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ABSTRACT

Although it has been known that the tumor microenvironment affects
angiogenesis, the precise mechanism remains unclear. In this study, we simulated the
microenvironment of human esophageal squamous cell carcinoma (ESCC) by tumor
conditioned medium (TCM) to assess the influence on normal endothelial cells (NECs).
We found that the TCM-induced NECs showed enhanced angiogenic properties, such as
migration, invasion and tube formation. Moreover, the TCM-induced NECs expressed
tumor endothelial cells (TECs) markers at higher levels, which indicated that TCM
probably promoted tumor angiogenesis by coercing NECs to change toward TECs.
The microarray gene expression analysis indicated that TCM induced great changes
in the genome of NECs and altered many regulatory networks, especially c-MYC and
JAK/STAT3 signaling pathway. More importantly, we investigated the anti-angiogenic
effect of metformin, and found that metformin abrogated the ESCC microenvironment-
induced transition of NECs toward TECs by inhibiting JAK/STAT3/c-MYC signaling
pathway. Furthermore, we verified the anti-angiogenic activity of metformin in vivo
by a human ESCC patient-derived xenograft (PDX) mouse model for the first time.
Taken together, our research provides a novel mechanism for the anti-angiogenic
effect of metformin, and sets an experimental basis for the development of new anti-
angiogenic drugs by blocking the transition of NECs toward TECs, which possibly open
new avenues for targeted treatment of cancer.

INTRODUCTION from that of normal tissue with respect to organization,
structure, and function [2, 3]. Also, some reports have

Angiogenesis is necessary for tumor growth and indicated that there were great differences at the molecular
metastasis, and constitutes an important point in the and functional levels between tumor endothelial cells
control of cancer progression [1]. Notably, the tumor (TECs) and normal endothelial cells (NECs), and some
vasculature is composed of a chaotic mixture of abnormal, TECs specific markers have been found by comparing the
hierarchically disorganized vessels, which is different gene expression profiles between TECs and their normal
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counterparts isolated from tissues [4—6]. The abnormal
phenotype and function of TECs raises the question of
their origin. Compelling evidence indicated that the tumor
microenvironment contained a variety of cytokines and
microvesicles that governed tumor angiogenesis [7].
However, the underlying mechanism of how the tumor
microenvironment promotes the formation of tumor
vessels still remains unclear. Hence, in this research, we
simulated the microenvironment of ESCC by KYSE450
or KYSE70 culture supernatant and human ESCC
tissue homogenate supernatant which were tentatively
called tumor conditioned medium (TCM) to investigate
the mechanism of ESCC microenvironment-induced
angiogenesis.

JAK/STAT3 (Janus kinase/signal transducers
and activators of transcription 3) signaling pathway
plays essential roles in numerous developmental
and homeostatic processes such as cell proliferation,
differentiation, apoptosis and angiogenesis [8]. More
importantly, it has been known that STAT3 remains
constitutively active in approximately 70% of human
solid and hematological tumors, and the activated STAT3
promoted the translation of target genes associated with
cell cycle, angiogenesis, and invasion/migration [9].
However, whether JAK/STAT3 signaling pathway was
activated during the formation of TECs induced by the
ESCC microenvironment remained unknown.

Previous epidemiologic studies have documented an
association between metformin (a classical drug for type II
diabetes) and the reduced cancer incidence and mortality
[10]. It is worth noting that the diabetic patients treated
with metformin were less likely to develop vascular
complications [11]. In addition, accumulated evidences
have shown that metformin has the potential to impede
tumor angiogenesis [12, 13]. However, the underlying
mechanism of how metformin inhibits tumor angiogenesis
has not been fully elucidated.

In this study, we found that the ESCC
microenvironment promoted tumor angiogenesis by
coercing NECs to change toward TECs, which was thought
to be one of the origins of TECs. Metformin inhibited
the transition of NECs toward TECs by restraining JAK/
STAT3/c-MYC signaling pathway. Besides, we verified
the anti-angiogenic activity of metformin in vivo by a
human ESCC PDX tumor-bearing mouse model for the
first time.

RESULTS

TCM promotes the migration, invasion, tube
formation and Dil-Ac-LDL uptake abilities of
NECs

To find proper TCM to simulate the tumor
microenvironment, different concentration of KYSE450
or KYSE70 supernatant was used in wound-healing

assay. We found that KYSE450 or KYSE70 supernatant
promoted the migration ability of NECs in a time and
concentration dependent manner (Figure 1A). Therefore,
TCM comprised 60% KYSE450 or KYSE70 supernatant
and 40% FBS free endothelial cell medium was chosen to
do the following research. As migration and invasion are
two key steps for endothelial cells (ECs) to form new blood
vessels during angiogenesis processes [14], we performed
transwell assay to determine the effect of TCM on the
invasion ability of NECs. Compared with the control
group, the invasion ability of NECs in the KYSE450 or
KYSE70 TCM-induced group was significantly enhanced.
Moreover, NECs in the KSYE70 TCM-induced group
had stronger invasion ability than that in the KYSE450
TCM-induced group (Figure 1B). ECs move to new
locations by migration and invasion, and finally evolve
into vascular networks by forming tubes. As the results
shown in tube formation assay, NECs in the KYSE450 or
KYSE70 TCM-induced group developed more tubes than
NEC:s in the control group (Figure 1C). Interestingly, the
Dil-Ac-LDL uptake ability of NECs was also enhanced
after induction by KYSE450 or KYSE70 TCM (Figure
1D). Human ESCC tissue homogenate TCM was further
utilized to simulate the tumor microenvironment. The
abilities of migration, invasion, tube formation and Dil-
Ac-LDL uptake of NECs were enhanced after induction by
TCM from ESCC tissue homogenate compared with that
from peri-carcinoma tissue homogenate (Supplementary
Figure 1). Taken together, these data reveal that the ESCC
microenvironment enhances the angiogenic properties of
NECs.

TCM promotes the transition of NECs toward
TECs

Firstly, we detected the expression of TEMI,
TEMS8 and VEGFR2 using immunohistochemistry on
paraffin section of human esophageal carcinoma tissue
and peri-carcinoma tissue. The results showed that
TEM1, TEMS8 and VEGFR2 were expressed specifically
in vascular ECs of tumor tissue (Figure 2A), which were
in accordance with previous reports and proved that
they were TECs markers [4, 15]. Then we explored the
influence of KYSE450 or KYSE70 TCM on the molecular
expression of NECs. In comparison with control, NECs
in the KYSE450 or KYSE70 TCM-induced group highly
expressed TECs markers both at mRNA and protein
levels. Furthermore, the mRNA and protein levels of
TECs markers in KYSE70 TCM-induced NECs were
enhanced more remarkable than that in KYSE450 TCM-
induced NECs (Figure 2B-2D). For NECs induced by
the ESCC tissue homogenate TCM, the results were in
accordance with that induced by KYSE450 or KYSE70
TCM (Supplementary Figure 2). These data suggest that
the ESCC microenvironment promotes the transition of
NECs toward TECs.
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Figure 1: KYSE450 or KYSE70 TCM promoted the migration, invasion, tube formation and Dil-Ac-LDL uptake
abilities of NECs. (A) NECs were plated, scratched and then induced by different concentration of KYSE450 or KYSE70 supernatant
as indicated. Photographs were taken at 0, 12, 24 and 48 h after creating the scratch. The number of migrated cells in three random fields
was counted (scale bar 40 pm). (B-D) NECs were induced by KYSE450 or KYSE70 TCM for 48 h. Then the invasion, tube formation
and Dil-Ac-LDL uptake abilities were examined by transwell assay (scale bar 20 um) (B), tube formation assay (scale bar 40 um) (C), and
Dil-Ac-LDL uptake assay (scale bar 20 pm) (D). Data from three independent experiments are expressed as mean + SD. *** p < (0.001.
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Figure 2: KYSE450 or KYSE70 TCM induced NECs to have the characteristics of TECs. (A) Immunohistochemistry
validated the TECs markers (TEM1, TEMS8 and VEGFR?2) in esophageal carcinoma and peri-carcinoma tissue. TEM1, TEM8 and VEGFR2
were preferentially expressed in vascular endothelial cells of esophageal carcinoma tissue (scale bar 20 um). (B-D) NECs were induced
by KYSE450 or KYSE70 TCM for 48 h. The relative mRNA levels of TECs markers were examined by qRT-PCR (B). The protein levels
of TECs markers were detected by Western blot (C) and immunofiuoresence (D). Results are expressed as mean &= SD. * p < 0.05, ** p <
0.01, *** p <0.001.
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Increased expression of c-MYC is a key factor
that promotes the transition of NECs toward
TECs induced by TCM

To further investigate the mechanism of tumor
angiogenesis promoted by TCM, we performed microarray
analysis on NECs (N-1, N-2, N-3) and KYSE70 TCM-
induced NECs (I-1, 1-2, I-3). We identified a subset of
3769 differential expressed genes (DEGs) in KYSE70
TCM-induced NECs compared with control NECs,
including 1609 up-regulated genes and 2160 down-
regulated genes. Hierarchical clustering assay showed all
the detected genes (Figure 3A). qRT-PCR was performed
to validate the microarray results by detecting the relative
mRNA change fold of 5 selected DEGs (VEGFA, TYMP,
c-MYC, IL6 and SIPRI1). The results of qRT-PCR
were in accordance with the results of microarray assay
(Figure 3B). The bioinformatics analysis on these DEGs
showed that the significantly changed pathways mainly
associated with angiogenesis and cell differentiation.
Notably, MYC was involved in many significantly
changed pathways according to database analysis of
KYGG, BioCarta and GenMAPP (Figure 3C). Previous
researches have demonstrated that c-MYC was essential
for vasculogenesis and angiogenesis during development
and tumor progression [16, 17]. Thus, we speculated that
the enhanced expression of c-MYC might play an essential
role during the transition of NECs toward TECs induced
by TCM. To elucidate the crucial role of c-MYC, 10058-
F4, a small-molecule inhibitor of c-MYC was used. The
results showed that 10058-F4 markedly attenuated the
enhanced abilities of migration, invasion, tube formation
and Dil-Ac-LDL uptake of TCM-induced NECs (Figure
3D-3G). In addition, the TCM-induced overexpression
of TECs markers in NECs were significantly reduced by
10058-F4 (Figure 3H and Supplementary Figure 3). These
data indicate that the increased expression of c-MYC is a
key factor that promotes the transition of NECs toward
TECs induced by the ESCC microenvironment.

JAK/STATS3 signaling pathway is activated
during the TCM-mediated transition of NECs
toward TECs

According to the results of microarray assay, the
pathway analysis showed that many pathways were
significantly changed, especially JAK/STAT3 pathway.
Together with that c-MYC was one of STAT3 target genes,
and was essential for tumor angiogenesis, we wondered
whether JAK/STAT3 signaling pathway was aberrant
activated during the transition of NECs toward TECs. The
results showed that the relative mRNA levels of JAK and
STAT3 in KYSE450 or KYSE70 TCM-induced NECs
were significantly increased (Figure 4A). Meanwhile,
the phosphorylated JAK and STAT3 proteins were also
expressed at higher levels in KYSE450 or KYSE70 TCM-

induced NECs compared with control NECs (Figure 4B-
4C). Then, the ESCC tissue homogenate TCM was further
used to induce NECs, the results were consistent with that
induced by KYSE450 or KYSE70 TCM (Supplementary
Figure 4). Taken together, the results demonstrate that
JAK/STAT3 signaling pathway is activated during the
transition of NECs toward TECs induced by the ESCC
microenvironment.

Metformin inhibits the TCM-induced transition
of NECs toward TECs by blocking JAK/STAT3/
¢-MYC pathway

Although many studies have indicated the anti-
angiogenic effect of metformin, the mechanism was still
unclear [12]. Given the above data, we wondered whether
metformin suppressed tumor angiogenesis by blocking the
transition of NECs toward TECs induced by TCM. The
characteristics of NECs were detected after induction by
KYSE450 or KYSE70 TCM with or without metformin
for 48 h. The results showed that the enhanced abilities
of migration, invasion, Dil-Ac-LDL uptake and tube
formation of KYSE450 or KYSE70 TCM-induced NECs
were significantly abrogated by metformin (Figure 5A-
5D).

The above data have proved that JAK/STAT3/c-
MYC signaling pathway was activated during the
transition of NECs toward TECs. To further explore the
mechanism of the anti-angiogenic activity of metformin,
we detected its influence on JAK/STAT3/c-MYC signaling
pathway. The results showed that metformin decreased
the relative mRNA levels of JAK, STAT3 and c-MYC
in TCM-induced NECs (Figure 6A). More importantly,
metformin reduced the phosphorylation of JAK and
STAT3, and decreased the protein level of c-MYC (Figure
6B and Supplementary Figure 5). Then we assessed the
effects of metformin on the transition of NECs toward
TECs. The results showed that TCM-induced NECs in
the metformin-treated group had lower expressions of
TECs markers (TEM1, TEMS8 and VEGFR2) compared
with that without metformin treatment (Figure 6C-6D
and Supplementary Figure 6). These data indicate that
metformin abrogates the TCM-induced transition of NECs
toward TECs by blocking JAK/STAT3/c-MYC signaling
pathway, and c-MYC may be an important molecular
target of metformin.

Metformin inhibits tumor angiogenesis in the
human ESCC PDX mouse model

To investigate the effect of metformin on
suppressing tumor angiogenesis in vivo, a human ESCC
PDX mouse model was used. The results showed that
metformin profoundly reduced the tumor size. Importantly,
metformin had a similar anti-tumor effect with 10058-F4,
and a lower toxicity than 10058-F4. Interestingly, the anti-
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tumor effect was not enhanced obviously when treating
mice with metformin combination with 10058-F4 (Figure
7A-7C). Then we evaluated the status of angiogenesis
in tumor specimens by determining the hemoglobin
content and microvessel density. The results showed that
metformin and 10058-F4 exhibited comparable inhibitory
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we detected the expression levels of related genes and
proteins in tumor specimens from mice. As expected,
metformin significantly decreased the relative mRNA
levels of JAK, STAT3 and c-MYC in tumor tissues (Figure
7F). Furthermore, metformin inhibited the c-MYC protein
expression level, and reduced the phosphorylation levels
of JAK and STAT3 (Figure 7G). Overall, these results
suggest that metformin inhibits angiogenesis of ESCC in
vivo by blocking JAK/STAT3/c-MYC signaling pathway.
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simulated the ESCC microenvironment by TCM to induce
NECs, and found that TCM promoted the angiogenic
properties of NECs, such as migration, invasion, tube
formation and Dil-Ac-LDL uptake. It has been reported
that TECs were distinct from normal counterparts both at
the molecular and functional levels [15, 22]. Our following
research indicated that the TCM-induced NECs expressed
TECs markers at higher levels. Thus, it is reasonable to
assume that the ESCC microenvironment promotes tumor
angiogenesis by coercing NECs to change toward TECs.
Since it is difficult to isolate TECs from tumor tissue, most
studies on tumor angiogenesis were carried out by using

NECs, such as HUVECs and human dermal microvascular
endothelial cells (HDMECs) [23, 24]. Our finding that
NECs induced by TCM have the properties of TECs
provides a new and convenient method to conduct further
research on tumor angiogenesis, especially drugs target to
TECs.

Another intriguing result of our study was the global
effect of TCM on the transcriptome of NECs, with the
modulation of 3769 genes. Many genes account for several
aspects of the endothelial response, such as VEGFA,
IL6 and TYMP for tumor angiogenesis, and SIPR1 for
development and cell differentiation [7, 25]. Our data
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also indicated that TCM played great influence on the
whole gene network of NECs, resulting in the modulation
of signaling pathways that mediated the ECs response.
It is noteworthy that ¢-MYC was involved in many
significantly changed signaling cascades in NECs induced
by TCM. It has been well known that the oncoprotein
c-MYC was overexpressed in a wide range of human
cancers [26]. Previous studies have demonstrated that
¢c-MYC regulated other proteins involved in angiogenesis,
which provided evidence to show c-MYC as a master
regulator of vascular remodeling [17, 27]. In our study,
¢c-MYC was highly expressed in TCM-induced NECs, it
is reasonable to speculate that c-MYC might act as a key
mediator during the transition of NECs toward TECs. This
speculation was then supported by the results of our study
that the inhibitor of c-MYC, 10058-F4, antagonized the
phenotypic and functional changes of NECs induced by
TCM.

Among the activated signaling cascades that c-MYC
involved, JAK/STAT3 signaling pathway attracted
more attention for its crucial role in ECs activation and
pathological angiogenesis [28]. Moreover, STAT3 was
aberrant activated in ESCC, and was associated with
poor prognosis of patients [29, 30]. Although the JAK/
STAT3 signaling pathway is well documented in cancer
progression, there are few reports on its physiological
significance in the formation of TECs. Here, our results
showed that JAK/STAT3 signaling pathway was activated
during the ESCC microenvironment-induced transition of
NECs toward TECs. In this context, blocking JAK/STAT3
signaling pathway would be an effective anti-angiogenic
therapeutic method for ESCC.

Previous study has demonstrated that metformin
inhibited ESCC growth by downregulating STAT3
signaling pathway [31]. In addition, metformin showed
anti-angiogenic activity by modulating different mediators
that governing the angiogenic process [13, 32]. However,
the precise mechanism for the anti-angiogenic property
of metformin still needs to be further defined. In the
present study, we found that metformin significantly
suppressed the migration, invasion, Dil-Ac-LDL uptake
and tube formation abilities of TCM-induced NECs.
Mechanistically, metformin inhibited the TCM-induced
transition of NECs toward TECs through inhibiting JAK/
STAT3/c-MYC signaling pathway. These data provide
a novel explanation for the anti-angiogenic activity of
metformin.

Then we used a human ESCC PDX mouse model
to investigate the anti-angiogenic effect of metformin
in vivo. It has been known that the tumors of PDX
model maintained the original molecular characteristic
and heterogeneity of the original patient tumors [33].
Moreover, the PDX mouse model was considered to
be highly relevant to real human tumor growth as it
developed a functional stroma and microenvironment
[34]. Hence, the results we got from the PDX model are

more convincing than tumor cell line xenograft model, and
have stronger predictive power of clinical transformation.
In this study, we found that metformin exerted similar
effect with 10058-F4 on inhibiting tumor growth and
tumor angiogenesis in the ESCC PDX mouse model.
Although it has been reported that 10058-F4 acted as a
tumor suppressor in several different tumors, there is still
a long way for its clinical application [35]. Different from
10058-F4, metformin has been used in clinic for years,
and the security has been widely approved. Therefore,
our research sets the experimental basis for the clinical
application of metformin as an anti-angiogenic drug.

In summary, we conclude that the ESCC
microenvironment promotes tumor angiogenesis by
coercing NECs to change toward TECs, with the
activation of JAK/STAT3/c-MYC signaling pathway.
Metformin exerts anti-angiogenic effect by suppressing
this process, which is a novel mechanism for metformin
in anti-angiogenesis. Our findings provide a fresh
perspective on tumor angiogenesis, and set the stage for
exploring clinically relevant drugs that suppressing tumor
angiogenesis through blocking the transition of NECs
toward TECs, which possibly open new avenues for
targeted treatment of cancer.

MATERIALS AND METHODS

Cell culture

KYSE450 and KYSE70 are human esophageal
squamous cancer cell lines in high and poor differentiated,
respectively. KYSE450 and KYSE70 were cultured in
RPMI-1640 (Biological Industries, Kibbutz Beit Haemek,
Israel) medium with 10% FBS. Human umbilical vein
endothelial cells (HUVECSs) were cultured in endothelial
cell medium (ScienCell, Carlsbad, CA, USA). All cell
lines were cultured at 37°C under 5% CO,.

Preparation of tumor conditioned medium
(TCM)

KYSE450 or KYSE70 were cultured in 10 cm dishes
and replenished with 5 ml fresh medium after reaching 60-
80% confluence. Then the supernatant was collected and
centrifuged after 24 h incubation and stored at -20°C. The
ESCC cell line TCM was composed by 60% KYSE450 or
KYSE70 supernatant and 40% FBS free endothelial cell
medium. In the experimental group, NECs were induced
by ESCC cell line TCM for 48 h. While in the control
group, NECs were induced only by FBS free endothelial
cell medium at the same condition.

To further simulate the ESCC microenvironment,
we used the human ESCC tissue homogenate supernatant.
The tissue homogenate supernatant of corresponding peri-
carcinoma was used as control. The preparation of tissue
homogenate supernatant of ESCC and peri-carcinoma was
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according to previous report [36]. Briefly, tumor specimen
of human ESCC and peri-carcinoma tissues (> 5 cm)
obtained intraoperatively from patients were weighed,
cut into pieces and ground by glass pestle. After that, the
homogenate was added FBS free RPMI-1640 medium
at 0.2 g/ml, then centrifuged at 13,000 rpm for 30 min.
Finally, the ESCC or peri-carcinoma tissue homogenate
supernatant was collected, and stored at -20°C. The
ESCC tissue homogenate TCM was composed by 40%
supernatant and 60% FBS free endothelial cell medium.
Patients whose tumor samples were involved in this study
were completely informed and provided consent.

Wound-healing assay

NECs were cultured in 12-well plates and incubated
overnight to a density of 60% -70%. Then cell monolayer
was carefully scratched with a 200-pl pipette tip to draw
a straight “wound” in each well and washed twice with
PBS. Different concentration (20%, 40% or 60%) of TCM
was applied to culture cells for 48 h at 37°C with 5% CO,,.
The wounded areas were imaged using a microscope
(Olympus, Tokyo, Japan) at the indicated time point (0 h,
12 h, 24 h and 48 h). The number of migrated cells in per
field was counted.

Transwell assay

The membrane surface of transwell (pore size:
8 um, Corning, NY, USA) was precoated with diluted
matrigel (1:4, BD Biosciences, San Jose, CA, USA)
and incubated at 37°C for 2 h. NECs (3.75x10* cells in
FBS free endothelial cell medium) were seeded onto the
upper chamber, and the bottom chamber was filled with
completed endothelial cell medium. Then the chambers
were incubated at 37°C for 24 h. The invaded cells were
stained with crystal violet after being fixed with 10% TCA
for 1 h, then imaged by an inverted microscope (Olympus,
Tokyo, Japan).

Tube formation assay

Chilled liquid matrigel was dispensed onto 96-well
plates (50 pul per well) and allowed to solidify at 37°C for
1 h. Then NECs (2x10* cells per well) were seeded onto
the gel and cultured at 37°C with 5% CO, for 4 h. The
enclosed networks of complete tubes from three randomly
chosen fields were counted and photographed using a
microscope (Olympus, Tokyo, Japan).

Dil-labeled acetylated low-density lipoprotein
(Dil-Ac-LDL) uptake assay

NECs (3,000 per well) were seeded in 96-well
plates for adherence overnight, and induced by TCM
for 48 h. Then the Dil-Ac-LDL (10 pg/ml; Biomedical
Technologies, Stoughton, MA, USA) was added to each

well, and the cells were incubated at 37°C for another 4
h. The medium containing Dil-Ac-LDL was removed and
the cells were washed three times with PBS. Then the cells
were observed and photographed using a fluorescence
microscope (Olympus, Tokyo, Japan). The average optical
density of Dil-Ac-LDL was calculated with the formula:
the value of Integrated density / the value of Area. The
values of Integrated density and Area were measured by
image J software.

Quantitative real-time PCR (qRT-PCR)

Total RNA of NECs was extracted using the TRIzol
(Invitrogen, Carlsbad, CA, USA). One microgram of
total RNA was reverse-transcribed using a RT reagent kit
(TaKaRa, Tokyo, Japan). The cDNA was amplified with a
7500 Fast Real-time PCR System (Applied Biosystems,
NY, USA). The data analysis was performed on 7500
software v2.0.5. The comparative threshold cycle (Ct)
method, i.e., 222 was used to calculate fold amplification.

Western blot

Protein extracts for Western blot were prepared
with lysis buffer (ImM PMSF, ImM NaF, ImM Na VO,,
protease inhibitor). The protein concentration was
determined using a BCA protein assay kit (Beyotime,
Shanghai, China). Western blot was performed as
previously described [37]. Antibodies against STAT3,
p-STAT3, JAK?2, p-JAK2, TEM1, VEGFR2 and B-Actin
were purchased from Santa Cruz Biotechnology (Santa
Cruz, Dallas, TX, USA). Antibodies against c-MYC
and TEMS8 were purchased from Abcam (Abcam,
Cambridge, UK). Protein bands were visualized using a
chemiluminescence detection kit (Beyotime, Shanghai,
China).

Immunofluorescence

Immunofluorescence was performed as previously
described [38]. Briefly, cells were fixed with 4%
paraformaldehyde for 30 min at room temperature. After
being blocked with 1% BSA-PBST (Solarbio, Beijing,
China) for 1.5 h, the cells were incubated with primary
antibody (1:50) overnight at 4°C. The primary antibodies
used in immunofluorescence were as same as that used
in Western blot. The 594-conjugated goat anti-rabbit
IgG or 488-conjugated goat anti-mouse IgG (Origene,
Beijing, China) was used as the secondary antibody and
incubated cells for 1.5 h at room temperature. All images
were captured by a laser scanning confocal microscope
(Olympus, Tokyo, Japan). The average optical density of
individual protein was calculated with the formula: the
value of Integrated density / the value of Area. The values
of Integrated density and Area were measured by image J
software.
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Microarray gene expression analysis

The experimental design and microarray data
analysis were conducted according to previous reports
[25, 39]. NECs and KYSE70 TCM induced-NECs
RNA extraction and microarray hybridization were
performed at CapitalBio Technology Company (Beijing,
China) according to the standard procedure. Overall,
six microarray chips were analyzed in this study. The
obtained scanned images were analyzed using Affymetrix
GeneChip Operating Software (GCOS 1.4). To compare
the differential expressed genes (DEGs), we applied the
Significance Analysis of Microarrays Software (SAM
version 3.02, Stanford University, Stanford, CA, USA).
The algorithm used to sort the statistically significant
DEGs was a modified t-test, and the criteria for DEGs
were g-value < 0.05 and fold change > 2.0 or < 0.5.
DEGs were further subjected to the CapitalBio® Molecule
Annotation System V3.0 (MAS3.0) for gene ontology
(GO) and KEGG pathway analysis. As for GO and KEGG
pathways, the p-value and g-value were calculated to
select significantly affected pathways.

In vivo PDX study

The ESCC PDX model was established as previous
report [33]. Briefly, fresh human ESCC fragments obtained
intraoperatively from patients were subcutaneously
implanted into 6 to 8 week-old female CB17/SCID mice.
When the xenograft ESCC tumor reached about 1,500
mm?®, the mouse was sacrificed, and the tumor was divided
into 0.1-0.2 g fragments and implanted into additional
mice for further generations. After three consecutive
mouse-to-mouse passages, we got enough tumor bearing
mice to do the following research. Once the tumor volume
reached approximately 25 mm?, mice were randomly
divided into 4 groups (n = 10 mice per group): Control
group, Metformin (200 mg/kg) group, 10058-F4 (15
mg/kg) group and Metformin combination with 10058-
F4 group. Body weight and tumor measurement were
performed every other day. Tumor volume was calculated
using the formula V=0.5ab?, with “a” as the long diameter
in millimeters and “b” as the short diameter in millimeters.
This study was approved by Ethics Committee of
Zhengzhou University and patients whose tumor samples
were involved in this study were completely informed and
provided consent.

Hemoglobin assay

Tumor tissue was weighed and homogenized in
1 ml Drabkin reagent (Sigma-Aldrich, St. Louis, MO,
USA) and centrifuged at 12,000xg for 20 min. The
supernatant was filtered through a 0.22 pm millpore
filter. The hemoglobin concentration of samples was
determined spectrophotometrically by measuring
absorbance at 540 nm using an ELISA plate reader

(Thermo Fisher Scientific, Waltham, MA, USA). The
relative content of hemoglobin in the tumor tissue was
compared with the control group.

Immunohistochemistry

Tumor tissues were fixed in 10% formalin after
being resected, embedded in paraffin and cut into 4 pm
sections. The following procedure was performed as
previously described [40]. Slides were incubated with
primary antibodies against TEM1, TEMS, VEGFR2
or CD31 (Abcam, Cambridge, UK) at 4°C overnight.
Then the slides were incubated with HRP-IgG secondary
antibody at 37°C for 15 min, followed by developing with
diaminobenzidine and counterstained with haematoxylin.
Hematoxylin-eosin (H&E) staining was conducted
according to the standard histological procedure.

Statistical analysis

All analyses were performed using GraphPad
PRISM software version 5.0 (GraphPad Software, USA).
Statistical analyses and significance were analyzed
by one-way ANOVA with Tukey’s post-hoc test. In
all comparisons, p < 0.05 was considered statistically
significant.

ACKNOWLEDGMENTS

This work was supported by National Natural
Science Foundation of China (no. 81572972), Science and
Technology Innovation Talents Support Plan of University
in Henan Province (no. 15HASTITO038), Science
Foundation of Zhengzhou University for the Excellent
Young Teacher (no. 1421328057), and Young Backbone
Teachers of Henan Province (no. 2014GGJS-012).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Folkman J. Role of angiogenesis in tumor growth and
metastasis. Semin Oncol. 2002; 29: 15-8. https://doi.
org/10.1053/sonc.2002.37263.

Nagy JA, Chang SH, Shih SC, Dvorak AM, Dvorak
HF. Heterogeneity of the tumor vasculature. Semin
Thromb Hemost. 2010; 36: 321-31. https://doi.
org/10.1055/s-0030-1253454.

3. Dvorak HF. Tumor stroma, tumor blood vessels, and

2.

antiangiogenesis therapy. Cancer J. 2015; 21: 237-43.
https://doi.org/10.1097/PPO.0000000000000124.

St Croix B, Rago C, Velculescu V, Traverso G, Romans
KE, Montgomery E, Lal A, Riggins GJ, Lengauer C,

www.impactjournals.com/oncotarget

74685

Oncotarget



11.

12.

14.

15.

Vogelstein B, Kinzler KW. Genes expressed in human
tumor endothelium. Science. 2000; 289: 1197-202.

Seaman S, Stevens J, Yang MY, Logsdon D, Graff-Cherry
C, Croix BS. Genes that distinguish physiological and
pathological angiogenesis. Cancer Cell. 2007; 11: 539-54.
https://doi.org/10.1016/j.ccr.2007.04.017.

Lu CH, Bonome T, Li Y, Kamat AA, Han LY, Schmandt R,
Coleman RL, Gershenson DM, Jaffe RB, Birrer MJ, Sood
AK. Gene alterations identified by expression profiling in
tumor-associated endothelial cells from invasive ovarian
carcinoma. Cancer Res. 2007; 67: 1757-68. https://doi.
org/10.1158/0008-5472.CAN-06-3700.

Weis SM, Cheresh DA. Tumor angiogenesis: molecular
pathways and therapeutic targets. Nat Med. 2011; 17: 1359-
70. https://doi.org/10.1038/nm.2537.

Kiu H, Nicholson SE. Biology and significance of the JAK/
STAT signalling pathways. Growth Factors. 2012; 30:
88-106. https://doi.org/10.3109/08977194.2012.660936.
Furtek SL, Backos DS, Matheson CJ, Reigan P. Strategies
and approaches of targeting STAT3 for cancer treatment.
ACS Chem Biol. 2016; 11: 308-18. https://doi.org/10.1021/
acschembio.5b00945.

. Zhang PP, Li H, Tan XH, Chen LL, Wang SM. Association

of metformin use with cancer incidence and mortality: a
meta-analysis. Cancer Epidemiol. 2013; 37: 207-18. https://
doi.org/10.1016/j.canep.2012.12.009.

Wiernsperger NF. Metformin: intrinsic vasculoprotective
properties. Diabetes Technol Ther. 2000; 2: 259-72. https://
doi.org/10.1089/15209150050025230.

Kannarkatt J, Alkharabsheh O, Tokala H, Dimitrov NV.
Metformin and angiogenesis in cancer - revisited. Oncology.
2016; 91: 179-84. https://doi.org/10.1159/000448175.
Wang JC, Li GY, Wang YC, Tang SC, Sun X, Feng XF, Li
Y, Bao G, Li PP, Mao XN, Wang MD, Liu PJ. Suppression
of tumor angiogenesis by metformin treatment via a
mechanism linked to targeting of HER2/HIF-1 alpha/VEGF
secretion axis. Oncotarget. 2015; 6: 44579-92. https://doi.
org/10.18632/oncotarget.6373.

Cho SG, Yi ZF, Pang XF, Yi TF, Wang Y, Luo J, Wu ZR, Li
DL, Liu MY. Kisspeptin-10, a KISS1-derived decapeptide,
inhibits tumor angiogenesis by suppressing Sp1-mediated
VEGEF expression and FAK/Rho GTPase activation. Cancer
Res. 2009; 69: 7062-70. https://doi.org/10.1158/0008-5472.
CAN-09-0476.

Hida K, Maishi N, Sakurai Y, Hida Y, Harashima H.
Heterogeneity of tumor endothelial cells and drug delivery.
Adv Drug Deliv Rev. 2016; 99: 140-7. https://doi.
org/10.1016/j.addr.2015.11.008.

Xue G, Yan HL, Zhang Y, Hao LQ, Zhu XT, Mei Q,
Sun SH. c-Myc-mediated repression of miR-15-16 in
hypoxia is induced by increased HIF-2a and promotes
tumor angiogenesis and metastasis by upregulating FGF2.
Oncogene. 2015; 34: 1393-406. https://doi.org/10.1038/
onc.2014.82.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Baudino TA, McKay C, Pendeville-Samain H, Nilsson JA,
Maclean KH, White EL, Davis AC, Thle JN, Cleveland JL.
c-Myc is essential for vasculogenesis and angiogenesis
during development and tumor progression. Genes Dev.
2002; 16: 2530-43. https://doi.org/10.1101/gad.1024602.

Samples J, Willis M, Klauber-DeMore N. Targeting
angiogenesis and the tumor microenvironment. Surg Oncol
Clin N Am. 2013; 22: 629-39. https://doi.org/10.1016/j.
$0¢.2013.06.002.

Quail DF, Joyce JA. Microenvironmental regulation of
tumor progression and metastasis. Nat Med. 2013; 19:
1423-37. https://doi.org/10.1038/nm.3394.

Watnick RS. The role of the tumor microenvironment in
regulating angiogenesis. Cold Spring Harb Perspect Med.
2012; 2: a006676. https://doi.org/10.1101/cshperspect.
a006676.

Mittal K, Ebos J, Rini B. Angiogenesis and the tumor
microenvironment: vascular endothelial growth factor
and beyond. Semin Oncol. 2014; 41: 235-51. https://doi.
org/10.1053/j.seminoncol.2014.02.007.

Hida K, Hida Y, Shindoh M. Understanding tumor
endothelial cell abnormalities to develop ideal anti-
angiogenic therapies. Cancer Sci. 2008; 99: 459-66. https://
doi.org/10.1111/§.1349-7006.2007.00704.x.

Yue GG, Lee JK, Kwok HF, Cheng L, Wong EC, Jiang L,
Yu H, Leung HW, Wong YL, Leung PC, Fung KP, Lau CB.
Novel PI3K/AKT targeting anti-angiogenic activities of
4-vinylphenol, a new therapeutic potential of a well-known
styrene metabolite. Sci Rep. 2015; 5: 11149. https://doi.
org/10.1038/Srep11149.

Kumar A, Sunita P, Jha S, Pattanayak SP. Daphnetin inhibits
TNF- and VEGF-induced angiogenesis through inhibition
of the IKKs/IB/NF-B, Src/FAK/ERK1/2 and Akt signalling
pathways. Clin Exp Pharmacol Physiol. 2016; 43: 939-50.
https://doi.org/10.1111/1440-1681.12608.

Jin GG, Yang Y, Liu HF, Liu KD, Zhao JM, Chen XH,
Zhang XY, Zhang YY, Lu J, Dong ZM. Genome-wide
analysis of the effect of esophageal squamous cell
carcinoma on human umbilical vein endothelial cells.
Oncol Rep. 2016; 36: 155-64. https://doi.org/10.3892/
0r.2016.4816.

Chen BJ, Wu YL, Tanaka Y, Zhang W. Small molecules
targeting c¢-Myc oncogene: promising anti-cancer
therapeutics. Int J Biol Sci. 2014; 10: 1084-96. https://doi.
org/10.7150/ijbs.10190.

Chen C, Cai SX, Wang GH, Cao XN, Yang X, Luo XL,
Feng YD, Hu JB. c-Myc enhances colon cancer cell-
mediated angiogenesis through the regulation of HIF-1a.
Biochem Biophys Res Commun. 2013; 430: 505-11. https://
doi.org/10.1016/j.bbrc.2012.12.006.

Zhuang GL, Wu XM, Jiang ZS, Kasman I, Yao J, Guan
YH, Och J, Modrusan Z, Bais C, Sampath D, Ferrara N.
Tumour-secreted miR-9 promotes endothelial cell migration
and angiogenesis by activating the JAK-STAT pathway.

WWw

.impactjournals.com/oncotarget

74686

Oncotarget



29.

30.

31.

32.

33.

34.

EMBO J. 2012; 31: 3513-23. https://doi.org/10.1038/
emboj.2012.183.

Huang CY, Wang L, Yang XB, Lai L, Chen D, Duan CY.
Expression of activated signal transducer and activator
of transcription-3 as a predictive and prognostic marker
in advanced esophageal squamous cell carcinoma. World
J Surg Oncol. 2015; 13: 314. https://doi.org/10.1186/
S$12957-015-0726-Z.

Timme S, Ihde S, Fichter CD, Wachle V, Bogatyreva L,
Atanasov K, Kohler I, Schopflin A, Geddert H, Faller G,
Klimstra D, Tang L, Reinheckel T, et al. STAT3 expression,
activity and functional consequences of STAT3 inhibition
in esophageal squamous cell carcinomas and Barrett's
adenocarcinomas. Oncogene. 2014; 33: 3256-66. https://
doi.org/10.1038/0onc.2013.298.

Feng Y, Ke C, Tang Q, Dong H, Zheng X, Lin W, Ke
J, Huang J, Jeung SC, Zhang H. Metformin promotes
autophagy and apoptosis in esophageal squamous cell
carcinoma by downregulating Stat3 signaling. Cell Death
Dis. 2014; 5: ¢1088. https://doi.org/10.1038/cddis.2014.59.

Tan BK, Adya R, Chen J, Farhatullah S, Heutling D,
Mitchell D, Lehnert H, Randeva HS. Metformin decreases
angiogenesis via NF-kappaB and Erk1/2/ErkS pathways
by increasing the antiangiogenic thrombospondin-1.
Cardiovasc Res. 2009; 83: 566-74. https://doi.org/10.1093/
cvr/cvpl3l.

Jiang YA, Wu Q, Yang XW, Zhao JM, Jin YX, Li K, Ma
YH, Chen XH, Tian F, Zhao S, Xu JL, Lu J, Yin XS, et
al. A method for establishing a patient-derived xenograft
model to explore new therapeutic strategies for esophageal
squamous cell carcinoma. Oncol Rep. 2016; 35: 785-92.
https://doi.org/10.3892/0r.2015.4459.

Zhang Y, Yao K, Shi C, Jiang Y, Liu K, Zhao S, Chen H,
Reddy K, Zhang C, Chang X, Ryu J, Bode AM, Dong Z.

35.

36.

37.

38.

39.

40.

244-MPT overcomes gefitinib resistance in non-small cell
lung cancer cells. Oncotarget. 2015; 6: 44274-88. https://
doi.org/10.18632/oncotarget.6236.

Zhang M, Fan HY, Li SC. Inhibition of c-Myc by 10058-F4
induces growth arrest and chemosensitivity in pancreatic
ductal adenocarcinoma. Biomed Pharmacother. 2015; 73:
123-8. https://doi.org/10.1016/j.biopha.2015.05.019.

Lu J, Bai RH, Qin ZZ, Zhang YY, Zhang XY, Jiang
YA, Yang HY, Huang YT, Li G, Zhao MY, Dong ZM.
Differentiation of immature DCs into endothelial-like
cells in human esophageal carcinoma tissue homogenates.
Oncol Rep. 2013; 30: 739-44. https://doi.org/10.3892/
or.2013.2491.

Liu KD, Yu DH, Cho YY, Bode AM, Ma WY, Yao K, Li
SQ, Li JX, Bowden GT, Dong ZM, Dong ZG. Sunlight
UV-induced skin cancer relies upon activation of the p38
alpha signaling pathway. Cancer Res. 2013; 73: 2181-8.
https://doi.org/10.1158/0008-5472.CAN-12-3408.

Jin G, Zhao J, Yang Y, Liu K, Jiang Y, Zhang X, Zhang
Y, Huang Y, Lu J, Dong Z. JAK/STAT3 signaling pathway
mediates endothelial-like differentiation of immature
dendritic cells. Oncol Lett. 2015; 10: 3471-7. https://doi.
org/10.3892/01.2015.3752.

Slonim DK, Yanai I. Getting started in gene expression
microarray analysis. PLoS Comput Biol. 2009; 5:
€1000543. https://doi.org/10.1371/journal.pcbi.1000543.
Jafarnejad SM, Wani AA, Martinka M, Li G. Prognostic
significance of Sox4 expression in human cutaneous
melanoma and its role in cell migration and invasion. Am
J Pathol. 2010; 177: 2741-52. https://doi.org/10.2353/
ajpath.2010.100377.

www.impactjournals.com/oncotarget

74687

Oncotarget



