STAT3-KO) mice exhibit enhanced cardiac
fibrosis.!® Similarly, cardiomyocyte-restricted STAT3-KO
mice show increased interstitial, ECM deposition-mediated
fibrosis that affects cardiac function, impairs angiogenesis,
and promotes dysfunctional vasculature maintenance, sug-
gesting that the deleterious effects of STAT3 downregulation
affect the heart and even extend to the vascular system.!”!8 In
contrast, evidence in other tissues, such as the liver, indicates
that STAT3 generates hepatic fibrosis through TGEF-f1
production.'® Similarly, STAT3 activation in the kidney and
lungs is associated with renal and pulmonary fibrosis.?%~%2
Therefore, both the inhibition and activation of STAT3 are
related to fibrosis generation. Considering this context, we
hypothesize that STAT3 exerts differential effects depending
on the organ and tissue type. As a particular point of
investigation within this subject area, we questioned whether
the suppression of STAT3 expression would induce fibrotic-
like conversion in ECs.

Several ligands can activate STATS3, including interleukins,
growth factors, and toll-like receptor ligands. STAT3 is
activated through phosphorylation, which promotes nuclear
translocation. In the nucleus, STAT3 controls the transcrip-
tional initiation and activation of several processes, including
those associated with survival, proliferation, and fibrosis.2>%*
Interestingly, crosstalk might exist between STAT3 and TGE-
P1 signaling. Reports in in vivo and in vitro models indicate
that STAT3 signaling decreases TGF-f1-induced responses
through a direct interaction between Smad3 and STATS3,
resulting in a reduction of the Smad3-Smad4 complex.
Therefore, decreased STAT3 promotes TGF-f-mediated
transcriptional responses, including epithelial-to-
mesenchymal transition.?> In another context, it has also
been shown that increased STAT3 levels result in a
cooperation between this transcription factor and TGF-f1
that exacerbates fibrosis.?®?

Despite this existing knowledge, it remains unknown if the
suppression of STAT3 expression induces EC fibrosis through
a mechanism involving the TGF-f signaling pathway. There-
fore, the aims of this study were to assess the fibrotic actions
of STAT3 suppression on ECs and to investigate the
participation of the TGF-#1/ALK5/Smad signaling pathway
in this. The obtained results demonstrate that the expressional
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suppression of STAT3 stimulates a fibrotic-like phenotype in
ECs. Furthermore, STAT3 downregulation-induced endothe-
lial fibrosis was the result of protein expression reprograming
that promoted a decreased expression of endothelial markers
(VE-cadherin and CD31) and an increased expression of both
fibrotic (FSP-1 and a-SMA) and ECM (fibronectin and
collagen type III) proteins. The potential underlying mechan-
ism for EC fibrosis appears dependent on TGF-f1 secretion,
the ALK5 activation pathway, and Smad proteins signaling to
mediate changes in protein expressions. These findings
provide a better understanding of the mechanisms involved
in fibrosis-induced endothelial dysfunction, information that
can be applied to improve current treatments of vascular
pathologies.

MATERIALS AND METHODS

Primary ECs and Vessel Cultures

Rat mesenteric ECs (RMECs) were isolated from Sprague—
Dawley rats, ranging ~ 150-220 g in body weight. Animals
were anesthetized and subjected to surgery. Primary ECs: the
mesenteric artery was occluded close to the right kidney by
tying it up, and then cannulated with a polyethylene tubing
connected to a 21-gauge syringe. The mesentery was surgically
removed and washed with sterile PBS. For the enzymatic
isolation of RMECs, each mesenteric artery was slowly
perfused in a culture hood for 5min with 5ml of M-199
medium supplemented with 40 ul Pen/Strept (10 000 U/ml/
10 000 pg/ml), 20 ul Fungizone (250 ug/ml), and 12.5mg
collagenase type II. The cell suspension was centrifuged at
3000 r.p.m. for 7 min; the pellet was reconstituted on 3 ml of
M-199 medium supplemented with 8ml/l Pen/Strept
(10 000 U/ml/10 000 ug/ml), 4 ml/l Fungizone (250 pug/ml),
10% FBS, and 10% CCS, and then plated on gelatin-coated
wells in a six-well plate. Cells were allowed to attach to the gel
matrix for 4 h, then rinsed once with sterile PBS, and finally
cultured on M-199 medium supplemented with 8 ml/l Pen/
Strept (10 000 U/ml/10 000 pg/ml), 4 ml/l Fungizone (250 ug/
ml), 10% FBS, and 10% CCS. The primary culture was grown
at 37°C in a 5% CO, incubator for 3 days. Aorta artery
culture: intact aorta arteries from rats were cultured with the
M-199 medium supplemented with 8 ml/l Pen/Strept
(10000 U/ml/10 000 ug/ml), 4 ml/l Fungizone (250 pg/ml),
10% FBS, and 10% CCS, as elsewhere reported by our group.9
Artery segments were treated for 24 h with culture medium
containing the vehicle or the STAT3 inhibitor, S31-201. The
conducted investigation conformed with principles outlined
in the Declaration of Helsinki. The Commission of Bioethics
and Biosafety of Universidad Andres Bello also approved all
experimental protocols.

Small Interfering RNA and Transfection

Small interfering RNA (siRNA) per STAT3 transcript (siRNA-
STAT3) and non-targeting siRNA (siRNA-CTRL), used as a
control, were purchased from Dharmacon (Lafayette, CO).
Briefly, RMECs were transfected with 5nM siRNA using the
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DharmaFECT 4 transfection reagent (Dharmacon) according
to the manufacturer's protocols in a serum-free medium.

Quantitative Real-Time PCR and Western Blot
Procedures

Equal amounts of RNA were used as templates in each
reaction. gPCR analysis was performed using the SYBR Green
PCR Master Mix (AB Applied Biosystems, Foster City, CA).
Assays were run using an Eco Real-Time PCR System
(Illumina). Data are presented as the relative mRNA levels
for the gene of interest normalized to relative levels of
28S mRNA.

ECs transfected with siRNA-CTRL or siRNA-STAT3 were
lysed in cold lysis buffer, and then proteins were extracted.
Supernatants were collected and stored in the same lysis
buffer. The protein extract and supernatant were subjected to
SDS-PAGE, and resolved proteins were transferred to a
nitrocellulose or PVDF membrane. The blocked membrane
was incubated with the appropriate primary antibody, washed
two times, and incubated with a secondary antibody. Bands
were revealed using a peroxidase-conjugated IgG antibody.
Peroxidase activity was detected through enhanced chemilu-
minescence (Bio-Rad, CA), and images were acquired using
Fotodyne FOTO/Analyst Luminary Workstations Systems
(Fotodyne, Hartland, WI). Protein content was determined by
densitometric scanning of immunoreactive bands, and
intensity values were obtained by densitometry of individual
bands normalized against tubulin. For a detailed list of
antibodies used in western Dblot procedures, see
Supplementary Table S1.

Fluorescent Immunocytochemistry and
Immunohistochemistry

Fluorescent immunocytochemistry: Cells were washed two
times with PBS and fixed with 3.7% paraformaldehyde
(PFA) for 30 min at room temperature (RT) before being
permeabilized with 0.1% Triton X-100 in PBS for 30 min at
RT, and blocked for 2 h at RT with 3% BSA in PBS. The cells
were subsequently washed again and incubated with the
primary antibodies. Then, cells were washed two times and
incubated with the secondary antibodies. Samples were
mounted with ProLong Gold antifade mounting medium
with DAPI (Invitrogen). For a detailed list of antibodies used
in fluorescent immunocytochemistry experiments, see
Supplementary Table S2.

Fluorescent immunohistochemistry: Samples obtained from
rat aorta artery were fixed with PFA 3.7 % for 1h at RT,
permeabilized with 0.1% Triton X-100 in PBS for 30 min at
RT, and blocked for 3h at RT with 3% BSA in PBS, and
50mM NH,CI in PBS for 20 min a RT. Samples were
subsequently washed and incubated with the first primary
antibodies. Then, cells were washed two times and incubated
with the first secondary antibodies. Nuclei were stained with
Hoechst (Sigma). For a detailed list of antibodies used, see
Supplementary Table S2.
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FITC-Dextran Transwell Assay

The RMEC and EA hy926 ECl monolayers were plated onto
the insert of the transwell (Costar Transwell; Corning, New
York, NY) and cultured until confluent. Then, cells were
cultured in the presence of a vehicle or the STAT inhibitor
S31-201 for 72 h. At the end of the experiments, 0.5 mg/ml
fluorescein isothiocyanate (FITC)-dextran 40kDa (Sigma-
Aldrich, St Louis, MO) was added to the upper chamber of
the transwell. After 90 min, the samples were removed from
the bottom compartment, and fluorescence was quantified
(excitation 485 nm, emission 520 nm).

Reagents

Buffers and salts were purchased from Merck Biosciences.
SB431542 (0.5 uM), S3I-201 (5-10 uM) and SIS3 (10 uM)
were purchased from Tocris.

Data Analysis

All results are presented as the means+s.d.. Statistical
differences were assessed by Student's t-test (Mann—Whitney)
or one-way analysis of variance (ANOVA) (Kruskal-Wallis),
followed by Dunn's post hoc test. Differences were considered
significant at P<0.05.

RESULTS

Inhibiting STAT3 Expression in ECs Induces a Fibroblast-
Like Phenotype

Non-transfected ECs showed a round and short-spindle
morphology with a cobblestone appearance (Figure 1a).
Similarly, ECs transfected with a non-targeting siRNA
(siRNA-CTRL) used as a control exhibited a similar morphol-
ogy to that observed in non-transfected ECs (Figure 1b). In
contrast, ECs transfected with a siRNA against STAT3 (siRNA-
STAT3) showed a spindle-shaped phenotype typical of
fibroblasts (Figure 1c), suggesting the occurrence of an EndMT
process. To investigate these phenotypic changes in more detail,
cells were counted that were at least twice as long as wide
(length/width >2). The lengths of ECs transfected with siRNA-
STAT3 were ~ 6-fold longer than both non-transfected cells and
siRNA-CTRL-transfected cells (Figure 1d). In addition to this,
cell lengths were measured in each condition, with results
showing a differential distribution of lengths. The mean cell
length of ECs transfected with siRNA-STAT3 was ~ 3.5-fold
longer than that of both non-transfected cells and siRNA-
CTRL-transfected cells (Figure le).

To assess the enrichment of endothelial cultures, a detailed
examination was carried out using VE-cadherin as a specific
endothelial marker. Over 99% of cells in the EC cultures were
positive for VE-cadherin, demonstrating that the primary EC
cultures were highly enriched in ECs, without potential
contamination from fibroblasts or mesenchymal-like cells
(Supplementary Figure S1). Transfection with siRNA-STAT3
was >90% efficient in downregulating STAT3 expression as
compared with ECs transfected with siRNA-CTRL
(Supplementary Figures S2a and b).
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Suppression of STAT3 Expression Induces Decreased
Endothelial Protein Expression and Increased Fibrotic
Marker and ECM Protein Expression in ECs

ECs transfected with siRNA-STAT3 showed a decreased

expression of endothelial proteins as compared with both
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Figure 1 Suppression of signal transducer and activator of transcription
(STAT) expression generates a fibroblast-like morphology in endothelial
cells (ECs). (a—c) Morphological changes in ECs resembling fibroblasts.
Figures show representative phase-contrast images from at least three
separates experiments of (a) non-transfected ECs and (b) in ECs
transfected with a specific small interfering RNA (siRNA) against STAT3
(siRNA-STAT3) or (c) a non-targeting siRNA (siRNA-CTRL). Scale bar
represents 50 um. (d) EC length in which length/width > 2, for non-
transfected ECs and ECs transfected with a specific siRNA against STAT3
(siRNA-STAT3) or a non-targeting siRNA (siRNA-CTRL). (e) EC length
distribution of non-transfected ECs (filled bars) and ECs transfected with a
specific siRNA against STAT3 (siRNA-STAT3) (empty bars) or a non-
targeting siRNA (siRNA-CTRL, gray bars). Statistical differences were
assessed by a one-way analysis of variance (ANOVA) (Kruskal-Wallis),
followed by Dunn's post hoc test. ***P<0.001 against the non-transfected
condition. Graph bars show the mean £s.d. (N=4-7).
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siRNA-CTRL-transfected cells and non-transfected cells.
sIRNA-STAT3-transfected ECs showed a decreased expres-
sion of the endothelial proteins VE-cadherin (Figures 2a and
b) and CD31 (Figures 2c¢ and d). Furthermore, ECs
transfected with siRNA-STAT3 showed an increased expres-
sion of the fibrotic-specific markers a-SMA (Figures 2e and f)
and FSP-1 (Figures 2g and h), as compared with both siRNA-
CTRL-transfected and non-transfected cells. Considering that
ECM protein accumulation is a crucial stage in fibrogenesis, it
was relevant to also determine fibronectin and collagen
protein levels in the supernatants of EC cultures. The
expressions of fibronectin (Figures 2i and j) and collagen
type III (Figures 2k and 1) were significantly increased in cells
transfected with siRNA-STAT3, whereas both non-transfected
and siRNA-CTRL-transfected ECs did not exhibit any
increases in fibronectin and collagen.

As a compliment to siRNA technology, experiments were
performed using the pharmacological inhibitor of STATS3,
S31-201. ECs exposed to S3I-201 showed decreased protein
levels of the endothelial marker VE-cadherin (Supplementary
Figures S3a and b) and an increased expression of the fibrotic
markers a-SMA (Supplementary Figures S3c and d) and
fibronectin (Supplementary Figures S3e and f). The efficiency
of the STAT3 inhibitor was validated for the doses used
(Supplementary Figure S4).

Of note, using the S3I-201 strategy, similar results were
observed in the HUVEC-derived EC line EA hy926.28 EA cells
were cultured in the presence or absence of the STAT3
inhibitor, and the expression of endothelial and fibrotic
markers were analyzed. EA cells exposed to S31-201 showed a
decreased expression of the endothelial proteins VE-cadherin
and CD31 (Supplementary Figures S5a—d, respectively),
whereas expression of the fibrotic-specific markers a-SMA
and FSP-1 (Supplementary Figures S5e-h, respectively) was
severely increased, as compared with ECs in the absence of
the inhibitor. Similarly, the expression of the ECM proteins
fibronectin and collagen type III (Supplementary Figures
S5i-1, respectively) were significantly increased in EA cells
exposed to the STAT3 inhibitor, whereas vehicle-treated cells
did not exhibit any increase in fibronectin and collagen.

Taken together, the obtained results suggest that endothe-
lial fibrosis induced by suppressed STAT3 expression possibly
occurs in several EC types.

Suppressing STAT3 Expression Induces Changes in
Endothelial, Fibrotic and ECM Proteins Distribution in
ECs

As a next step, the changes induced by STAT3 down-
regulation were studied in the context of cellular localization
and distribution of endothelial and fibrotic proteins. Non-
transfected ECs and cells transfected with siRNA-CTRL
exhibited typical VE-cadherin labeling that was predomi-
nantly located in the plasma membrane, whereas FSP-1
expression was almost undetectable (Figures 3a and b).
Additionally, CD31 labeling was detected at the plasma
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Figure 2 Suppression of signal transducer and activator of transcription 3
(STAT3) expression induces changes in endothelial, fibrotic, and
extracellular matrix (ECM) proteins. Protein expression was analyzed in
non-transfected (NT) endothelial cells (ECs) and in ECs transfected with a
specific small interfering RNA (siRNA) against STAT3 (siRNA-STAT3) or a
non-targeting siRNA (siRNA-CTRL). (a, ¢, e, g, i, and k) Representative
images from western blot experiments performed to detect (a) VE-
cadherin (VE-Cad), (c) cluster of differentiation 31 (CD31), (e) a-smooth
muscle actin (a-SMA), (g) fibroblast-specific protein 1 (FSP-1), (i)
fibronectin (FN), and (k) Col IIl. (b, d, f, h, j, and I) Densitometric analyses
of the experiments shown in (a, ¢, e, g, i, and k, respectively). Protein
levels were normalized against tubulin, and data are expressed relative to
siRNA-CTRL-transfected cells (N=5). Statistical significance was assessed
by a one-way analysis of variance (ANOVA) (Kruskal-Wallis), followed by
Dunn's post hoc test. **P<0.01. Graph bars show the mean +s.d.

<
<

membrane, whereas a-SMA was weakly expressed (Figures 3d
and e). In contrast, ECs transfected with siRNA-STAT3
displayed increased FSP-1 labeling and decreased
VE-cadherin expression (Figure 3c). Furthermore, a-SMA
labeling in fibrotic-like stress fibers was greatly increased in
the intracellular compartment, whereas CD31 was virtually
absent (Figure 3f).

To investigate the effect produced by STAT3 down-
regulation on the cellular localization and distribution of
ECM proteins, these proteins were evaluated. ECs transfected
with siRNA-STAT3 showed increased fibronectin labeling and
decreased VE-cadherin (Figure 3i) and CD31 (Figure 3I)
expressions. In contrast, non-transfected ECs and cells
transfected with siRNA-CTRL showed typical VE-cadherin
(Figures 3g and h) and CD31 (Figures 3j and k) labeling,
which was restricted to the plasma membrane, whereas
fibronectin (Figures 3g, h and j, k) was expressed at low levels.

Endothelial Fibrosis Induced by Suppression of STAT3
Expression in Endothelial Monolayers from Intact Blood
Vessels

Next, we assessed if STAT3 suppression-induced endothelial
fibrosis occurs in ECs in the native tridimensional environ-
ment of intact blood vessels. For this, experiments were
performed in an intact aorta artery exposed to the vehicle or
STAT3 inhibitor, S31-201, for 24 and 48 h. ECs from the
vehicle-treated aorta artery showed clear VE-cadherin labeling
at the cell limits but low fibronectin staining (Figures 4a
and c¢). In contrast, ECs from the S3I-201-treated aorta
showed a significant downregulation of VE-cadherin staining
at 48h compared with the vehicle-treated aorta artery,
whereas  fibronectin  labeling was greatly increased
(Figures 4d and d'). Also, in 24 h treatment samples showed
a weak VE-cadherin expression decrease and fibronectin
labeling increase (Figures 4b and b’). These results indicate
that STAT3 inhibition was able to initiate endothelial fibrosis
in the endothelial monolayer of intact whole blood vessels.
No significant changes were observed in tissue morphology
between vessels at 0 vs 24 and 48 h of treatment (data not
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CD31
FN

siRNA-STAT3

Figure 3 Cellular distribution of endothelial and fibrotic markers involved in endothelial fibrosis induced by suppression of signal transducer and
activator of transcription 3 (STAT3) expression. Representative images from experiments (a, d, g, and j) of non-transfected endothelial cells (ECs) and
(b, e, h, and k) in ECs transfected with a non-targeting small interfering RNA (siRNA) (siRNA-CTRL) or (c, f, i, and 1) siRNA against STAT3 (siRNA-STAT3).
Endothelial markers cluster of differentiation 31 (CD31) or VE-cadherin (red), and the fibrotic markers a-smooth muscle actin (a-SMA), fibroblast-specific
protein 1 (FSP-1), or fibronectin (FN) were detected (green). Boxes depicted in (b, ¢, e, f, h, i, k, and 1) indicate the magnification shown in (b', ¢, €', f,
h', i', k', and I'), respectively. Nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI). Scale bar represents 30 um.

shown), suggesting that blood vessel culturing itself did not
promote any alterations.

Endothelial Fibrosis Induced by Suppression of STAT3
Expression is Mediated through TGF-B1 Secretion and
ALKS Activation

It has been broadly reported that TGF-f1 is a main fibrotic
inducer.>?° Furthermore, several profibrotic stimuli are

1038

supported by the production of TGF-$1.1b1230 These
previous findings prompted us to investigate if STAT3
downregulation induces the production of TGF-f1 as a
mechanism to promote endothelial fibrosis.

ECs transfected with the siRNA-STAT3 exhibited an
increased mRNA expression of TGF-f1 (Figure 5a), whereas
TGF-f2 mRNA expression did not show change (Figure 5b).
In concordance with this, siRNA-STAT3-transfected ECs

Laboratory Investigation | Volume 97 September 2017 |
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STAT3 inhibitor (S31-201)

24 h

48 h

Figure 4 Cellular distribution of endothelial and fibrotic markers involved in endothelial fibrosis induced by signal transducer and activator of
transcription 3 (STAT3) inhibition in intact whole aorta artery. Endothelial cells (ECs) from intact aorta artery treated with vehicle (a and c), or treated
with 10 uM of STAT3 inhibitor (S31-201) at 24 (b and b') or 48 h (d and d'). Endothelial marker VE-cadherin (red) and the fibrotic marker fibronectin (FN)
were detected (green). Boxes depicted in (b and d) indicate the magnification shown in (b' and d'), respectively. Nuclei were stained using Hoechst.

Scale bar represents 50 um.

showed increased TGF-f1 protein levels in the supernatant
(Figures 5c¢ and d) and protein extract (data not shown) as
compared with both non-transfected cells and ECs transfected
with siRNA-CTRL. These findings suggest that STAT3
expression suppression promotes an increased expression
and secretion of TGF-f1 in ECs.

TGEF-p actions are mediated by means of its receptor,
ALKS5. Therefore, assays were conducted to evaluate if ALK5
expression was modified by STAT3 expression suppression.
ECs transfected with siRNA-STAT3 did not show change in
ALKS expression as compared with both siRNA-CTRL-
transfected cells and non-transfected cells. This finding
suggests that activation of the TGF-f1/ALK5/Smad4 signaling
pathway by STAT3 suppression is dependent on increased
TGE-f1 expression (Supplementary Figure S6).

During analysis of the above results, we questioned if the
increased TGF-f1 protein levels were mediating the STAT3

| Laboratory Investigation | Volume 97 September 2017

suppression-induced endothelial fibrosis. The actions of
TGE-p are carried out by this peptide, thus activating the
ALK5 receptor to induce gene transcription and promote
fibrosis.'*!> Therefore, experiments were performed using
SB431542, a specific ALK5 activation inhibitor. Frequently
used SB431542 doses are toxic to EC cultures. For this reason,
a non-toxic, but still effective, concentration of SB431542 for
assay use was previously determined.” ECs transfected with
siRNA-STAT3 in the presence of SB431542 did not evidence
decreased levels of the endothelial markers VE-cadherin
(Figures 6a and b) and CD31 (Figures 6¢ and d).
Furthermore, siRNA-STAT3-transfected cells exposed to
SB431542 did not show any increase in expression of the
fibrotic proteins a-SMA (Figures 6e and f) and FSP-1
(Figures 6g and h). Similarly, SB431542 treatment of
siRNA-STAT3-transfected cells abolished the increased pro-
tein levels of fibronectin (Figures 61 and j) and collagen type
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Figure 5 Suppression of signal transducer and activator of transcription 3
(STAT3) expression induces the expression and secretion of tumor growth
factor-B1 (TGF-B1). (a and b) Endothelial cells (ECs) were transfected with
small interfering RNA (siRNA)-CTRL, siRNA-STAT3 or non-transfected (NT),
and mRNA expression of (a) TGF-1 and (b) TGF-82 was then measured
by means of quantitative PCR (qPCR). Determinations were performed in
at least triplicate, and the results are expressed normalized relative to 28S
MRNA expression. (N=3-4). (c and d) ECs were transfected with small
interfering RNA (siRNA)-CTRL, siRNA-STAT3, or NT, and the protein
secretion of TGF-B1 was then measured in the supernatant. (c and d)
Representative images of western blot experiments performed for
detection of (c) TGF-B1 secretion. (d) Densitometric analyses of the
experiments are shown in (c). Protein levels were normalized against
tubulin, and data are expressed relative to the NT condition. Significant
differences were assessed by a Student's t-test (Mann—-Whitney).
**P<0.01, **P<0.001 against NT condition. Graph bars show the

mean +s.d.

III (Figures 6k and 1). These results suggest that ALK5 activity
is required for endothelial and fibrotic expression changes to
occur during STAT3 supression-induced endothelial fibrosis.

Furthermore, the inhibition of ALK5 activation also
abolished the cellular distribution of endothelial and fibrotic
markers induced by STA3 suppression. In the absence of
SB431542, non-transfected ECs and cells transfected with
siRNA-CTRL  displayed = predominant  VE-cadherin
(Figures 7a, b and m, n) and CD31 (Figures 7g, h and s, t)
staining close to the plasma membrane, whereas FSP-1
(Figures 7a and b), a-SMA (Figures 7g and h), and
fibronectin (Figures 7m, n and s, t) expressions were almost
undetectable. In contrast, ECs transfected with siRNA-STAT?3
displayed increased FSP-1 and o-SMA labeling and
decreased VE-cadherin and CD31 expression (Figures 7¢
and i), as well as strongly increased fibronectin expression
(Figures 70 and u). However, in the presence of SB431542,
ECs transfected with siRNA-STAT3 did not show any
changes in protein localization (Figures 7f, 1, r, and y) as
compared with both non-transfected ECs (Figures 7d, j, p,
and v) and cells transfected with siRNA-CTRL (Figures 7e, k,
g, and x).
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Endothelial Fibrosis Induced by Suppression of STAT3
Expression is Mediated through Smad3 Activity and
Nuclear Translocation of Smad4

Once ALKS5 is activated by TGF-f, the Smad2 and Smad3
proteins are activated and consequently bind to Smad4,
inducing the cytoplasm—nucleus migration of this protein
complex. This migration elicits changes in protein expres-
sions, leading to the generation of fibrosis.!*!> Therefore,
Smad2/3 activation and Smad4 translocation are decisive
steps in triggering and maintaining fibrosis. Considering that
the TGF-$1/ALK5 pathway was observed mediating endothe-
lial fibrosis, we addressed the question of whether Smad3
activation participates in endothelial fibrosis induced by
suppression of STAT3 expression. To this end, experiments
were performed using SIS3, a specific Smad3 inhibitor.!!

ECs transfected with siRNA-STATS3 in the presence of SIS3
did not show decreased levels of the endothelial marker
VE-cadherin (Figure 8a). In line with this, siRNA-STAT3-
transfected cells exposed to SIS3 did not show any increased
expression of the fibrotic protein a-SMA (Figure 8b).
Similarly, SIS3 treatment of siRNA-STAT3-transfected cells
abolished the increased protein levels of fibronectin
(Figure 8c). These results suggest that SIS3 activity is
necessary for STAT3 supression-induced endothelial fibrosis.

Next, we questioned and sought to answer if Smad4
translocation is induced by STAT downregulation and
requires ALKS5 activity. In non-transfected and siRNA-
CTRL-transfected ECs, Smad4 was principally detected in
the cytoplasm (Figures 9a and b). Conversely, ECs transfected
with siRNA-STAT3 showed a strong, significant translocation
of Smad4 to the nucleus (Figure 9c). Densitometric analysis
showed that the nucleus/cytosol ratio of Smad4 was highly
increased when ECs were transfected with siRNA-STAT3, as
compared with non-transfected and siRNA-CTRL-transfected
ECs (Figure 9d). The Smad4 translocation observed in cells
transfected with siRNA-STAT3 was similar to that observed in
ECs exposed to exogenous TGF-f1 (Supplementary
Figure S7).

In line with this observation, SB431542 was used to
determine whether ALKS5 participates in Smad4 translocation
when STAT3 is suppressed. Non-transfected ECs and cells
transfected with siRNA-CTRL did not show any changes in
Smad4 translocation in the absence (Figures 10a and b) or
presence (Figures 10d and e) of SB431542. Interestingly, ECs
transfected with siRNA-STAT3 showed Smad4 translocation
in the absence of SB431542 (Figure 10c), whereas in the
presence of the ALK5 inhibitor (+SB431542), translocation
was completely inhibited (Figure 10f). Densitometric analysis
showed that the nucleus/cytosol ratio of Smad4 was severely
inhibited when ECs were exposed to SB431542 (Figure 10h),
as compared with cells without the ALKS5 inhibitor
(Figure 10g). Supporting these results, a nuclear-rich fraction
extracted from ECs transfected with siRNA-STAT3 showed
higher Smad4 levels compared with non-transfected ECs and
cells transfected with siRNA-CTRL (Figures 10i and j).
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However, this translocation was inhibited using SB431542. In
the presence of the inhibitor, the nuclear-rich fraction
extracted from ECs transfected with siRNA-STAT3 did not
show any change compared with non-transfected ECs and
cells transfected with siRNA-CTRL (Figures 10m and n). The
cytosol-rich fractions did not show significant changes in the
absence (Figures 10k and 1) and presence (Figures 100 and p)
of SB431542.
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Figure 6 Suppression of signal transducer and activator of transcription 3
(STAT3) expression induces changes in endothelial, fibrotic, and
extracellular matrix (ECM) proteins dependent on ALKS5 activity. Protein
expression was analyzed in non-transfected (NT) endothelial cells (ECs)
and in ECs transfected with a specific small interfering RNA (siRNA)
against STAT3 (siRNA-STAT3) or a non-targeting siRNA (siRNA-CTRL) in the
absence (=) or presence (+) of SB431542 (0.5 uM). (a, ¢, e, g, i, and k)
Representative images from western blot experiments performed to
detect (a) VE-cadherin (VE-Cad), (c) cluster of differentiation 31 (CD31), (e)
a-smooth muscle actin (a-SMA), (g) fibroblast-specific protein 1 (FSP-1), (i)
fibronectin (FN), and (k) Col Ill. (b, d, f, h, j and I) Densitometric analyses
of the experiments shown in (a, ¢, e, g, i, and k, respectively). Protein
levels were normalized against tubulin, and data are expressed relative to
siRNA-CTRL-transfected cells (N=5). Statistical significance was assessed
by a one-way analysis of variance (ANOVA) (Kruskal-Wallis), followed by
Dunn's post hoc test. **P<0.01. Graph bars show the mean +s.d.

<

Suppressing STAT3 Expression Induces Endothelial
Hyperpermeability

To assess if STAT3 suppression induced endothelial fibrosis
produces functional alterations in the endothelium, we were
prompted to evaluate the effect of STAT3 inhibition on
endothelial barrier function. To this end, FITC-dextran
endothelial leakage assays were performed by using a
transwell system. RMECs were cultured in the absence or
presence of the STAT3 inhibitor, S3I-201. RMECs exposed to
S31-201 showed increased FITC-dextran endothelial leakage
(Figure 11). Similar results were obtained in EA cells exposed
to S31-201 (Supplementary Figure S8). These findings suggest
that the inhibition of STAT3 activity participates in the
increase of endothelial permeability, which is concordant with
STAT3 suppression and inhibition inducing decreased
VE-cadherin and CD31 expression.

DISCUSSION

The conversion of ECs into activated fibroblasts is a highly
relevant process to consider due to involvement in endothelial
dysfunction during human pathologies. Therefore, under-
standing the mechanisms underlying endothelial fibrosis is
crucial for improving current therapies and developing novel
drugs. This study focused on assessing the impact of inhibited
STAT3 expression on endothelial fibrosis and the mediating
mechanism of the observed effects. The results evidenced that
suppressed STAT3 expression promoted a fibrotic-like
phenotype in ECs by decreasing the expression of endothelial
markers and the acquisition of both fibrotic and ECM
proteins. The potential underlying mechanism was found
dependent on TGF-f1 secretion, the ALK5 activation path-
way, and Smad4 translocation into the nucleus.

STAT3 downregulation is involved in generating fibrosis in
the heart and vascular tissue.'®"'8 Considering that TGF-f1 is
the most studied fibrosis inducer in ECs, these prior findings
are in line with the present results that recorded TGF-p
secretion as induced by the expressional suppression of STAT3.
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Figure 7 Cellular distribution of endothelial and fibrotic markers involved in endothelial fibrosis induced by suppression of signal transducer and
activator of transcription 3 (STAT3) expression dependent on ALK5 activity. Representative images from experiments (a, d, g, j, m, p, s, and v) of
non-transfected endothelial cells (ECs) and (b, e, h, k, n, q, t, and x) in ECs transfected with siRNA-CTRL or (c, f, i, I, o, u, and x) siRNA-STAT3 in the
absence (-) or presence (+) of SB431542 (0.5 uM). Endothelial markers cluster of differentiation 31 (CD31) or VE-cadherin (red), and the fibrotic
markers a-smooth muscle actin (a-SMA), fibroblast-specific protein 1 (FSP-1), or fibronectin (FN) were detected (green). Nuclei were stained using
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Figure 8 Suppression of signal transducer and activator of transcription 3 (STAT3) expression induces changes in endothelial, fibrotic, and extracellular
matrix (ECM) proteins dependent on Smad3 activity. Protein expression was analyzed in non-transfected (NT) ECs and in ECs transfected with a specific
small interfering RNA (siRNA) against STAT3 (siRNA-STAT3) or a non-targeting siRNA (siRNA-CTRL) in the absence (=) or presence (+) of SIS3 (10 uM).
Densitometric analyses from western blot experiments performed to detect (a) VE-cadherin (VE-Cad), (b) a-smooth muscle actin (a-SMA), and (c)
fibronectin (FN). Protein levels were normalized against tubulin, and data are expressed relative to siRNA-CTRL-transfected cells (N =4). Statistical
significance was assessed by a one-way analysis of variance (ANOVA) (Kruskal-Wallis), followed by Dunn's post hoc test. **P<0.01. Graph bars show the

mean +s.d.

Interestingly, STAT3 can inhibit TGF-f1 actions by interacting
with smad3, thereby decreasing TGF-f-mediated transcriptional
responses, including epithelial-to-mesenchymal transition.?®
The present results support this, evidencing that STAT3
downregulation-induced changes in the expression of proteins
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concomitant with EndMT. Furthermore, TGF-fg-induced
epithelial-to-mesenchymal transition is enhanced through
JAK/STAT3 pathway via the upregulation of phosphorylated
Smad3 and Snail.>"*? Snail is a zinc-finger-containing tran-
scription factor that induces epithelial-to-mesenchymal
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Figure 9 Suppression of signal transducer and activator of transcription 3
(STAT3) induces the translocation of smad4 into the nucleus in
endothelial cells (ECs). (a—c) Representative images showing the detection
of Smad4 (green) in (a) non-transfected (NT) ECs and (b) ECs transfected
with small interfering RNA (siRNA)-CTRL or (c) siRNA-STAT3. Boxes
depicted in (d) indicate the magnification shown in (a'-c'), respectively.
Nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI). Scale bar
represents 30 um. (d) Densitometric analyses of the experiments shown in
(a—c). Data were expressed as the normalized ratio of smad4 signal
(pixels/um?) in the nucleus/cytosol (N=5). The number of analyzed cells is
depicted in bars. Statistical significance was assessed by a one-way
analysis of variance (ANOVA) (Kruskal-Wallis), followed by Dunn's post hoc
test. **P<0.01. Graph bars show the mean +s.d.

<
<

transition and EndMT. The currently presented data showed
that the downregulation of STAT3 induced phosphorylated
Smad3 translocation, a process coinciding with the develop-
ment of EndMT. Interestingly, medium extracted from cardiac
cells derived from tissue-specific STAT3-KO mice evidenced
decreased EC proliferation.!” The authors hypothesized that the
presence of paracrine factors attenuated angiogenesis. This
conjecture is concordant with the present results, which
recorded decreased VE-cadherin and CD31 expressions in
ECs when STAT3 was downregulated. EndMT is highly specific
to ECs as this process is based on the expressional changes of
endothelial-specific proteins, such as VE-cadherin, and
endothelial progenitor markers.>>**3¢ In addition to this,
epithelial-to-mesenchymal transition is widely reported as
specific to epithelial cells. To our knowledge, no study has
provided strong evidence for EndMT occurring in vascular
smooth muscle cells. While skeletal muscle fibrosis has been
well reported,”*! fibrosis in vascular smooth muscle cells is
virtually unreported.*?

Studies support that STAT3 cooperates with TGF-f1 to
enhance fibrosis.?®?” In particular, STAT3 activation triggers/
upregulates the fibrotic actions of TGF-$1 in the liver.?®
Related to pathologies, IL-6 participates in STAT3-mediated
TGF-$1 production, especially in the context of cancer.*>=#°
Considering the available literature and the presently obtained
results, it appears that the down- or upregulation of STAT3
generates TGF-f1-induced fibrosis in a tissue-specific man-
ner. Therefore, further experiments are needed to evaluate
these contrasting results.

Inflammation mediators are also inducers of endothelial
fibrosis, suggesting that these molecules can generate fibrotic
conversion during inflammatory processes. Interestingly,
STAT3 participates in the inflammatory process in several
tissues, including in lung inflammation,*>#¢ smoke-induced
airway injury,*” colonic cells,*® the brain*’ and vascular blood
vessels,” among other tissues. In this context, some
researchers suggest that STAT3 is needed to suppress
inflammation.!®>! Notably, STAT3 inhibits nuclear factor-
kappa B (NF-xB) transcription factor, which consequently
results in the expressional inhibition of genes supporting the
anti-inflammatory actions of STAT3.°>% The subsequent

1043


http://www.laboratoryinvestigation.org

STAT3 suppression-induced EC fibrosis
A Becerra et al

3
2 9 — SB431542 + SB431542
B
8 o 10 1 *%
i €
=
2 52 g
(2] 2 °
=0 2
- cEXo
o 2 9% 64
- v b
Q OF B
< Nc
z c.2g 41
x E® 3
» sy &
pd g 2 1 T
™
931199
E 0 o~91| [937]| 95 |67
U:) v &) g <
< & € g\‘i‘ & & é\é
Z R
14 siRNA SiRNA
w
— SB431542 + SB431542
— SB431542 + SB431542
i Nuclear-rich fraction k Cytosol-rich fraction m Nuclear-rich fraction o] Cylosol-rich fraction

smad4 | e | -61kDa smad4| we -61kDa smad4’ - 61102 smad4 -61kDa

Hist H3 | s e | ~ 17 kD2 tubulin | s ——— }_soma Hist H3 ’_ — o |- 17kDa  tubUlin | s—— - 50 kDa
tubulin -50kDa Hist H3 - 50 kDa tubulin ‘ |-s0k0a  HistH3 } ~50kDa
$ C»)\Q}' Qg\§' L 685' Qg@? S (}Q\-’ Q\\‘\" & g:’\QS' Qg&
'S A < A s & Al
“‘Y ¥ g X QY' ~ ‘\R' %

l = I [ n c p c

S kel S I

§ = ok @ 27 @ 201 7] 2.3

0] [ @ (0] |
— —_ e —

Q. o Q o

> > > >

()] 15 4 @ Q 15 4 (0]

<t <t b <

© © =) ©

£ £ £ £

o 10 - 0 1 @ 10 A o 17

= of . il

X @ E 2

8 ke, ) e

2 51 3 2 51 3

° ")
% g - I - 5
s O-"\Qy L2 -(_é 0-\ QL [ O-& & D EO-“ Q&
«

E S8 e TS E 54 § To &
z SIRNA = SIRNA z SRNA = SIRNA

Figure 10 Suppression of signal transducer and activator of transcription 3 (STAT3) induces the translocation of smad4 into the nucleus in endothelial
cells (ECs) is dependent on ALKS5 activity. (a—f) Representative images showing the detection of Smad4 (green) in (a and d) non-transfected (NT) ECs
and (b and e) ECs transfected with siRNA-CTRL or (c and f) siRNA-STAT3 in the (a—c) absence or (d—f) presence of SB431542 (0.5 uM). Boxes depicted in
(a—f) indicate the magnification shown in (a'-f'), respectively. Nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI). Scale bar represents

30 um. (g and h) Densitometric analyses of the experiments shown in (a—f). Data were expressed as the normalized ratio of smad4 signal (pixels/umz) in
the nucleus/cytosol (N=5). The number of analyzed cells is depicted in bars. Statistical significance was assessed by a one-way analysis of variance
(ANOVA) (Kruskal-Wallis), followed by Dunn's post hoc test. **P<0.01. Graph bars show the mean + s.d. (i-p) Nuclear- and cytosol-rich fractions were
obtained from NT ECs and from ECs transfected with siRNA-CTRL or siRNA-TRPM4, and smad4 expression was analyzed. (i—0) Representative images
from western blot experiments performed to detect smad4 in the nuclear- and cytosol-rich fractions from NT ECs and ECs transfected with siRNA-CTRL
or siRNA-TRPM4. (j—p) Densitometric analyses of the experiments shown in (i-0), respectively. Protein levels were normalized against histone H3 or
tubulin for nuclear- and cytosol-rich fractions, respectively, and the data are expressed relative to the NT condition (N=15). Statistical significance was
assessed by a one-way analysis of variance (ANOVA) (Kruskal-Wallis) followed by Dunn's post hoc test. **P<0.01. Graph bars show the mean +s.d.
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Figure 11 Inhibition of STAT3 activity increased endothelial permeability.
RMEC cells were cultured in the absence or presence of the STAT3
inhibitor, S31-201, for 72 h, and then, Fluorescein isothiocyanateFITC-
dextran endothelial leakage was measured by using a transwell system.
Cells were incubated for 90 min with 0.5 mg/ml FITC-dextran before
measurements. Data are expressed as relative barrier function (%)
compared to the vehicle-treated group (100%) (N =5). Statistical
significance was assessed by a one-way analysis of variance (ANOVA)
(Kruskal-Wallis) followed by Dunn's post hoc test. *P<0.05. **P<0.01.
Graph bars show the mean £s.d.

downregulation of STAT3 would translate into an unopposed,
inflammatory-induced fibrotic process. Further regarding
STATS3, signaling can function through the canonical Smad
family pathway as well as through a noncanonical intracellular
pathway that activates the NF-xB.>»>> This suggests that
STAT3-dependent NF-«B inhibition is determined by the use
of the canonical or noncanonical intracellular pathways, with
pathway determination probably dependent on both the type
of ligand and stimulus intensity. However, more precise and
complex experiments must be carried out to analyze this
subject. Similarly, expression of the suppressor of cytokine
signaling 3 (SOCS3), a well-known inducible negative
regulator of the STAT3 signaling pathway, promotes inflam-
mation while suppressor knockdown inhibits the inflamma-
tory process.”® Interestingly, SOCS3 is associated with
increased inflammation through the overexpression of
inflammation mediators, such as TNF-g, and hormones,
such as growth factors.4%

During moderate  inflammation, proinflammatory
cytokines trigger the phosphorylation of endothelial STAT3
in Y705 and S727. Specifically, S727 phosphorylation is
slightly enhanced. This precise STAT3 activation state prom-
otes a gene profile expression that stimulates actions in ECs.
However, the inflammatory state (e.g. high vs low) con-
ditionally generates either protective or detrimental inflam-
matory actions in ECs, as dependent on the relative levels of
inflammation mediators and STAT3 activation.>*>’= There-
fore, STAT3 evidently exercises either pro- or anti-inflamm-
atory actions depending on its regulation, as well as on tissue
and cell types. However, the fibrotic effects of STAT3 are not
yet fully understood, and more studies are needed to further
elucidate this issue.
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In conclusion, the present results indicate that the
suppression of STAT3 expression in ECs induces conversion
into activated fibroblasts through the involvement of the
TGF-$1/ALK5/Smad4 signaling pathway, thus describing a
potential mechanism for endothelial dysfunction during
systemic or local inflammatory diseases.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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