EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1102, 2021

Sema4C modulates the migration of primary tumor-associated
lymphatic endothelial cells via an ERK-mediated pathway
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Abstract. Although lymphatic endothelial cells (LECs) serve
a positive role in tumor lymphatic metastasis, the regula-
tion of LECs undergoing migration similar to that of tumor
cells remains poorly understood. A previous study revealed
that semaphorin 4C (Sema4C) could be a marker of LECs
in cervical cancer. Thus, the present study aimed to under-
stand the mechanism via which Sema4C could promote the
development of tumor-associated characteristics in LECs in
cervical cancer. Primary tumor-associated LECs (TLECs)
were distinguished from cervical cancer by flow cytometry.
The promigratory ability was assessed using the Transwell
assay. Lentivirus infection was used to alter the expression
of Sema4C in TLECs. Confocal laser scanning was used to
determine the infection efficiency of lentivirus infection.
Sema4C/ERK/E-cadherin pathway was measured by reverse
transcription-quantitative PCR and western blotting. The
co-localization of Sema4C and the lymphatic marker lymphatic
vessel endothelial hyaluronan receptor 1 was verified. Primary
tumor-associated LECs (TLECs) were isolated from a mouse
xenograft cervical tumor model. It was revealed that overex-
pressing Sema4C stimulated the migratory ability of TLECs,
downregulated E-cadherin expression and stimulated ERK
phosphorylation, whereas knocking down Sema4C had the
opposite effects. The treatment of PD98059 (ERK inhibitor)
blocked the pro-migratory ability of TLECs, which indicated
a dependence on the ERK signaling pathway. It was identified
that the Semad4C/ERK/E-cadherin pathway may be critical
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for the migration of TLECs, which may promote lymph node
metastasis. Therefore, Sema4C could be a promising target for
the treatment of cervical cancer with lymphatic metastasis.

Introduction

Lymphatic metastasis is one of the crucial routes of metastasis
in cervical cancer (1) and treatment failure in cervical cancer
is often associated with lymph node metastasis (2). Lymphatic
vessels are usually considered to serve a passive role in metas-
tasis, acting merely as a channel for tissue-invading tumor
cells (3). Previous studies have focused on the immunoregu-
latory function of lymphatic endothelial cells (LECs), which
are active players in lymphatic metastasis (3,4). However, it
remains unknown whether and how LECs actively regulate
lymphatic metastasis in cancer.

Endothelial-mesenchymal transition (EndMT) is a
process via which endothelial cells (ECs) display consider-
able plasticity in the transition to mesenchymal cells, which
is crucial for ECs to obtain migratory abilities similar to
those of tumor cells (5,6). During this process, ECs lose
their endothelial markers, such as E-cadherin and CDs, and
acquire a migratory phenotype and mesenchymal markers,
such as vimentin and fibroblast-specific protein 1 (5,6). LECs
also express E-cadherin and can be induced to enter endo-
thelial-mesenchymal transition (EndMT) via WNT5B and
Kaposi's sarcoma-associated herpesvirus (7,8). E-cadherin is
a major component of epithelial cell junctions, as well as a
hallmark of EndMT (6,9). However, the current understanding
of the regulatory mechanism underlying E-cadherin expres-
sion in EndMT remains limited. In EMT, which is analogous
to EndMT, epidermal growth factor is suggested to induce
the downregulation of E-cadherin via the ERK pathway (10),
which may activate a similar signaling pathway in EndMT.

Semaphorins (Semas) are a large family of extracellular
signaling proteins that regulate the motility of cells during the
development of nevi (Sema3A, 3F, 6C and 6D), the neuroendo-
crine system (Sema7A and 4D), the immune system (Sema4D),
the reproductive system (Sema3) and cancer progression
(Semad4D, 3A and 6D) (11-13). Interestingly, Semas antagonize
the effect of VEGF (13). In addition, several studies have
reported that Sema3F may affect lymphangiogenesis (14,15).
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In a previous study, tumor-associated LECs (TLECs) were
isolated and normal LECs were obtained from tissues using
in situ laser capture microdissection, and it was determined
that synthetic membrane-bound Sema4C functioned as an
autocrine factor that promoted lymphangiogenesis (16).
However, the underlying mechanism of Sema4C in regulating
TLEC biological characteristics is largely unknown.

It has been revealed that tumors or metastasis may rely,
at least in part, on the gene regulatory events in cells that
constitute the primary tumor, as well as the tumor micro-
environment (TME) (17). LECs, which are one of the most
important components in the TME, also exhibit a unique
gene expression pattern compared with non-tumor LECs,
such as the expression of VEGFR3, which is activated
under pathological conditions, including cancer and inflam-
mation (18). LECs bought from ScienCell™ (cat. no. 2500)
are separated from human lymph nodes, according to the
instructions of the cell line. The differential expression level
of genes between normal LECs and TLECs prompted the
present study to assess TLECs from tumors. Flow cytom-
etry has been indicated to be the most effective method for
isolating cells, as well as analyzing the TME (19,20). To the
best of our knowledge, the present study for the first time
used primary TLECs separated from mouse cervical tumors
to study LEC biological characterization.

The present study evaluated the role of Sema4C in the
transdifferentiation of primary TLECs to determine the tumor
cell-like invasive characteristics. The aim of the present study
was to investigate the effect of Sema4C on the migration of
primary TLEC isolated from tumor tissues by flow cytometry
and its mechanism using lentivirus infection to modulate the
expression of Sema4C. These findings indicated that regula-
tion of the Sema4C/ERK/E-cadherin pathway may be a
novel target for cancer therapy, which may potentially inhibit
endothelial transdifferentiation into tumor-like cells, thereby
preventing the lymphatic metastasis of cancer. The current
preclinical study provided novel insights into the role of
Sema4C in TLECs and demonstrated the active participation
of TLECs in lymphatic metastasis.

Materials and methods

Antibodies and cell line. All reagents used in the present
study were of analytical grade and are commercially
available. The primary antibodies used were as follows:
SemadC (cat. no. sc-136445; Santa Cruz Biotechnology,
Inc.); lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE]) antibody-Alexa Fluor® 488 for flow
cytometry (cat. no. 53-0433-82; eBioscience; Thermo Fisher
Scientific, Inc.); LYVEI] antibody for immunohistochem-
istry (cat. no. abl4917; Abcam); VEGFR3 (cat. no. ab51874;
Abcam); E-cadherin (cat. no. ab181296; Abcam); ERK1/2
(cat. no. ab17942; Abcam), phosphorylated (p)-ERK1/2
(cat. no. ab214362; Abcam) and P-actin (cat. no. ab8227,
Abcam). Biotinylated anti-rabbit immunoglobulin for
DAB staining (cat. no. K406511-2) was purchased from
Agilent Technologies, Inc. The ERK inhibitor PD98059
(cat. no. HY-12028) was purchased from MedChemExpress
and cells were treated with 30 mM for 24 h at room
temperature.

The mouse cervical cancer cell line U14 (cat. no. YB-MO060)
was purchased from Shanghai Yubo Biotechnology Co.,
Ltd. The cells were cultured in RPMI-1640 medium
(cat. no. 21870076; Gibco; Thermo Fisher Scientific, Inc.)
37°C with 5% CO,.with 10% (v/v) FBS (cat. no. 16140071,
Gibco; Thermo Fisher Scientific, Inc.) NIH3T3 cells (mouse
embryonic fibroblast cell line) was purchased from ATCC
(cat. no. CRL-1658), cultured in Dulbecco's Modified Eagle's
Medium (cat. no. 11885084; Gibco; Thermo Fisher Scientific,
Inc.) with 10% (v/v) FBS (cat. no. 16140071; Gibco; Thermo
Fisher Scientific, Inc.) at 37°C with 5% CO, No antibiotics
were used in the culture medium. The use of primary LECs
was approved by the Scientific Research Ethics Committee of
Shandong University.

Lentivirus for delivery of full-length Sema4C and small
interfering (si)RNA against Sema4C. All the lentiviruses used
in the present study were purchased from Wester Biological
Technology Co.,Ltd. (serialno. WST201710015).Eachlentiviral
packaging system included a four-plasmid system (Fig. S1). A
full-length mouse Sema4C open reading frame was obtained
via PCR (PrimeSTAR® HS DNA Polymerase; cat. no. RO10A;
Takara Biolnc.) (thermocycling conditions were as follows:
95°C for 3 min 1 cycle, followed by 30 cycles of 94°C for 30 sec,
-55°C for 40 sec and -72°C for 30 sec and 72°C for 5 min for
1 cycle), using cDNA (from TLECs) by agarose electropho-
resis and gel-cutting recovery as template (cat. no. DP219-03;
Tiangen Biotech Co. Ltd.) and the primer sequences were as
follows: Forward, 5~AGGGTTCCAAGCTTAAGCGGCCGC
GCCACCATGGCCCCACACTGGGCTGTCTGG-3' and
reverse, 5'-GATCCATCCCTAGGTAGATGCATTCATACT
GAAGACTCCTCTGGGTTG-3". The lentivirus used for
delivery of full-length Sema4C was LVS5. The final construc-
tion was termed LV5-Sema4C. The control construction was
LV5 negative control (empty vector, LVSNC).

The lentivirus used for delivery of siRNA against Sema4C
was LV3. The Sema4C siRNA sense sequence was 5'-CCU
AUGCCUUCCAGCCCAADTDT-3' and antisense sequence
was 5'-UUGGGCUGGAAGGCAUAGGDTDT-3', and the
final construction was termed LV3-siRNA. The sequence
for the control siRNA was a non-targeting sequence, sense,
5'-UUCUCCGAACGUGUCACGU-3" and antisense, 5'-ACG
UGACACGUUCGGAGAA-3', and the lentiviral construct
was termed LV3NC. The Sema4C siRNA has been verified in
a previous study (10).

Animals. C57BL/6 female mice (age, 4-6 weeks; weight,
18-22 g) were purchased from Tengxin Biomedical Technology.
The mice were maintained in the accredited animal facility
of Shandong University. The animal facility had a controlled
temperature (23-25°C), a 12/12 h light/dark cycle with lights
on from 8:00 to 20:00, and a relative humidity (50-60%). The
mice had free access to standard food and water. Animals
were cared for by qualified personnel every day, including
weekends and holidays, to monitor their health and behavior.
The hygienic status of the mice was specific pathogen-free,
according to the Association for Assessment and Accreditation
of Laboratory Animal Care International (Laboratory Animal
Center of Tsinghua University) recommendations. Each group
contained 3 mice, and there were three time points (days 5, 7
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and 14 after the injection of Ul4 cells) and 9 mice in total.
No mouse died until the end of the experiments. All the
experiments were carried out in accordance with the National
Institute of Health Guide of the Care and Use of Laboratory
Animals. All the experimental protocols were approved by the
Animal Care and Use Committee of Shandong University for
animal ethics [approval no. KYLL-2015(KS)-079].

Mouse xenograft tumor model. The mice were anesthetized
using isoflurane/O, flow (4% induction and 2% maintenance
dose) in an induction chamber. Forceps were used to touch the
leg of the mouse, which was used to confirm that the mouse
was fully unconscious. The mice received 100 ul (~1x107)
Ul4 cells, resuspended in RPMI-1640 medium, subcutane-
ously into the left shoulder. A total of 2 weeks after the
injection, the animals was euthanized and the tumor volume
was calculated according to the following formula: Length x
width?/2 (21). The cage was placed in a chamber with CO,, and
CO, was turned on for =20 min at 2 1/min. The percentage of
the chamber volume/min displaced by the flow rate of CO, was
20% (April 2019). CO, was maintained for =1 min after the
mice stopped breathing. The sacrificed mice were placed on a
polystyrene board, and the tumor was removed and measured.

Separation of TLECs via flow cytometry. Tumor tissue cells
were dissociated using 1% collagenase (cat. no. C21309;
Sigma-Aldrich; Merck KGaA) for 30 min at 37°C and 0.25%
trypsin/EDTA solution, (cat. no. 25200056; Gibco; Thermo
Fisher Scientific, Inc.) for 5-8 min at room temperature. Cell
suspensions were filtered through cell sieves (200-ym mesh).
After incubation for 48 h at 37°C with 5% CO,, the suspended
cells were removed and incubated with a monoclonal anti-
body against mouse LY VE1-Alexa Fluor 488 or IgGl1 kappa
Isotype Control-Alexa Fluor 488 (1:25; cat. no. 53-4714-80;
EBioscience; Thermo Fisher Scientific, Inc.) at room tempera-
ture for 30 min, after adjusting the cell density to 5-8x10%/ml.
The samples were analyzed on a FACSCalibur apparatus (BD
Biosciences) and cells that expressed LY VEL were isolated.
LECs were cultured in EBM-2 medium (Lonza Group Ltd.)
with 2% (v/v) FBS (Gibco; Thermo Fisher Scientific, Inc.)
at 37°C with 5% CO,.

Immunohistochemistry for the quantification of lymphatic
microvessel density (LMVD). Immunohistochemical analysis
of LYVEI was performed using the avidin-biotin-peroxidase
complex method. Fresh tissue was fixed by 4% parafor-
maldehyde for 24 h and embedded using paraffin at room
temperature. Dewaxed and rehydrated 5-ym mouse tumor
tissue sections were incubated with 3% H,O, for 10 min atroom
temperature and then rinsed with PBS for 3 times. Sections
were blocked with 5% BSA (w/v) in PBS (cat. no. A1993;
MilliporeSigma) for 20 min at room temperature and with
a rabbit polyclonal anti-mouse LY VEI antibody (1:100 dilu-
tion) or with PBS as the negative control overnight at 4°C. The
detection system was Dako LSAB KIT (cat. no. K406511-2;
Agilent Technologies, Inc). Sections were then washed with
PBS and biotinylated anti-rabbit immunoglobulin (1:200)
was added to the sections for 30 min at room temperature.
Peroxidase-conjugated avidin (1:400) was then applied
after the sections were washed with PBS. The peroxidase

activity was detected by exposing the sections to a solution
of 0.05% 3,3'-diaminobenzidine and 0.01% H,0, in Tris-HC1
buffer (3,3'-diaminobenzidine solution) for 10 min at room
temperature. The sections were counterstained with hema-
toxylin for 30 sec at room temperature. The stained sections
were then analyzed using standard light microscopy (Eclipse
200; Nikon Corporation). Under a low magnification, the most
vascularized intratumoral areas were selected (hot spots).
The number of immunostained lymphatic vessels observed
in three hot spot areas at x400 magnification was counted.
LMVD was expressed as the mean value (total number of
vessels in three hot spot microscopic fields/3).

Confocal microscopy imaging. Frozen tissue sections (5-pm,
solidified in liquid nitrogen) were blocked with 5% BSA (w/v)
in PBS for 20 min at room temperature. The LYVELI (1:50) or
Sema4C (1:20) primary antibodies were applied to the slides
at 4°C overnight. After incubation with the primary antibodies,
the slides were washed three times with cold PBS and incu-
bated with FITC-conjugated goat anti-mouse (cat. no. A5608;
Beyotime Institute of Biotechnology) or Cy3-conjugated
goat anti-rabbit IgG (cat, no. A0516; Beyotime Institute of
Biotechnology) at a 1:50 dilution in PBS for 30 min at room
temperature. The nuclei were stained for 5 min at room
temperature with DAPI. The slides were rinsed with PBS and
observed using a confocal microscope and 3 fields for analyzed
per sample (Olympus Corporation) (magnification, x600).

Immunohistochemistry for identification of TLECs.
Immunohistochemical identification analysis of TLECs
was performed using the avidin-biotin-peroxidase complex
method. TLECs were incubated on coverslips (2x10*/ml) in a
12-well plate and were fixed with 4% paraformaldehyde for
20 min at room temperature. The cells were blocked with 5%
BSA (cat. no. A1993; MilliporeSigma w/v) in PBS for 60 min
at room temperature, and then incubated overnight at 4°C
with monoclonal anti-mouse VEGFR3 antibody (1:30) and
then washed with PBS. Goat-anti-rat HRP-immunoglobulin
(cat. no. ab97057; Abcam) was then added to the sections for
30 min at 37°C. After the sections were washed with PBS,
peroxidase-conjugated avidin (Dako; Agilent Technologies,
Inc.) was applied. The peroxidase activity was detected by
exposing the sections to a 3,3'-diaminobenzidine solution for
10 min at room temperature. The sections were counterstained
with hematoxylin at 5 min at room temperature and analyzed
using an inverted light microscope (Olympus Corporation)
(magnification, x100).

Cell transduction. The primary TLECs were cultured in
24-well tissue culture plates or flasks at 37°C with 5% CO,
in a humidified incubator (Heraeus Group). For the lentiviral
infection, the cells (103/ml/well; 200 ul) were incubated with
lentivirus (MOI=40) when the cells were 70% confluent,
according to the preliminary experiment. The cells were
infected for 72 h for the subsequent experiments. The package
system was a four-plasmid system, including LV5-GFP/
LV3-GFP, PG-pl-VSVG, PG-P2-REV and PG-P3-RR,
purchased from Wester Biological Technology Co., Ltd. The
results of transduction were detected using a confocal micro-
scope (Olympus Corporation; magnification, x100).
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Reverse transcription-quantitative (RT-q)PCR. For RT-qPCR,
total RNA was isolated from transduced TLECs using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
First-strand cDNA synthesis was performed via RT using a
Transcriptor First Strand cDNA synthesis kit (Amersham;
Cytiva) according to the manufacturer's instructions. gPCR
was performed on an ABI PRISM 7700 Sequence Detection
system (Applied Biosystems; Thermo Fisher Scientific, Inc.)
using a QuantiTect SYBR Green kit (Qiagen, Inc.). The primers
were designed using Primer Express 3.0 software (Applied
Biosystems; Thermo Fisher Scientific Inc.), as identified using
Basic Local Alignment Search Tool (http:/www.ncbi.nlm.nih.
gov/BLAST), and were purchased from Invitrogen (Thermo
Fisher Scientific, Inc.). Each sample was run in triplicate. The
conditions for the qPCR reaction were as follows: One cycle
at 50°C for 15 min; one cycle at 94°C for 4 min; and 35 cycles
at 94°C for 20 sec, 60°C for 30 sec and 70°C for 35 sec. At the end
of the PCR reaction, the samples were subjected to a melting
curve analysis to confirm the specificity of the amplification.
The Sema4C primer sequences were: Forward, 5'-CCTCCC
ATCTGTATGTCTGCG-3' and reverse, 5-GCTGGGTCA
TATGGGCATTTAC-3'. E-cadherin, forward 5-TCCTTG
GGTGGTCTTGAT-3' and reverse 5'-CATATCGCTGTTCTT
CGTT-3; ERK 1/2 forward, 5“-TCACACAGGGTTCTTGAC
AG-3' and reverse 5'-GGAGATCCAAGAATACCCA-3'". For
the internal standard, the following (-actin primer sequences
were used: Forward, 5'-GAGACCTTCAACACCCCAGC-3'
and reverse, 5S'-ATGTCACGCACGATTTCCC-3'". The method
of quantification used was 2-22¢4 (22).

Immunoblotting. For western blot analyses, the TLEC cells
treated with lentivirus or/and PD98059 were lysed in RIPA
buffer (cat. no. PO013C; Beyotime Institute of Biotechnology)
[50 mM Tris/HCl, pH 7.2, 150 mM NaCl, 1% NP-40,0.1% SDS
and 0.5% (w/v) sodium deoxycholate]. Equivalent amounts
of the cell extracts (BCA method, 20 ug) were separated via
10% SDS-PAGE and transferred onto a PVDF membrane. The
membranes were blocked in 25 mM Tris (pH 8.0) containing
125 mM NacCl, 0.1% Tween-20 and 5% skimmed milk for
1 h at room temperature, and then incubated with the diluted
primary antibodies (Sema4C, 1:500; E-cadherin, ERK1/2 and
p-ERK1/2, all 1:2,000; B-actin, 1:1,000) at 4°C overnight. After
incubation with the primary antibodies, the alkaline phospha-
tase-conjugated anti-rabbit (cat. no. A9919; Sigma-Aldrich;
Merck KGaA) and anti-mouse (cat. no. A4312; Sigma-Aldrich;
Merck KGaA) were added at a 1:1,000 dilution. The immu-
noreactive bands were visualized using the ECL western
blotting technique. The software used for densitometry was
Image J v.1.8.0 (National Institutes of Health).

Migration assay. For the migration assay, 5x10° TLEC cells,
treated with lentivirus or/and PD98059 were seeded in 100 pl
EBM-2 media with 1% FBS on the top of polyethylene tere-
phthalate membranes within Transwell cell culture inserts
(24-well inserts; pore size, 8 um; Corning, Inc.). The bottom
chamber was filled with 600 1 EBM-2 media containing 2%
FBS and 100 ul supernatant from NIH3T3 cells (mouse embry-
onic fibroblast cell line) to act as a chemotactic factor. The cells
were incubated for 48 h at 37°C with 5% CO,. Subsequently,
the cells were fixed in 2.5% (v/v) glutaraldehyde for 20 min at

room temperature and stained for 15 min with crystal violet at
room temperature. Cells on the bottom were visualized under
an inverted light microscope (Leica MicroSystems GmbH)
and were quantified by counting the number of cells in three
randomly selected fields at a x100 magnification (Olympus
Corporation).

Statistical analysis. Data are presented as the mean + SEM,
and statistical analysis was performed using SPSS version 13.0
software (SPSS, Inc.). The experiments were repeated three
times. Statistical comparisons were performed using one-way
ANOVA followed by Tukey's post hoc test. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Separation of TLECs from a mouse xenograft cervical tumor
model. Our previous study detected the co-localization of
Sema4C and LYVEI in human breast carcinoma (16). Firstly,
the present study determined the expression level of Sema4C
in TLECs in mouse cervical tumor tissue. Using a confocal
microscope, LYVEI was used to detect lymphatic vessels,
and co-localization (merge) was identified between Sema4C
(green) and LY VEI (red; Fig. 1A). Primary TLECs were used
to mimic the entire TME of cervical tumors, including the
immune and proliferative conditions, as well as the interactions
among cells, using C57BL/6 mice with U14 tumor xenografts.
Ul4 cells were injected subcutaneously into the left shoulder,
and LMVD was examined using LY VE1 immunohistochem-
istry (Fig. 1B). As determined via LMVD analysis, when the
tumor grew to 1.0-1.5 cm?® [long diameter (length), 1.4-1.8 cm;
short diameters (width), 1.2-1.8 cm], ~1 week after injection,
the lymphatic vessel density notably increased, compared with
the 5 days group (Fig. 1C). After 14 days, massive necrosis
occurred, and the density of lymphatic vessels was significantly
decreased, compared with the 7 days group. Therefore, the
appropriate time for the isolation of TLECs was considered to
be day 7 after tumor cell injection. Moreover, LY VE1-positive
cells were separated via flow cytometry (Fig. 1D). The cells
were cultured successfully and appeared as a typical mono-
layer (Fig. 1E). VEGFR3 was used to identify the separated
cells (Fig. 1F), and it was observed that the majority of the
cells were positive for VEGFR3. Thus, the separated cells
were positive for both LYVE] and VEGFR3.

Sema4C regulates the migratory ability of TLECs. The expres-
sion levels of the target gene Sema4C were altered via lentiviral
infection, and non-infected cells were used as blank controls
(Fig. 2A). LV3-siRNA and full-length LV5-Sema4C, as well
as the control lentiviruses LV3NC and LV5NC, all expressed
green fluorescent protein (GFP) at a MOI of 40 at 72 h after
transduction. The efficiency of the silencing lentivirus and the
overexpression lentivirus infection was ~90%, according to GFP
expression assessed via fluorescence microscopy. The qPCR
results demonstrated a ~70% reduction and a 3.5-fold increase
in the Sema4C mRNA expression levels in the LV3-siRNA
and LV5-Sema4C groups, respectively, compared with the
control (Fig. 2B), both of which were statistically significant.
Subsequently, the effects of Sema4C on the invasiveness of the
TLECs were examined using a classical Transwell model. The
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Figure 1. TLECs isolated from a mouse xenograft tumor. (A) Localization of Sema4C was detected in mouse tumor tissue. In lymphatic vessels, Sema4C
(green) was co-localized with LY VEI (red). Nuclei were identified via DAPI staining (blue). Scale bars, 20 ym. (B) LY VEl immunohistochemical analysis
indicated that day 7 after U14 cell injection was the most suitable time for isolation of TLECs. Arrowheads demonstrate TLEC positive staining. Scale
bars, 20 ym. (C) Tumor image indicated the tumor size at day 7 after injection, and quantification of the numbers of lymphatic vessels on day 5, 7 and 14
was performed. (D) Tumor tissues were dissociated into a cell suspension and then stained for LY VE1-phycoerythrin. LY VEl-positive cells were sepa-
rated via flow cytometry. The control group was used non-specific IgG. (E) TLECs were cultured in EBM-2 medium for 5 and 10 days. Scale bars, 10 ym.
(F) VEGFR3-positive TLECs were identified via immunohistochemistry. Scale bars, 100 gm. The experiments were repeated three times. “P<0.01. TLECs,
tumor-associated lymphatic endothelial cells; LY VEL, lymphatic vessel endothelial hyaluronan receptor 1; Sema4C, semaphorin 4C; LM VD, lymphatic

microvessel density; SSC, side-scattered light; con, control.

number of cells at the bottom of the membrane, which reflects
the migration of cells, was 56+9, 52+8, 51+6, 40+8 and 73+13
for the control, LV3NC, LVSNC, LV3-siRNA and LV5-Sema4C
groups, respectively. Cells at the bottom of the membrane were
significantly reduced in the LV3-siRNA compared with the
LV3NC group, and significantly increased in the LV5-Sema4C
compared with the LVSNC group (Fig. 2C). Thus, silencing of
Sema4C inhibited, and overexpression of Sema4C induced, the
migratory ability of TLECs.

Sema4C regulates E-cadherin and ERK1/2 in TLECs. Based
on the previously reported literature (10), a possible signaling
pathway (Sema4C-E-caherin) underlying cell migration was

investigated. It was revealed that Sema4C overexpression
significantly inhibited the expression level of E-cadherin in
the LV5-Sema4C group compared with LVSNC, whereas
silencing of Sema4C significantly promoted its expression
in the LV3-siRNA group compared with the LV3NC group.
Moreover, the expression level of p-ERK1/2, a protein phos-
phorylation of ERK1/2 which constitutes the active form of
ERK1/2, was significantly altered after lentiviral infection of
the Sema4C full-length gene or Sema4C siRNA, compared
with the LV5SNC or LV3NC group, respectively. p-ERK could
not be tested at the RNA level, so total ERK was tested at
the RNA level to reveal the regulation of Sema4C (Fig. 3A).
At the protein level, there were no significantly changes in
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Figure 2. Role of Sema4C expression in the migratory ability of TLECs. (A) TLECs treated with lentiviral medium only, lentiviral control vector for Sema4C
siRNA, lentiviral control vector for full-length Sema4C, Sema4C siRNA and full-length Sema4C. Scale bars, 10 ym. (B) TLECs with LV3-siRNA or
LV5-Sema4C were generated, and Sema4C mRNA expression was measured via reverse transcription-quantitative PCR. (C) Migratory ability of cells was
assessed using a Transwell assay. (D) Quantification of the number of cells at the bottom of the Transwell chamber. The experiments were repeated three
times. 'P<0.05, “"P<0.01 LV3-siRNA group vs. LV3NC group; LV5-Sema4C group vs. LVSNC group. Sema4C, semaphorin 4C; siRNA, small interfering RNA;
NC, negative control; TLECs, tumor-associated lymphatic endothelial cells.

total ERK (Fig. 3B and C). Therefore, it was indicated that  presents the p-ERK/ERK ratio in the five groups, and it
Sema4C stimulated the phosphorylation of ERK. A similar ~ was indicated that the activation of ERK was significantly
pattern was observed for mRNA and protein expression reduced in the LV3-siRNA group compared with LV3NC,
levels of Sema4C and E-cadherin using RT-qPCR (Fig. 3A)  while it was significantly enhanced in the LV5-Sema4C
and western blotting (Fig. 3B and C), respectively. Fig. 3D group compared with LVSNC.
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Figure 3. Role of Sema4C expression on E-cadherin and ERK1/2 expression of tumor-associated lymphatic endothelial cells. (A) Assessment of the
mRNA expression levels of Sema4C, E-cadherin and ERK1/2 using reverse transcription-quantitative PCR. (B) Protein expression levels of Sema4C,
E-cadherin, p-ERK1/2 and total ERK1/2 were detected using western blot analysis. (C) Semiquantitative analysis of protein expression levels of Sema4C,
E-cadherin, p-ERK1/2 and total ERK1/2. (D) Expression of p-ERK1/2 was normalized to total ERK1/2, and represented as fold change over the control
group. The experiments were repeated three times. ‘P<0.05 LV5-Sema4C group vs. LV5 NC group, “P<0.01 LV3-siRNA group vs. LV3NC group. Sema4C,
semaphorin 4C; p, phosphorylated; siRNA, small interfering RNA; NC, negative control.

Sema4C regulates migration in TLECs via ERK activation.
It was hypothesized that Sema4C regulated EndMT partially
via the regulation of E-cadherin, which is one of the most
important characteristics of EndMT. The ERK inhibitor
PD98059 (30 mM for 24 h at room temperature) was employed
to determine the alterations in the cell migratory ability
following Sema4C silencing or overexpression via lentiviral
infection. The results demonstrated that PD98059 enhanced
the inhibition of cell migration induced by Sema4C siRNA
compared with the control group (Fig. 4A). Furthermore, the
addition of PD98059 reversed the promotion of TLEC migra-
tion induced following overexpression of Sema4C (Fig. 4A).
The cell numbers at the bottom of the membrane, as presented
in the bar graph, were 569, 4048, 73+13, 18+5 and 58+9 for
control, LV3-siRN-, LV5-Sema4C, LV3-siRNA + PD98059
and LV5-Sema4C + PD98059 groups, respectively, reflecting
the migration of the cells (Fig. 4B).

ERK inhibitor stimulates E-cadherin expression by blocking
Sema4C. The ERK inhibitor was used to determine whether
the Sema4C-mediated regulation of E-cadherin was dependent
on the phosphorylation level of ERK1/2. It was revealed that

Sema4C silencing significantly inhibited the phosphorylation
level of ERK compared with control group (no treatment), and
the introduction of PD98059 further enhanced the upregulation
of E-cadherin expression induced by Sema4C siRNA infection,
compared with the LV3-siRNA group. However, inhibition of the
phosphorylation of ERK1/2 partially reversed the downregula-
tion of E-cadherin that was mediated by Sema4C overexpression,
compared with the LV5-Sema4C group. The observed mRNA
expression levels of Sema4C and E-cadherin were in accor-
dance with the protein expression levels (Fig. 5A, B and D-F).
As the phosphorylation of ERK1/2 is indicative of the regula-
tion of ERK1/2 at the protein level, the mRNA expression
levels of ERK1/2 were also measured (Fig. 5C). Recovery
of p-ERK1/2 expression was observed in the LV5-Sema4C
+ PD98059 group compared with the LV5-Sema4C group,
indicating that PD98059 can effectively block the function of
Sema4C (Fig. 5D and G). Moreover, ERK1/2 mRNA expression
was significantly increased following Sema4C overexpression,
but ERK1/2 protein expression did not change significantly,
compared with the control group (Fig. 5C and H), the alteration
of p-ERK/ERK ratio showed the same alteration (Fig. 5I). Of
note, the protein expression level of p-ERK1/2 exhibited the
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Figure 4. ERK inhibitor reverses effects on the migratory ability of TLECs induced by Sema4C. (A) Migratory ability of TLECs was assessed using cells
treated with lentiviral medium only (control group), LV3-siRNA, LV5-Sema4C, LV3-siRNA + PD98059 and LV5-Sema4C + PD98059. Scale bars, 100 pm.
(B) Quantification of the number of cells from the bottom of the Transwell inserts was performed. The experiments were repeated three times. "P<0.05
vs. control group; “P<0.01 vs. LV3-siRNA group. Sema4C, semaphorin 4C; siRNA, small interfering RNA; TLECs, tumor-associated lymphatic endothelial

cells.

same tendency as the ERK1/2 mRNA expression. Thus, the
phosphorylation level of ERK1/2 was an effective modification
in the Sema4C signaling pathway.

Discussion

Tumor-associated lymphangiogenesis is a key modulator of
tumor metastasis, although the underlying mechanism remains
unknown. It was previously reported that the lymphatic system
actively participates in tumor metastasis (23), and that LECs
serve important roles in inducing immune tolerance (24). The
ability of LECs to promote immunosuppression may induce
tumor cell metastasis (24). A previous study using in situ laser
capture microdissection revealed that the gene expression
profile of human tumor LECs differed from that of normal
LECs, and demonstrated that Sema4C was differentially
expressed between LECs in tumor and normal tissues (16).
The present study focused on the effect of LECs in attaining
the cell invasive ability, which was attributed, at least in part,
to the higher expression of Sema4C in tumor LECs.

There seem to be shared mechanisms between EMT and
EndMT, and E-cadherin appeared in both of them (5,25). It
has been reported that EndMT occurs in cancer and tissue
fibrosis (26), but the regulation of this process requires further
investigation. In addition, whether and how LECs participate
in EndMT to induce tumorous characteristics during cancer
development is yet to be elucidated. The biological character-
istics of LECs markedly change in tumors in vivo compared
with normal tissues (17). Thus, in the present study, TLECs

were isolated from mouse cervical tumor tissues via flow
cytometry. LYVE] was used as the marker for LEC separa-
tion (19), and VEGFR3 as an identification marker (27).

It has been reported that certain factors exhibit differences
in their molecular mechanism between their membrane and
soluble forms. For example, full-length Sema3C is a tumor
angiogenesis inhibitor, whereas cleaved Sema3C is a tumor
progression promoter (28). A previous study has revealed
that biological properties differed between the soluble and
membrane forms of Sema4C (sSema4C and mSema4C,
respectively). For instance, sSema4C promoted lymphan-
giogenesis, whereas mSema4C directed cell-cell contacts,
thereby providing the possibility of a new mechanism of
mSema4C functioning in LECs (16). Therefore, the current
study used lentiviral transfection for consistent overexpression
or silencing of Sema4C in TLECs.

In a previous study, Ras homolog family member A
(RhoA) was identified to be critical for Sema4C-mediated
signaling (17). One of the distinct cell migration models,
which is named amoeboid-type migration, is characterized by
a spherical or elongated cell shape and is strongly dependent
on Rho kinase activity (29). Thus, it was suggested that LECs
migrate and undergo EndMT via amoeboid-type migration,
which could be promoted by Sema4C, as indicated by the
Transwell assay. A spherical cell shape with a small number of
short protrusions was revealed in the cells after passing through
the polyethylene terephthalate membranes (29). Wu et al (10)
reported a p38 MAPK-dependent effect of Sema4C in terminal
myogenic differentiation, including ERK regulation, indicating
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Figure 5. Sema4C regulates E-cadherin expression via the ERK pathway. mRNA expression levels of (A) Sema4C, (B) E-cadherin and (C) total ERK1/2 in
TLECsS treated with lentiviral medium only (control group), LV3-siRNA, LV5-Sema4C, LV3-siRNA + PD98059 and LV5-Sema4C + PD98059. (D) Protein
expression levels of Sema4C, E-cadherin, p-ERK1/2 and total ERK1/2 in TLECs treated with lentiviral medium only, LV3-siRNA, LV5-Sema4C, LV3-siRNA
+ PD98059 and LV5-Sema4C + PD98059 detected using western blot analysis. Semiquantitative analysis of protein expression levels of (E) Sema4C,
(F) E-cadherin, (G) p-ERK1/2 and (H) total ERK1/2. (I) Expression of p-ERK1/2 was normalized to total ERK1/2, and represented as fold change over the
control group. The experiments were repeated three times. “P<0.05, “P<0.01 vs. control group; P<0.01 vs. LV3-siRNA group; “P<0.05 LV5-Sema4C group.
Sema4C, semaphorin 4C; p, phosphorylated; siRNA, small interfering RNA; TLECs, tumor-associated lymphatic endothelial cells.

a potential signaling pathway of Sema4C. The present study
revealed that the promotion of the migratory ability of
Sema4C-overexpressing LECs was in part attributed to ERK
activation-induced repression of E-cadherin expression.
E-cadherin is a cell adhesive molecule that serves a key
role in cellular adhesion and migration, constitutes one of the
most important players in EndMT and can also be regulated
by RhoA (30). Previous studies reported a novel role for
E-cadherin in regulating LEC progeny in newly synthesized
lymphatic vessels (28,31). In particular, forced disruption of
E-cadherin-mediated intercellular adhesion has been indicated
to open the intercellular junctions in LEC monolayers, as deter-
mined by a previous study using Transwell assays (32). The
present study demonstrated that repression of E-cadherin was
an important molecular event for the promotion of the migra-
tory ability in Sema4C-overexpressing LECs. This finding was
in line with that of a previous study, which revealed that the
overexpression of Sema4C suppressed E-cadherin, induced

vimentin and promoted fibronectin secretion in human kidney
cells (33). While the current results indicated that E-cadherin
was an important molecular target of Sema4C in EndMT func-
tion, the downstream signaling pathways that were impacted
by the loss of E-cadherin expression and promoted the cell
migratory ability, along with the overexpression of Sema4C,
are yet to be determined.

The expression of E-cadherin is regulated by an
ERK-dependent mechanism (34,35). Therefore, it will
be interesting to determine whether the regulation of the
Semad4C-mediated E-cadherin expression and migra-
tory ability in LECs are activated by ERK. We focused on
protein phosphorylation, a post-translational modification
(PTM) with a prevalent role in the control of protein activity
and signal transduction) (36). p-ERK could not be tested at
the RNA level, so total ERK was tested at the RNA level to
reveal the regulation of Sema4C in the present study. The
application of an ERK inhibitor demonstrated that Sema4C
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regulated E-cadherin, and this process was dependent on ERK
activation. It was revealed that the application of an ERK
inhibitor could also affect the expression levels of Sema4C,
and therefore, further studies are required to clarify whether
other molecules are involved in this pathway and the feedback
loop. Wei et al (16) revealed that Sema4C could be expressed
in TLECs and promote the proliferation and migration of
tumor cells by activating plexin-B2/MET signaling; however,
the study by Wei et al (16) lacked molecular investigation
in primary LECs. A previous study on primary lymphatic
endothelial cells has demonstrated that there are differences
between cultured cells and cells (37). Therefore, it is important
to understand the molecular characteristic of primary TLECs.

Subsequent studies should focus on additional molecular
markers of EndMT in LECs altered by Sema4C, as well as the
cell morphology alterations, such as cytoskeletal changes, to
demonstrate the role of Sema4C in regulating EndMT. Also,
the therapeutic effect of lentivirus-mediated inhibition should
be examined.

In conclusion, the present study demonstrated that Sema4C
was expressed in TLECs via co-localization with LVYEIL,
and identified that upregulation of Sema4C was an impor-
tant molecular mechanism that contributed to the induction
of tumor-like characteristics by suppressing E-cadherin
expression. Mechanistically, the process involved the activation
of the ERK pathway, which functioned upstream of E-cadherin
and downstream of Sema4C. Studies on TLECs are limited, and
therefore, it will be important to determine whether enhanced
ERK activation during the upregulation of Sema4C, as observed
in TLECs, can induce tumor lymphatic metastasis, which in
turn could be targeted using pharmacological approaches.
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