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Abstract Disruption of cancer lymphatic vessel barrier

function occurs has been reported to involve in cancer

lymphatic metastasis. Hyaluronan (HA), a major glycos-

aminoglycan component of the extracellular matrix, is

associated with cancer metastasis. We investigated the

effect of high/low molecular weight hyaluronan (HMW-

HA/LMW-HA) on regulation of barrier function and tight

junctions in cancer lymphatic endothelial cell (LEC)

monolayer. Results showed that LMW-HA increased the

permeability of cancer LEC monolayers and induced dis-

ruption of Zonula Occludens-1 (ZO-1)-mediated intercel-

lular tight junction and actin stress fiber formation. HMW-

HA treatment decreased permeability in cancer LEC

monolayers and cortical actin ring formation. As reported,

sphingosine 1-phosphate (S1P) receptors are involved in

vascular integrity. After silencing of lymphatic vessel

endothelial hyaluronan receptor (LYVE-1), upregulation of

S1P receptors (S1P1 and S1P3) induced by HMW-HA/

LMW-HA were inhibited, respectively. With S1P3

silenced, the disruption of ZO-1 as well as stress fiber

formation and the ROCK1/RhoA signaling pathway

induced by LMW-HA was not observed in cancer LEC.

These results suggested that S1P receptors may play an

important role in HMW-HA-/LMW-HA-mediated regula-

tion of cancer lymphatic vessel integrity, which might be

the initial step of cancer lymphatic metastasis and a useful

intervention of cancer progression.

Keywords Hyaluronan � Lymphatic integrity �
S1P receptor � Cancer metastasis

Introduction

The invasion of cancer cells into lymphatic vessels is an

important step in the metastatic cascade, wherein cancer

cell migration and adhesion to lymphatic vessels are fol-

lowed by invasion through the vessel wall and subsequent

systemic spread [1]. Disruption of cancer lymphatic vessel

barrier function results in promoting cancer lymphatic

vessel invasion and metastasis [2]. A continuous layer of

cancer lymphatic endothelial cells is attached to each other

by tight junctions, and the early changes of cancer lym-

phatic vessel barrier function are attributed to alterations in

cell shape and cell junctions, described as contraction or

intercell gap formation [3]. Regrettably, the mechanism of

cancer lymphatic vessel barrier dysfunction is less under-

stood. Previous studies showed that cancer barrier function

is primarily mediated by intercellular tight junctions.
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Zonula Occludens-1 (ZO-1) is an essential component of

tight junction that is functionally critical in regulating

endothelial permeability barrier and is linked to the

underlying actin cytoskeleton [4]. ZO-1 binds to the

adhering junction protein and connexins in gap junctions,

indicating an important scaffolding function of ZO-1 in

cell–cell contact [5]. However, the exact molecular

mechanism underlying ZO-1-mediated cancer lymphatic

dysfunction is unclear.

Hyaluronan (HA) is composed of repeating disaccharide

units of D-glucuronic acid and N-acetylglucosamine that

exist as a *1 9 106 Da random coil structure in vivo

(referred to as HMW-HA) [6, 7]. LMW-HA is generated by

either hyaluronidase-mediated degradation or oxidative

hydrolysis of native HA under tumor microenvironment,

which is associated with cancer cell metastasis and poor

prognosis in certain cancer [8]. The size-dependent effects

are widely documented, with HMW-HA exerting anti-

angiogenesis and immunosuppressive effects and LMW-

HA stimulating cancer LEC proliferation and motility,

exhibiting pro-inflammatory and pro-angiogenic effects

under cancer conditions [9, 10]. In addition, HA with dis-

tinct molecular weight play an important role in regulation

of the vascular integrity [11]. Nevertheless, little is known

regarding the function of HMW-HA and LMW-HA on

regulating lymphatic vessel barrier function under tumor

microenvironment.

Sphingosine 1-phosphate (S1P) receptors are expressed

on various cell types including neurons, cardiomyocytes,

and endothelial cells [12]. Of the five members of S1P

receptors, cancer LEC principally expresses S1P1 and

S1P3 that participate in protecting and disrupting barrier

integrity, respectively [13]. S1P1 signaling couples with

the Gi pathway and activates Rac to regulate vascular

stability, whereas S1P3 signaling couples with the Gi, Gq/

11, and G12/13 pathways and activates RhoA to disrupt

vascular endothelial cell interjunction integrity [14].

Despite development in understanding the involvement of

S1P receptors in vascular integrity, the effect of S1P

receptors on LEC to regulate cancer lymphatic vessel

integrity has not been investigated.

Our study verified the effects of LMW-HA on the bar-

rier function and tight junctions in of LEC monolayer,

which simulated the tumor microenvironment. The results

approved that LMW-HA could increase permeability of

cancer LEC monolayers and disrupted ZO-1-mediated

LEC junction. HMW-HA strengthened tight junction. To

further explore the molecular mechanism, our results

showed that HMW-HA/LMW-HA increased S1P1/S1P3

expression and induced downstream signal pathways,

respectively. In addition, we further examined the role of

S1P receptors in HMW-HA- and LMW-HA-mediated

regulation of tight junction and cytoskeleton.

Materials and methods

Reagents

Native HMW-HA was obtained from Sigma-Aldrich (St.

Louis, MO). LMW-HA was prepared as described previ-

ously [15]. LMW-HA was a mixed fraction of average

molecular weight of 2.5 9 106 composed of 3–10 disac-

charide units that were fractionated from testicular hyal-

uronidase type 1-S (Sigma-Aldrich) digests of hyaluronan

sodium salt (Sigma-Aldrich). Polyclonal antibody against

ZO-1 was obtained from Invitrogen (Carlsbad, MA).

Mouse anti-GAPDH, rabbit anti-myosin IIa, anti-AKT,

anti-Rac1, anti-ROCK1, and anti-RhoA were purchased

from Cell Signaling Technology (Danvers, MA). Rabbit

anti-LYVE-1 receptor was purchased from Santa Cruz

Biotechnology (Santa Cruz, CA). Rabbit anti-S1P1 receptor

and anti-S1P3 receptor were purchased from Abcam

(Cambridge, MA, USA). Alexa Fluxo 488-conjugated goat

anti-rabbit IgG, HRP-conjugated rabbit anti-mouse, and

HRP-conjugated goat anti-rabbit IgG were all from Jackson

ImmunoResearch Laboratories Inc. (West Grove, PA).

Cell cultures

SVEC4-10 cells (mouse endothelial cell line, an LEC-like

cell line) were purchased from ATCC. SVEC4-10 cells

were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Gibco, Invitrogen) supplemented with 10 % fetal

bovine serum in a humid atmosphere with 5 % CO2 at

37 �C.

Permeability of the monolayer barrier

Confluent SVEC4-10 cells were seeded on the insides of

inserts (TranswellTM inserts, diameter 6.5 mm, 3.0-lm

pore size; Corning, Mid-land, MI, USA) then placed into

24-well plates for 24 h. Inserts were washed once with

serum-free DMEM, and the lower chamber was filled with

0.6 ml of DMEM. Then, 0.1 ml of vehicle, HMW-HA/

LMW-HA (10 lg/ml) in serum-free DMEM along with

sodium fluorescein (Na–F) 100 lg/ml (average MW

*376) was added to the top chamber. The flux of Na–F

across the endothelial cell layers was determined as pre-

viously described [16].

Immunofluorescence

Cells grown on coverslips for 2 days (90–100 % conflu-

ence) were treated with 10 lg/ml HMW-HA and LMW-

HA or vehicle only for 30 min in serum-free DMEM. After

treatment, cells were washed with PBS twice and then were

fixed with methanol at -20 �C for 10 min. Cells were
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washed with PBS and blocked with 1 % bovine serum

albumin in PBS at room temperature for 1 h. Cells were

incubated overnight with anti-Z0-1 antibody and anti-

myosin IIa antibody at 1:100 and 1:25 dilution. After

extensive washing, cells were incubated with Alexa Fluxo

488-conjugated goat anti-rabbit IgG antibody at 1:300

dilution for 1 h at room temperature. Images were acquired

using a confocal microscope (Nikon, Tokyo, Japan).

Western blotting

Cells were scraped and lysed in 1 % Triton X-100 lysis

buffer. The total protein concentration in the cell lysate was

determined using a BCA protein assay kit (Pierce, Rock-

ford, IL). Proteins from each sample were electrophoreti-

cally separated on 10 % SDS-PAGE and transferred to a

polyvinylidene fluoride (PVDF) membrane. The PVDF

membranes were blocked with Tris-buffered saline (TBS)

containing 5 % non-fat milk powder at room temperature

for 1 h, and immunoblot analysis was performed with

mouse anti-GAPDH, rabbit anti-S1P1 receptor, anti-S1P3

receptor, anti-AKT, anti-Rac1, anti-ROCK1, and anti-

RhoA at 4 �C overnight. The membranes were washed

with Tris-buffered saline/Tween-20 (TBS/T) buffer for

three times (5 min each time) and then incubated with

HRP-conjugated polyclonal secondary antibody for 1 h at

room temperature. The membranes were developed with

the enhanced plus chemiluminescence assay (Pierce)

according to the manufacturer’s instructions. Images were

analyzed using Image-Pro Plus 6.0 software.

siRNA transfection

Transfection of cells with S1P1, S1P3, LYVE-1, and

scramble siRNA was performed according to the manu-

facturer’s protocol (Santa Cruz Biotechnology). Briefly,

SVEC4-10 cells were grown on the 6-well tissue culture

plate to 60–80 % confluence. Cells were then washed twice

with transfection medium (sc-36868). A 0.2-ml aliquot of

transfection medium containing S1P1 siRNA (sc-37087),

S1P3 siRNA (sc-35262), LYVE-1 siRNA (sc-42902),

scramble siRNA (sc-37007), and transfection reagent (sc-

29528) was incubated at room temperature for 30 min

before adding to the cells. Cells were used for experiments

for 48 h after transfection.

Statistical analysis

The analyses were performed using the statistical software

SPSS 13.0. Differences were considered statistically sig-

nificant at P \ 0.05. All experiments were performed at

least three independent experiments.

Results

Effect of HMW-HA and LMW-HA on barrier function

and tight junction of LEC monolayer

Using a transwell system, we determined the effect of

HMW-HA and LMW-HA on the permeability of SVEC4-10

monolayer by measuring the passage of Na–F from the upper

chamber to the lower chamber. Stimulation of cells with

LMW-HA significantly increased transit of Na–F across the

cell monolayer when compared to control at 30, 60, and

90 min (*P \ 0.05). HMW-HA just decreased the perme-

ability of Na–F at 30 min (Fig. 1A). The permeability of

Na–F was used to detect the barrier integrity of tight junc-

tion, and tight junction and cytoskeleton are critical deter-

minants of lymphatic vessel integrity and barrier regulation

[17]. Thus, we analyzed the effect of HMW-HA and LMW-

HA on the distribution of ZO-1 and myosin in SVEC4-10

monolayer for 30 min. Our data showed that HMW-HA

enhanced ZO-1 distribution in the cell borders to form a

linear pattern and enhanced myosin polymerization, which

was confined to the cortical cytoskeletal ring (Fig. 1B, b e).

Conversely, ZO-1 was rapidly redistributed and ‘‘lost,’’

disorganizing into a zigzag pattern by LMW-HA (Fig. 1B,

c). In addition, the appearance of increased stress fibers or

paracellular gaps was also caused by LMW-HA (Fig. 1B, f).

HMW-HA and LMW-HA regulate the expression

of S1P receptors in LECs through LYVE-1

The S1P receptors were originally identified and isolated as

an immediate early gene product that is abundantly induced

after activation of vascular endothelial cells, S1P1 receptor

up-regulation by VEGF was seen within 30 min in endo-

thelial cells [18]. As reported previously, S1P1/S1P3 par-

ticipated in vessel barrier integrity. To determine the

involvement of S1P1/S1P3 in HA-induced lymphatic vessel

integrity, their expression was assessed by Western blotting.

Our results showed that the protein expression of S1P1

receptor and S1P3 receptor increased significantly within

30 min of HMW-HA and LMW-HA treatment, respectively

(*P \ 0.05). To assess the role of LYVE-1 in S1P receptor

expression evoked by HA, siRNA was used to silence

LYVE-1 in SVEC4-10 cells (Fig. 2A), which resulted in

reduced the expression of S1P1 and S1P3 induced by

HMW-HA and LMW-HA, respectively (Fig. 2B).

HMW-HA and LMW-HA induce ROCK1/RhoA, AKT/

Rac signaling pathways through S1P receptors in LECs

The ROCK1/RhoA signaling pathway is known to regulate

myosin contractility and negative regulation of cell integ-

rity [19, 20]. Another member of the Rho family GTPase,
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Fig. 1 HMW-HA and LMW-

HA regulated barrier function

and tight junction in LEC

monolayer. A SVEC4-10 cells

(1.3 9 105) were plated into

6.5-mm transwell membrane

inserts and grown overnight.

Cell monolayers were treated

with medium only, 10 lg/ml

HMW-HA and LMW-HA. Na–

F (100 lg/ml) was then added

to the upper chamber. At each

time period (30, 60, 90,

120 min), an aliquot was taken

from the lower chamber to

measure its fluorescence

intensity (A.U.). *P \ 0.05 was

compared with control.

B SVEC4-10 cells were seeded

on coverslips and treated with

either vehicle (a, d), HMW-HA

(10 lg/ml) (b, e) or LMW-HA

(10 lg/ml) (c, f) for 30 min.

Cells were stained with anti-

ZO-1 antibody (a–c), and

myosin staining was evaluated

with anti-myosin IIa anti-body

(d–f) and analyzed using

confocal microscope

Fig. 2 LYVE-1 is required for

HMW-HA- and LMW-HA-

induced expression of S1P

receptors on LECs.

A knockdown LYVE-1 with

siRNA was confirmed by

Western blotting, scramble

siRNA used as a loading

control. B SVEC4-10 cells were

treated with scramble siRNA,

LYVE-1 siRNA for 48 h. After

reaching post-confluence, the

cells were induced to 10 lg/ml

HMW-HA and LMW-HA or

medium only for 30 min, and

the lysates were analyzed by

Western blotting. The blots are

representative of at least three

independent experiments
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Rac, directs actin assembly that results in the formation of

lamellipodia and filopodia [21]. S1P1/S1P3 is involved in

HA-mediated lung vascular barrier regulation [22].

Therefore, to determine whether HMW-HA and LMW-HA

stimulation required S1P receptor signaling to exert their

effect on ROCK1/RhoA and AKT/Rac expression, S1P1

and S1P3 were silenced in SVEC4-10 cells with RNAi

(Fig. 3A, B). The expression of AKT/Rac increased by

HMW-HA was blocked by silencing of S1P1 (*P \ 0.05)

(Fig. 3C). In contrast, LMW-HA-induced activation of

ROCK1/RhoA signal pathway was significantly inhibited

by S1P3 knockdown (*P \ 0.05) (Fig. 3D).

HMW-HA and LMW-HA influence the tight junction

and myosin rearrangement of LECs through S1P

receptors

Investigating the involvement of S1P1/S1P3 in the ZO-1

and myosin rearrangement of SVEC4-10, our results

showed that reduction of S1P1 expression significantly

attenuated HMW-HA-induced ZO-1 to form a linear pat-

tern in the cell borders and eliminated cortical actin ring

formation (Fig. 4). Reduction of S1P3 expression also

blocked LMW-HA-induced ZO-1 ‘‘lost’’ and paracellular

gaps and stress fiber formation (Fig. 4), suggesting that

Fig. 3 HMW-HA and LMW-HA induce ROCK1/RhoA and AKT/

Rac1 signaling pathway in LECs through S1P receptors. SVEC4-10

cells were grown on plate to 60–80 % confluence and transfected with

S1P1 receptor and S1P3 receptor siRNA, which were confirmed by

Western blotting (A, B). Western blot analysis of the cells was

performed using the antibodies indicated, with GAPDH as a loading

control, after silencing of S1P1 and S1P3 receptor weakened the

expression of AKT/Rac and ROCK/RhoA signal pathways induced

by HMW-HA and LMW-HA, respectively (C, D) *P \ 0.05. The

blots are representative of at least three independent experiments
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S1P receptors are required for HA-induced tight junction

and myosin rearrangement in cancer LECs.

Discussion

Invasion into lymphatic vessels is a key step in the

metastasis of primary tumors to draining lymph nodes [23].

Breakdown in the barrier function of cancer lymphatic

vessel plays an important role in cancer metastasis [24].

Previous studies showed that the cancer lymphatic endo-

thelial cell barrier function is tightened by enhancing the

organization of junctional component ZO-1 [25]. More-

over, ZO-1 is linked to the actin cytoskeleton myosin,

which remodel in a temporal fashion consistent with barrier

enhancement [26]. Despite the growing interest in altera-

tions to cancer lymphatic vessel barrier function, the

associated molecular mechanism is unclear.

Studies have shown that HA regulates malignant tumor

growth, invasion, and metastasis [27, 28]. It is fascinating

that HMW-HA contributes to space filling and is a novel

inhibitor of vascular leakiness, suggesting that HMW-HA

plays a significant role in providing a protective barrier

between vascular endothelial cells. On the other hand,

elevated LMW-HA exerts a disruptive effect on vascular

integrity under cancer condition [29, 30]. However, the

roles of HMW-HA and LMW-HA in cancer LEC barrier

function are not well defined. Recent studies have dem-

onstrated that HMW-HA/LMW-HA induces CD44 asso-

ciation with S1P1 and S1P3 leading to barrier enhancement

and barrier disruption in human pulmonary endothelial cell,

respectively [22]. However, the role of S1P receptors in

cancer lymphatic vessel barrier function has not been

studied.

In this study, we presented evidence that LMW-HA

increased permeability in LEC monolayers and produced a

significant increase in Na–F permeability in LEC mono-

layer, and this finding suggested LMW-HA disrupted

cancer lymphatic vessel barrier. HMW-HA decreased the

permeability of LEC monolayer just for a short time

(Fig. 1A). Consistent with the previously reported, LMW-

HA induced endothelial cell barrier disruption [11]. The

permeability of Na–F was used to detect the barrier

integrity of tight junction [31], and thus, we further

explored the effect of HMW-HA and LMW-HA on ZO-1

and myosin distribution in LEC. Our results showed that

HMW-HA enhanced ZO-1 distribution in cancer LEC

borders and formed cortical actin rings (Fig. 1B, b e). On

the contrary, LMW-HA opened ZO-1 intercellular junction

and promoted actin stress fiber or paracellular gap forma-

tion (Fig. 1B, c f). HMW-HA/LMW-HA treatment for 15

or 30 min induced cortical actin ring and actin stress fiber

formation in endothelial cell, respectively [22]. It is,

therefore, conceivable that LMW-HA may disrupt cancer

lymphatic vessel barrier function.

Next, we determined the mechanisms by which HMW-

HA/LMW-HA regulated barrier function of LEC mono-

layer. S1P1 receptor is more critical for Rac-dependent

cortical actin assembly and barrier protection, whereas

S1P3 receptor controls Rho and stress fiber/focal contact

pathway [32]. We found that silencing of LYVE-1 abro-

gated the increased expression of S1P1 and S1P3 triggered

by HMW-HA and LMW-HA in cancer LEC, respectively

(Fig. 2B), suggesting that S1P receptors may be involved

Fig. 4 HMW-HA and LMW-HA influence the ZO-1 and myosin of

LECs through S1P receptors. SVEC4-10 cells treated with scramble,

S1P1, S1P3 siRNA for 48 h. Cells were stimulated with either

medium only, HMW-HA (10 lg/ml) or LMW-HA (10 lg/ml) for

30 min. Cells were then fixed and stained with anti-ZO-1 antibody

(A) and anti-myosin IIa anti-body (B) and analyzed using a confocal

microscope. RNAi S1P1 significantly attenuated HMW-HA-induced

ZO-1 to form a linear pattern in the cell borders and eliminated

cortical actin ring formations indicated by arrows, RNAi S1P3

receptor blocked LMW-HA-induced ZO-1 ‘‘lost’’ indicated by arrows
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in HMW-HA- and LMW-HA-mediated cancer lymphatic

vessel barrier function. RhoA and Rac, the two best-char-

acterized members of the Rho GTPases family, are key

regulators of the actin cytoskeleton and intercellular junc-

tions [33, 34]. Previous studies have shown that Rac is

required for the assembly and maturation of endothelial

cell junctions, RhoA-mediated myosin contractility and

broken endothelial barrier function [35, 36]. Hence, we

examined whether they were involved in HA-regulated

cancer lymphatic vessel barrier function, and the results

showed that HMW-HA increased AKT and Rac expression

in LECs, which were weakened by silencing of S1P1

(Fig. 3C), On the contrary, LMW-HA significantly

enhanced ROCK1 and RhoA expression in LECs that were

inhibited with S1P3 silenced (Fig. 3D). Last, we tried to

determine the role of S1P receptor in LEC barrier integrity.

Our data showed that LMW-HA disturbed the distribution

of ZO-1 and formed stress fiber in LECs could be influ-

enced by S1P3 siRNA (Fig. 4A, B). HMW-HA-induced

ZO-1 distribution in LEC borders and cortical actin ring

formation was ameliorated by S1P1 siRNA (Fig. 4A, B).

The results indicated that S1P receptors may participate in

HMW-HA-/LMW-HA-regulated lymphatic integrity in

cancer LECs.

In conclusion, we demonstrated that LMW-HA dis-

rupted barrier properties of cancer LEC monolayer by

increasing S1P3 expression. On the other hand, HMW-HA

enhanced cancer lymphatic vessel barrier function through

elevating S1P1 expression. This is the first time demon-

strating that HMW-HA and LMW-HA regulate cancer

lymphatic vessel barrier function through S1P receptors.

The results suggest a new means for understanding the

molecular mechanism of HMW-HA and LMW-HA in

tumor lymphatic metastasis, which might be a useful

intervention for lymphatic integrity-associated tumor

progression.
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