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ABSTRACT
Endothelial integrity defects initiate lymphatic metastasis of tumor cells. Low-molecular-weight
hyaluronan (LMW-HA) derived from plasma and interstitial fluid was reported to be associated with tumor
lymphatic metastasis. In addition, LMW-HA was proved to disrupt lymphatic vessel endothelium integrity,
thus promoting lymphatic metastasis of tumor cells. Until now, there are few reports on how LMW-HA
modulates lymphatic endothelial cells adhesion junctions and affects cancer cells metastasizing into
lymph vessels. The aim of our study is to unravel the novel mechanism of LMW-HA in mediating tumor
lymphatic metastasis. Here, we employed a melanoma metastasis model to investigate whether LMW-HA
facilitates tumor cells transferring from foci to remote lymph nodes by disrupting the lymphatic
endothelial integrity. Our data indicate that LMW-HA significantly induces metastasis of melanoma cells to
lymph nodes and accelerates interstitial-lymphatic flow in vivo. Further experiments show that increased
migration of melanoma cells across human dermal lymphatic endothelial cell (HDLEC) monolayers is
accompanied by impaired lymphatic endothelial barrier function and increased permeability. The
mechanism study reveals that VE-cadherin-b-catenin pathway and relevant signals are involved in
modulating the interactions between endothelial cells and that a significant inhibition of lymphatic
endothelium disruption is observed when antibodies to the LMW-HA receptor (LYVE-1) are present. Thus,
our findings demonstrate a disruptive effect of LMW-HA on lymphatic endothelium continuity which leads
to a promotion on melanoma lymphatic metastasis and also suggest a cellular signaling mechanism
associated with VE-cadherin-mediated lymphatic intercellular junctions.
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Introduction

Lymphatic metastasis is the primary cause of morbidity and mor-
tality in many solid tumors, such as head and neck squamous cell
carcinoma, breast cancer, stomach cancer, and melanoma. In
malignant melanoma, approximately 60% of metastasis occurs in
regional lymph nodes (LNs), and regional LN metastasis is the
most powerful predictor of prognosis.1 To date, the exact mecha-
nism underlying lymphatic metastasis is poorly understood.

Recently, abundant evidence has indicated that tumor cell
metastasis to LNs is governed by complex factors in which the
importance of tumor microenvironment appears to be a focus.2

Many studies are now being devoted to determine how extra-
cellular matrix (ECM) components in specific tumor microen-
vironment initiate and facilitate cancer development.3 A recent
study highlighted the importance of non-cellular components
surrounding tumors, noting that ECM components can drive
cancer malignancy by directly promoting cellular transforma-
tion and metastasis.4 Hyaluronan (HA), the most abundant
ECM component that facilitates tissue homeostasis, is an
unbranched polymer composed of repeating glucuronic acid
and N-acetyl glucosamine disaccharide units in physiological

conditions with a high molecular weight (»107Da). Following
tissue injury or tumorigenesis, elevations in hyaluronidase
activity and generation of reactive oxygen species cause excess
accumulation of low-molecular-weight hyaluronan (LMW-
HA), which is derived from high-molecular-weight hyaluronan
(HMW-HA) degradation.5 Differences in HA chain length can
provoke distinct biological functions.6,7

High concentrations of LMW-HA have been detected in the
urine of high-grade bladder cancer patients,8 and in the saliva
of high-stage head and neck squamous cell carcinoma patients.9

More importantly, one study investigated the levels of hyalur-
onan fragments ranging from 6–25 disaccharides in the inter-
stitial fluid of colorectal tumors, and found that elevated
LMW-HA levels were associated with lymphatic vessel invasion
by tumor cells and LN metastasis.10 Similarly, our previous
work showed that serum levels of LMW-HA, but not total HA,
clearly correlated with LN metastasis in breast cancer.11 Besides
of these findings, LMW-HA has also been reported to induce
lymphangiogenesis,12 which is similar to the angiogenesis pro-
moted by LMW-HA or hyaluronan fragments. As tumor cell
metastasis via lymphatic vessels is a complicated process
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requiring new lymphatic vessel formation or lymphangiogene-
sis, as well as lymphatic vessel infiltration by tumor cells,13,14 it
is necessary to elucidate the other mechanisms by which this
process occurs, in addition to lymphangiogenesis. It is accepted
that endothelial cell disconnection or endothelial barrier break-
down is essential for cancer cell leakage into vessels.15 A num-
ber of growth factors are known to influence endothelial cell
integrity, including vascular endothelial growth factor (VEGF)
and angiopoietin/TIE family members.16,17 For example, down-
regulation of barrier function of lymphatic endothelial mono-
layer has been shown to facilitate sarcoma cell entry into the
lymphatic circulation by VEGF-D.18 However, these data are
not sufficient to explain the mechanisms by which cancer cells
disseminate into vessels surrounding tumors. In addition to
growth factors, ECM components and their degradative prod-
ucts are other kinds of active stimulating factors during remod-
eling of tumor microenvironment. For example, degradation of
high-molecular-weight hyaluronan results in accumulation of
excess amounts of LMW-HA, which is proangiogenic.19 Studies
have indicated that impairment of blood vascular barrier could
be mediated by LMW-HA and an accelerating vascular metas-
tasis of cancer cells was followed.20,21 To date, there are no
reports regarding how LMW-HA modulates lymphatic endo-
thelial cell junctions or facilitates cancer cell metastasis through
lymph vessels. As lymphatic vascular endothelial cells are simi-
lar to blood vessels in terms of their proliferation behavior and
HA receptor expression patterns, it is reasonable to assume
that LMW-HA regulates lymphatic endothelial intercellular
adhesion by binding to lymphatic endothelial hyaluronan
receptor-1 (LYVE-1) and thus accelerates tumor cell migration
into the lumen of lymphatic vessels.

In this study, we employed a mouse model in which mela-
noma cells were transferred from the interstitial fluid into the
lymphatic lumen to elucidate the role of LMW-HA in modulat-
ing tumor cell metastasis via lymphatic vessels. We found that
in vivo LMW-HA administration promoted local melanoma
cell metastasis from the footpad to the popliteal LNs. We also
demonstrated that LMW-HA disrupted the lymphatic endothe-
lial barrier and increased B16F10 melanoma cell migration
across the lymphatic endothelium. A subsequent mechanism
investigation indicated that vascular endothelial (VE) -cadherin
and several related signaling molecules were associated with
LMW-HA-induced disruption of endothelial barrier integrity.

Our study suggests that accumulation of excess hyaluronan
fragments in the tumor microenvironment is of great impor-
tance in tumor lymphatic metastasis and may provide new
insights regarding possible therapies for tumor lymphatic
metastasis in the future.

Results

LMW-HA enhances lymph node metastasis of melanoma
cells by inducing disruption of lymphatic intercellular
adhesion in mice

To assess the effects of LMW-HA on LN metastasis in vivo, we
used a mouse model and inoculated B16F10 melanoma
cells into the hind footpads of syngeneic mice to determine if
local abnormal accumulation of LMW-HA around tumor

mimicking tumor microenvironment could disrupt lymphatic
endothelial integrity and thus lead to tumor cell leakage into
lymphatic vessels. The primary tumors in the footpads became
grossly visible after 7 d, and macroscopic metastases were
observed in the LNs of some mice. The popliteal LNs were col-
lected to evaluate these early metastases by quantifying the
mRNA levels of TRP, a melanocyte-specific marker. qRT-PCR
results indicated that TRP mRNA levels were significantly
increased by as much as 32-fold in LMW-HA-treated mice
compared with control mice (Fig. 1A; p < 0.05). However, the
levels noted in HMW-HA-treated mice were similar to those
noted in control mice (Fig. 1A). On day 17 after the first injec-
tion, the primary tumors in the footpads were approximately
1 cm in diameter. To evaluate tumor metastasis at a later stage,
we dissected the popliteal LNs to identify metastatic foci. All
the nodes from LMW-HA-treated mice contained totally black
metastatic foci ranging from 2–7 mm in size, whereas only
some of the LNs from HMW-HA- or medium-treated mice
exhibited smaller macroscopic metastatic foci (Fig. 1B). Our
results indicate that LMW-HA promotes tumor cell metastasis
via draining LNs.

Tumor cell entry into lymphatic vessels is essential for can-
cer metastasis.22 We subsequently determined whether LMW-
HA promotes melanoma cell entry into lymphatic vessels by
examining lymphatic morphological changes in the feet of mice
by immunostaining with LYVE-1, a specific lymphatic endothe-
lial cell marker. The results demonstrated that peritumoral lym-
phatic vessels were significantly enlarged in LMW-HA-treated
mice, whereas HMW-HA had no effect (Figs. 1C and D). To
further identify whether the intercellular adhesion of dilated
lymphatic vessels was disrupted by LMW-HA, VE-cadherin, an
endothelial cell-specific member of the cadherin family respon-
sible for regulating endothelial cell connections, was detected
by immunofluorescence. Podoplanin, another lymphatic vessel-
specific marker, was simultaneously stained to locate the lym-
phatic lumen. Compared with HMW-HA- and medium-treated
mice, LMW-HA-treated mice exhibited faint and indistinct VE-
cadherin staining, as determined by confocal imaging, indicat-
ing that lymphatic endothelial intercellular adhesion was
impaired by LMW-HA (Fig. 1E). These results suggest that
LMW-HA promotes tumor lymphatic metastasis by opening
lymphatic endothelial cell junctions. Then, we tested tumor
weights and did not detect any differences among the three
groups (Fig. 1F). These results exclude the possibility that
LMW-HA contributes to lymphatic metastasis by promoting
tumor cell growth.

LMW-HA increases interstitial-lymphatic flow in mice

Based on the results shown in Fig. 1, it is likely that LMW-HA
accelerates melanoma cell migration from the interstitial space
to the lymphatic vessel lumen by regulating lymphatic endothe-
lial cell junctions in vivo. To test this hypothesis, an experiment
on rapid transit of macromolecules from the interstitium to
lymphatic vessels was performed to mimic tumor cell flow by
using high-molecular-weight tissue-impermeable FITC-dextran
(»2,000 kDa), a standard lymphatic imaging agent that can
enter lymphatic vessels from the interstitial space after inocula-
tion. As shown in Fig. 2, in contrast to medium treatment
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(99 § 8%), LMW-HA appeared to accelerate the clearance of
FITC-dextran, as the fluorescence near the injection site was
65 § 21% at 2 h after stimulation with LMW-HA, whereas

HMW-HA administration did not increase leakage
(105 § 9%). These results suggest that LMW-HA plays an
important role in facilitating interstitial-lymphatic flow in vivo.

Figure 1. LMW-HA enhances B16F10 cell metastasis to lymph nodes in vivo. (A) Quantification of the mRNA levels of the melanoma marker TRP-1 in lymph nodes by qRT-
PCR on day 7 after the first inoculation. TRP-1 mRNA levels in the lymph nodes of LMW-HA-, HMW-HA-, and medium-treated mice were calculated. DCT DCT (TRP) ¡ CT
(GAPDH). Bars represent the mean § SD. Three experiments involving LMW-HA-, HMW-HA-, and medium-treated mice were performed, with five mice in each group,
n D 3, �p < 0.05, ��p < 0.01, ANOVA. (B) Representative photographs of the right popliteal LNs from mice 17 d after inoculation with B16F10 C LMW-HA, B16F10 C
HMW-HA, and B16F10 C medium are shown on the left panels. Black metastatic foci were visible because the B16F10 cells produced melanin pigments. Contralateral
LNs of mice are shown on the right panels. (Scale in mm) (C) Routine immunohistochemical assays of representative lymphatic vessels of the footpad sections of LMW-
HA-, HMW-HA-, and medium-treated groups are shown using anti-LYVE-1 antibody. Yellow arrows emphasize LYVE-1-positive lymphatic vessels. Red arrows indicate mel-
anoma cells in enlarged lymphatic vessels. (Scale bars: 50 mm.). (D) Sizes of lymphatic vessels were compared among LMW-HA-, HMW-HA-, and medium-treated mice,
n D 5, ��p < 0.01, ANOVA. (E) LMW-HA decreases lymphatic intercellular adhesion in vivo. Confocal imaging of footpad sections immunostained for podoplanin (red) and
VE-cadherin (green). The results are shown in representative images of the findings from three experiments, with five animals per condition per experiment (indicated by
the white arrows). (Scale bars: 25 mm.). (F) The tumor weights of these mice were measured, n D 5, ANOVA.
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LMW-HA decreases lymphatic endothelial barrier function
and increases permeability in HDLEC monolayers

Previous studies have reported that endothelial barrier function
depends on intercellular junction integrity.23 Therefore,

transendothelial electrical resistance (TEER) experiments were
carried out to investigate the effects of LMW-HA on endothelial
cell junction integrity in vitro. The results showed that maximal
disruption of HDLEC monolayers was obtained by LMW-HA at
10 mg/mL. Substantially higher concentrations of LMW-HA (up
to 20 mg/mL) did not further decrease TEER (Fig. S1). TEER
remained steady for a prolonged period in HDLEC monolayers
exposed to LMW-HA, confirming that a decrease in barrier
function had occurred. Compared to baseline, there were no sig-
nificant changes in TEER levels of monolayer exposed to
HMW-HA (Fig. 3A). Then, we compared the relative impedance
of quiescent HDLEC monolayers treated with positive control of
VEGF-A, which caused an early increase in TEER levels, fol-
lowed by a sustained decrease (Fig. 3A). The change in lym-
phatic endothelial cell monolayer permeability may also reflect
the state of intercellular adhesion integrity. Therefore, to deter-
mine the effects of LMW-HA on HDLEC monolayer permeabil-
ity, transwell assay was performed to measure the transfer of
FITC-dextran (»40 kDa) from the upper chamber to the lower
chamber. As shown in Fig. S2, stimulation with LMW-HA or
VEGF-A significantly increased the migration of FITC-dextran
across the cell monolayer compared to medium treatment
(�p < 0.05). No significant differences were observed between
the HMW-HA- and medium-treated groups. These results sug-
gest that LMW-HA disrupts intercellular adhesion, resulting in
enhanced permeability.

LMW-HA enhances migration of melanoma cells across
HDLEC monolayers

After confirming that endothelial barrier disruption and perme-
ability increasement were in the context of LMW-HA

Figure 2. LMW-HA enhances interstitial-lymphatic flow in C57BL/6 mice. (A) A
total of 20 mL of high-molecular-weight FITC-dextran (8 mg/mL) was intradermally
co-injected with LMW-HA (5 mg), HMW-HA (5 mg), or medium (control) into the
tails of mice (female, 8 weeks old). Five mice were used in each experimental
group. Photographs were taken under LED illumination every 30 min until
120 min had elapsed. A representative sample of five mice is shown. FITC-dextran
fluorescence near the injection site was measured. (B) Fluorescence intensities at
the initial time (0 min) were set to 100%, and the fluorescence values at the other
time points were calculated as the percentage of the value at 0 min. Bars represent
the mean § SD, n D 5, �p < 0.05, ANOVA.

Figure 3. LMW-HA disrupts lymphatic endothelial cell barrier function and increases melanoma cell migration across the lymphatic endothelium. (A) Effects of LMW-HA
(10 mg/mL), HMW-HA (10 mg/mL), VEGF-A (100 ng/mL), and medium on lymphatic endothelial barrier function were measured by transendothelial electrical resistance
(TEER) in HDLECs (nD 3). The arrows indicate the times of addition. (B, C) Cumulative data regarding the numbers of B16F10 (B) and A375 (C) cells that migrated through
the lymphatic endothelial cell monolayer were calculated, n D 3, �p < 0.05, ��p < 0.01, ���p < 0.001, ANOVA.
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accumulation in the tumor microenvironment, we tested
whether endothelial monolayer impairment accelerated mela-
noma cell migration across the lymphatic endothelium in vitro.
As illustrated in Fig. 3B, B16F10 and A375 melanoma cells
exhibited basal migration rates across the lymphatic endothelial
monolayer without any stimulation. This migration was signifi-
cantly higher when HDLECs were treated with LMW-HA or
VEGF-A (Fig. 3B; Fig. S3A). To minimize the possible pro-
migratory effects of LMW-HA on B16F10 and A375 cells,
wound healing and transwell assays were carried out, and the
results indicated that LMW-HA failed to affect B16F10 and
A375 cell migration (Figs. S3B–E). These results indicate that the
effects of LMW-HA on melanoma cell trans-lymphatic endothe-
lial migration are due to lymphatic endothelial intercellular adhe-
sion disruption, not promotion of melanoma cell migration.

LMW-HA induces disruption of lymphatic endothelial
adhesion mediated by VE-cadherin in HDLEC monolayers

Based on the finding that LMW-HA disrupts the connections
between lymphatic endothelial cells, we subsequently attempted
to determine the underlying mechanism. VE-cadherin is a
marker of endothelial adherens junctions that mediates homo-
typic cell–cell adhesion by associating with b-catenin and corti-
cal actin cytoskeletal components to maintain integrity.24

Interestingly, it has been demonstrated that VE-cadherin is
required for maintenance of lymphatic integrity.25 To test if
LMW-HA opens lymphatic endothelial cell link by

compromising VE-cadherin-, b-catenin-, and F-actin-mediated
intercellular adhesion, we analyzed the subcellular localization
of these molecules in HDLEC monolayers using immunofluo-
rescence confocal microscopy (Fig. 4A). Without stimulation,
VE-cadherin and b-catenin distributed at the plasma mem-
brane, whereas F-actin localized around the cell periphery.
After treatment with LMW-HA or VEGF-A for 2 h, VE-cad-
herin diminished at the plasma membrane, and the junctions
were discontinuous and exhibited small gaps. Additionally,
b-catenin exhibited a disorganized arrangement. We also
observed numerous stress fibers traversing the cell body. How-
ever, there were no obvious morphological changes after addi-
tion of HMW-HA. These data suggest that LMW-HA increases
lymphatic endothelial permeability and disrupts barrier integ-
rity by unscrewing intercellular junctions.

Given that phosphorylation of VE-cadherin-b-catenin results
in endocytosis of VE-cadherin26 and leads to disruption of inter-
cellular adhesion, we next performed western blotting experi-
ments to measure the levels of VE-cadherin-b-catenin
phosphorylation and the changes in intracytoplasmic VE-cad-
herin content. The results showed that VE-cadherin phosphory-
lation at Tyr731, b-catenin phosphorylation at Tyr142, and
VE-cadherin cytoplasmic localization were markedly increased
following LMW-HA treatment (Fig. 4B; Fig. S4A and S6). Simi-
lar results were obtained from VEGF-stimulation, whereas no
obvious changes were observed in the HMW-HA group. These
results indicate that LMW-HA decreases VE-cadherin-mediated
intercellular adhesion.

Figure 4. Mechanism studies of the effects of LMW-HA on lymphatic intercellular adhesion. (A) Effects of LMW-HA on VE-cadherin, b-catenin and F-actin localization in
HDLECs were evaluated by immunofluorescence and phalloidin staining. After treatment with LMW-HA (10 mg/mL) or VEGF-A (100 ng/mL) for 2 h, VE-cadherin (red) and
b-catenin (green) became disorganized, and numerous stress fibers (green) traversing the cell body were observed (as indicated by the white arrows). Cells were visual-
ized under a confocal microscope. One representative image of three experiments is shown. (Scale bars: 25 mm.). (B, C) The levels of VE-cadherin, b-catenin, and Src phos-
phorylation in HDLECs were measured. HDLECs were stimulated with 10 mg/mL of LMW-HA, 10 mg/mL of HMW-HA, 100 ng/mL of VEGF-A, or medium for 30 min.
Stimulated cell lysates were subjected to immunoblot analysis with the indicated antibodies. GAPDH was the loading control.
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LMW-HA stimulates Src phosphorylation and increases
intracellular calcium levels in HDLECs

Src-mediated phosphorylation of VE-cadherin at tyrosine
Y731 has been linked to vascular permeability impairments
mediated by some inflammatory regulators and growth fac-
tors.27 However, LMW-HA, a main non-cellular pro-inflam-
matory molecule, has never been reported to promote
VE-cadherin phosphorylation through Src activation. VE-
cadherin mediated increase of cytosolic Ca2C precedes
changes in endothelial cell shape and the opening of inter-
endothelial junctions.28 To further determine the molecular
mechanism underlying LMW-HA-induced disruption of
lymphatic endothelial cell adhesion, Src phosphorylation,
and Ca2C signaling were evaluated. We found that the levels
of phosphor-Src (Fig. 4C; Fig. S6) and intracellular Ca2C

were increased in LMW-HA- and VEGF-A-stimulated
HDLECs (Fig. S4B). No significant differences were found
between the HMW-HA and medium groups. These results

demonstrate that Src and Ca2C signal pathways participate
in LMW-HA-mediated lymphatic endothelial integrity
disruption.

Antibodies against LYVE-1 inhibits LMW-HA-enhanced or
-stimulated effects on HDLECs

To further identify if LMW-HA is responsible for the
impairment of HDLEC intercellular junctions, the main
LMW-HA receptor in lymphatic endothelial cells (LYVE-1)
was priorly blocked before all experiments. Isotype IgG was
used as a control. The results showed that all experiments
in LMW-HA-treated groups were returned toward their
original states (Fig. 5, Figs. S5 and S6). Isotype control IgG
did not exhibit any restorative effects in corresponding
experiments. These results demonstrate that LMW-HA has
the ability to disrupt lymphatic endothelial cell–cell
contacts.

Figure 5. Antibodies against lymphatic vessel endothelial hyaluronan receptor-1 inhibit the effects of LMW-HA on HDLECs. All HDLECs were pre-incubated with 10 mg/mL
LYVE-1 neutralizing antibody or isotype IgG. (A) TEER assays were performed to measure lymphatic endothelial barrier function. (B, C) Effects of LMW-HA on melanoma
cell migration through the lymphatic endothelial cell monolayer were detected, n D 3, �p < 0.05, ��p < 0.01, ���p < 0.001, ANOVA. (D) The distributions of VE-cadherin,
b-catenin, and F-actin were evaluated by immunocytofluorescent assays, and the morphologies of VE-cadherin, b-catenin, and F-actin returned to their original states (as
indicated by the white arrows). (E) VE-cadherin phosphorylation and b-catenin phosphorylation were detected by western blotting, nD 3, �p< 0.05, ANOVA. (F) Src phos-
phorylation was detected by western blotting, n D 3, �p < 0.05, ANOVA.
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Discussion

The aim of this study was to investigate whether LMW-HA mod-
ulates tumor cell metastasis to LNs. Early metastasis to LNs is a
frequent complication in human melanoma.29 Here, we used mel-
anoma as the model to study the role of LMW-HA on accelerating
LN metastasis. We found that LMW-HA enhanced B16F10 mela-
noma cell migration from the footpad to the popliteal LNs of
mice (Fig. 1), a finding consistent with the notion that LMW-HA
is associated with lymphatic vessel invasion by tumor cells.10,11

We also found increases in tumor-draining lymphatic vessel diam-
eter in LMW-HA-treated mice. This result is consistent with that
of a recent study demonstrating that changes in the adhesive prop-
erties of the lymphatic endothelium near tumors are fundamental
steps in tumor metastasis through the lymph vessel lumen.18,30

We next evaluated whether LMW-HA could regulate intercellular
adhesion of dilated lymphatic vessels by examining VE-cadherin
expression patterns. The results showed that the distribution of
VE-cadherin was dramatically altered in mouse footpads of
LMW-HA-treated group compared with HMW-HA-treated and
control mice, suggesting that decreased VE-cadherin-mediated
intercellular adhesion may be associated with tumor lymphatic
metastasis accelerated by LMW-HA. Similarly, a previous report
showed that LMW-HA disrupted the blood vessel barrier and
resulted in circulating metastasis of carcinoma cells.31 Based on
these findings, we presumed that melanoma cells in the interstitial
space migrated into the lymphatic vessel lumen with the assistance
of LMW-HA, which expands lymphatic vessels and leads to an
increased fluid drainage. This hypothesis was supported by the
results obtained by Huang and her colleagues, who stated that the
ligands (including HA and a group of growth factors/cytokines-
containing CRS motifs) of CRSBP-1 (also termed LYVE-1) induce
opening of lymphatic intercellular junctions, allowing rapid transit
of macromolecules and/or cells from the interstitium into lym-
phatic vessels in wide-type but not CRSBP-1/LYVE-1-null ani-
mals.32 In addition, we observed that HA oligosaccharides
significantly lowered macromolecule fluorescence in mice tails
(Fig. 2), while HA polymers did not, suggesting that LMW-HA
facilitates tumor cell invasion into lymphatic vessels by increasing
interstitial-lymphatic flow. Our findings suggest that elevated lym-
phatic dissemination of melanoma results from abnormal accu-
mulation of hyaluronan oligosaccharides, which break endothelial
cell junctions and facilitate melanoma cell migration into lym-
phatic vessels.

To confirm our results, we subsequently investigated whether
LMW-HA impairs endothelial continuity at the cellular level. Vas-
cular permeability is one of the important factors that make the
vascular endothelium susceptible to tumor invasion into vascular
systems.33 Studies have implied that LMW-HA affects the integ-
rity of adherens junctions and promotes increased vascular per-
meability in vitro.31 Our study demonstrated that LMW-HA, in
addition to disrupting vascular barriers, could also break the lym-
phatic endothelial integrity (Fig. 3A; Fig. S2). Previous studies
have shown that downregulation of the lymphatic endothelial
monolayer can induce fibrosarcoma migration through the lym-
phatic endothelial monolayer in vitro and facilitate sarcoma cells
entering the lymphatic circulation.18 Consistent with these find-
ings, we observed that endothelial monolayers activated by LMW-
HA were easier for melanoma cells to pass into the lower chamber

(Fig. 3B; Fig. S3A), which may indicate that a relationship exists
between lymphatic barrier disruption by LMW-HA and LN
metastasis in melanoma. This model reliably reproduced our in
vivo finding that LMW-HA-accelerated melanoma cell breaking
into lymphatic vessels.

The mechanisms underlying the effects of LMW-HA on
lymphatic lumen integrity are poorly defined. Some reports
have shown that PDGF-BB or VEGF-A disrupts lymphatic
intercellular adhesion by inducing tyrosine phosphorylation
and VE-cadherin internalization.34 Our data demonstrated that
LMW-HA-induced disorders of adhering molecules in lym-
phatic endothelial cells, such as disorganization of VE-cadherin
and b-catenin at membrane junctions, formation of F-actin
stress fiber traversing across the cell body (Fig. 4A), enhance-
ment of VE-cadherin/b-catenin phosphorylation (Fig. 4B;
Fig. S6), and acceleration of VE-cadherin endocytosis
(Fig. S4A). Additionally, Src Y416 and Ca2C signaling assays
indicated that conventional signaling pathway activation was
available to interpret the destabilization of the cell–cell junction
mediated by LMW-HA in lymphatic vessels. Further, we
showed that blocking LYVE-1, the major receptor for LMW-
HA, attenuated the disruption of lymphatic endothelial cell
adhesion (Fig. 5; Figs. S5 and S6), indicating that LMW-HA
regulates the distinct patterns of endothelial cell connections
through specific receptors. All these data indicated that LMW-
HA might serve as a non-cytokine activator in modulating
lymph vessel endothelial cell junctions.

Conclusions

In summary, the novel function of LMW-HA in tumor lym-
phatic metastasis was well characterized in this study, as we
determined that LMW-HA promotes tumor lymphatic metas-
tasis by disrupting lymphatic endothelial cell junctions. This
finding has provided us with new insight into the role of
LMW-HA in tumor metastasis and may be helpful to therapeu-
tic interventions in targeting LMW-HA generation or specific
inhibition of LMW-HA-related signaling pathways in the
future.

Materials and methods

Reagents

High-molecular-weight hyaluronan (HA15M-5, Mw: 1.01 £
103 kDa–1.8 £ 103 kDa, Mw/Mn: 1.131 § 1.002%) and hyalur-
onan oligosaccharides (HA5K-5, Mw: <10 kDa) were obtained
from Lifecore.

Cell culture

B16F10 mouse melanoma and A375 human melanoma cells
were obtained from American Type Culture Collection, where
they were authenticated using short tandem repeat analysis and
passaged for a maximum of 2 mo post-resuscitation. Cells were
grown in DMEM supplemented with 10% (vol/vol) fetal bovine
serum (FBS, Gibco). Human dermal lymphatic endothelial cells
(HDLECs) were obtained from PromoCell (C-12216) in Janu-
ary 2015. They were certified by PromoCell in September 2013
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and tested for cell morphology and cell-type specific markers
using immunofluorescent staining. Cell viability and cell popu-
lation doubling (PD) time in log phase were also tested by the
ISO13319 and PDL tests. Microbiological contaminants and
infectious viruses were examined by direct plating and PCR.
All cells were maintained in endothelial cell MV2 growth
medium (PromoCell, C-22121), and all experiments were per-
formed between passages 3 and 8.

Mice

Seven-week-old female C57BL/6 mice were obtained from Shang-
hai SLAC Laboratory Animal Co., Ltd. All experimental protocols
were approved by the appropriate institutional review board.

In vivometastasis studies

Mice were subjected to tumor lymphatic metastasis as previ-
ously described.29 B16F10 cells (2 £ 106) in 50 mL of PBS were
injected into the right hind footpad on day 0. Mice pre-injected
with tumor cells were separately injected in the footpad region
with 5 mg of LMW-HA, 5 mg of HMW-HA, or nothing in
25 mL of PBS, daily for the next 5 d, followed by three times
per week until they were sacrificed on day 17.

Quantitative real-time polymerase chain reaction analyses

On day 7, the right popliteal LNs were dissected and pooled for
each group of five mice to quantify tumor burden by qRT-PCR as
described.35 Total RNA was isolated from the LNs, and the mRNA
expression levels of different target genes were determined using
standard procedures. Threshold cycle (CT) values were assigned to
various products according to the cycle number.DCTD CT (tyrosi-
nase-related protein (TRP)) ¡ CT (glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)). The following primers were used:
TRP, F: 50-GAAAATATGACCCTGCTGTTCGA-30 and R: 50-
TTGTCCTCCCGTTCCATTCA-30; GAPDH, F: 50-CGTGTTCC-
TACCCCCAATGT-30 and R: 50-TGTCATCATACTTGGCAGG-
TTTCT-30 (where FD forward, and RD reverse).

Immunohistochemistry and Immunofluorescence

On day 17, the mice were killed, and their footpads were col-
lected and fixed overnight in 10% (v/v) phosphate-buffered for-
malin. Tissues fixed in formalin were embedded in paraffin,
and then 5 mm cryostat sections were cut. Immunohistochem-
istry analyses were performed as described,36 using antibodies
against LYVE-1 (ab14917, Abcam). The sections were stained
by immunofluorescence as described,37 and anti-mouse podo-
planin (ab11936, Abcam), anti-mouse VE-cadherin (sc-6458,
Santa Cruz), Alexa647- or Alexa488-coupled secondary anti-
bodies were used to detect reactive products.

Computer-assisted morphometric analyses

Immunohistochemistry stains of the footpad sections for
LYVE-1 were analyzed using Image Pro-Plus 6.0 software as
previously described.38 Average lymphatic vessel size was deter-
mined in the footpad area.

Fluorescein isothiocyanate-dextran tail injection assay

FITC-dextran tail injection assays were carried out as
described.34 To evaluate interstitial-lymphatic transit in mice
(five female mice per experimental group), 20 mL of 8 mg/mL
fluorescein isothiocyanate (FITC)-dextran (MW »2,000 kDa,
Sigma) with LMW-HA (5 mg/20 mL), HMW-HA (5 mg/20 mL)
or medium were separately injected intradermally into the tails
of C57BL/6 mice. Progressive diffusion (in the absence of injec-
tion pressure) of fluorescence near the injection site was moni-
tored with the Bio-Rad ChemiDocTM Imaging System (Tina
Cuccia). Fluorescence intensities were determined using the
NIH Image J program following photography. Fluorescence
values at other time points were calculated as the percentage of
the value at 0 min. The interstitial-lymphatic transit analysis
appeared to be quantitative and specific as previously
reported.32

Measurement of transendothelial electrical resistance

TEER across the endothelial cell monolayer was measured
using an impedance sensor system (Applied Biophysics). Con-
fluent HDLECs were monitored for 30 min to establish baseline
resistance. Then, the HDLECs were exposed to LMW-HA (5–
20 mg/mL), HMW-HA (10 mg/mL), VEGF-A (100 ng/mL,
ab194172, Abcam), or medium. In this study, VEGF-A was
used as a positive control, because 100 ng/mL of VEGF-A has
been shown to disrupt lymphatic endothelial integrity by regu-
lating the VE-cadherin pathway.13,34 Values from each micro-
electrode were pooled at discrete time points and plotted versus
time as the mean § SE of the mean.

Tumor transendothelial migration assay

Transendothelial migration assays were performed using the
CytoSelectTM Tumor Transendothelial Migration Assay kit (Cell
Biolabs CBA-216), according to the manufacturer’s instructions.
Briefly, monolayers of HDLECs on porous inserts (8 mm) in 24-
well plates were separately treated with LMW-HA, HMW-HA,
VEGF-A, and medium for 12 h to regulate the junctions between
endothelial cells. B16F10 and A375 melanoma cells were labeled
with CytotrackerTM(green fluorescence), mixed with equal vol-
umes of LMW-HA, HMW-HA, VEGF-A, or medium and placed
over the endothelial monolayer. After 20 h, non-migratory cells
were removed, and cells migrating across the endothelial mono-
layer were scanned under confocal microscopy (Nikon A1). At
least five microscopic fields of view were observed for each condi-
tion. Next, the inserts were transferred into wells containing lysis
buffer. Readings were measured using a monochromator-based
multi-mode microplate reader (480 nm/520 nm, Synergy 4) with
100 mL of aliquots.

Immunofluorescence assay

The distributions of VE-cadherin, b-catenin, and F-actin were
analyzed by immunofluorescence assays. 100% confluent
HDLECs were treated with LMW-HA, HMW-HA, VEGF-A,
or medium for 2 h and then stained to detect the distributions
of VE-cadherin and b-catenin by immunofluorescence as
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described.39 Anti-VE-cadherin antibody (ab7047, Abcam) and
anti-b-catenin antibody (ab32572, Abcam) were used to detect
reactive products. To demonstrate changes of actin filaments,
cells were labeled with FITC-phalloidin (Cytoskeleton). Cover-
slips were then placed on the slides using glycerol as a mount-
ant and visualized under confocal microscopy (Nikon A1).

Phosphorylation measurements

HDLECs were harvested after treatment with LMW-HA,
HMW-HA, VEGF-A, or medium for 30 min. Protein expres-
sion was determined by western blotting using standard techni-
ques. VE-cadherin mAb (ab7047, Abcam), phosphor-VE-
cadherin pAb (ab27776, Abcam), b-catenin mAb (ab32572,
Abcam), phosphor-b-catenin pAb (ab27798, Abcam), Src mAb
(32G6, CST), phosphor-Src mAb (D49G4, CST), and GAPDH
mAb (ab9484, Abcam) were used separately. Images were ana-
lyzed using Image Pro-Plus 6.0 software.

LMW-HA-LYVE-1 interaction assay

To determine if LMW-HA was responsible for the impairment
of HDLEC intercellular junction, HDLECs were pre-treated
with neutralizing anti-LYVE-1 antibodies (AF2089, R&D).
Then, the cells were treated with LMW-HA as described above.
Isotype-matched non-immune IgG (AB-108-C, R&D) was
added to parallel cultures as a control.

Statistical analysis

Analysis of variance (ANOVA) was used to compare differen-
ces among groups (n � 3). Student’s t test was used for compar-
isons between two different groups. Analyses were performed
using SPSS 13.0 statistical software. A p value <0.05 was con-
sidered statistically significant. At least three independent
experiments were performed for each assay.
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