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Abstract: Background: Endothelial-mesenchymal transition (EndMT) is a complex process whereby differentiated
endothelial cells undergo phenotypic transition to mesenchymal cells. EndMT can be stimulated by several factors
and the most common are the transforming growth factor-beta (TGF-B) and SNAIL transcription factor. Given the
diversity of the vascular system, it is unclear whether endothelial cells lining different vessels are able to undergo
EndMT through the same mechanisms. Here we evaluate the molecular and functional changes that occur in dif-
ferent types of endothelial cells following induction of EndMT by overexpression of SNAIL and TGF-B2. Results: We
found that responses to induction by SNAIL are determined by cell origin and marker expression. Human coronary
endothelial cells (HCAECs) showed the greatest EndMT responses evidenced by significant reciprocal changes in the
expression of mesenchymal and endothelial markers, effects that were potentiated by a combination of SNAIL and
TGF-B2. Key molecular events associated with EndMT driven by SNAIL/TGF-B2 involved extracellular-matrix remodel-
ing and inflammation (IL-8, IL-12, IGF-1, and TREM-1 signaling). Notch signaling pathway members DLL4, NOTCH3
and NOTCH4 as well as members of the Wnt signaling pathway FZD2, FZD9, and WNT5B were altered in the com-
bination treatment strategy, implicating Notch and Wnt signaling pathways in the induction process. Conclusion:
Our results provide a foundation for understanding the roles of specific signaling pathways in mediating EndMT in
endothelial cells from different anatomical origins.
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Introduction invasive and migratory capacities of mature
MSCs [1-5].

Endothelial-mesenchymal transition (EndMT) is

a phenotypic conversion whereby endothelial
cells acquire mesenchymal characteristics.
During EndMT, the expression of mesenchymal
markers including fibroblast-specific protein 1
(FSP-1), a-smooth muscle actin (x-SMA), colla-
gen, type |, alpha 1 (COL1A1), fibronectin, N-
cadherin, and vimentin are enhanced at the
expense of endothelial markers such as CD31,
vascular endothelial cadherin (VE-cadherin),
and von Willebrand factor (vWF) that, are
decreased. The resulting in cells acquire the

EndMT was originally described during heart
development where endocardial endothelial
cells that line the atrioventricular canal undergo
transition to form the endocardial mesenchy-
mal cushion that later gives rise to the septum
and mitral and tricuspid valves [6]. Several
reports have shown that postnatal EndMT con-
tributes to pathologies including cancer pro-
gression [7], cardiac, renal, and pulmonary
fibrosis [8-10], and wound healing [11]. Mem-
bers of the transforming growth factor-beta
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(TGF-B) family are potent inducers of EndMT.
Although, all three TGF-B isoforms (TGF-B1,
TGF-B2 and TGF-B3) have been associated with
EndMT induction, TGF-B2 appears to be the
most effective activator [12, 13]. Induction of
EndMT triggers upregulation of SNAIL, a zinc-
finger-containing transcription factor that sup-
presses the expression of genes encoding pro-
teins involved in the maintenance of adherents
and tight junctions [2, 14, 15]. SNAIL is required
for TGFB-induced EndMT and has been found
to be highly expressed in endothelial cells asso-
ciated with many types of cancer [16-18]. One
study showed that siRNA-mediated knockdown
of SNAIL expression was sufficient to inhibit
TGF-B2-induced EndMT in cultured endothelial
cells [19].

Although numerous studies have confirmed a
critical role for EndMT in heart development
and pathology, few studies have examined the
molecular changes occurring in endothelial
cells during transition and the transcriptional
networks that mediate EndMT remain unclear.
Because endothelial cells from different vascu-
lar beds have distinctive characteristics and
gene expression profiles [20, 21], it is not clear
whether such endothelial cells from different
origins share the same EndMT induction mech-
anisms. Therefore, the aim of the present study
was to evaluate the molecular and functional
changes that occur in different types of endo-
thelial cells after induction of EndMT by stimu-
lation of SNAIL and TGF-B2 signaling pathways.

Materials and methods
Cell lines and culture conditions

Human umbilical vein endothelial cells (HUVEC-
ATCC® PCS-100-013™), human pulmonary ar-
tery endothelial cells (HPAEC-ATCC® PCS-100-
022™), human aortic endothelial cells (HAEC-
ATCC® PCS-100-011™), and human coronary
artery endothelial cells (HCAEC-ATCC® PCS-
100-020™), were purchased from American
Type Culture Collection (ATCC) and maintained
according to manufacturer’s instruction in
EGM™-2 Endothelial Cell Growth Medium-2
BulletKit (EGM-2 - Lonza). All cells were com-
pared at passage 5 and maintained under
37°C and 5% CO, humidified atmosphere. For
western blot analysis and migration assays,
HCAECs were used between passages 5-8.
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SNAIL lentivirus production and endothelial
cell transduction

Human embryonic kidney 293FT cells were
maintained in DMEM (Gibco) medium supple-
mented with 10% fetal bovine serum (FBS), 0.1
mM MEM Non-Essential Amino Acids (NEAA),
1% Pen-Strep, and 500 yg/ml Geneticin (com-
plete DMEM medium). 293FT cells were used
to generate SNAIL lentiviral vector by co-trans-
fection of plasmid DNA vector pLVX-IRES-
ZsGreen (Clontech) carrying SNAIL cDNA and
the packaging plasmids pDR 8.91 and pMD2-
VSV-G using Lipofectamine® 2000 (Life Tech-
nologies). For generation of control lentivirus,
cells were packed with empty plasmid vector.
Cells were transfected at 80% confluence in
complete DMEM medium, according to manu-
facturer’s instructions. After 6 hours of trans-
fection, media was replaced and culture super-
natants collected 48 h and 72 h afterwards.
The culture supernatants were filtered and
used for transduction of endothelial cells.

Induction of EndMT

EndMT was induced by SNAIL overexpression
(Treatment |) or a combination of TGF-32 and
SNAIL overexpression (Treatment Il). In treat-
ment |, endothelial cells were transduced with
a lentiviral vector expressing SNAIL cDNA. The
culture supernatants containing viruses were
added to the cells in the presence of 6 pg/
ml Polybrene (Sigma-Aldrich). Six hours after
transduction, the virus-containing media was
replaced by EGM-2 medium, and the plate was
incubated overnight. Two cycles of transduction
were performed. Empty lentiviral vector was
used as control. After transduction, cells were
maintained for five days in EGM-2 medium with-
out serum. At the end of this period, green fluo-
rescent protein (GFP) positive cells were sorted
using a FACSort analyzer (Becton Dickinson)
and immediately processed for gene and pro-
tein expression analysis. In combined treat-
ment Il, endothelial cells were simultaneously
transduced with SNAIL overexpressing virus
and treated with 10 ng/ml human recombinant
TGF-B2 (R&D Systems Inc.) every 24 hours for a
total period of 5 days.

RNA isolation and real-time quantitative PCR

Total RNA was isolated with TRIzol Reagent
(Invitrogen) and reverse-transcribed by random
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priming using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) following
the manufacturer’s instructions. Gene expres-
sion analysis was performed by quantitative
PCR (qPCR) using with TagMan® Gene Expres-
sion Assays (Applied Biosystems). gPCR ampli-
fication was performed with ABI Prism 7500
Sequence Detection System (Applied Biosys-
tems). Control and EndMT-induced samples
were analyzed for the expression of SNAIL
(SNAI1-Hs00195591_m1), fibronectin (FN1-Hs-
01549976_m1), S100 calcium binding protein
A4 (FSP1-Hs00243202_m1), thy-1 cell surfa-
ce antigen (CD90-Hs00174816_m1); smooth
muscle protein 22-alpha (SM22-Hs00162558_
m1); calponin (CNN1-Hs00154543_m1); plate-
let endothelial cell adhesion molecule (CD31-
Hs00169777_m1); cadherin 5 (VE-cadherin-
Hs00174344_m1); collagen type | alpha 1
(COL1A1-Hs00164004_m1); collagen type |
alpha 2 (COL1A2-Hs00164099_m1); NOTCH3
(Hs00166432_m1); NOTCH4 (Hs00270200_
m1); catenin beta (CTNNB1-Hs00355045_m1);
wingless-type MMTV integration site family
(WNT5B). All expression data were normalized
to the geometric mean of actin beta (ACTB-
4326315E) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH-4310884E). Relative
expression was calculated using the 29t me-
thod [22], comparing EndMT-induced versus
untreated control samples.

Western blot analysis

After EndMT induction, control and treated
cells were harvested in RIPA buffer (Sigma)
according to manufacturer’s instructions. As a
positive control, we also harvested endothelial
cells treated with 10 ng/ml human recombi-
nant TGF-B2 (R&D Systems Inc.) every 24 hours
for a total period of 5 days. Protein concentra-
tion was estimated using BCA™ Protein Assay
kit (Thermo Scientific). Equal protein amounts
were loaded in a 10% gel (Bio-Rad), separated
by SDS-PAGE and transferred to nitrocellulose
membrane (Amershan Biosciences). Membran-
es were blocked in 5% nonfat milk (diluted in
Tris-buffered saline and 0.1% Tween-20) for 1
hour at room temperature. Blots were incubat-
ed with primary anti-CD31 (Cell Signaling Tech-
nology #3528), anti-VE-cadherin (Cell Signaling
Technology #2158), anti-SM22 (Abcam-ab14-
106), anti-SNAIL (Cell Signaling Technology
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#3895), anti-COL1A1 (Abcam-ab34710), and
anti-GAPDH (Cell Signaling Technology #2118)
antibodies (1:1000) overnight at 4°C. This pro-
cedure was followed by incubation with sheep
anti-mouse or anti-rabbit HRP-labeled second-
ary antibody (1:2000) for 1 hour at room tem-
perature. Immunoreactive bands were visual-
ized using the ImageQuant™ LAS 4000 mini
(GE Healthcare Amersham) after exposure to
ECL Prime Western Blotting Detection Reagent
(GE Healthcare).

Microarray analysis

Gene expression profiling was performed in
HCAECs before and after induction of EndMT
using One-Color Microarray-Based Gene Exp-
ression Analysis (Low Input Quick Amp Labeling)
(Agilent Technologies), according to the manu-
facturer’s instructions. Total RNA was isolated
and purified with the RNeasyMini Kit (Qiagen).
The microarray was scanned with an Agilent
Microarray Scanner (Agilent Technologies), and
data were processed using Feature Extraction
software version 10.7.3 (Agilent Technologies).
Quality control and array normalization were
done using bioconductor package (http://bio-
conductor.org/). Differentially expressed genes
were identified based on a log10 fold change >
2 and a statistically significant level using P
adjusted < 0.005. Ingenuity Pathway Analysis
(IPA) was used to evaluate the microarray data
for relevant biological themes within the differ-
entially expressed genes. Microarray data have
been deposited in the NCBI Gene Expression
Omnibus (www.ncbi.nlm.nih.gov/geo/) (GEO ID:
GSE96089). Samples analyzed included con-
trol cells without any treatment (CT) (n = 2),
cells transduced with empty vector (n = 2),
transduced with SNAIL virus (n = 3) and cells
treated with a combination of SNAIL overex-
pression and TGF-B2 (SNAIL+TGF-B2) (n = 3).

Migration assays

EndMT was induced as described above. After
reaching confluence, the cell monolayer was
scratched with a pipette tip and gently washed
twice with phosphate-buffered saline (PBS) to
remove floating scrapped cells. EGM-2 medium
with all supplements provided by manufacture,
except serum was added and cells placed back
in incubator for 24 hours. Phase contrast micro-
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Figure 1. Effect of SNAIL overexpression on EndMT induction in human endothelial cells from different anatomi-
cal origins. Expression analysis of endothelial (CD31 and VE-cadherin) and mesenchymal (SNAIL, CNN1, SM22,
CD90, FN1, and FSP1) markers in endothelial cells transduced with SNAIL lentivirus (SNAIL) by gPCR. Results are
expressed as log fold-changes relative to control (CT) after normalization to at least two endogenous control genes

(n = 3-4, *P < 0.05).

graph images were captured immediately after
scratching and 24 hours later to determine the
ratio of migration. The relative distance trav-
eled by the leading edge was assessed using
Image) software. The effect of EndMT inducers
on cell migration was expressed as percentage
of migration relative to day zero, when the
scratch was created.

Statistical analysis

Results between individual control and treat-
ment groups were analyzed for significance
using t-test. One-Way ANOVA or ANOVA on
Ranks (depending on data distribution) were
used for comparison of multiple treatment
groups, followed by Dunn’s or Newman-Keuls
multiple comparison post-tests. All statistical
tests were performed with Sigma-Plot and
GraphPad Prism Software. Differences were
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considered statistically significant when p val-
ues were P < 0.05. All data are presented as
means + standard error.

Results

Overexpression of SNAIL is sufficient to induce
EndMT

SNAIL expression has been shown to be es-
sential for TGF-B-induced EndMT in embryonic
endothelial cells [2] and human cutaneous
microvascular endothelial cells [19]. However,
it is unknown whether such a requirement
extends to EndMT of all endothelial cell types.
We recently reported that individual endothelial
cell types respond differently to TGF-B2 [21],
and this lead us to investigate whether induc-
tion of EndMT through SNAIL overexpression
applies equally to endothelial cells harvested
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Figure 2. Effect of combined SNAIL overexpression and TGF-B2 treatment on the expression of mesenchymal markers in human endothelial cells from different
anatomical origins. Expression analysis of mesenchymal markers CNN1, SM22, CD90, FN1 and FSP1 in HUVEC, HPAEC, and HAEC by qPCR after EndMT induction
by SNAIL overexpression (SNAIL) and combined SNAIL overexpression and TGF-B2 treatment (SNAIL+TGF-32). Results are expressed as log fold-changes relative to

control (CT) after normalization to at least two endogenous control genes (n = 3-4, *P < 0.05).
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Figure 3. Expression of endothelial and mesenchymal markers in HCAEC after EndMT induction by combined
SNAIL overexpression and TGF-B2 treatment. A. gPCR analysis of endothelial (CD31 and VE-cadherin) and mesen-
chymal (CNN1, SM22, CD90, FN1, and FSP1) genes in control (CT), SNAIL overexpression (SNAIL) and combined
SNAIL+TGF-B2 treatment. Results are expressed as log fold-change relative to control (CT) after normalization to at
least two endogenous control genes (n = 3-4, *P <0.05). B. Representative Western blot image comparing changes
in the expression of CD31 and VE-cadherin. TGF-B2 treatment was used as positive control.

from different tissues. We overexpressed
SNAIL in endothelial cells isolated from differ-
ent vascular beds (umbilical vein, pulmonary,
aortic, and coronary artery) and compared
EndMT marker expression during transition.
Our results show that individual endothelial cell
cultures responded differently to SNAIL overex-
pression in a way that depended on the cell ori-
gin and marker under test (Figure 1). Human
aortic (HAECs) and coronary artery (HCAECs)
endothelial cells were the most responsive,
showing significant changes in the expression
of mesenchymal markers, CNN1 (20.51 + 4.87-
fold and 16.23 + 2.00-fold, respectively, P <
0.05) and CD9O (25.78 + 0.28-fold and 6.02 +
0.91-fold, respectively, P < 0.05). HAECs also
showed an increase in FSP1 (7.69 + 1.55-fold,
P <0.05) while HCAECs showed upregulation of
SM22 (3.47 + 0.29-fold, P < 0.05) and FN1
(1.30 + 0.11-fold, P < 0.05). Moreover, SNAIL
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overexpression in HCAECs was sufficient to pro-
mote the expected decrease in endothelial cell
markers CD31 (0.55 + 0.04-fold, P < 0.05) and
VE-cadherin (0.53 + 0.05-fold, P < 0.05) during
EndMT. Similar reductions of endothelial cell
markers were observed in HAECs, although the
results were not significant.

Interestingly, SM22 expression in HUVECs was
significantly reduced (0.53 + 0.06-fold, P <
0.05) by overexpression of SNAIL while other
markers were induced (CNN1: 4.40 + 0.35-
fold; CD9O0: 4.32 + 0.48-fold; FN1: 1.31 + 0.12-
fold, P < 0.05). In HPAECs, the effects of SNAIL
overexpression were limited to induction of
CD90 (1.93 + 0.30-fold, P<0.05) and decrease
in FSP1 (0.43 = 1.56-fold, P < 0.05). These
results demonstrate differential responses to
SNAIL overexpression that are associated with
cell type and the individual EndMT marker
expression.

Am J Transl Res 2018;10(12):4065-4081
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Combination of SNAIL overexpression and
TGF-B2 treatment potentiates EndMT

Because SNAIL overexpression differentially
affects the induction of EndMT in endothelial
cells from different anatomical origins, we
investigated how a combination of SNAIL over-
expression and TGF-B2 treatment may potenti-
ated the transition.

Combination treatment had only modest effe-
cts on HUVECs, conferring increased expres-
sion of CNN1 (7.51 + 1.02-fold, P <0.05), CD90
(2.12 + 0.12-fold, P < 0.05), FN1 (2.18 + 0.26-
fold, P <£0.05), and FSP1 (1.48 + 0.14-fold, P <
0.05), that were not significantly different from
single treatments (Figure 2). In HPAECs, the
expression of mesenchymal markers CNNZ1
(4.98 + 0.62-fold, P <£0.05) and SM22 (2.31 +
0.29-fold, P < 0.05) was enhanced by com-
bined treatment, but other markers remained
unchanged compared with single treatments
(Figure 2). Combined TGF-B2 and SNAIL overex-
pression in HAECs was sufficient to promote an
increase in CNN1 (299.15 + 187.62-fold, P <
0.05), CD90 (21.24 + 5.07-fold, P £ 0.05), and
FSP1 (10.12 + 2.86-fold, P < 0.05) but was
without additional effects on other markers
(Figure 2). There were no significant differenc-
es in the expression of endothelial markers in
HUVECs, HPAECs, and HAECs (data not shown).

The impact of combination treatment on the
induction of EndMT was most pronounced in
HCAECs (Figure 3A). Compared to control and
individual treatments, the combination con-
ferred enhanced upregulation of the expres-
sion of all mesenchymal markers tested, includ-
ing CNN1 (118.16 + 62.95-fold, P = 0.0681),
SM22 (11.96 + 4.00-fold, P < 0.05), CD90
(10.32 £ 0.57-fold, P <£0.05), FN1 (2.78 £ 0.22-
fold, P £0.05), and FSP1 (1.92 + 0.09-fold, P <
0.05). In addition to this, the combined treat-
ment significantly reduced the expression of
endothelial markers CD31 (0.74 + 0.03-fold, P
< 0.05) and VE-cadherin (0.78 + 0.05-fold, P <
0.05) in a manner similar to SNAIL overexpres-
sion alone.

Enhanced induction of EndMT markers in
HCAECs by combination treatment was con-
firmed by western blots (Figure 3B).

Taken together, our results suggest that SNAIL
overexpression combined with TGF-B2 treat-
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ment is a stronger stimulus for EndMT in
HCAECs compared with other endothelial cell
types.

Global gene expression in HCAEC after EndMT
induction

To better understand the differences between
treatments on EndMT induction, we performed
microarray analysis of HCAECs overexpressing
SNAIL alone and in combination with TGF-32
treatment. Results were compared to untreat-
ed and empty vector controls. Hierarchical clus-
tering analysis of global gene expression pat-
terns separated all groups into two major
branches. Untreated samples clustered togeth-
er with empty vector controls, while all SNAIL
overexpression samples clustered together,
including those with the combined treatment
(Figure 4A).

We next determined the number of differential-
ly expressed genes comparing all treatment
groups (Figure 4B). There were no significant
differences in gene expression between untre-
ated and empty vector controls, with the excep-
tion of RDH16, that was subject to a 2.19-log
fold increase. SNAIL overexpression triggered
changes in the expression of 541 genes rela-
tive to the untreated control group (352 genes
up-regulated and 189 genes down-regulated),
while combined SNAIL overexpression plus
TGF-B2 treatment increased this number to
659 genes (379 genes up-regulated and 280
genes down-regulated). Combined treatment
promoted changes in the expression of only 20
genes relative to SNAIL overexpression alone (8
genes up-regulated and 12 genes down-regu-
lated). These results suggest that SNAIL exerts
global regulation of EndMT genes while the
addition of TGF-B2 in combination treatment
modulates and potentiates the effects of SNAIL
while exerting independent effects on selective
genes.

We assessed the top 100 differentially expre-
ssed genes altered by SNAIL overexpression
relative to untreated control (Table 1) and
found an increase in the expression of colla-
gens including COL1A1 (3.74-log fold change, P
= 0.003) and COL1A2 (2.95-log fold change, P
0.0005) and a decrease of cell junction
genes, such as keratin (KRT19, -2.96-log fold
change, P = 4.24e-08) and claudin (CLDN5,
-2.00-log fold change, P = 1.02e-06).

Am J Transl Res 2018;10(12):4065-4081
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Table 1. Top genes differentially expressed between HCAEC untreated control and SNAIL overexpres-

sion in microarray analysis

50 genes up regulated in SNAIL

50 genes down regulated in SNAIL

Genes tiga;cgg Genes I;?}i :gs Genes I;zigg Genes t(;i :1:3
RDH16 6.72 SNAR-A3 2.96 ADAMTS18 -2.99 FLJ41200 -1.82
C30rf83 4.62 COL1A2 2.95 KRT19 -2.96 LCN6 -1.81
SPINT2 4.62 IFIT3 2.91 LYPD1 -2.95 CGNL1 -1.80
MX1 4.32 SNAR-B2 2.87 ADIRF -2.86 DNER -1.78
IFIT1 4.25 OASL 2.86 LOX -2.63 CHN1 -1.77
XLOC_007191 4.23 SCG5 2.79 PDGFRL -2.59 FUT1 -1.77
S100A2 411 SERPINF1 2.77 ATPGVOA4 -2.27 NSG1 -1.75
IF144L 4.02 REEP2 2.76 KRT19P2 -2.24 LAMP3 -1.74
MMP24 3.96 NUPR1 2.72 NOV -2.20 A33P3240078 -1.74
GAL 3.94 BEX1 2.70 NQO1 -2.18 BIRC3 -1.74
CD69 3.93 CMPK2 2.66 NTN4 212 IGFBP2 -1.68
LCN15 3.74 SPON2 2.64 SYBU -2.10 FRAS1 -1.68
COL1A1 3.74 ENSTO0000433933 2.63 TMEM106C -2.10 ECHDC2 -1.67
BSPRY 3.54 CHRNB1 2.63 MEDAG -2.08 CcCL14 -1.67
RFPL4AL1 3.45 ISG15 2.63 GNAZ -2.03 ACP5 -1.64
IF16 3.44 CNN1 2.62 COL13A1 -2.03 PRSS3 -1.64
SNAR-G2 3.37 EDN2 2.61 CRTAC1 -2.02 SLC7A11 -1.61
IFITM1 3.32 UBD 2.59 HS3ST1 -2.01 DDIT4L -1.61
SNAR-F 3.28 0AS1 2.59 CLDN5 -2.00 PRSS2 -1.60
SNAR-D 3.22 BAIAP2L1 2.57 BEX5 -1.97 FAM110D -1.58
SNAR-H 3.21 ucpP2 2.56 TNFSF15 -1.93 RNASE4 -1.55
RNF112 3.15 CD200 2.51 METTL7A -1.88 LINCO0520 -1.55
PLEKHA4 3.14 BATF2 2.50 ENO2 -1.86 IL3RA -1.55
EPN3 3.01 FABP4 2.48 UNC5B-AS1 -1.84 ELFN2 -1.53
HSD11B1 2.98 FAM71E1 2.46 CASP5 -1.82 EDIL3 -1.51

We also assessed the top 100 differentially
expressed genes altered by the combination
SNAIL-TGF-B2 treatment relative to untreated
control (Table 2). We found that gene expres-
sion profiles in the combined treatment were
similar to SNAIL alone, including increased ex-
pression of collagens markers (COL1A1, 7.59-
log fold change, P = 1.27e-05; COL1A2, 4.02-
log fold change, P = 3.67e-05) and decrease
of cell junctions genes (KRT19, -3.67-log fold
change, P = 2.93e-09; CLDN5, -2.23-log fold
change, P = 3.27e-07) in combined treatment.
COL1A1 and COL1A2 gene expression was
further validated by qPCR and western blot
(Figure 5A, 5B, 5G). In addition, we observed
an increase in other EndMT markers and induc-
ers by the combined treatment, including cal-
ponin (CNN1, 4.21-log fold change, P = 4.45e-
05), SM22 (TAGLN, 2.93-log fold change, P =
2.61e-05), TGFB1 (2.92-log fold change, P =
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1.75e-06), and TGFB2 (2.66-log fold change,
P = 3.86e-05) (Table 2). Our results suggest
that SNAIL alone is a potent inducer of EndMT,
however, when SNAIL is combined with TGF-32
EndMT is potentiated at least in part by upregu-
lation of TGF-B family members.

Pathway prediction analysis reveals that dif-
ferent target genes are activated by combined
SNAIL overexpression plus TGF-B2 treatment
relative to single treatment

Because combined SNAIL overexpression and
TGF-B2 treatment showed the strongest effect
on EndMT in HCAECs, we performed pathway
analysis to identify potential signaling mecha-
nisms that are differentially expressed in com-
bined versus single treatment. Using Ingenuity
Pathway Analysis software, we were able to
identify several pathways based on our micro-
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Table 2. Top genes differentially expressed between HCAEC untreated control and combined SNAIL
overexpression plus TGF-B2 treatment (SNAIL+TGF-32) in microarray analysis

50 genes up regulated in SNAIL+TGF-32

50 genes down regulated in SNAIL+TGF-32

Genes I;f’;:]cgs Genes I;fi:gg Genes I;fi:gg Genes I;zi:;g
COL1A1 7.59 SNAR-B2 3.05 ADIRF -3.67 TCN2 -2.04
RDH16 5.98 MX1 3.04 KRT19 -3.67 G0Ss2 -2.02
GAL 4.91 REEP2 3.03 CXcL1 -3.32 IGFBP1 -2.02
AMTN 4.65 SNAR-F 3.02 ADAMTS18 -3.18 COL13A1 -1.99
S100A2 4.35 SNAR-H 3.01 LYPD1 -2.90 LINC01088 -1.98
SPINT2 4.24 TAGLN 2.93 LAMP3 -2.80 CDH4 -1.98
CNN1 4.21 TGFBI 2.92 IGFBP2 -2.74 ELFN2 -1.97
C30rf83 411 LOC729444 2.92 KRT19P2 -2.72 BEX5 -1.95
COL1A2 4.02 NUPR1 2.91 ILARLL 2.72 LCN6 -1.94
FOXS1 3.86 SPON2 2.91 PDGFRL -2.71 LINCOO176 -1.93
XLOC_007191 3.66 CLDN4 2.91 IL8 -2.65 GNAZ -1.93
GREM1 3.59 IF144L 2.90 CXCL2 -2.62 CGNL1 -1.93
SERPINF1 3.57 XLOC_004049 2.89 CRTAC1 -2.55 ACKR3 -1.93
RNF112 3.56 EPN3 2.87 ATP6VOA4 -2.51 NOV -1.93
GDF6 3.54 SNAR-A3 2.86 BIRC3 -2.44 ACP5 -1.91
SAA1 3.43 CRIP1 2.84 LOX -2.37 FRAS1 -1.88
LCN15 3.40 LBH 2.80 SYBU -2.32 NSG1 -1.88
IL11 3.34 POSTN 2.77 CSF3 -2.31 IL3RA -1.86
SNAR-G2 3.34 CST6 2.77 XLOC_006681  -2.30 DPP4 -1.83
BSPRY 3.33 OXTR 2.72 METTL7A -2.29 FLJ41200 -1.81
RFPL4AL1 3.31 ITGA11 2.72 NQO1 -2.25 UNC5B-AS1 -1.80
SNAR-D 3.25 RRAD 2.69 CLDN5 -2.23 FzZD9 -1.80
MMP24 3.20 TGFB2 2.66 CXCL6 -2.16 CLU -1.79
BAIAP2L1 3.13 FABP4 2.66 TMEM106C -2.15 SLC37A1 -1.79
BEX1 3.10 CD200 2.66 PSG8 211 SERPIND1 -1.78

array data that were common to single and
combined treatment groups and also specific

for individual groups. Selected pathways we
found to be relevant are shown in Table 3.
Several biological processes were common to
both treatment groups when compared to con-
trol. The top ranked pathways activated in both
treatment groups include genes associated
with cancer, extracellular-matrix composition
(COL1A1, COL1A2, and COL13A), inflammation
(CXCL12, SELE) and regulation of epithelial-
mesenchymal transition (EMT) (FZD2, HMGA2,
LOX, NOTCH3, NOTCH4, and TGFB2). Interest-
ingly, in some cases, the identity of the genes
showing altered expression in biological pro-
cesses common to both groups, were depen-
dent of the treatment. In the biological process
“Regulation of EMT”, SNAIL overexpression
alone affected the expression of FGF2 (1.12-
log fold change, P = 0.0007), FGFR3 (1.09-log
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fold change, P = 0.0003), and FZD8 (-1.14-log
fold change, P = 2.87e-05), targets that were
not altered by the combination treatment.
Similarly, the combination treatment in this
same category, induced additional changes in
the expression of FZD9 (-1.80-log fold change,
P = 0.0003), MMP2 (1.19-log fold change, P =
1.30e-05), SMAD3 (-1.06-log fold change, P =
2.34e-06), and WNT5B (1.88-log fold change, P
= 0.001), which were not changed in the single
treatment group. The biological processes spe-
cifically associated with SNAIL overexpression
alone were related to growth (CDC42 signaling),
DNA damage (GADDA45 signaling), cell junction
(Tight junction signaling), and chemokine (IL-10
signaling), while those associated with com-
bined SNAIL overexpression and TGF-B2 treat-
ment were related to extracellular-matrix re-
modeling (inhibition of metalloproteases) and
inflammation (IL-8, IL-12, IGF-1, and TREM-1

Am J Transl Res 2018;10(12):4065-4081
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Figure 5. Validation of selected differently expressed genes identified by microarray analysis of HCAEC after EndMT induction. A-F. gPCR analysis of NOTCH3,
NOTCH4, WNT5B, CTNNB1, COL1A1 and COL1A2. Results are expressed as log fold-changes relative to control after normalization to at least two endogenous con-
trol genes (n = 3-4, *P < 0.05). G. Representative Western blot image showing changes in COL1A1 protein expression. GAPDH was used as loading control. TGF-2
was used as positive control. CT, untreated control.
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Table 3. Selected pathways expressed in HCAECs SNAIL overexpres-
sion and combined SNAIL overexpression plus TGF-B2 treatment

(SNAIL+TGF-B2) in microarray analysis

SNAIL SNAIL+TGF-B2

Function Gene Fold Gene Fold
name change name change

Atherosclerosis signaling APOD 2.13 APOD 1.56

APOE 2.39 APOE 2.33

CLU -1.22 APOL1 -1.08

COL1A1 3.74 CLU -1.79

COL1A2 2.95 COL1A1 7.58

COL13A -2.03 COL1A2 4.02

CXCL12 2.28 COL13A  -1.98

ITGA4 1.37 CXCL12 2.03

LPL 1.31 ITGA4 2.52

PLA2G16  -1.09 ITGB2 1.37

LPL 1.32

PLA2G16 -1.08

RARRES3  -1.10

RBP4 1.11

SELE -1.57

Regulation of EMT FGF2 1.12 FzD2 1.76

FGFR3 1.09 FZD9 -1.80

FzD2 1.48 HMGA2 -1.15

FzZD8 -1.14 LOX -2.36

HMGA2 -1.12 MMP2 1.19

LOX -2.63 NOTCH3 1.89

NOTCH3 1.63 NOTCH4  -1.01

NOTCH4 -1.15 SMAD3 -1.06

TGFB2 2.24 TGFB2 2.66

WNT5B 1.88

Notch signaling DLL4 -1.12 DLL4 -1.14

NOTCH3 1.63 NOTCH3 1.89

NOTCH4 -1.15 NOTCH4  -1.01

Molecular mechanisms of cancer ARHGEF16 2.4  ARHGEF16 1.91

BIRC3 -1.74 BIRC3 -2.44

CCND2 2.32 BMP6 -1.02

FzZD2 1.48 CCND2 2.39

GNAZ -2.03 FzD2 1.76

ITGA4 1.37 FzZD9 -1.80

MAPK13 1.32 GNAZ -1.93

PRKAR2B -1.26 IRS1 1.01

TGFB2 2.24 ITGA4 2.52

LRP5 -1.14

MAPK13 1.14

PLCB4 1.95

PRKAR2B -1.48

PRKCE -1.03

RAC2 -1.18

SMAD3 -1.06

TGFB2 2.66

WNT5B 1.88
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signaling). Considering the
substantial effect of com-
bined treatment on the
EndMT induction in HCA-
ECs relative to SNAIL alone,
we identified 20 differently
expressed genes specifi-
cally altered in the com-
bined treatment group,
(see Table 4). In the com-
bined treatment we detec-
ted significantly increas-
ed expression of Fibulin-5
(FBLN5, 2.36-log fold ch-
ange, P = 0.0006) and Fi-
broblast Activation Protein
alpha (FAP, 1.13-log fold
change, P = 0.003), which
are known to initiate the
EMT process. Our results
suggest that SNAIL overex-
pression combined with
TGF-B2 treatment induces
the expression of genes
essential for EndMT regu-
lation.

Induction of EndMT by
combined SNAIL overex-
pression and TGF-B2 treat-
ment activates Notch and
Wnt signaling pathways

Our microarrays revealed
that members of the Notch
and Wnt signaling pathway
were differentially altered
by SNAIL overexpression
alone and in combination
with TGF-B2. The Notch sig-
naling pathway members
DLL4, NOTCH3, and NOTC-
H4 were similarly induced
in both treatment groups.
The only member of the
Wnt signaling pathway sim-
ilarly altered in both groups
was FZD2. FZD8 was spe-
cifically altered in the SN-
AIL overexpression group
only, while FZD9 and WN-
T5B were altered only in
the combined treatment
group (Table 3). These dif-
ferences may explain the
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Tight junction signaling CGN 1.79
CLDN4 1.23

CLDN5 -1.99

CLDN14  -1.30

MYLK -1.01

PRKAR2B -1.26

TGFB2 2.24

PRKAR2B -1.48

CGN 1.91 CTNNB1 by qPCR and fou-
CLDN4 2.90 nd that it was downregu-
CLDN5 293 lated in all groups tested,

but only significant in the
single SNAIL overexpres-
sion treatment (0.54 +
0.05-fold, P <0.05) (Figure

TGFB2 2.66

Table 4. Genes differentially expressed
between HCAEC SNAIL overexpression and
combined SNAIL overexpression plus TGF-32
treatment (SNAIL+TGF-B2) in microarray
analysis

Genes up regulated in ~ Genes down regulated

SNAIL+TGF-32 in SNAIL+TGF-B2
Genes I;(r)]ga;ogls Genes t(;i :gs
AMTN 3.65 CXCL1 -1.86
FBLN5 2.36 CBLN2 -1.63
CLDN4 1.68 IFI35 -1.30
TGFBI 1.62 DUSP5 -1.27
AMIGO2 1.46 ILARLL -1.24
SERPINE2 1.35 UBE2L6 -1.19
FAP 1.13 IGFBP1 -1.11
CLN8 1.03 0AS3 -1.10

TRIB1 -1.09
IGFBP2 -1.06
LAMP3 -1.06
LGALS9 -1.03

potentiation of EndMT induction promoted by
combined treatment in HCAECs.

Therefore, we validated our findings by confirm-
ing the expression of some of these genes by
gPCR in each group (Figure 5). NOTCH3 was
upregulated by SNAIL overexpression alone
(3.91 + 0.41-fold, P £ 0.05) and further incre-
ased by combined SNAIL plus TGF-B2 treat-
ment (9.07 + 1.01-fold, P < 0.05) (Figure 5C).
NOTCH4 was downregulated by SNAIL alone
(0.45 + 0.16-fold, P < 0.05) and by combined
SNAIL plus TGF-B2 treatment (0.57 + 0.19-fold,
P = 0.07), although this result was not sig-
nificant (Figure 5D). WNT5B was significantly
induced by SNAIL overexpression alone (19.05
+ 3.51-fold, P < 0.05) and further induced
in the TGF-B2 combination treatment group
(279.9 + 112.7-fold, P < 0.05) (Figure 5E).
Because Wnt5a can inhibit the Wnt/B-catenin
pathway, we also analyzed the expression of
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5F). These results suggest
that Notch and Wnt signal-
ing pathways are involved in EndMT induction
in HCAECs by SNAIL overexpression with or
without TGF-B2.

Combined SNAIL overexpression plus TGF-52
treatment increases cell migration

An important feature of cells undergoing mes-
enchymal transition is the acquisition of migra-
tion potential. We analyzed the effect of SNAIL
overexpression alone or in combination with
TGF-B2 on HCAECs potential to migrate using
an in vitro scratch assay. Our results show that
combined SNAIL overexpression and TGF-f2
treatment significantly increased cell migration
by 24.40 + 1.70%, P < 0.05 (Figure 6).

In order to define individual roles of SNAIL over-
expression and combination treatments on
migration, we analyzed related genes from
microarrays. We observed several differentially
expressed genes associated with extracellular-
matrix remodeling, migration and invasion,
including ADAM21 (1.63-log fold change, P =
0.0002), MMP2 (1.19-log fold change, P =
1.30e-05), MMP24 (3.20-log fold change, P =
1.94e-06), and EPCAM (1.74-log fold change, P
= 0.0004). These analyses support roles for
combined SNAIL overexpression and TGF-2
treatment in EndMT and acquisition of the inva-
sive phenotype.

Discussion

The results of our study show that endothelial
cells from distinct anatomical locations res-
pond differently to EndMT induction. We found
that combined SNAIL overexpression and TGF-
B2 treatment potently induced EndMT in
HCAECs compared with SNAIL overexpression
alone, and promoted a true phenotype charac-
terized by decreased endothelial markers, in-
creased mesenchymal markers and enhanced
cell migration. We have also showed that Notch
and non-canonical Wnt signaling pathways are
upregulated in parallel.

Am J Transl Res 2018;10(12):4065-4081
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tion after EndMT induction. A. Repre-
sentative images of scratch wound as-
says performed in HCAEC in untreated

3), SNAIL overexpres-

sion (SNAIL, n = 3) and combined
SNAIL+TGF-B2 treatment (n = 3). Scale
bars, 100 um. B. Results are expressed
as a percentage of cells migrating after

SNAIL+TGF-2 EndMT induction. (*P < 0.05).

cells (SMCs) [23, 24]. FB-
LN5 has been shown to
mediate cell-cell and cell-
matrix signaling coupled
to the regulation of tissue
development, remodeling
and repair [25]. Moreover,
it has been reported that
FBLN5 initiates and enhan-
ces TGF-B-mediated EMT
in normal and malignant
mammary epithelial cells,
suggesting that FBLN5 may
be an important regulator
of normal EMT during em-
bryonic development, as

It is well-known that the vascular system is
diverse in structure, architecture, and physiol-
ogy [20]. Studies have shown that ECs from
large- and micro-vessels isolated from different
tissues have distinctive characteristics and
gene expression profiles [20]. In our study, we
observed that SNAIL overexpression was suffi-
cient to induce EndMT in HCAECs, and this
effect was significantly enhanced when com-
bined with TGF-B2 treatment. Medici and col-
leagues recently reported that human cutane-
ous microvascular endothelial cells treated
with TGF-B2 undergo SNAIL-mediated EndMT
[19]. However, in contrast to our results they
found that SNAIL overexpression alone was
insufficient to induce EndMT and, there was no
change in the expression of endothelial and
mesenchymal markers [19]. The apparent dis-
crepancy may be due to the fact that Medici
and colleagues used cutaneous microvascular
endothelial cells while in our study we used
HCAECs.

To elucidate potential mechanisms governing
the differential effects of treatments on End-
MT induction in HCAECs we performed gene
expression profiling by microarray. Hierarchical
clustering showed that SNAIL overexpression
samples clustered away from controls, sug-
gesting that SNAIL triggers gene expression
changes. We identified 20 differentially expre-
ssed genes when SNAIL alone was compared
with the combined treatment. Among these
genes, we identified significantly increased
expression of FBLN5 and FAP in the combined
treatment group. FBLN5 is a member of the
Fibulin family of extracellular-matrix proteins
that was first identified by its role in the pheno-
typic modulation of vascular smooth muscle
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well as an inducer of onco-
genic EMT during the development and pro-
gression of human breast cancers [25]. FAP
expression is known to be upregulated during
tissue repair [26], pathological fibrosis [27, 28]
and in tumors [29], and thought to control fibro-
blast growth or epithelial-mesenchymal inter-
actions [30]. Therefore, the increase of FBLN5
and FAP expression in our combined treatment
group suggests that induction of EndMT may
be a central mechanism for cancer progres-
sion.

Pathway analyses to detect potential signaling
mechanisms that are involved in SNAIL-medi-
ated induction of EndMT showed that SNAIL
alone or in combination with TGF-B2 triggers
similar functional activation traits, that are
related to epithelial-mesenchymal transition,
tight junctions, cancer, and Notch signaling.
However, within these pathways, the gene ex-
pression signatures were different and depen-
dent on the specific treatment. The combined
treatment caused gene expression changes
related to several pro-inflammatory pathways
mediated by IGF-1, IL-8, IL-12 and TREM-1,
which were not found in single treatment
samples. These results could explain the poten-
tiation of EndMT induction by the combined
treatment.

Insulin-like growth factor-l (IGF-I) has been
shown to inhibit EndMT [31], while the IGF-IR/
ligand system can initiate EMT progression and
increase the metastatic potential of prostate,
breast, and gastric cancer cells [32-35]. A role
for IL-8 has also been described in EMT and
EndMT. IL-8 induces EMT of Renal cell carcino-
ma (RCC) through the activation of the AKT
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signaling pathway, providing a potential molec-
ular mechanism for RCC metastasis [36]. In
EndMT, the expression of IL-8 was greatly
increased during safrole oxide-induced EndMT
[37]. In addition, Good and colleagues quanti-
fied the secretion of inflammatory cytokines
from EndMT cells. They showed that EndMT
cells secreted significantly higher levels of
inflammatory cytokines including IL-4, 1L-13,
IL-6, IL-8, and TNFa [38]. Although previous
work described roles for IGF-1 and IL-8 in EMT
and EndMT, our present study is the first to
relate IL-12 and TREM-1 to EndMT.

Our results also shown that combined SNAIL
overexpression and TGF-B2 treatment signifi-
cantly increased cell migration and the expres-
sion of related genes. In our microarray data,
we observed increase expression of ADAM21,
MMP2, MMP24, and EPCAM. The MMP family
has previously been shown to induce EMT in
variety of cancers. Jia and colleagues reported
that three MMP family members (MMP2, MM-
P7, and MMP14) were decreased in KIAA1199
knockdown gastric cancer cells, suggesting
that KIAA1199 induces migration and invasion
by increase MMPs expression, which could al-
so promote EMT progression [39]. Moreover,
another study showed that EPCAM short inter-
fering RNAs significantly decreased the inva-
sion and migration potentials of breast cancer
cell lines [40]. Thus, the increase of ADAM21,
MMP2, MMP24, and EPCAM expression in the
combined treatment is consistent with the
migratory capacity of these cells.

Notch and Wnt signaling pathways have been
implicated in EndMT induction [41-43]. Noseda
and colleagues have shown that overexpres-
sion of Notch1 and Notch4 conferred EndMT in
different types of endothelial cells [41]. More-
over, Wnt3a has also been shown to induce
EndMT in human dermal microvascular endo-
thelial cells through upregulation of SLUG [42].
We found that WNT5B is significantly induced
by combined SNAIL and TGF-B2 treatment in
HCAECs, but remained unchanged in single
treatment samples. The involvement of WNT5B
in EndMT is supported by recent work showing
that exogenous treatment of lymphatic endo-
thelial cells with recombinant WNT5B triggers
EndMT, associated with upregulation of SNAIL
and SLUG [43]. The level of induction in WNT5B
expression by combined SNAIL overexpression
and TGF-B2 signaling was remarkably high rela-
tive to all other members of both Notch and
Wnt pathways together, suggesting an impor-
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tant role for this molecule in the induction of
EndMT in HCAECs. In fact, increased WNT5B
expression positively correlates with valve
calcification, fibrosis, inflammation, lipids, and
neovascularization. One study revealed that
WNTB5B is highly expressed in severely calcified
valves, with immunoreactivity in valvular inter-
stitial cells (VICs) on both the aortic and ven-
tricular sides of the valve leaflet [44].

Identification of potential mechanisms control-
ling phenotypic changes mediated by EndMT
may lead to novel therapeutic approaches for
diseases such as cancer and tissue fibrosis. In
the present work, we demonstrated for the first
time that combined SNAIL overexpression and
TGF-B2 treatment is a potential tool to investi-
gate EndMT in HCAECs. Importantly, we show
that the mechanisms involved in EndMT are
tissue specific and depend on the cell type
involved. Therefore, one protocol does not fit all
endothelial cell types, suggesting the relevance
and need for standardized methods to perform
studies in this field.
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