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It has been established that hyaluronic acid (HA)
glycans (nHA) and oligosaccharide (oHA) exert different
effects on the biological function of the vascular endo-
thelial cell (EC), resulting in altered regulation of angio-
genesis. However, the specific mechanism is still unclear.
Our study focused on the effects of nHA and oHA on
the ezrin and merlin proteins in EC. The expression of
ezrin and merlin was silenced by siRNA, and the regu-
lation on EC growth as well as the mRNA expression
and activation (phosphorylation) of ezrin and merlin
stimulated by oHA and nHA was investigated. The
results revealed that when treated with nHA, there was
no significant change in ezrin expression or activation.
After being treated with oHA, the expression and acti-
vation of ezrin were definitively increased whereas there
were no obvious changes in merlin expression (including
its phosphorylation). With ezrin expression silenced, the
expression of merlin as well as its phosphorylation
levels in nHA-stimulated human umbilical vein endo-
thelial cells were notably elevated, while there was no
significant change induced by oHA. With merlin
expression silenced, no obvious change was found in the
expression of ezrin (including its phosphorylation)
induced by nHA. Conversely, the expression of ezrin
and its activation was significantly improved after being
treated with oHA. The results suggest that the mechan-
ism for the promotion of EC proliferation by oHA is
likely related to the expression and activation of ezrin,
and the inhibition of EC proliferation by nHA is likely
related to the expression and activation of merlin.
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Introduction

In recent years, there has been a considerable increase in
research of the hyaluronic acid (HA) molecule because
more functions of HA has been revealed in physiology and
pathology [1]. HA is a ubiquitous glycosaminoglycan
(GAG) and has a high molecular weight (�107 Da). Unlike
other GAGs, HA contains no sulfate groups or epimerized
uronic acid residues. HA plays an important role in main-
taining the extracellular matrix structure and regulating
intercellular activities like cell–cell attachment and aggrega-
tion by engaging membrane-bound ligands, glycan, and
other HA-binding proteins. Moreover, HA occupies a large
hydrodynamic volume that greatly influences the hydration
and physical properties of tissues. Commonly, natural HA
with a high molecular weight is named as high-molecular-
weight hyaluronan or native hyaluronan (nHA), and
degraded HA fragments with low molecular weight is called
hyaluronan oligosaccharides (oHA). It is widely believed
that the activity of HA is dependent on its molecular mass.
In fact, there are different numbers of disaccharide units in
nHA and oHA, although they possess similar glycuronate
structure, which consist of D-glycuronic acid and D-acetyl-
glycosamine subunits. However, this distinction results in
different, opposite regulation of cell growth and functions
[2,3]. Key findings in this field showed that nHA were anti-
angiogenic and anti-inflammatory in several in vivo assays,
and inhibited endothelial cell (EC) migration, proliferation,
and sprout formation [4–6]. In contrast, oHAs stimulate
EC proliferation, motility, and tubule formation, and they
promote inflammation, stimulate immunity, and induce
angiogenesis in a variety of experimental systems. However,
regardless of the mechanisms that oHAs are involved in, for
the pathological and physiological processes of angiogen-
esis, the key effect of oHA on new blood vessel formation
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might be its role in stimulating EC proliferation [5]. Notably,
angiogenesis is generally considered a phenomenon that
occurs during the proliferative phase and has drawn increas-
ing attention in recent years for its biological functions in a
variety of pathological processes; therefore, a role for HA
oligosaccharides in regulating angiogenesis should be estab-
lished to ascertain the possibility that it could be a target for
clinical treatment. Furthermore, the biological function of
the two kinds of HA molecules displays a strong dose-
dependent effect, in other words, nHA and oHA should
function over a range of certain concentrations. However,
the detailed mechanism for nHA and oHA in EC function is
unclear and needs more investigation [7,8].

A possible mechanism for the effect of HA on cellular
function is that HA can bind to its receptors and initiate a
series of downstream events [9–11], including the acti-
vation of a series of downstream molecules and the
initiation of a signal transduction cascade. Elucidation of
this mechanism may provide a new strategy in establishing
the relationship of HA receptors to their downstream
molecules and demonstrate a mechanism for the different
proliferation behaviors induced by different sizes of HA
products. CD44, which belongs to a family of transmem-
brane glycoproteins [12], is the most important HA receptor
and acts as the essential target molecule in the regulation
of blood vessel neogenesis and function. A number of
studies and reports regarding interaction of CD44 and HA
were almost about the activation of intercellular signal
molecules; the function of kinases, such as Rho kinase, the
activation of phosphatidase C, and the influence of this
interaction on the MAPK pathway [9,10]. Moreover, there
is another hotspot focusing on the cellular carboxyl termi-
nus of CD44, which is linked with the amino terminus of
ezrin protein family, involved in cell proliferation and
migration, to trigger a series of cascade reactions and to
display important functions [13].

The members of ezrin protein subfamily include ezrin,
moesin, radixin (ERM), and merlin. Among these family
members, ezrin and merlin are the important linkage
proteins that interact with the cellular HA receptor CD44
and the cytoskeletal protein F-actin. Further, both of
these proteins can interact with the cellular C-terminus of
CD44 [14]; merlin probably competes with ezrin to bind
with CD44 [15]. The absolute different properties of
ezrin and merlin could influence cell proliferation and
function. Ezrin is the essential molecule that stimulates
proliferation and migration, whereas merlin is the mol-
ecule that inhibits cell proliferation. Several investigations
revealed that the expression and activation of ezrin and
merlin can be regulated by HA [16,17]. Therefore, it has
been proposed that merlin and ezrin are probably
involved in the different regulatory processes in vascular
endothelial cells (VECs) associated with glycans and

oligosaccharides [18]; however, there is no definitive evi-
dence for this assertion.

In this study, we used human umbilical vein endothelial
cell (HUVEC) based on the above theories, and observed
the regulatory effect of nHA and oHA (4–20mer) on the
growth of HUVEC as well as the expression and activation
of ezrin and merlin. We further investigated the depen-
dence of HUVEC proliferation on induction by distinct
sizes of HA as well as the change in expression and acti-
vation of variant ezrin family members (ezrin and merlin).
We also silenced ezrin and merlin genes using siRNA to
determine the effect of ezrin and merlin expression on the
regulation of VEC growth by nHA and oHA.

Materials and Methods

Materials
nHA and all other laboratory reagents, unless specified
otherwise, were obtained from Sigma-Aldrich (St Louis,
USA). oHAs (4–20mer) were prepared in our lab [7].
EBM-2 and EGM-2 media were purchased from Lonza
(Cambrex, USA); Brdu kits were purchased from Chemicon
(Billerica, USA); rabbit anti-human ezrin antibody, rabbit
anti-phospho ezrin (Thr567) antibody, rabbit anti-human
merlin antibody, and rabbit anti-phospho merlin (Ser518)
were obtained from Cell Signaling Technology (Beverly,
USA). siRNAs were designed and synthesized by Ambion
(Austin, USA). Trizol reagents were purchased from
Invitrogen (Carlsbad, USA).

Culture of HUVECs
HUVECs were isolated from umbilical cord veins. Briefly,
umbilical vein was infused with 0.1% type I collagenase
and then placed in a CO2 incubator for 12 min at 378C.
After incubation, the cell suspension was collected and
centrifuged at 1000 rpm for 10 min at room temperature.
The supernatant was discarded and the cell pellet was
resuspended in EGM-2 media and then seeded in culture
flasks coated with 0.5% gelatin and incubated at 378C
under 5% CO2 in a humidified chamber. HUVECs grew to
a confluent monolayer after 16–24 h of incubation. When
80% confluence was reached, the HUVECs were passaged
at a ratio of 1:2.

Cell proliferation
The capacity of HUVEC proliferation was tested using the
Brdu enzyme-linked immunosorbent assay (ELISA) fol-
lowing the manufacturer’s instructions. Cultured HUVECs
were seeded into 96-well plates (1 � 104 cells/well). After
a 24-h incubation, the cells were cultured in EBM-2 media
and starved for 12 h. Then either 200 ml oHA [prepared in
EBM-2 supplemented with 5% fetal bovine serum (FBS)]
at final concentrations of 3, 5, 10, and 20 mg/ml, or 200 ml
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nHA (prepared in EBM-2 supplemented with 5% FBS) at
final concentrations of 50, 100, 200, and 500 mg/ml was
added. As a control, 200 ml EBM-2 supplemented with 5%
FBS was added. The cells were then incubated for 24, 48,
72 and 96 h and Brdu was added to each well. After incu-
bation for 2 h, cells were fixed with methanol followed by
addition of anti-Brdu monoclonal antibody for 30 min at
room temperature. Then, secondary antibody [horseradish
peroxidase (HRP)-conjugated polyclonal] was added. The
mixture was further incubated for 30 min at room tempera-
ture, and washed three times with PBS. The coloration and
absorbance were determined at 450 nm. The relative
growth rate as a function of oHA or nHA was calculated
using [oHA (nHA) group absorbance–control absorbance]/
control absorbance�100%.

Immunofluorescence microscopy
HUVEC cells were plated at 2 � 105 cells/ml on glass cov-
erslips and allowed to adhere overnight. The coverslips
were then washed with PBS and fixed in 4% paraformalde-
hyde. After being permeabilized in 0.5% Triton X-100 for
15 min at room temperature, the cells were washed by PBS
and incubated at 48C overnight in PBS (pH 7.0) containing
1% bovine serum albumin with rabbit anti-human ezrin
antibody, rabbit anti-human merlin antibody or 10% goat
serum (Biostar, Wuhan, China). After that, the cells were
washed three times and incubated at 48C for 1 h with anti-
rabbit IgG conjugated to TRITC (Biostar). Nuclei were
stained by 40,6-diamidino-2-phenylindole (DAPI). After a
final wash, the cells were visualized using an Olympus
fluorescent microscope.

Reverse transcription-polymerase chain reaction
The total cellular RNA was exacted using Trizol reagents,
and RNA was reverse-transcribed into cDNA using RNA
PCR core kit (Takara, Shiga, Japan). The polymerase chain
reaction (PCR) amplification reaction conditions were as
follows: 948C 1 min, 58.88C 30 s, 728C 1 min, and then
35 cycles. The PCR primer sequences (Invitrogen) were as
follows: ezrin sense 50-GTGGGATGCTCAAAGATAAT
GC-30 and anti-sense 50-CACCTCGATGGTGTCAGG
CT-30; merlin sense 50-CGCACGAGGGATGAGTTG-30

and anti-sense 50-CAGGCTGTCACCAATGAGGT-30; and
GAPDH sense, 50-CAACGAATTTGGCTACAGCA-30 and
anti-sense 50-AGGGGTCTACATGGCAACTG-30.

Western blot
HUVECs at log phase growth (4 � 105 cells/well) were
seeded in six-well plates, washed twice using ice-cold
PBS. Cells were harvested and homogenized in ice-cold
sodium dodecylsulfate (SDS) lysis buffer. Total cell lysates
were collected and equal quantities of protein were separ-
ated by 12% SDS-polyacrylamide gel electrophoresis and

blotted onto a polyvinylidene difluoride (PVDF) mem-
brane. The PVDF membranes were blocked with
Tris-buffered saline (TBS) containing 5% skimmed milk
powder for 1 h, washed for 1 h in TBS, incubated with a
1/1000 dilution of primary antibodies against ezrin,
phospho-ezrin (p-ezrin), merlin and phospho-merlin
(p-merlin), and oscillated at room temperature for 3 h.
Membranes then were washed with 1�Tris-buffered saline/
Tween-20 (TBS/T) buffer for three times (5 min each) and
incubated with HRP-conjugated secondary antibody for
1 h. After being washed again with 1�TBS/T buffer for
three times (5 min each), the membranes were developed
with the enhanced plus chemiluminescence assay (ECLþ;
Amersham Pharmacia Biotech, Freiburg, Germany) accord-
ing to the manufacturer’s instructions; the films were
exposed with an X-ray.

RNA interference
siRNAs were used to knock down ezrin and merlin in the
HUVECs. Non-silenced and siControl HUVECs were used
as control. The sequence of siRNAs were siRNA-ezrin1
(50-GGACACUUGGAUUUUUUUUtt-30), siRNA-ezrin2 (50-
GGUGGUAAAGACUAUCGGCtt-30), siRNA-ezrin3 (50-G
GAUUUCCUACCUGGCUG tt-30), siRNA-merlin1 (50-G
AUGAAAAGAUCUACUGCCtt-30), siRNA-merlin2 (50-A
GAUCUACUGCCC CUCCUGAtt-30), siRNA-merlin3 (50-
AAAGAUCUACUG CCCUCCUtt-30). An electroporation
instrument (Bio-Rad, Hercules, USA) was employed for
transfection. Briefly, 400 ml of HUVECs (2.5 � 106 cells/
ml cold EBM-2) together with 1.4 mg siRNA were added
into a prechilled electrode gap cuvette (Bio-Rad). Then, the
cuvette was inserted into an electrotransfer channel. After
cells were shocked once using square wave 250 V for
1 ms, the cuvette was taken out immediately and 0.5 ml of
complete medium EGM-2 pre-warmed at 378C was added.
Finally, the cells were seeded into six-well culture plates
and incubated at 378C in a humidified 5% CO2 chamber.

Statistical analysis
Data are presented as the mean+SD. The Student’s t-test
was used to compare the two groups. P , 0.05 was
considered statistically significant. Reverse transcription
(RT)–PCR and western blot bands were semi-quantified
by the Image Pro Plus software which was purchased from
Media Cybernetics Inc, USA.

Results

Effects of oHA and nHA on HUVEC proliferation
HUVECs were stimulated by various concentrations of
oHA and nHA, and proliferation was detected using Brdu
ELISA method. Our data showed that oHA at 3–20 mg/ml
could stimulate vascular EC proliferation, and caused a
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maximum increase at 10 mg/ml (Supplementary Fig. S1),
and nHA at 100–500 mg/ml could inhibit vascular EC pro-
liferation (P , 0.01), and the best inhibition efficiency was
reached at 200 mg/ml (Supplementary Fig. S1). Therefore,
we chose 10 mg/ml of oHA and 200 mg/ml of nHA to
investigate their stimulation mechanism on vascular EC
proliferation. HUVECs were then treated with 10 mg/ml
oHA or 200 mg/ml nHA for 24, 48, 72, and 96 h, and the
proliferation data were recorded to calculate the relative
proliferation rate. The time–proliferation rate curve is
shown in Fig. 1. At 72 h, the best efficiency was reached.
The proliferation-promoting rate of oHA reached 23.70%
and the inhibition rate of nHA was 43.2%.

Expression and distribution of ezrin and merlin
of HUVECs
To ascertain whether or not the isolated HUVECs express
ezrin and merlin, the immunofluorescence staining method
was used to detect the expression of ezrin and merlin in
HUVECs. The data revealed a high expression of ezrin and
merlin in HUVECs and their wide distribution in cells
(Fig. 2).

Expression of ezrin and merlin mRNA in HUVECs
stimulated by oHA and nHA
To determine whether or not the expression levels of ezrin/
merlin mRNA in HUVECs stimulated by oHA/nHA are
different, 10 mg/ml oHA and 200 mg/ml nHA were incu-
bated with HUVECs for 12, 24, 48, and 72 h, and then the
mRNA expression of ezrin and merlin were tested. Cells
treated with PBS were treated as control. As shown in
Fig. 3, ezrin mRNA expression increased 12–24 h after
oHA treatment; however, there was no significant differ-
ence at other time points. The merlin mRNA expression
showed no change at all time points under oHA treatment.
Both ezrin and merlin mRNA expression in HUVECs after
nHA treatment showed no significant difference (Fig. 3).

Expression of ezrin and merlin protein and their
phosphorylation in HUVECs stimulated by oHA
and nHA
HUVECs were treated with 10 mg/ml oHA and 200 mg/ml
nHA for 24, 48, and 72 h, and the expression and
phosphorylation levels of ezrin and merlin were analyzed.
As illustrated in Fig. 4(A,B,C), ezrin expression increased

Figure 1 The effects of oHA and nHA on HUVEC proliferation at different time points After HUVECs were stimulated with 10 mg/ml oHA (A)

or 200 mg/ml nHA (B) for different time points, the proliferation of HUVECs was determined using BrDu ELISA method. Data were expressed as

mean+SD from three different experiments.

Figure 2 The expression and distribution of ezrin and merlin in HUVECs The cells were fixed and visualized by fluorescence microscopy (�400).

Immunofluorescence stains was shown with red channel. (A) The expression and distribution of ezrin in HUVECs. (B) The expression and distribution

of merlin in HUVECs.
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48 h after 10 mg/ml oHA treatment and predominant
phosphorylation at Thr567 occurred. Further, the ezrin and
p-ezrin protein expression in HUVECs treated with
200 mg/ml nHA showed no obvious change
[Fig 4(A,B,C)]. There was no significant difference in

merlin protein expression at any time point in HUVECs
treated with 10 mg/ml oHA. Additionally, merlin and
p-merlin protein expression in HUVECs incubated with
200 mg/ml nHA showed no obvious differences
[Fig. 4(D,E,F)].

Figure 3 The effects of oHA and nHA on ezrin/merlin mRNA expression in HUVECs After treatment with 10 mg/ml oHA or 200 mg/ml nHA for

different time points, total RNA was extracted and ezrin/merlin mRNA expression was detected by RT–PCR. GAPDH was used a reference. (A, B) The

expression of ezrin mRNA after induction by oHA and nHA in HUVECs. (C, D) The expression of merlin mRNA after induction by oHA and nHA in

HUVEC. Representative image of three independent experiments was shown. *P , 0.05 vs. PBS group.

Figure 4 The effects of oHA and nHA on ezrin/merlin protein expression and their phosphorylation in HUVECs HUVECs were treated with

10 mg/ml oHA or 200 mg/ml nHA for different time points, and total cell lysates were extracted. Protein expression and phosphorylation of ezrin and

merlin were examined by western blot using specific antibodies. (A, B, C) The expression of ezrin protein and p-ezrin (Thr567) of HUVECs stimulated

by oHA and nHA for different time points. (D, E, F) The expression of merlin protein and p-merlin (Ser518) of HUVECs after induction by oHA and

nHA for different time points. Representative image of three independent experiments was shown. GAPDH was used as a reference. *P , 0.05 vs. PBS

group.
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siRNA-mediated knockdown of ezrin and merlin
expression
By western-blot analysis, we found that delivery of ezrin
and merlin siRNA into HUVECs by electroporation led to
a time-dependent decrease of ezrin and merlin expression
and more than 70% reduction of ezrin/merlin protein level
was achieved 72 h after knockdown by siRNA-ezrin2 or
siRNA-merlin3 [Fig. 5(A,B)], demonstrating the efficacy
and specificity of the ezrin/merlin siRNA used. Then,
10 mg/ml oHA and 200 mg/ml nHA were used to treat
siRNA-HUVECs for 24, 48, 72, and 96 h, and the prolifer-
ation data were recorded to calculate the relative prolifer-
ation rate. The time–proliferation rate curve is shown in
Supplementary Fig. S2. At 72 h, the best efficiency was
reached.

Silencing of ezrin/merlin influences oHA/
nHA-stimulated HUVEC proliferation
As illustrated in Fig. 5(C), when ezrin was silenced, as
compared with PBS control, 10 mg/ml oHA treatment
for 72 h did not obviously change the proliferation of
HUVECs, showing entire difference from its effects on
non-silenced and siControl-treated HUVECs. That is to
say, the effect of oHA on HUVEC proliferation following
ezrin knocking-down by siRNA was remarkably decreased
(P , 0.05). Meanwhile, 200 mg/ml nHA treatment still
significantly inhibited HUVEC proliferation, just like its
effects on non-silenced and siControl-treated HUVECs,

suggesting that the role of nHA in HUVEC proliferation
was not influenced by ezrin silencing.

When merlin was silenced, as compared with PBS
control, 10 mg/ml oHA treatment caused an increased pro-
liferation rate of HUVECs (P , 0.01) and 200 mg/ml nHA
treatment caused a decrease of proliferation of HUVECs, in
the same way as to the non-silenced and siControl
HUVECs. In other words, HUVECs with merlin knocking-
down by siRNA showed no obvious change in proliferation
ability [Fig. 5(D)] either in the presence of PBS, oHA, or
nHA.

The influence of oHA and nHA to mRNA expression
of HUVECs after ezrin/merlin were silenced
After incubation with 10 mg/ml oHA, expression of the
merlin gene in HUVECs with ezrin silencing showed no
marked change [Fig. 6(A,B)], compared with the PBS
treatment control. Treatment of 200 mg/ml nHA for 24 h
induced an obvious increase in merlin mRNA expression
in HUVECs with ezrin silencing [Fig. 6(A,B)].

Compared with the PBS treatment control, the
expression of ezrin mRNA showed a significant increase in
HUVECs with merlin silencing after 24 h treatment with
10 mg/ml oHA [Fig. 6(C,D)]. However, no significant
change in the expression of ezrin mRNA in HUVECs with
merlin silencing after incubation with 200 mg/ml nHA
[Fig. 6(C,D)].

Figure 5 Effects of oHA and nHA on HUVECs proliferation after silencing of ezrin/merlin After HUVECs were transfected with siControl, three

siRNA-ezrin or siRNA-merlin sequences for different time points, protein expression of ezrin (A) and merlin (B) was detected by western blot analysis.

GAPDH was used as a reference. After silencing of ezrin (C) or merlin (D), HUVECs were stimulated with PBS, 10 mg/ml oHA and 200 mg/ml nHA for

72 h. The number of viable cells was determined using BrDu ELISA method. PBS and siControl are used as controls, respectively. Data were expressed

as mean+SD from three different experiments.
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The influence of oHA and nHA on protein expression
in HUVECs with ezrin/merlin-silencing
Compared with the PBS treatment control, no marked
change was seen in the expression of merlin and phos-
phorylated merlin at Ser518 in HUVECs with ezrin silen-
cing after 72 h induction with 10 mg/ml oHA. However, an
obvious increase was observed in expression of merlin and
phosphorylated merlin at Ser518 in HUVECs with ezrin
silencing after 200 mg/ml nHA induction [Fig. 7(A,B)].

After merlin silencing, HUVECs were treated with
10 mg/ml oHA for 72 h and then the expression of ezrin
and phosphorylated ezrin at Thr567 were detected. The
results showed a remarkable increase in the expression of
ezrin and p-ezrin was observed compared with the PBS
treatment control. In contrast, no marked change in the
expression of ezrin and phosphorylated ezrin at Thr567 in
HUVECs with merlin silencing was found after 200 mg/ml
nHA treatment for 72 h [Fig. 7(C,D)].

Discussion

Since first described in 1934 [19], HA has been used
across a wide variety of medical fields as diverse as neuro-
surgery and cutaneous wound healing. HA is a
high-molecular-weight, non-sulfated linear GAG comprised
of ,10,000 repeating units of (b,1!4)-D-glucuronic
acid-(b, 1!3)-N-acetyl-D-glucosamine [20], the simplest
aminoglycan. Of the biological activities of HA, the most
interesting may be that its degradation fragments are able
to stimulate angiogenesis and become extraordinarily active
in pathological events. However, as in tumor metastasis,

wound repair, and inflammatory events, little is known
about the role of such HA oligosaccharides in regulating
angiogenesis and as a target for clinical treatments.
Although the mechanism is uncertain, it might be initiated
through cell surface receptors or HA-binding proteins,
resulting in signal transduction activation and ultimately
mitogenesis [5]. Moreover, oHA, the usual degradation
product from nHA under pathological conditions, displayed
a different, opposite function from that of nHA. Although
hundreds of papers have been published on the biological
activity of oHA and nHA, the detailed mechanism is
unclear. In our study, we observed the regulatory effect of
oHA or nHA on the growth of HUVEC, demonstrating the
inhibition effect of nHA and the stimulation effect of oHA
on HUVEC proliferation (Fig. 1, Supplementary Fig. S1),
consistent with the previous reports [2,3]. Moreover, the
mechanisms for the different influences of nHA and oHA
on HUVEC function have not been explained definitely yet
and are still a hotspot in the related fields. Based on the
siRNA data, we propose in our study that nHA and oHA
probably function through merlin and ezrin, respectively,
to regulate HUVEC proliferation. However, additional
work is ongoing to provide more direct evidence for this
proposal. In addition, our study may provide support for
establishing the relationship of HA with angiogenesis,
furthering its clinical use.

Some studies suggested that nHA/oHA acted via modu-
lating the activity of related downstream signal molecules
to influence cell functions [7,21]. Most studies concerned
the activation of cellular signal molecules and the function
of kinases [10], suggesting the probable existence of a

Figure 6 The effects of oHA and nHA on ezrin/merlin mRNA expression after silencing of ezrin/merlin After ezrin- or merlin-targeting siRNA

was transfected into HUVECs, 10 mg/ml oHA or 200 mg/ml nHA was added. After incubation with oHA/nHA for different time points, total RNA was

extracted and ezrin/merlin mRNA expression was determined by RT–PCR. (A, B) The effects of oHA and nHA on merlin mRNA expression of

HUVECs after transfection of ezrin-targeting siRNA. (C, D) The effects of oHA and nHA on ezrin mRNA expression of HUVECs after transfection of

merlin-targeting siRNA. GADPH is used as a reference.
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related molecule that can bind to HA receptor directly and
participate the regulatory process of HA on cell prolifer-
ation. As the dominant receptor of HA, CD44 can bind to
an ezrin protein subfamily, related to proliferation, via the
cellular C-terminus [14]. Typical members of this subfam-
ily include ezrin and merlin, which are the important pro-
teins responsible for proliferation and inhibition and can
bind to CD44; moreover, merlin probably competed with
ezrin to bind to CD44 [15]. Therefore, we speculate that
the mechanism of different molecular weight HA regulat-
ing cell proliferation is probably associated with the differ-
ent members (ezrin and merlin) of the ezrin subfamily.
Although previous study has proposed similar theories
[18], up to date, there is no definitive evidence to support
this speculation.

In our experiment, we observed that ezrin and merlin
were widely expressed in the isolated HUVECs (Fig. 2).
To find whether or not the members of ezrin family have a
role in the regulatory effect of HA on EC proliferation, we
also detected the expression of ezrin and merlin in the
HUVECs after treatment with different molecular weight
HA products. It showed that oHA could induce an
increased expression of the ezrin mRNA and protein as
well as significantly activate Thr567 phosphorylation on

ezrin, which is related to proliferation (Figs. 3 and 4). This
finding suggests that the regulation of oHA on EC prolifer-
ation probably acts via ezrin. However, the expression of
ezrin and merlin in HUVECs after nHA treatment showed
no significant difference, suggesting that merlin is probably
not the main regulator for nHA inhibition of EC prolifer-
ation. The ERM (ezrin, radixin, moesin)-merlin depen-
dence study revealed that both ezrin and merlin probably
compete with each other in binding to the CD44 molecule
[15], especially during the log phase of cell growth. Ezrin
binds to the end of CD44 and the conformation of merlin
molecule changes to a cyclic structure that binds to ezrin
upon inactivation by phosphorylation, resulting in the
absence of the characteristic inhibition of cell growth
[15,22]. To avoid the interference of ezrin on the function
of merlin, we designed an ezrin siRNA sequence, that is,
when the ezrin gene was silenced, ECs were treated with
nHA or oHA and the change in expression and activation
of merlin can be observed. Also, the change in expression
and activation of ezrin was studied in HUVECs treated
with nHA or oHA after merlin silencing. As a result, we
can elucidate the effects of HA molecular weight variants
on cell proliferation via the two regulators: ezrin and
merlin.

Figure 7 The effects of oHA and nHA on ezrin/merlin protein expression and their phosphorylation after silencing of ezrin/merlin After

transfection with siRNA-ezrin or siRNA-merlin, HUVECs were treated with 10 mg/ml oHA or 200 mg/ml nHA for 72 h. Then, total cell lysates were

extracted and ezrin/merlin protein expression and their phosphorylation levels were detected by western blot analysis. (A, B) The effects of oHA and

nHA on merlin protein expression and phosphorylation of HUVECs after transfection with siRNA-ezrin before and 72 h after adding ezrin siRNA. (C,

D) The effect of oHA and nHA on ezrin protein expression and phosphorylation of HUVECs after transfection with siRNA-ezrin. GADPH is used as a

reference.
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First, we silenced the ezrin gene (Supplementary Fig.
S3). Forty-eight hours later, the expression of the merlin
mRNA and protein was tested. The data showed that there
was no change for merlin at the transcriptional level, but
protein expression was increased. However, there was no
change in the level of phosphorylation at Ser518
(Supplementary Fig. S3). This implies that the expression
of merlin is probably competitively inhibited by the
expression of ezrin, though its activation was not influ-
enced. The fact that the proliferation ability of HUVECs
with siRNA-ezrin was weaker than those without the
siRNA supports ezrin as an important proliferation-
promoting molecule [Fig. 5(C)]. After induction by
200 mg/ml nHA, the mRNA and protein expression levels
of merlin and level of phosphorylation at Ser518 were sig-
nificantly increased [Fig. 6(A,B) and 7(A,B)]. This reveals
that in the absence of ezrin, nHA can increase merlin
expression, suggesting that nHA inhibits EC proliferation
probably via a nHA-merlin pathway. In contrast, after ezrin
was silenced, in HUVECs treated with 10 mg/ml oHA
there was no significant change in expression of the merlin
mRNA, protein, and phosphorylation at Ser518, implying
that proliferation promotion of EC by oHA probably did
not function via the oHA-merlin pathway. Taken together,
we speculate that nHA inhibits EC proliferation possibly
through a nHA-merlin cascade reaction. However, it was
not the only pathway in this study and was influenced by
many factors. Thus, a detailed mechanism requires further
study. Based on the combination of the above reports [23–
25] and our data, we propose that when the concentration
of intercellular nHA increases, high-molecular-weight
HA can cross-link with several consecutive receptors
and promote cell aggregation, raising the cell density.
Afterwards, a large amount of intercellular high-molecular-
weight HA form the whole network structure and merlin
protein can be released from the ERM complex and acti-
vated through dephosphorylation to function as an anti-
proliferation agent. As a result, the growth status of cells is
inhibited. In contrast, low-molecular-weight HA cannot
cross-link with cells, thus, it cannot promote cell aggrega-
tion; therefore, phosphorylated merlin probably binds to
CD44 with the ezrin- and moesin-forming complex, pro-
moting cell proliferation and stimulating cell growth.

Second, we established the merlin siRNA interference
model (Supplementary Fig. S4), wherein the merlin gene
was silenced, and there was no change in ezrin expression
(Supplementary Fig. S4). In addition, there was no
obvious change in the EC proliferation ability [Fig. 5(D)
and Supplementary Fig. S2]. Next, we treated merlin-
silenced HUVECs using oHA and nHA. The results
showed the ezrin mRNA and protein expression as well as
phosphorylation (Thr567) significantly increased in the
oHA-stimulated group compared with the control group,

indicating that the oHA-ezrin is the pathway for oHA pro-
motion of EC proliferation and activation [Fig. 6(C,D) and
7(C,D)]. However, the insignificant differences in ezrin
mRNA and protein expression between the nHA-stimulated
group and the PBS treatment control demonstrated that
nHA cannot cause a change in ezrin expression, that is, the
nHA-ezrin pathway was not detected [Fig. 6(C,D) and
7(C,D)].

Combining the oHA induction data obtained before and
after the two genes were silenced, we supposed that oHA
can trigger the oHA-ezrin pathway and nHA can activate
merlin (which inhibits proliferation). nHA-merlin and
oHA-ezrin may function as the important pathway for HA
regulation of HUVEC proliferation. As reported previously,
ezrin and merlin can interact with the cellular C-terminus
of CD44 [15,24]. We are carrying out experiments now to
verify the role of CD44 in HA/ERM cellular activating
pathway. Our study provides a theoretical basis for further
mechanism exploration of oHA and nHA in regulating neo-
vascularization, and further elucidation of these mechan-
isms will, undoubtedly, lead to a better understanding of
HA function and may suggest therapeutic strategies for
angiogenesis-related diseases.

Supplementary Data

Supplementary data are available at ABBS online.
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