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HIF-1a contributes to tube malformation of human
lymphatic endothelial cells by upregulating VEGFR-3
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Abstract. Hypoxia-inducible factor-1a (HIF-1a) is upregulated
in various tumors and associated with lymphangiogenesis
and angiogenesis during tumor development and metastasis.
However, the role of HIF-1a in cystic lymphatic malformations
(cLM) remains unclear. In the present study, expression of
HIF-1a and vascular endothelial growth factor receptor 3
(VEGFR-3) was evaluated in 20 pairs of cLM specimens from
patients who accepted curative surgery at Children's Hospital
of Nanjing Medical University (Nanjing, China). Additionally,
a stable HIF-la-overexpressing human lymphatic endothelial
cell (HLEC) line was established. Overexpression and silencing
of HIF-1a were used to investigate the biological role in colony
formation, migration and lymphatic tube formation. HIF-1a
and VEGFR-3 were upregulated in cLM specimens compared
with adjacent normal tissues. In addition, HIF-1a effectively
induced HLEC colony formation and migration. Furthermore,
lymphatic malformation of HLECs was promoted in vitro by
overexpression of HIF-1a. HIF-1a overexpression upregulated
VEGFR-3 during lymphangiogenesis. Additionally, expression
of lymphatic endothelial markers prospero homeobox protein 1
and lymphatic vessel endothelial hyaluronan receptor 1
increased significantly during lymphatic tube malformation.
The presented data demonstrated that HIF-1a overexpression
in HLECs promoted colony formation, migration and tube
malformation via upregulation of VEGFR-3. These findings
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may assist in the development of HIF-la-targeted cLM
therapeutics in the future.

Introduction

Lymphatic malformations are non-malignant masses that
result from the abnormal development of the lymphatic
vessels (1,2). Cystic lymphatic malformations (cLM) comprise
a significant portion of congenital lymphatic malformation
and can be classified into three histological subtypes based
on the diameter of the cyst, including macrocystic (>1 cm),
microcystic (<1 cm) and mixed-type (3). While the exact
etiology is unknown, cLM is believed to result from the
loss of connection between local lymphatic tissues and the
lymphatic or vascular systems during critical development
stages of the lymphatic system (4,5). While the genetics and
molecular mechanisms underlying hemangiomas and vascular
malformations have been elucidated (6-8), those of cLM
remain unknown at this time.

Hypoxia-inducible factor-1 (HIF-1) is a protein complex
that consists of two similar subunits, HIF-1a and HIF-1f.
Biological roles of HIF-1 include mediation of hypoxia on cells
and regulation of the metabolism (9,10). The HIF-1 cascade
occurs when HIF-la binds to HIF-1f in the cell nucleus
under hypoxic conditions. Several researchers are currently
investigating the role of HIF-1la in lymphangiogenesis and
angiogenesis during tumor development (11,12). Unlike blood
vessels, lymphatic vessels are exposed to an oxygen-deprived
environment due to the lack of oxygen-carrying red blood
cells. In hypoxic milieus, tumor cells enhance the growth of
lymphatic vessels by increasing the production of vascular
endothelial growth factor (VEGF)-C, which provides a route
for tumor cells metastasis (13).

VEGF receptor 3 (VEGFR-3), which is primarily localized
to lymphatic endothelial cells, is the tyrosine kinase receptor
of VEGF-C and its signaling pathway has been demonstrated
to associated with lymphatic vascular development during
multiple stages (14). Angiopoietin-1-induced upregulation of
VEGFR-3 activates sprouting and hyperplasia of lymphatic
vessels (15). Previous studies have suggested that hypoxia
upregulates the expression of VEGFR-3 and VEGF-C in
several cancer cell lines, which yields a significant and vital
association between HIF-1a. and VEGFR-3 (16-18). Although
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the existence of the HIF-10/ VEGFR-3/VEGF-C axis has been
demonstrated in tumor lymphangiogenesis, it is unknown if
the axis serves a crucial role in the malformation of lymphatic
vessels.

The current study aimed to assess the biological function
of HIF-1a in the malformation of human lymphatic endothelial
cells (HLECsS) via regulation of VEGFR-3. The results have
demonstrated that HIF-la expression was upregulated in
human cLM specimens compared with normal tissue, which
in turn upregulated VEGFR-3 expression and in vitro led
to the promotion of colony formation, migration and tube
malformation in HLECs.

Materials and methods

Clinical data and sample collection. cLM and matched
cLM-adjacent normal tissues were obtained from 20 patients
(median age, 12.5 months; age range, 16 days to 5 years;
male, 11; female, 9), who underwent surgical resection or a
combined operation (endoscopic cautery and postoperative
intratumoral negative pressure) (19) in the Department of
Burns and Plastic Surgery at the Children's Hospital of
Nanjing Medical University (Nanjing, China) between
August 2015 and May 2016. Clinical characteristics of the
patients are summarized in Table I. All tissue samples were
immediately frozen in liquid nitrogen following resection and
stored at -80°C for subsequent experiments. The study protocol
was approved by the Ethics Committee of Children's Hospital
of Nanjing Medical University (Nanjing, China). Written
consent was obtained prior to the initiation of the study.

Cell culture. HLECs (cat. no. 2500) were obtained from the
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in endothelial cell
medium (ECM; ScienCell Research Laboratories, Inc.,
San Diego, CA, USA) in a humidified atmosphere containing
5% CO, at 37°C.

RNA isolation and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Total RNA was
isolated from the tissues and cells using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) according to the manufacturer's instructions. RNA
quantity was measured using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Inc.) and RNA
quality was assessed via gel electrophoresis. cDNA was
synthesized from total RNA (1 pg) using the PrimeScript® RT
kit (Takara Biotechnology Co., Ltd., Dalian, China) according
to the manufacturer's instructions by incubation at 37°C for
15 min, followed by 85°C for 5 sec and storage at 4°C. qPCR
was performed using the SYBR Green PCR master mix
(Takara Biotechnology Co., Ltd.) in 20 ul reactions according
to the manufacturer's instructions. Expression of the target
genes was relative to that of B-actin. The reaction protocol
included incubations at 95°C for 30 sec, followed by 40 cycles
of 95°C for 5 sec and 60°C for 30 sec. All reactions were
performed in triplicate and quantification was performed
using the 2°24¢9 method (20). Primer sequences were as
follows: HIF1-a, forward, 5-GAAGACATCGCGGGGAC-3'
and reverse, 5“TGGCTGCATCTCGAGACTTT-3"; VEGFR-3,
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forward, 5'-CTCTGCCTGGGACTCCTG-3' and reverse,
5'-GGTGTCGATGACGTGTGACT-3"; VEGF-A, forward,
5'-CCCTGGCTTTACTGCTGTAC-3" and reverse, 5'-TCT
GAACAAGGCTCACAGTG-3"; VEGF-C, forward, 5'-AGT
GTCAGGCAGCGAACAAGA-3" and reverse, 5'-CTTCCT
GAGCCAGGCATCTG-3'; sonic hedgehog (SHH), forward,
5'-GAAAGCAGAGAACTCGGTGG-3' and reverse, 5'-GGA
AAGTGAGGAAGTCGCTG-3'; transforming growth factor
(TGF)-B,forward,5'-AGCAACAATTCCTGG GGTTACCT-3'
and reverse. 5-CGAAGCCCTGATTCCGTCTCC-3'; prospero
homeobox protein 1 (Proxl), forward, 5S"TGATCTGAGCAA
CTTCCAGG-3' and reverse, 5'-CAA CGATGGGGTCAC
CAGTA-3'; lymphatic vessel endothelial hyaluronan receptor 1
(LYVE-1), forward, 5-AGCCTACAGGCCTCCTTAGC-3'
and reverse, 5'-CTCCTGGTCCAAGGCTCTTT-3"; and
B-actin, forward, 5'-“AGCGAGCATCCCCCAAAGTT-3' and
reverse, 5'-GGGCACGAAGGCTCATCATT-3".

Western blot analysis. Frozen tissues or cells were washed
twice with ice-cold PBS and incubated for 30 min on ice
with radioimmunoprecipitation assay buffer (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). The mixture was
centrifuged (12,700 x g; 20 min; 4°C), the supernatant was
collected and the protein concentration was determined using
a Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Next, 20 ug protein were separated on 8% SDS-PAGE
gels and transferred to 0.22 ym polyvinylidene difluoride
membranes. Following blocking with 5% non-fat milk in TBS
containing 0.1% Tween-20 (TBST) at 25°C for 1 h, primary
antibodies for VEGFR-3 (cat. no. ab27278; 1:1,000; Abcam,
Cambridge, UK), HIF-1a (cat. no. 3716S; 1:1,000; Cell
Signaling Technology, Inc., Danvers, MA, USA) and f-actin
(cat. no. 4967L; 1:2,000; Cell Signaling Technology, Inc.) were
incubated with the membranes overnight at 4°C. Following
washing with TBST (3x), membranes were incubated for 2 h
at 37°C with horseradish peroxidase-conjugated secondary
antibody to rabbit IgG (cat. no. ab6727; 1:2,000; Abcam).
Proteins were detected using the enhanced chemiluminescence
detection method (Pierce; Thermo Fisher Scientific, Inc.) and
the specific protein bands were detected with the UVP Bio
Imaging system (Tanon Science and Technology Co., Ltd.,
Shanghai, China). The expression of target proteins was
quantitatively analyzed using ImagelJ (version 1.43; National
Institutes of Health, Bethesda, MD, USA). 3-actin was used as
the loading control.

Cell transfection. cDNA of HIF-1a (2.5 pg; cat. no. ab185916;
Abcam) was cloned into a pCDH-CMV-MCS-EF1-GFP
lentivirus vector (GeneChem, Inc., Daejeon, Korea). Prior to
viral infection, Lentivirus complex containing 4 ug lentiviral
plasmid, 4 ug each viral packaging vectors (pPRRE, pMD2.G
and pRSV; GeneChem, Inc.) and 800 ul serum-free ECM were
added to HLECs (5x10° cells/well) cultured in 10 cm plates.
Culture medium was collected and filtered through 0.45 ym
polyethersulfone filter. Next, 50 pl polybrene (1 ug/ul) and 1 ml
of the viral supernatant containing the plasmids were added,
along with fresh media containing 5 ml ECM with 10% FBS.
At 24 h, the medium was changed and at 72 h, GFP expression
was observed under a fluorescent microscope (magnification,
x100). HIF-la-overexpressing cells were selected by
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Table I. Characteristic of 20 patients with cystic lymphatic malformations.

Sex Age Location Histological type Lymph property Treatment
Male 6 months Neck Microcystic Transparent CO
Female 2 years Torso Mixed cystic Transparent CO
Female 3 years Neck Mixed cystic Bloody CO
Male 2 years Extremity Macrocystic Transparent SR
Male 1 years Neck Macrocystic Transparent CO
Female 1 years Neck Microcystic Transparent CO
Male 2 years Neck Mixed cystic Bloody CO
Male 5 years Extremity Macrocystic Transparent SR
Female 5 months Neck Microcystic Transparent CO
Male 16 days Neck Macrocystic Transparent CO
Male 1 months Neck Mixed cystic Transparent CO
Female 4 years Torso Macrocystic Bloody SR
Male 11 months Extremity Mixed cystic Transparent SR
Female 2 months Neck Macrocystic Bloody CO
Female 10 months Extremity Microcystic Transparent SR
Female 4 years Neck Macrocystic Transparent CO
Male 20 days Neck Microcystic Transparent CO
Male 6 years Torso Mixed cystic Bloody SR
Female 3 months Neck Mixed cystic Transparent CO
Male 2 months Neck Macrocystic Transparent CO

CO, combined operation; SR, surgical resection.

puromycin (1 yg/ml) over 6 days. Lentivirus overexpressing
HIF-1a (GeneChem, Inc.), VEGFR-3 (GeneChem, Inc.) or
containing empty vector (GeneChem, Inc.) were cultured
using the enhanced infection reagent (cat. no. REVG0002;
GeneChem, Inc.) according to the manufacturer's instructions.

HIF-la- and VEGFR-3-overexpressing HLECs were
seeded at 1x10° cells/well into 6-well culture plates in ECM
with 10% FBS. Short interfering (si)RNA against HIF-1a
(si-HIF-1a), VEGFR-3 (si-VEGFR-3) and corresponding
scramble negative controls (si-NC) were designed and synthe-
sized by Shanghai GenePharma Co., Ltd. (Shanghai, China).
Transfections with 50 nM siRNA were performed in using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. Subsequent
assays were performed at 48 h post transfection. RT-qPCR and
western blot assays were used to analyze HIF-1a and VEGFR-3
expression to determine transfection efficiency. siRNA
sequences were as follows: si-HIF-1a, 5'-CAAGUAGCCUCU
UUCACAA-3'; si-VEGFR-3, 5'-CGCCCGAGUUCCAGUG
GUA-3"; and si-NC, 5-UUCUCCGAACGUGUCACGU-3'.

The following experimental groups were established:
HIF-1la, HLECs overexpressing HIF-la; VEGFR-3,
HLECs overexpressing VEGFR-3; empty vector, HLECs
transfected with empty expression vector; HIF-la
overexpression + VEGFR-3 knockdown, si-VEGFR-3
transfected into HLECs overexpressing HIF-1a; VEGFR-3
overexpression + HIF-1a knockdown, si-HIF-1a transfected
into HLECs overexpressing VEGFR-3; HIF-1a knockdown,
HLEC:Ss transfected with si-HIF-1a; VEGFR-3 knockdown,
HLEC:s transfected with si-VEGFR-3; NC, HLECs transfected
with si-NC.

Colony formation and migration assays. To evaluate colony
formation, transfected HLECs were seeded at 1x10° cells/well
into 6-well plates. Plates were kept at 37°C in an incubator
with 5% CO, for 12 days. Next, cells were washed with PBS,
fixed with methanol at 37°C for 15 min and stained with
2% Giemsa stain (Sigma-Aldrich; Merck KGaA) at 37°C for
30 min. Positive colonies were photographed and scored under
an inverted light microscope (magnification, x100).

To evaluate the migration of cells in vitro, 5x10° HLECs
from each group were seeded into 35-mm dishes. When
cells had spread to 80-90% of the well surface and formed
a monolayer, the well was scratched with a 200-u1 pipette tip
perpendicular to the surface. Cells were washed with PBS
twice followed by the addition of fresh media. Pictures were
taken at 0, 24, 48 and 72 h using an inverted light microscope
(magnification, x100).

Lymphatic tube formation assay. Mixed fibrinogen gel was
prepared by combining 500 xl human fibrinogen (3 mg/ml;
Beijing Bio-Ekon Biotechnology Co., Ltd., Beijing, China) and
10 z1 human thrombin (50 U/ml in PBS; Sigma-Aldrich; Merck
KGaA) with 100 ul ECM. For gelling, the mixture was incubated
at 37°C in 5% CO, for 30 min. Fibrinogen gel (0.05 ml/well) was
used to coat the walls of 96-well plates and incubated at 37°C for
1 h. Transfected HLECs (1x10°/ml; 100 pl/well) from the HIF-1a.,
empty vector, HIF-1a overexpression + VEGFR-3 knockdown,
HIF-1a knockdown or NC groups were seeded on the gel and
cultured in an incubator with 5% CO, at 37°C. Media was
changed every 4 days. Following 10 days, cells were observed by
inverted phase-contrast light microscopy (magnification, x100).
Lymphatic tube formation was determined using morphological
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Figure 1. HIF-1a and VEGFR-3 levels are increased in cLM specimens. (A) HIF-1a. and VEGFR-3 mRNA levels were determined for cLM and adjacent
control tissues (n=20). mRNA expression of VEGF-A, VEGF-C, SHH and TGF-f was further evaluated. (B) HIF-1a. and VEGFR-3 protein expression were
determined in cLM and control tissues. (C) Correlation analysis of HIF-1o. and VEGFR-3 protein expression. Experiments were repeated =3 times and data
are presented as mean + standard deviation. "P<0.05 and “P<0.01 vs. normal tissues. HIF-1a, hypoxia-inducible factor-1a;; VEGF, vascular endothelial growth
factor; cLM, cystic lymphatic malformations; SHH, sonic hedgehog; TGF, transforming growth factor.

characteristics and the number of lymphatic tubes observed in
three random microscopic fields per well. Western blot assays
were performed to analyze HIF-1a and VEGFR-3 expression at
days 4, 6 and 10 during HLECs lymphangiogenesis.

Determination of adenosine triphosphate (ATP) content.
ATP levels in transfected HLECs from different groups were
determined at 48 h post transfection using the Enhanced ATP
Assay kit (cat. no. S0027; Beyotime Institute of Biotechnology,
Haimen, China) according to the manufacturer's instructions.
Total ATP levels (range, 0.1-10 M) were calculated from the
luminescence signals and results are presented in arbitrary
units.

Statistical analysis. Experiments were repeated =3 times and
data are presented as mean + standard deviation. SPSS 19.0
(IBM Corp., Armonk, NY, USA) and GraphPad Prism 6.0
(GraphPad Software, Inc., La Jolla, CA, USA) were used for
statistical analyses. Statistical differences were evaluated using
the Student's t-test or one-way analysis of variance followed by

Student-Newman-Keuls post-hoc tests. Correlation between
HIF-1a and VEGFR-3 protein expression in cLM tissues was
determined using Pearson analysis. P<0.05 was considered to
indicate a statistically significant difference.

Results

HIF-1o and VEGFR-3 are overexpressed in cLM specimen.
mRNA expression of HIF-1a, VEGFR-3, VEGF-A, VEGF-C,
SHH and TGF-f in cLM and matched cLM-adjacent healthy
tissues were determined by RT-qPCR. As presented in Fig. 1A,
HIF-1a and VEGFR-3 mRNA levels were significantly
upregulated in cLM tissues compared with the adjacent tissues
(P<0.05). There were no significant differences in VEGF-A,
VEGF-C, SHH and TGF-3 mRNA expression between cLM
and matched healthy tissues. Significantly increased HIF-1a
and VEGFR-3 protein levels were observed in cLM tissues
compared with matched healthy tissues (P<0.01; Fig. 1B).
Furthermore, analysis revealed a strong positive correlation
between HIF-1a and VEGFR-3 protein expression in cLM
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Figure 2. Characterization of HIF-1a-overexpressing HLECs. (A) Morphology of HIF-1a-overexpressing and empty vector-transfected HLECs (magnification,
x100). (B) HIF-1ooand VEGFR-3 mRNA and protein levels and (C) Prox1 and LY VE-1 mRNA expression in HIF-1a-overexpressing and empty vector-transfected
HLECs. (D) HLECs transfected with various lentiviral vectors were observed by fluorescence microscopy at 72 h post transfection (magnification, x100).
Experiments were repeated >3 times with similar results and data are presented as mean + standard deviation. “"P<0.01 and ““P<0.001 vs. empty vector. HLEC,
human lymphatic endothelial cell; HIF-1a, hypoxia-inducible factor-la; VEGF, vascular endothelial growth factor; Prox1, prospero homeobox protein 1;

LY VE-1, lymphatic vessel endothelial hyaluronan receptor 1.

tissues, with a Pearson's correlation coefficient of 0.6790
(P=0.0005; Fig. 1C).

Characterization of HIF-la-overexpressing HLECs. To
investigate the biological role of HIF-1a in the development
and progression of lymphatic malformation in HLECs,
cells overexpressing HIF-la were created by lentiviral
infection. HIF-1a-overexpressing HLECs maintained the
morphology of normal endothelial cells; however, they
appeared multi-angular and irregular compared with empty
vector-transfected HLECs (magnification, x100; Fig. 2A).
RT-qPCR and western blot were used to determine HIF-1a
and VEGFR-3 expression in HIF-1a-overexpressing HLECs
at 72 h post transfection (Fig. 2B). It was observed that in
HIF-1a-overexpressing HLECs HIF-1a and VEGFR-3 mRNA
levels were significantly increased compared with the empty
vector control (P<0.001) and protein expression was markedly
increased in the HIF-la-overexpressing HLECs. HIF-1a
overexpression significantly increased expression of lymphatic
endothelial markers Prox1 and LY VE-1 in HLECs compared
with the empty vector control (P<0.01; Fig. 2C). Fluorescence
microscopy to evaluate the GFP content revealed that >80%
of HLECs in the empty vector, the HIF-1a and the HIF-1a
overexpression + VEGFR-3 knockdown groups expressed GFP

following transfection, indicating a successfully transfection
(Fig. 2D).

Overexpression of HIF-1a promotes colony formation and
migration of HLECs. To determine the role of HIF-1a in cLM
progression, the impact of HIF-1a on colony formation and
migration was examined in vitro. RT-qPCR and western blot
assays confirmed a significant increase in HIF-1o. mRNA and
a marked increase in protein levels in HIF-1a-overexpressing
HLECs compared with the empty control (P<0.001;
Fig. 3A and B). The significantly increased HIF-la mRNA and
markedlyincreased proteinlevels were maintained inthe HIF-1a.
overexpression + VEGFR-3 knockdown group compared
with the empty vector control (P<0.001; Fig. 3A and B).
No significant difference in HIF-1a levels was determined
between the HIF-1a and HIF-1a overexpression + VEGFR-3
knockdown groups (P>0.05). VEGFR-3 mRNA levels were
significantly increased and protein levels were markedly
increased in the HIF-la group compared with the empty
vector group (P<0.001; Fig. 3A and B). For the HIF-la
overexpression + VEGFR-3 knockdown group, no significant
difference was observed in VEGFR-3 expression compared
with the empty vector group (P>0.05; Fig. 3A and B).
VEGFR-3 mRNA levels were significantly (P<0.001; Fig. 3A)
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Figure 3. Effects of HIF-1a overexpression on HLEC colony formation and migration in vitro. (A) Transfection efficiency in HLECs was determined by reverse
transcription-quantitative polymerase chain reaction for cells transfected with empty vector, an HIF-1a overexpression vector or an HIF-1a overexpression
vector and short interfering RNA targeting VEGFR-3. (B) Protein levels of HIF-1a and VEGFR-3, (C) HLEC colony formation and (D) wound-healing assays
(magnification, x100) for the empty vector, the HIF-1a overexpression and the HIF-1a overexpression + VEGFR-3 knockdown groups. Experiments were

repeated >3 times with similar results and data are presented as mean + standard deviation. "P<0.035, “P<0.01 and

ook

P<0.001 vs. empty vector; “P<0.01 and

""P<0.001 vs. HIF-1a group. HLEC, human lymphatic endothelial cell; HIF-1ca., hypoxia-inducible factor-1a;; VEGF, vascular endothelial growth factor.

and protein levels were markedly (Fig. 3B) decreased in
the HIF-1a overexpression + VEGFR-3 knockdown group
compared with the HIF-1a group.

Overexpression of HIF-1a enhanced colony formation, as
presented by the significant increase in clone area compared
with the empty vector control (P<0.01; Fig. 3C). Interestingly,
in the HIF-1a overexpression + VEGFR-3 knockdown group,

there was no significant difference in clone area compared
with the empty vector group (P>0.05; Fig. 3C). The clone
area in HIF-1a overexpression + VEGFR-3 knockdown group
was significantly decreased compared with the HIF-1la group
(P<0.01; Fig. 3C).

Furthermore, the effect of HIF-1oo on HLEC migration
was examined using wound-healing assays. Overexpression of
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+ standard deviation. "P<0.05 and “"P<0.01 vs. NC. HLEC, human lymphatic endothelial cell; HIF-1a., hypoxia-inducible factor-1a;; VEGF, vascular endothelial

growth factor; NC, negative control.

HIF-1a significantly increased cell migration at 48 and 72 h
compared with empty vector group (P<0.05 and P<0.01,
respectively; Fig. 3D). As described above, in the HIF-1a
overexpression + VEGFR-3 knockdown group, no significant
difference in cell migration was observed compared with the
empty vector control (P>0.05; Fig. 3D). Cell migration in the
HIF-1a overexpression + VEGFR-3 knockdown group was
significantly decreased at 72 h compared with the HIF-1a group
(P<0.01; Fig. 3D). These results suggested that overexpression
of HIF-1a promoted HLEC colony formation and migration
by upregulating VEGFR-3.

HIF-1a knockdown inhibits HLEC colony formation and
migration. HLECs were transfected with HIF-1a siRNA to
observe knockout effects on colony formation and migration.
Transfection success was determined by RT-qPCR and
western blot, demonstrating significantly decreased mRNA
and markedly decreased protein levels of HIF-la and
VEGFR-3 in the HIF-1a knockdown group compared with
the NC group (P<0.01; Fig. 4A and B). HIF-1a knockdown

significantly decreased clone area compared with the NC
group (P<0.01; Fig. 4C). Cell migration was significantly
reduced at 72 h in the HIF-1a knockdown compared with
the NC group (P<0.05; Fig. 4D). These results indicated that
HIF-1a knockdown reduced HLEC colony formation and
migration.

Overexpression of VEGFR-3 promotes HLEC colony
formation and migration. VEGFR-3 overexpression was
confirmed by RT-qPCR and western blot assays, where
mRNA levels were significantly and protein levels were
markedly increased compared with the empty vector
control (P<0.001; Fig. 5A and B). There was no significant
difference in VEGFR-3 mRNA expression in the VEGFR-3
overexpression + HIF-1la knockdown group compared with
empty vector group (P>0.05; Fig. 5A). HIF-1la mRNA and
protein levels were unaffected by VEGFR-3 overexpression;
however, mRNA levels were significantly and protein levels
markedly reduced in the VEGFR-3 overexpression + HIF-1a
knockdown group compared with the empty vector control
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(P<0.01; Fig. 5A and B). HIF-1a and VEGFR-3 mRNA levels Colony formation and wound-healing assays were
were significantly and protein levels were markedly decreased  performed to investigate functions of VEGFR-3 in vitro.
in theVEGFR-3 overexpression + HIF-1a knockdown group  As presented in Fig. 5C, VEGFR-3 overexpression in
compared with the VEGFR-3 group (P<0.01 and P<0.001, HLECsS significantly increased colony formation compared
respectively; Fig. 5A and B). with the empty control group (P<0.001). Additionally,
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Figure 6. HIF-1a overexpression induces lymphatic tube malformation in HLECs during lymphangiogenesis. (A) HLECs transfected with empty vector
on days 0, 4 and 10. (B) HIF-1a-overexpressing HLECs on days 0, 4 and 10. (C) HLECs of the HIF-1a overexpression + VEGFR-3 knockdown group
on days 0, 4 and 10 (magnification, x100). Experiments were repeated =3 times with similar results. HLEC, human lymphatic endothelial cell; HIF-1a,

hypoxia-inducible factor-la; VEGF, vascular endothelial growth factor.

clone area did not change significantly in the VEGFR-3
overexpression + HIF-1a knockdown group compared with
the empty vector control (P>0.05; Fig. 5C). The clone area in
the VEGFR-3 overexpression + HIF-1a knockdown group was
significantly decreased compared with the VEGFR-3 group
(P<0.001; Fig. 5C).

VEGFR-3 overexpression significantly promoted
HLEC migration compared with the empty vector control
at 48 and 72 h (P<0.05 and P<0.001, respectively; Fig. 5D)
and no significant differences were observed between the
VEGFR-3 overexpression + HIF-1a knockdown and the
empty vector control group (P>0.05; Fig. 5D). Cell migration
in the VEGFR-3 overexpression + HIF-1a knockdown group
was significantly decreased at 48 and 72 h compared with the
VEGFR-3 group (P<0.05 and P<0.001, respectively; Fig. 5D).
These results indicated that VEGFR-3 levels that were regu-
lated by HIF-1a expression promoted HLEC colony formation
and migration.

HIF-1a overexpression induces lymphatic tube
malformation in HLECs. The process of lymphangiogenesis
was observed in vitro over 10 days. As presented in Fig. 6,
following seeding of cells on the mixed fibrinogen gel for
4 days, HLECs in the HIF-1a group formed extensive tubular
structures (Fig. 6B) and cells in empty vector group were
observed to form cell clusters (Fig. 6A). Compared with the
empty vector group, fewer cell clusters were observed on
day 4 in the HIF-1a overexpression + VEGFR-3 knockdown
group (Fig. 6C).

Malformations in the structure and shape of the lymphatic
capillary-type tubules were observed with various dilatations
in the HIF-1a group at day 10 (Fig. 6B). Normal and typical
lymphatic tube structures were exhibited by the empty
vector group at the same time (Fig. 6A). Cells in the HIF-1a

overexpression + VEGFR-3 knockdown group exhibited
decreased formation of tubule walls and a lower density of
lymphatic tube structures compared with the empty vector
and the HIF-la groups (Fig. 6C). HIF-1a overexpression
induced lymphatic tube malformation in HLECs, potentially
by upregulating VEGFR-3 expression.

HIF-1a knockdown inhibits lymphatic tube formation in
HLECs. To further investigate the role of HIF-1a in lymphatic
tube formation, HIF-1a knockdown cells were observed. Cell
clusters observed in the HIF-1a knockdown were decreased
in size compared with the NC group at day 4 (Fig. 7A and B).
HIF-1a knockdown cells presented several cell clusters without
signs for the formation of lymphatic tubes at day 10, while
typical but small tube structures were observed in NC group
(Fig. 7A and B). Compared with the empty vector control,
smaller dilation of lymphatic tubes in the NC group may be
caused by si-NC transfection. These findings indicated that the
HIF-1a knockdown in HLECS resulted in the loss of the ability
to form lymphatic tubes.

HIF-1a upregulates expression of VEGFR-3 and lymphatic
endothelial markers during lymphatic tube formation. To
investigate the role of HIF-1a in HLEC proliferation during
lymphatic tube formation, an enhanced ATP assay was
performed at 48 h post transfection. In HIF-1a-overexpressing
HLECs with or without VEGFR-3 knockdown, ATP levels
increased significantly compared with empty vector group
(P<0.01 and P<0.05, respectively; Fig. 8A). ATP levels in
HIF-1a overexpression + VEGFR-3 knockdown group were
significantly decreased compared with the HIF-la group
(P<0.05; Fig. 8A). In the HIF-1la knockdown group, ATP
levels were significantly decreased compared with the NC
group (P<0.05; Fig. 8A). VEGFR-3 and HIF-la protein
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Figure 8. Effects of HIF-1o overexpression on VEGFR-3 protein and Prox1 and LY VE-1 mRNA levels during lymphangiogenesis. (A) ATP concentration in
HLECs of the empty vector, the HIF-1a overexpression and the HIF-1a overexpression + VEGFR-3 knockdown groups and the NC and the HIF-1a knockdown
groups during lymphangiogenesis. (B) VEGFR-3 protein levels in HIF-la-overexpressing HLECs during tube formation compared with the empty vector
group on day 10. (C) Relative Prox1 and LY VE-1 protein expression in HLECs overexpressing HIF-1a, HIF-1a overexpression + VEGFR-3 knockdown and
VEGFR-3 knockdown groups with respective controls. Experiments were repeated =3 times with similar results and data are presented as mean =+ standard
deviation. "P<0.05 and “P<0.01 vs. empty vector; "P<0.05 and P<0.01 vs. NC. HLEC, human lymphatic endothelial cell; HIF-1a, hypoxia-inducible factor-1a;
NC, negative control; Prox1, prospero homeobox protein 1; lymphatic vessel endothelial hyaluronan receptor 1.

expression was determined on days 4, 6 and 10 during
HLEC lymphangiogenesis. As presented in Fig. 8B, HIF-1a
overexpression increased VEGFR-3 protein expression in
HLECS during lymphatic tube formation compared with empty
vector group (Fig. 8B). To assess the impact of HIF-1a on the
expression of lymphatic endothelial markers, mRNA levels
of Prox1 and LYVE-1 at day 10 during lymphangiogenesis
were determined. Proxl and LYVE-1 mRNA levels were

significantly increased in the HIF-la group compared with
the empty vector control (P<0.01; Fig. 8C). Significantly
decreased Prox1 and LY VE-1 expression was observed for the
HIF-1a overexpression + VEGFR-3 knockdown (P<0.05 and
P<0.01, respectively) and the VEGFR-3 knockdown groups
compared with the respective empty vector and NC controls
(P<0.01; Fig. 8C). These findings demonstrated that HIF-1a.
promoted HLEC proliferation and induced the malformation
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of lymphatic tubes by upregulating VEGFR-3 expression and
lymphatic endothelial markers in vitro.

Discussion

According to the 2018 International Society for the Study
of Vascular Anomalies classification of vascular anomalies,
cLM is a primary type of lymphatic anomaly that includes
generalized lymphatic anomaly, lymphatic malformations
in Gorham-Stout disease, primary lymphedema and several
other subtypes (21). The lymphatic channels of cLM dilate to
various degrees and are lined by endothelial cells with normal
lymphatic phenotype (1). The pathogenesis of cLM remains
unclear and molecular events leading to tubular malforma-
tion in lymphatic endothelial cells are not fully understood,
preventing improvements in clinical prevention and treatment.

HIF-lo mediates transcriptional activation of
Ilymphangiogenesis via regulation of signaling pathways,
including VEGF-C, SHH and TGF-f in certain human
tumors (22,23). Previous studies demonstrated that HIF-1a
inhibition impaired gastric cancer growth and vascular
endothelial cells in angiogenesis (24), while hypoxia-dependent
activation of the nuclear factor-xB/HIF-1a/VEGF signaling
pathway contributed to gastric cancer promotion via enhancing
angiogenesis (25). HIF-la and VEGF expression have
further been suggested to function as determinants of tumor
angiogenesis in squamous cell carcinoma of the esophagus (26).
Schoppmann et al (27) indicated that a significant association
between HIF-1a expression and the density of peritumoral
lymphatic microvessels provided evidence for a potential role
of HIF-1a as regulator of tumor-associated lymphangiogenesis
in breast cancer. Additionally, upregulation of HIF-1a results
in activation of the HIF-1a/VEGF signaling pathway and
promotes hypoxia-induced angiogenesis in lung cancer (28).
Under hypoxic conditions, certain cancer cells upregulate
VEGF-C protein levels in vitro and in vivo, inducing
lymphatic vessel growth in and around the hypoxic tumor
environments (29-31). VEGFR-3, which is primarily located
in the lymphatic endothelium, is overexpressed under hypoxic
conditions in many carcinoma cell lines (32,33). In addition,
it serves critical roles during lymphangiogenesis and tumor
metastasis in breast cancer (34). HIF-1a further regulates
VEGFR-3 expression in lymphangiogenesis during invasion
and metastasis of lung adenocarcinoma and non-small cell lung
cancer (35,36). Inspired by this, the current study investigated
the role and biological function of HIF-1a in cLM progression.

To uncover the potential association between HIF-1a and
certain signaling pathways, mRNA expression of HIF-1a,
VEGFR-3, VEGF-A, VEGF-C, SHH and TGF-f in cLM
and adjacent normal tissues was investigated. HIF-1la and
VEGFR-3 expression were significantly elevated at mRNA
levels in cLM tissues compared with the normal tissues and
higher HIF-1a and VEGFR-3 protein levels were detected
in the cLM tissues. Pearson's correlation analysis revealed a
strong positive correlation between HIF-1a and VEGFR-3
protein expression in cLM tissues. It was hypothesized that a
significant upregulation of HIF-1a may be accompanied by an
increase of VEGFR-3 in cLM and that HIF-1a in conjunction
with VEGFR-3 potentially contribute to the progression of
cLM.
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As previous studies have revealed that HIF-1a is involved
in lymphangiogenesis via regulation of VEGFR-3, the
biological role of HIF-1a in the functional regulation of
lymphatic tube formation in HLECs was investigated (32,35).
Reports have demonstrated that lymphatic malformations
exhibit cobblestone morphology, which is a characteristic of
lymphatic endothelial cells (37,38). HIF-la-overexpressing
HLECs were established and co-transfection with
si-VEGFR-3 was performed. Transfection efficiency was
evaluated by monitoring GFP expression and the success
of creating an overexpression or knockdown system was
determined by RT-qPCR and western blot. To investigate
the role of VEGFR-3 in HIF-la-overexpressing HLECs, a
HIF-1a overexpression + VEGFR-3 knockdown group and a
HIF-1a group or empty vector control group were compared
in colony formation, migration, and lymphangiogenesis
assays. The absence of a HIF-la-overexpression + si-NC
control is a limitation of the current study, as effects of
siRNA transfection on the HIF-1la-overexpression system
were not evaluated. No obvious differences in morphology
between the HIF-1a-overexpressing and empty vector HLECs
were observed; however, it was determined that HIF-1a
overexpression significantly promoted colony formation
and HLEC migration. As cells use glycolysis in the primary
mechanism for ATP production under hypoxic conditions,
certain HIF-1a target genes involved in glycolysis may enhance
proliferation and migration abilities of cells (39,40). Potentially
this mechanism supports how HIF-1a enhanced HLEC colony
formation and migration in the present study. Interestingly,
the findings suggested that HIF-1a. overexpression in HLECs
accelerated lymphangiogenesis, by reshaping cells into
irregular tubes with different dilatations.

HIF-1a-overexpressing HLECs with VEGFR-3 knockdown
exhibited decreased levels of colony formation, migration and
lymphangiogenesis compared with the HIF-1a-overexpressing
cells. It was confirmed that VEGFR-3 protein levels
were increased in HIF-la overexpression cells during
lymphangiogenesis and VEGFR-3 was identified as directly
associated with HIF-1la. VEGFR-3 overexpression resulted
in similar effects on HLEC colony formation and migration
as observed for HIF-1la overexpression and no significant
changes in colony formation and migration were observed
for the VEGFR-3 overexpression + HIF-1 aknockdown group
compared with the empty vector control.

ATP is an indicator for proliferation (41,42). Results
assessing ATP levels during lymphangiogenesis revealed
that HIF-1a overexpression significantly promoted HLEC
proliferation. Furthermore, mRNA expression of Prox1 and
LYVE-1, which were previously described to be upregulated
in endothelial cells with lymphatic malformations (38), were
investigated. It was observed that HIF-1a overexpression
upregulated mRNA expression by targeting VEGFR-3 during
the lymphatic tube formation.

As there is no animal model of cLM currently available,
in vivo mechanisms were not investigated. Further studies are
required to explore whether HIF-1a contributes to lymphatic
tube formations in HLECs via specific signaling pathways
and whether HIF-la promotes lymphatic malformations
in vivo. Further limitations are originating from the missing
controls in the co-transfection experiments. To exclude
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potential influences of the secondary transfection step
on the system, future research should include all relevant
controls (43-47).

In conclusion, the current study demonstrated that HIF-1a
and VEGFR-3 were upregulated in cLM tissues. The role
of HIF-la was investigated in HLEC colony formation,
migration and lymphatic malformations and it was revealed
to be associated with VEGFR-3 upregulation in vitro. By
understanding the molecular function of HIF-1a as a promoter
of lymphatic malformations, HIF-lao may become a viable
target of future cLM therapeutics.
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