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Abstract: In contrast to blood capillaries, lymphatic capillaries in peripheral tissues are composed of a single-cell 
layer of lymphatic endothelial cells (LECs) without a covering of mural cells. However, in lymphatic malformations, 
the enlarged lymphatic vessels were covered with mural cells. This study aimed to understand the molecular mecha-
nism of differences between human dermal lymphatic endothelial cells (HDLECs) and human umbilical vein endo-
thelial cells (HUVECs) and to determine the changes of LECs in the pathological condition of lymphatic malforma-
tion. Results showed that HDLECs exhibited lower expression of endothelial proteins, including VE-cadherin and 
CD31, than HUVECs; HDLECs also showed higher expression of mesenchymal proteins, including α-SMA, SM22α, 
calponin, and epithelial mesenchymal transition-related transcription factor Slug, than HUVECs. Likewise, HDLECs 
displayed higher permeability and weaker recruitment of SMCs than HUVECs; HDLECs also exhibited low PDGF-BB 
expression. TGF-β2 treatment and FGF2 depletion enhanced mesenchymal marker expression with increased per-
meability and reduced SMC recruitment. By contrast, Slug depletion in HDLECs enhanced VE-cadherin expression, 
inhibited α-SMA expression, decreased permeability, and enhanced PDGF-BB expression. These results suggested 
that HDLECs were in a mesenchymal status, which contributed to their functions and might determine their identi-
ties. Our data also revealed that miR143/145 was implicated in the mesenchymal status of HDLECs. In lymphatic 
malformations (LMs) treated with OK-432 sclerotherapy, immunohistochemistry results showed that Prox1 expres-
sion was reduced and mural cell investment was increased; these results indicated that LECs lost their mesenchy-
mal status after OK-432 treatment was administered. The decreased mesenchymal status of LECs in LMs may 
induce dilated vessel constriction, which could be the mechanism of OK-432 sclerotherapy. 
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Introduction

The lymphatic system is vital in tissue fluid 
homeostasis, biomacromolecule transport, 
immune surveillance, and lipid absorption [1, 
2]. This system is composed of a hierarchal 
vessel network with blind-ended lymphatic cap-
illaries in peripheral tissues, pre-collecting lym-
phatic vessels, and collecting lymphatic ves-
sels. In contrast to blood capillaries, lymphatic 
capillaries are composed of a single-cell layer 
of endothelial cells without a covering of mural 
cells [3, 4]. Lymphatic capillaries facilitate the 
entry of immune cells and transport of macro-
molecules in the interstitial fluid. In addition, 
lymphatic endothelial cells (LECs) exhibit phe-
notype and functions distinct from blood endo-

thelial cells (BECs) [3, 4]. For instance, LECs are 
interconnected with one another by discontinu-
ous button-like junctions with few expressed 
junction proteins; by contrast, BECs are inter-
connected with one another in a compact zip-
like pattern [5]. LECs originate from BECs dur-
ing embryonic development, and this process is 
initiated by homeobox transcription factor 
Prox1 [6, 7]. Prox1, combined with VEGF-C/
VEGFR-3, determines and maintains the unique 
identity and terminally differentiated state of 
LECs [7]. However, LECs exhibit plasticity 
because these cells can de-differentiate into 
endothelial cells with characteristics similar to 
BECs or can trans-differentiate into fibroblast-
like cells [8]. 
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Impairment in lymphatic system development 
and function were found in various lymphatic-
related diseases, including lymphedema and 
tumor metastasis. Lymphatic malformations 
(LMs), previously known as lymphangiomas or 
cystic hygromas, are classified as one of low-
flow vascular malformations, which are charac-
terized by multiple cystic spaces lined with lym-
phatic endothelium of varying sizes [5, 9]. 
Based on the classification of vascular anoma-
lies introduced by Mulliken and Glowacki [10], 
LMs do not exhibit evident proliferation; LMs 
are also considered as a disorder of the vascu-
lar system but differ from hemangioma, which 
exhibits increased aberrant cell division with 
rapid growth [11]. Histological studies have 
compared normal lymphatic capillaries with 
microcystic LM tissues and revealed that the 
latter are full of thin-walled, irregularly shaped, 
and enlarged lumen, which is lined with LYVE-1-
positive LECs and covered with smooth muscle 
actin (SMA)-positive cells [5, 9]. However, the 
origin and the functions of these SMA-positive 
cells remain unclear. As such, the origins and 
the functions of SMA-positive cells should be 
determined to understand the mechanisms of 
LM development to establish novel therape- 
utics.

In this study, the mesenchymal status of lym-
phatic endothelial cells (HDLECs) was com-
pared with that of blood endothelial cells 
(HUVECs) on the basis of expression levels of 
endothelial proteins and mesenchymal mark-
ers. The mesenchymal status of HDLECs was 
also reinforced and suppressed with treatment 
of TGF-β2 and depletion of Slug, a master tran-
scription factor in epithelial/endothelial mesen-
chymal transition (EMT/EnMT) to further iden-
tify the precise role of mesenchymal status of 
HDLECs on permeability and mural cell recruit-
ment. The expressions of Prox1 in LECs and 
α-SMA-positive cells in LMs were also deter-
mined to reveal the status of LECs in LMs.

Material and methods

Regents and antibodies

Culture media and buffers were purchased 
from Sciencell (Carlsbad, CA, USA). Primary 
antibodies against VE-cadherin were purchased 
from Cell Signaling Technology (Danvers, MA, 
USA). Primary antibodies against α-smooth 
muscle actin (α-SMA) were purchased from 

Epitomics (Burlingame, CA, USA). Primary anti-
bodies against Prox1 were purchased from 
Proteintech (Chicago, IL, USA). Primary antibod-
ies against LYVE1 were obtained from Abcam 
(Cambridge, MA, USA). Primary antibodies 
against α-Tubulin were obtained from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). 
For small-interfering RNA (siRNA)-mediated 
depletion, siRNA sequences against human 
Slug (5’-CAGACCCATTCTGATGTAAAG-3’) were 
cloned into pBRsi-hU6 (Genechem, Shanghai, 
China) lentiviral vector systems (Slug shRNA). 
The negative control siRNA (NC shRNA) and len-
tiviral vector package were provided by 
Genechem (Shanghai, China). The RNA interfer-
ence efficiency has been confirmed in our pre-
vious study.

Cell culture

HUVECs were isolated from human umbilical 
cord veins according to our previous research 
[12]. HDLECs were purchased from Sciencell 
(Carlsbad, CA, USA). HDLECs and HUVECs were 
cultured in endothelial cell medium (ECM; 
Sciencell, Carlsbad, CA, USA) supplemented 
with 20% fetal bovine serum, SingleQuot 
(Cambrex Bio Science), and penicillin-strepto-
mycin mixture. Human smooth muscle cells 
(SMCs) were purchased from Sciencell and cul-
tured in DMEM supplemented with 20% fetal 
bovine serum. Only cells in passages 2-7 were 
used in the present study. 

Clinical samples and immunofluorescence 

Fifteen LM samples were collected after clini-
cal surgical resections at the Hospital of 
Stomatology, Wuhan University (including 10 
samples without any treatment, and 5 cases 
with OK-432 treatment). The study was 
approved from the review board of the Ethics 
Committee of Hospital of Stomatology, Wuhan 
University. The procedures for human tissues 
were performed according to the National 
Institutes of Health guidelines. Briefly, the spec-
imens were fixed in buffered 4% paraformalde-
hyde and embedded in paraffin. After cut into 
slices, the tissues were dewaxed in xylene, 
rehydrated in ethanol and double-distilled 
water, antigen retrieved by microwave. After 
eliminating endogenic peroxidase with 3% 
hydrogen peroxide, the sections were incubat-
ed with 10% goat serum for 20 min, and anti-
bodies at 4°C overnight. Then after washing, 
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the sections were incubated with horseradish 
peroxidase-conjugated secondary antibodies 
followed by detections and staining with 
hematoxylin. 

Immunofluorescence analysis for cells

The localization of VE-cadherin, Prox1 and 
α-SMA was detected by indirect immunofluo-
rescence analysis. In brief, HDLECs and 
HUVECs were grown on glass coverslips with 
indicated treatment. Then, cells were washed 
with PBS, fixed in buffered 4% paraformalde-
hyde and blocked in 10% goat serum for 1 h at 
room temperature. Then cells were incubated 
with the primary antibodies overnight at 4°C 
followed by incubation with DyLight488-con- 
jugated secondary antibody and DyLight549-
conjugated secondary antibody (1:400; 
Jackson Lab, West Grove, PA, USA) for 1 h at 
room temperature. The nuclei were stained 
with DAPI, and the coverslips were mounted on 
a microscope slide with embedding medium 
(Invitrogen, Carlsbad, CA, USA). The cells were 
observed and photographed with a fluores-
cence microscope (Leica).

Real-time quantitative PCR

Isolation of total RNA, synthesis of cDNA and 
real-time quantitative PCR were carried out as 
described previously [13]. Briefly, total RNA was 
isolated with TRIzol reagent (Invitrogen). 
Aliquots (1 μg) of RNA were reverse transcribed 
to cDNA (20 μL) with oligo (dT) and M-MuLV 
reverse transcriptase (Invitrogen). One-fifth of 
the cDNA was used as a template for PCR using 
SYBR Premix Ex Taq™ (Perfect Real Time) kits 
(Takara, Kyoto, Japan) in an ABI 7500 real-time 
PCR system (Applied Biosystems, Foster City, 
CA, USA). GAPDH was selected as an internal 
control for each experiment. The primer nucleo-
tide sequences for PCR are presented in 
Supplementary.

Permeability assay

Flux of FITC-conjugated dextran (FITC-dextran, 
10 kDa, Invitrogen) across endothelial cells 
monolayers was used to measure the paracel-
lular permeability. Briefly, endothelial cells (2 × 
104) were seeded l in 300 μl medium into poly-
carbonate 24-well transwell chambers (0.4 μm; 
Corning, Tewksbury, MA, USA). Cells were incu-
bated with FITC-dextran (0.1 mg/ml) in HBSS 
buffer for 60 min. Thereafter, the amount of 

tracer penetrating through the cell monolayer 
into the lower chamber was measured by a fluo-
rometer (Turner) at an excitation wavelength of 
494 nm and an emission wavelength of 521 
nm, the integrity of monolayer was confirmed 
by methylene blue staining (Supplementary 
Figure 2).

Mural cells migration assays

The recruitment of SMCs was measured by 
detecting the migration ability of SMCs using 
Transwell system (8 μm; Corning). Endothelial 
cells (HDLECs or HUVECs; 5 × 105) were cul-
tured in the lower chamber, while SMCs (5 × 
105) were suspended in 100 μl of serum-
deprived DMEM and seeded into the upper 
chambers. After incubation at 37°C for 12 h, 
the migrated cells were fixed and stained with 
crystal violet, and then photographed and 
counted. 

Western blot analysis

The proteins were collected in M-PER (Pierce, 
Rockford, IL, USA), and the concentration was 
estimated using the BCA assay (Pierce). 30 μg 
of protein was separated on 10% SDS-
polyacrylamide gels and then electroblotted on 
PVDF membranes (Roche Applied Science, 
Germany). The blots were blocked overnight 
with 5% non-fat dry milk and incubated with pri-
mary antibodies at dilutions recommended by 
the suppliers. Immunoblots were detected by 
HRP-conjugated secondary antibody (Pierce) 
using a chemiluminescence kit (Pierce) and 
photographed.

Statistical analysis

All values are expressed as the mean ± SEM of 
three independent experiments. Data analyses 
were conducted using Graphpad prime 5.01 
(GraphPad Software, La Jolla, CA, USA). One-
way ANOVA and the Student-Newman-Keuls 
test were used for statistical analysis. P < 0.05 
was considered statistically significant.

Results

Mesenchymal status of HDLECs compared 
with HUVECs

We determined the distinctions between LECs 
and BECs because of the differences in struc-
ture and components between lymphatic capil-
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laries and blood capillaries. In this study, the 
expressions of endothelial and lymphatic mark-
ers, as well as mesenchymal proteins in 
HDLECs and HUVECs, were investigated. 
VE-cadherin was highly expressed in HUVECs, 
and this high expression was localized around 
the margin of the cells in a zip-like pattern; by 
contrast, VE-cadherin was poorly expressed in 
HDLECs (Figure 1A). Likewise, immunofluores-
cence revealed that α-SMA expression was 
higher in HDLECs than in HUVECs. Real-time 

PCR assay results revealed that the expres-
sions of endothelial markers, including VE- 
cadherin and CD31, were higher in HDLECs 
than in HUVECs; by contrast, the expressions of 
mesenchymal proteins, including α-SMA, 
smooth muscle 22α (SM22α), calponin, and 
fibroblast specific protein-1 (FSP1), were higher 
in HDLECs than in HUVECs. Furthermore, the 
expressions of Prox1 and podoplanin were 
higher in HDLECs than in HUVECs (Figure 1C-G). 
Western blot revealed similar results. Related 

Figure 1. Mesenchymal status of HDLECs compared to HUVECs. A. Immunofluorescence showed lower expression 
of VE-cadherin and higher expression of α-SMA in HDLECs compared to HUVECs. B. Immunofluorescence showed 
higher expression of Prox1 in HDLECs. C. Endothelial markers VE-cadherin and CD31 were lower in HDLECs. D. 
Lymphatic endothelial markers Prox1 and Podoplanin were higher in HDLECs. E. Mesenchymal proteins including 
α-SMA, SM22α, SM and FSP-1 were higher in HDLECs. F. Real time PCR assays revealed the expression of Twist, 
Snail and Slug in HDLECs and HUVECs. G. Western blots showed the expression levels of VE-cadherin, α-SMA, Prox-1 
and Slug in HDLECs compared to HUVECs. α-Tubulin was used as loading control. All data are presented as mean ± 
SE from three different experiments with duplicate. *, P < 0.05; **, P < 0.01 versus HDLECs. 

Figure 2. Different permeability and recruitment ability of HDLECs compared to HUVECs. A. Diagram of permeability 
assays of endothelail cells. B. Higher permeability was found in HDLECs. C. Less expression of PDGF-BB in HDLECs 
compared to HUVECs. D. Diagram of recruitment ability of endothelial cells by measuring the migrated SMCs in co-
culture system. E. More SMCs were migrated across the membrane in co-culture system with HUVECs. All data are 
presented as mean ± SE from three different experiments with duplicate. *, P < 0.05; **, P < 0.01 versus HUVECs. 
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transcription factors, such as Twist, Snai1/2, 
Zeb1/2, and others, are critical in EMT/EnMT 
[14]. In this study, real-time PCR and Western 
blot analysis results confirmed that Slug was 
highly expressed in HDLECs (Figure 1F and 1G). 
These results suggested that HDLECs were 
more mesenchymal than HUVECs.

Differences in functions related to permeabil-
ity and SMC recruitment between HDLECs and 
HUVECs

To investigate the permeability and the ability 
of HDLECs and HUVECs to attract mural cells, 
we established permeability assay using a 

Figure 3. TGF-β2 induced endothelial mesenchymal transition of HDLECs with increased permeability and weakened 
recruitment of SMCs. A. Immunofluorescence showed decreased VE-cadherin and increased α-SMA in HDLECs after 
TGF-β2 treatment (20 ng/ml for 48 h). B. Real time PCR assays revealed decreased VE-cadherin expression and in-
creased α-SMA and SM22α expression. C. Western blots showed the decreased VE-cadherin and increased α-SMA 
in HDLECs with TGF-β2 treatment. D. Increased permeability was observed in HDLECs after TGF-β2 treatment. E. 
Decreased PDGF-BB expression in HDLECs after TGF-β2 treatment. F. HDLECs treated with TGF-β2 showed weak-
ened ability to recruit SMCs. All data are presented as mean ± SE from three different experiments with duplicate. 
*, P < 0.05; **, P < 0.01 versus control group.
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Transwell (0.4 μm) system by adding FITC-
labeled dextrans in the upper chamber and by 
detecting them in the lower chamber (Figure 
2A) and a Transwell system with a pore size of 
8 μm to evaluate SMCs recruitment. HDLECs 

showed higher permeability than HUVECs, as 
indicated by more dextrans detected in the 
lower chambers (Figure 2B). The mRNA expres-
sion level of PDGF-BB, which has been reported 
as one of the most effective chemotaxins to 

Figure 4. Depletion of Slug reversed the mesenchymal status of HDLECs. A. Real time PCR assays showed depletion 
of Slug increased the expression of VE-cadherin and decreased α-SMA, SM22α and Prox1 expressions. B. Western 
blots revealed the increased VE-cadherin, decreased α-SMA, SM22α and Prox1 expressions in protein levels. C. 
Immunofluorescence showed decreased α-SMA and Prox1 in HDLECs with depletion of Slug. D. Decreased perme-
ability of HDLECs with depletion of Slug. E. Increased PDGF-BB in HDLECs treated with Slug shRNA. F. HDLECs with 
depletion of Slug showed enhanced ability of SMCs recruitment. All data are presented as mean ± SE from three 
different experiments with duplicate. *, P < 0.05; **, P < 0.01 versus NC shRNA group.



Pathology of lymphatic malformation

12246 Int J Clin Exp Med 2015;8(8):12239-12251

attract pericytes or smooth muscle cells, was 
then determined by real-time PCR assay. The 
mRNA expression of PDGF-BB was lower in 
HDLECs than in HUVECs (Figure 2C). 
Furthermore, endothelial cell-induced migra-
tion of human SMCs was evaluated using a 
Transwell system with a pore size of 8 μm 
(Figure 2D). More SMCs migrated across the 
membrane when these SMCs were co-cultured 
with HUVECs, not with HDLECs (Figure 2E). 
Therefore, HDLECs exhibited higher permeabil-
ity and weaker recruitment ability than HUVECs. 

Enhanced mesenchymal status of HDLECs in-
creased their permeability but decreased their 
recruitment ability

On the basis of our findings, we speculated that 
functional differences between HDLECs and 
HUVECs may be attributed to distinct mesen-
chymal status. Therefore, we enhanced the 
mesenchymal status of HDLECs by inducing 
EnMT according to published protocols [8]. 
After TGF-β2 treatment was administered for 
48 h under FGF2-depleting conditions, VE-cad- 
herin expression was significantly downregulat-
ed, whereas α-SMA expression was markedly 
increased (Figure 3A). mRNA and protein 
expressions of VE-cadherin, α-SMA, and SM22α 
were then determined. Our results revealed 
that mRNA and protein expressions of 
VE-cadherin were significantly reduced; by con-
trast, mRNA and protein expressions of α-SMA 
and SM22α were markedly increased; these 
results are consistent with those in previous 
studies [8]. The permeability of TGF-β2-treated 
HDLECs was determined and the results 
showed that more dextrans were detected, 

suggesting increased permeability and 
enhanced mesenchymal status of HDLECs. The 
mRNA expression of PDGF-BB was reduced 
and the ability to recruit SMCs was impaired 
(Figure 3E and 3F). In summary, increased 
mesenchymal status of HDLECs could increase 
permeability and impair mural cell recruitment. 

Decreased mesenchymal status by Slug deple-
tion in HDLECs decreased permeability and 
enhanced SMC recruitment

Slug triggers EnMT by suppressing VE-cadherin 
transcription [13, 15]. Our previous data dem-
onstrated that Slug is strongly expressed in 
HDLECs compared with that in HUVECs. 
Therefore, we investigated whether or not Slug 
suppression affects the functions of HDLECs, 
including permeability and mural cell recruit-
ment. After the cells were transfected with 
shRNA lentivirus against Slug, HDLECs showed 
a significantly reduced Slug expression at 
mRNA and protein levels. Likewise, VE-cadherin 
expression was increased at mRNA and protein 
levels. Mesenchymal proteins, including α-SMA 
and SM22α, were remarkably reduced (Figure 
4A and 4B). Prox1, which is a critical transcrip-
tion factor of LEC differentiation and mainte-
nance, was also downregulated after Slug was 
depleted in HDLECs (Figure 4A and 4B). 
Immunofluorescence results also indicated 
that α-SMA and Prox1 expressions were 
decreased (Figure 4C). Permeability was also 
evaluated, and the results revealed that Slug 
depletion decreased the permeability of 
HDLECs, Thus, the integrity of the endothelial 
monolayer was increased (Figure 4D). 
Moreover, the mRNA expression of PDGF-BB 

Figure 5. miR143/145 involved in the mesenchymal status of HDLECs. A. Higher expression of miR143 and miR145 
in HDLECs compared to HUVECs. B. TGF-β2 treatment increased the expression of miR143 and miR145 in HDLECs. 
C. RNA interference against Slug reduced the expression of miR143 and miR145 in HDLECs. All data are presented 
as mean ± SE from three different experiments with duplicate. *, P < 0.05; **, P < 0.01.
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was increased after Slug interference occurred 
(Figure 4E). SMC migration also increased, as 
detected by Transwell migration assays (Figure 
4F); this result suggested that the recruitment 
ability of HDLECs was enhanced by Slug deple-
tion. These results further indicated that sup-
pressed mesenchymal status by targeting Slug 
in HDLECs could decrease permeability and 
enhance mural cell recruitment. 

miR-143/145 is involved in mesenchymal 
status of HDLECs

miR-143 and miR-145 are secreted by endothe-
lial cells and then absorbed by smooth muscle 
cells to regulate fate and contractile phenotype 
[16]. In this study, the expression levels of miR-
143 and miR-145 in HDLECs were compared 
with those in HUVECs. miR-143 and miR-145 
expressions were higher in HDLECs than in 
HUVECs (Figure 5A). After TGF-β2 treatment 
was administered, miR-143 expression was sig-
nificantly increased in HDLECs (Figure 5B). 
After Slug was depleted in HDLECs by lentivi-
rus-mediated RNA interference, miR-143 and 
miR-145 expressions were reduced (Figure 
5C). Considering the significant role of miR-
143/145 gene cluster in the development and 
the phenotype formation of smooth muscle 
cells, we suggested that miR-143/145 might 
participate in mesenchymal status regulation 
of HDLECs. 

Increased α-SMA-positive cells coverage in hu-
man LM after OK-432 treatment

OK-432 is a lyophilized mixture of low-virulence 
group A Streptococcus pyogenes Su strain 
incubated with a low concentration of benzyl 
penicillin, which is commonly used for sclero-
therapy to treat LM [17]. Enlarged lymphatic 
vessels lined with thin LYVE1-positive LECs 
were found in untreated LMs (Figure 6A). 
Around the vessels, α-SMA-positive cells were 
found in close contact with endothelial cells. 
After the cystic spaces were treated with 
OK-432, the enlarged vessels were constricted 
and α-SMA-positive cell recruitment was 
increased. Immunofluorescence results sug-

gested that the lined LECs of LMs treated with 
OK-432 showed a decreased expression of 
Prox1, a specific marker protein that deter-
mines the identity and the phenotype of LECs, 
compared with those of untreated LMs (Figure 
6B). In addition, the mRNA expression of PDGF-
BB in LMs (n=3) was compared with that in 
skins (n=3). As shown in Supplementary Figure 
1A, the mRNA expression of PDGF-BB was 
much higher than that in skins. The ratio of 
SMC/LEC in untreated and OK-432 treated 
LMs (n=3) was compared (Supplementary 
Figure 1B). In summary, LECs that line the cyst 
of LMs showed a weakened mesenchymal sta-
tus but with increased α-SMA-positive cell cov-
erage after OK-432 sclerotherapy was adminis-
tered; this result might reduce the size of cysts 
in LMs, thereby relieving symptoms.

Discussion

We provided evidence of the mesenchymal sta-
tus of HDLECs by comparing the different 
expressions of endothelial and mesenchymal 
proteins. Our results revealed the identity and 
the functions of HDLECs, including permeability 
of endothelial cell layer and mural cell recruit-
ment. Moreover, the mesenchymal status of 
HDLECs was regulated by Slug, a classical 
EMT/EnMT-related transcription factor. Immu- 
nohistochemistry and immunofluorescence 
results suggested that LECs in LMs may lose 
mesenchymal status and be covered with an 
increased number of α-SMA-positive mural 
cells after sclerotherapy was administered; 
thus, sclerotherapy might be used to treat LMs 
effectively. 

In embryonic development, LECs were derived 
from vein endothelial cells [18, 19]. However, 
the characteristics of LECs differ from those of 
BECs. Primary lymphatic vessels, which are 
considered as lymphatic capillaries, are blind-
ended structures that lack basal lamina and 
mural cells [4]. Only a single-cell layer of over-
lapping ECs constitutes these lymphatic capil-
laries. These overlapping ECs are interconnect-
ed with one another by specialized 
discontinuous button-like junctions with few 

Figure 6. Increased investment of α-SMA positive mural cells and decreased expression of Prox1 in LMs after OK-
432 sclerotherapy. A. Immunofluorescence showed increased α-SMA positive cells recruitment in the enlarged lym-
phatic vessels in LMs after OK-432 sclerotherapy. B. Immunofluorescence revealed weakened expression of Prox1 
in LECs lined in the dilated vessels in LMs after OK-432 sclerotherapy. The arrows showed the lymphatic endothelial 
cells, the triangle pointed the recruited mural cells. 
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intercellular tight junctions or adherent junc-
tions; compared with BECs, this structure 
exhibits enhanced permeability and efficiently 
collects interstitial fluid, macromolecules, and 
immune cells [4]. VE-cadherin, not CD31, is 
necessary to maintain tight junction integrity of 
lymphatic capillaries [20]. Therefore, we initially 
analyzed VE-cadherin expression in LECs and 
BECs under culture conditions. Our results 
showed that VE-cadherin expression was con-
siderably higher in BECs than in LECs. 
Permeability of endohtelial cells was then ana-
lyzed, and our results showed that the perme-
ability was higher in LEC monolayer than in BEC 
monolayer. EnMT, which was first addressed in 
diseases, such as pulmonary fibrosis, kidney 
fibrosis, and cancers, is a process by which 
endothelial cells lose endothelial characteris-
tics but gain mesenchymal or fibroblastic fea-
tures, as represented by the downregulation of 
VE-cadherin, CD31, CD34, and other endothe-
lial molecules and by the upregulation of SMA, 
SM22α, FSP-1, and mesenchymal proteins [8, 
21-23]. Considering that VE-cadherin was poor-
ly expressed in HDLECs, we investigated the 
mesenchymal marker proteins in HDLECs. 
Mesenchymal proteins, including α-SMA, 
SM22α, calponin, and FSP-1, were highly 
expressed in HDLECs compared with HUVECs. 
The EMT/EnMT-related transcription factor 
Slug was highly expressed in HDLECs. On the 
basis of these findings, we described mesen-
chymal status as the condition at which mesen-
chymal proteins are highly expressed in 
HDLECs. 

To clarify the relationship between LEC mesen-
chymal status and functions, including perme-
ability and mural cell recruitment ability, we 
moderated the mesenchymal status of HDLECs 
by enhancing EnMT or by suppressing EnMT. In 
a previous study [8], TGF-β2 with depleted 
FGF2 can induce EnMT in HDLECs, as indicated 
by an increase in α-SMA and other mesenchy-
mal proteins and by a continuous decrease in 
VE-cadherin. We successfully suppressed 
HDLEC mesenchymal status, decreased 
α-SMA, and increased VE-cadherin by reducing 
Slug expression. We found that increased mes-
enchymal status in HDLECs impaired integrity 
and mural cell recruitment ability and vice 
versa. Slug depletion also decreased Prox1 
expression, suggesting the possible interaction 
between these transcription factors. Prox1, the 
main regulatory factor of the identity and the 

phenotype of LECs [3], functions as a binary 
switch, which can suppress BEC identity but 
can promote and maintain LEC identity [24]. 
Switching off Prox1 activity can sufficiently initi-
ate a reprogramming cascade, leading to the 
dedifferentiation of LECs to BECs [24]. Slug 
may control the fate of LECs by regulating Prox1 
expression. Slug can directly bind to the pro-
moter of VE-cadherin, thereby inducing and 
maintaining the mesenchymal status of endo-
thelial cells; this process might be another 
mechanism controlling the identity of LECs 
[15].

Foxc2–/– mice show abnormal lymphatic vascu-
lar patterning with increased pericyte invest-
ment of lymphatic vessels, agenesis of valves, 
and lymphatic dysfunction, which are similar to 
the appearance of LMs [25]. The loss of Foxc2 
increases the expressions of PDGF-BB, endog-
lin, and collagen IV of LECs; this increased 
expression further contributes to mural cell 
recruitment and lamina establishment that 
may be accounted for the interaction between 
ECs and SMCs [25]. Foxc2 expressed in cancer 
cells promotes EMT [26-28]; Foxc2 is also nec-
essary to maintain mesenchymal phenotype 
after EMT is induced in breast cancers [26]. 
This result is similar to that observed in Foxc2 
in LECs; in particular, Foxc2 is a crucial factor 
that determines and maintains LEC identity 
[29, 30]. Another crucial fate-determining fac-
tor of LECs, Prox1 functions as a positive mod-
erator of EMT by inhibiting E-cadherin via miR-9 
[30]. Therefore, Prox1 cooperated with Foxc2 to 
determine the mesenchymal status of LECs in a 
similar manner. LECs are among the few differ-
entiated cell types that likely lose endothelial 
identity but gain a mesenchymal phenotype. 
These dedifferentiated ECs require a constant 
expression of certain genes, such as Prox1 and 
Foxc2, to maintain phenotypic identity. In LMs, 
LECs might lose mesenchymal status acompa-
nied with increased PDGF-BB expression and 
mural cell recruitment. LMs are independent 
from the lymphatic or venous system [9] with 
accumulating fluids that enlarge the lymphatic 
vessels; as a result, cystic morphological char-
acteristics were observed. The loss of mesen-
chymal status of LECs in LMs may result in 
increased pressure because mechanical stimu-
lus could initiate the maturity of endothelial 
progenitor cells and induce vascular differenti-
ation of stem cells.
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In summary, HDLECs displayed higher expres-
sion of mesenchymal proteins than BECs, indi-
cating mesenchymal status. Mesenchymal pro-
teins were involved in increased permeability 
and weakened mural cell recruitment. 
Mesenchymal status suggested that HDLECs 
were in poorly differentiated with high plastici-
ty; nevertheless, these characteristics could be 
changed under pathological conditions, such 
as high pressure in LMs. Under such condi-
tions, LECs lost their mesenchymal status and 
matured to a BEC-like status with increased 
integrity and mural recruitment. This disease 
could be treated by inducing the trans-differen-
tiation from LECs to BEC via intralesional injec-
tion of sclerosing agents.
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Supplementary Figure 1. A. The mRNA relative expression of PDGF-BB in LMs and skins. N=3. B. SMC/LEC in OK-
432 untreated and treated LMs. N=3.

Supplementary Figure 2. Methylene blue staining on membranes of transwell chambers of HUVEC (A) and HDLEC 
(B).


