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Background: Hypoxia pulmonary arterial hypertension (HPAH) is a disease of the small
vessels characterized by sustained vasoconstriction, thickening of arterial walls, vascular
remodeling, and progressive increase in pulmonary vascular resistance, thus leading to
right heart failure and finally death. Recent evidence demonstrated that massive pul-
monary artery smooth muscle-like cells (PASMLCs) accumulating in the intima might also
be developed from the differentiation of pulmonary myofibroblast (PMF) of tunica media.
And PMF appeared the phenomenon of the cytoskeleton remodeling. So, it would be
important in the clarification of the pivotal factors controlling this cytoskeleton structure
change.

Methods: PMFs were cultured from the normal rats and then divided into three groups
and incubated by normal or hypoxic conditions respectively. mRNA level was evaluated
by real-time reverse transcription polymerase chain reaction, and protein expression was
detected by western blot. Cell proliferation was determined by the MTT and thymidine
incorporation assay.

Results: Here, we report that the hypoxia increased the expression levels of ezrin mRNA
and protein in PMFs, which might explain that the expression of cytoskeletal proteins
(destrin, a1-actin, and a1-tubulin) in PMFs was significantly induced by hypoxia. After inhibit-
ing ezrin in PMFs by siRNA transfection, we found the over-expression of cytoskeletal
proteins induced by hypoxia was significantly suppressed at all time-points. Additionally,
we found that hypoxia or over-expression of ezrin through adenovirus-mediated ezrin gene
transfection significantly increases the proliferation and migration of PMFs, and which could
be inverted by the transfection of siRNA.

Conclusion: These findings suggest that ezrin regulating of aberrant dysregulation of
cytoskeletal proteins may be the major cause of PMFs’ proliferation and migration under
the condition of hypoxia and may, therefore, play a fundamental role in the accumulation
of PASMLCs of HPAH.

Keywords: pulmonary myofibroblast, hypoxia, ezrin, cell proliferation, pulmonary vascular remodeling, pulmonary
artery smooth muscle-like cells

INTRODUCTION
Hypoxia pulmonary arterial hypertension (HPAH) is a dis-
ease of the small pulmonary arteries characterized by sustained

Abbreviations: 3H-TdR, tritiated thymidine; Ad, adenovirus; Ad-ezrin, adenovirus-
mediated ezrin gene; COPD, chronic obstructive pulmonary disease; ERM,
ezrin/radixin/moesin; F-MF, fibroblast to myofibroblast; GFP, green fluorescent
protein; HPAH, hypoxia pulmonary arterial hypertension; MFs, myofibroblasts;
MOI, multiplicity of transduction; NF2, neurofibromatosis type II; PASMLCs,
pulmonary artery smooth muscle-like cells; PMF, pulmonary myofibroblast;
PMFs, pulmonary myofibroblasts; PMVECs, pulmonary microvascular endothelial
cells.

vasoconstriction, thickening of aortic wall, vascular remodel-
ing, and progressive increase in pulmonary vascular resistance,
thus leading to right heart failure and finally death (1–3). It has
been proven that the massive accumulation of pulmonary artery
smooth muscle-like cells (PASMLCs) in the vascular intima is likely
the major reason resulting in arterial remodeling and vascular
lumen narrowing, and thus it is the main cause of cor pulmonale
in chronic obstructive pulmonary disease (COPD) (4). Although
some early studies suggested that this massive cell accumulation
in the intima just stemmed from the proliferation and migra-
tion of PASMCs in tunica media, recent evidence demonstrated
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that massive PASMLCs accumulating in the intima might also be
developed from the differentiation of pulmonary myofibroblasts
(PMFs) of tunica media (5).

Myofibroblasts (MFs) were first described in experimental
wound healing by observation method of electron microscopy, as
fibroblastic cells located within granulation tissue and exhibiting
bundles of microfilaments (6). Since then, evidence from many
laboratories has indicated that MFs play a pivotal role in tissue
repair and remodeling; moreover, they are a key player in different
pathological conditions such as hypertrophic scars, fibromatosis,
systemic sclerosis, organ fibrosis, and stroma reaction to epithe-
lial tumors (7–11). In all forms of pulmonary hypertension, the
early appearance of adventitial PMFs is an event that precedes
intimal and medial changes. Here, an important factor leading
to pulmonary hypertension is hypoxia, which is recognized as a
critical factor in vascular remodeling. During hypoxia-mediated
pulmonary hypertension, hypoxia can induce fibroblast to myofi-
broblast (F-MF) transition, and also stimulate the production of
growth factors and cytokines, such as transforming growth factor-
β, thrombin, endothelin (12, 13). In addition, as a major down-
stream of hypoxia effect, adventitial cells expressing mesenchymal
stem cell markers could be a source of MFs and contribute to
arterial remodeling (14). Taken together, the role of MFs in the
pathogenesis of HPAH has thus drawn more and more attention
by researchers. However, the molecular mechanism of hypoxia-
induced MF differentiation for PASMLCs is unclear and thus
demands further study.

Because hypoxia-induced pulmonary vessel remodeling is often
associated with the remodeling of cytoskeleton structure, it will
be not only interesting but also important in the clarification of
the pivotal factors controlling this cytoskeleton structure change.
Ezrin, a cellular protein initially isolated as a cytoskeletal compo-
nent of intestinal microvilli and a substrate for tyrosine kinase,
shows 77, 73, and 43% homology with three other proteins,
radixin, moesin, and merlin encoded by neurofibromatosis type
II (NF2) tumor suppressor gene. These molecules comprise the
ezrin/radixin/moesin (ERM) family. ERM proteins, a group of
band 4.1 superfamily, act as linker proteins that interact with
many cytoskeleton such as a1-actin, a1-tubulin, F1-action, and
destrin. However, the absolute different properties of ezrin and
merlin could influence cell proliferation and function (15–18).
Ezrin is the essential molecule that stimulates proliferation and
migration, whereas merlin is the molecule that inhibits cell prolif-
eration of many cancer cells from PASMCs, pulmonary microvas-
cular endothelial cells (PMVECs), and fibroblast, all of which are
involved in the hypoxia-induced pulmonary vessel remodeling at
the same time (19, 20). Therefore, it has been proposed that ezrin
might be probably involved in the different regulatory processes in
hypoxia-induced PASMLCs proliferation and migration. However,
there is no definitive evidence for this assertion.

In the present study, we demonstrate that ezrin protein medi-
ates proliferation and migration of MFs via regulating their
cytoskeletal remodeling. We found that over-expression or silence
of ezrin protein increase or decrease the expression of cytoskele-
tal proteins in human MF respectively. More importantly, as our
hypothesis that MFs might be also involved in the cell prolifera-
tion and migration induced by hypoxia, we observed that hypoxia

can strongly induce the expression of ezrin, which mediates the
hypoxia-induced growth and migration of MFs as well as the
expression control of several cytoskeleton proteins involved in
vessel remodeling.

MATERIALS AND METHODS
REAGENTS
Rat MF line, built in our lab and used in our initial studies
were cultured in low glucose Dulbecco’s modified Eagle’s medium
(DMEM) (PAA, USA) supplied with 10% fetal calf serum (FCS)
(HyClone, USA), as previously described (21). A rabbit polyclonal
anti-ezrin antibody, a rabbit polyclonal anti-MHC antibody, a
rabbit polyclonal anti-calponin antibody, a rabbit polyclonal anti-
ezrin antibody were bought from NeoMarkers company of USA.

ADENOVIRUS TRANSDUCTION
Inoculated PMFs of a similar concentration (106/cm2) were
divided into a transduced group, a non-transduced group, and
an empty vector group. Each group had the following treatments:
normoxia (T 0), 24 h (T 1), and 48 h (T 2) treatment with 3% O2.

When these cells were 80% confluent, the original serum was
replaced with 0.1% FCS.

The recombinant adenovirus (Ad) that carried the full-length
cDNA of the ezrin gene and green fluorescent protein (GFP)
was constructed in our previous study. After 24 h of synchronous
growth, the PASMCs received the hypoxia treatment. In addition,
24 h prior to treatment, adenovirus-mediated ezrin gene (Ad-
ezrin) with a multiplicity of transduction (MOI) of 60 was added
to the medium of the Ad-ezrin-transduced group. Subsequently,
these cells were placed upside-down under an immunofluores-
cence microscope to determine transduction efficiency.

IMMUNOFLUORESCENCE MICROSCOPY
Pulmonary myofibroblasts were plated at concentration of
2× 105 cells/ml on glass coverslips and allowed to be adherent
overnight. Coverslips were then washed with PBS and fixed in 4%
paraformaldehyde for 15 min. After being permeabilized in 0.5%
Triton X-100 for 15 min at room temperature, cells were washed
by PBS and incubated at 4°C overnight in PBS (PH 7.0) containing
1% bovine serum album with rabbit anti-human ezrin antibody
or control 10% goat serum (Biostar, Wuhan, China). After that,
cells were washed three times by PBS and incubated at 4°C for 1 h
with antirabbit IgG conjugated to TRITC (Biostar). Nuclei were
stained by 4′,6-diamidino-2-phenylindole (DAPI). After the final
wash, cells were mounted and then visualized using an Olympus
fluorescent microscope.

REAL-TIME RT-PCR ANALYSIS
Total RNA was processed using Tripure kits to perform the reverse
transcription (RT)-polymerase chain reaction (PCR) experi-
ments. RT was performed with 2 µg RNA, Oligo (dT) 15 (Sangon,
China), dNTP (Sangon, China), and the reaction buffer supplied
with M-MLV reverse transcriptase (Promega, USA). The fluo-
rescence intensity ratio of the target gene to GAPDH was used
as a measure of the relative gene expression. The PCR ampli-
fication reaction conditions were as follows: 94°C 1 min, 59°C
30 s, 72°C 1 min in 32 cycles. Specific primer sequences were
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used for the amplification of ezrin (forward primer: 5′-GTGG
GATGCTCAAAGATAATGC-3′; reverse primer: 5′-CACCTCGATG
GTGTCAGGCT-3′; 375 bp) (22), and GAPDH (forward primer:
5′-TGGAGTCCACTGGCGTCTTCAC-3′; reverse primers: 5′-
CATGAGGTCCACCAGCCCTGTTG-3′; 698 bp). After amplifica-
tion, 10 µl of PCR product was used for electrophoresis on a 1.5%
agarose gel, whose result was scanned by an Alpha Imager (set as
a gray scale). The experiment was performed independently four
times.

WESTERN BLOT
Cells were harvested under the described conditions and lysed
in a RIPA buffer (0.5% Non-idet P-40, 10 mM Tris, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1 mM Na3VO4) with a protease
inhibitor (1 mM PMSF). The BCA protein assay was used to quan-
tify protein. Briefly, after Mix reagents, sample were added and
incubated for 30 min and read at 562 nm. Equal quantities of pro-
tein were loaded for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Following transfer to PVDF mem-
branes, samples were incubated with primary antibody (1:1000
dilution) at 37°C for 1 h or overnight at 4°C. The membrane was
washed twice with TBS, and the bound antibody was detected
using an IgG-HRP secondary antibody (1:500 dilution) for 30 min.
Blots were detected using an enhanced chemiluminescence sys-
tem (Amersham, UK). Another membrane prepared by the
same protocol was probed with anti-GADPH antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) to normalize sample
loading.

RNA INTERFERENCE
siRNA was used to knock down ezrin in the human PASMCs.
Non-silenced and siControl human PASMCs were used as con-
trol. The sequence of siRNAs were siRNA-ezrin 1 (5′-GGACACU
UGGAUUUUUUUUtt-3′), siRNA-ezrin 2 (5′-GGUGGUAAAGA
CUAUCGGCtt-3′), siRNA-ezrin 3 (5′-GGAUUUCCUACCUGGC
UGtt-3′) (22). An electroporation instrument (Bio-Rad, Hercules,
USA) was employed for transfection. Briefly, 400 µl of human
PASMCs (2.5× 106 cells/ml cold EBM-2) together with 1.4 µg
siRNA were added into a prechilled electrode gap cuvette (Bio-
Rad). Then, the cuvette was inserted into an electrotransfer chan-
nel. After cells were shocked once using square wave 250 V for
1 min, the cuvette was taken out immediately and 0.5 ml of com-
plete medium EGM-2 pre-warmed at 37°C was added. Finally, cells
were seeded into six-well culture plates and incubated at 37°C in
a humidified 5% CO2 chamber.

PMFs MIGRATION ASSAY
Migration assays were performed using the scratch wound motil-
ity assay. MFs were seeded in six-well plates (1.50× 105 cells/well)
and grown to confluence. Twenty-four hours after serum depriva-
tion, cells from each group were mounted on a reusable template
to create a standard wound (<3 mm). Wound closure rate was
followed with a reference point in the field of the wound at the
bottom of the plate by direct microscopic visualization. The pro-
cedure permitted the imaging of the identical spot each time. The
remaining cell-free area was determined via microphotography
that was performed 24 h after injury.

TRITIATED THYMIDINE INCORPORATION ASSAY
Cells with 2× 104/ml were inoculated in a 96-well culture plate.
Each phase had three wells that were cultured for 2 days before
hypoxia treatment. One microcurie tritiated thymidine (3H-TdR;
1 µCi/well) was added to each well 6 h prior to the end of the
culturing phase. Subsequently, the culture was stopped at the
proper phase, and the medium was removed. The incorpora-
tion was stopped with cold PBS solution. The cells were digested
with 0.25% trypsin and collected on a glass fiber filter with a
multi-head harvester. Cells were washed three times with physi-
ological saline stabilized with 10% trichloroacetic acid, destained
with absolute ethanol, dried for 30 min at 80°C, transferred into
scintillation fluid, and counted in a liquid scintillation counter
(counts/min, cpm).

MTT ASSAY
Cells between 103 and 104 were inoculated into each well in a
96-well plate. The plate was placed in 5% CO2 and cultured for
24 h. Each group received the appropriate treatment for its specific
experimental condition. The plate was cultured for an additional
24 h after replacing the medium with a serum-free medium. Next,
20 µl MTT solution (5 mg/ml) was added, and the plate was inoc-
ulated for 4 h at 37°C. The supernatant from each well was then
carefully discarded. Finally, 150 µl DMSO was added to each well,
and the crystals were fully dissolved using 10 min oscillations. The
absorbance value of each well was measured using an ELISA reader
with 490 nm as the test wave length and 280 nm as the reference
wave length.

STATISTICAL ANALYSIS
All data are represented as means± SEM. Comparisons between
groups were performed using a Student’s t -test or a Mann–
Whitney U -test for parametric or non-parametric tests, respec-
tively. The results were considered statistically significant when
p < 0.05.

RESULTS
HYPOXIA INDUCED THE PROLIFERATION AND MIGRATION OF PMFs
To test the effect of cell proliferation by hypoxia treatment, we
used the 3H-TdR incorporation assay and MTT assay to mea-
sure the rate of DNA synthesis and cell proliferation, respectively.
PMFs under hypoxia condition exhibited significantly higher
DNA synthesis than those cultured under normoxia condition
at each time-point measured (Figure 1A). Similarly, the rate of
PMFs proliferation was strongly induced under hypoxia condi-
tion compared with the control normoxia status (Figure 1B). In
addition, hypoxia prominently enhanced the migrating ability of
PMFs (Figure 1C). Taken together, all these results demonstrated
that hypoxia treatment positively promoted the proliferation and
migratory ability of PMFs.

HYPOXIA ENHANCED THE EXPRESSION OF EZRIN GENE AND
CYTOSKELETON PROTEINS IN PMFs
Our following question is which factor(s) might be involved
in the control of the induced cell proliferation and migra-
tion of PMFs. Here, we focused on some cytoskeleton targets
because cytoskeleton protein levels and structure change are often
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FIGURE 1 | Hypoxia markedly enhanced PMFs proliferation and
migration. (A) DNA synthesis was assessed by a 3H-TdR incorporation
assay. (B) Cell viability was measured using an MTT assay. (C) Cell migration
ability was assessed by scratch wound motility assay. The distance of cell

migration in all groups and time-points is displayed. Each data point
represents the mean±SEM of four independent experiments. *p < 0.05 vs.
normoxia condition; T 0–2: MFs were treated with normoxia or hypoxia
condition for 0 h (T 0), 24 h (T 1), 48 h (T 2), respectively.

observed during HPAH process. Consistent with our hypothe-
sis, hypoxia treatment significantly increased the gene expres-
sion of ezrin, compared with normoxia treatment. The relative
expression of ezrin mRNA under hypoxia condition was signif-
icantly higher than in that under normoxia condition at dif-
ferent time-points (Figures 2A,B). We also detected the similar

induction of ezrin protein expression in PMFs under treatment
with hypoxia.

Interestingly and consistently, exposure in hypoxia condition
significantly increased the expression of several cytoskeleton pro-
teins such as a1-actin, a1-tubulin, and destrin (Figure 2C). Thus, it
indicates that ezrin might be a critical factor that can be induced by
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FIGURE 2 | Levels of ezrin mRNA and protein in PMFs induced by
hypoxia at each time-point. Exposure to hypoxia condition significantly
increased expression of the ezrin gene, including the transcript and protein
levels in PMFs (p < 0.05). (A) The electropherogram of western blotting.

(B) The electropherogram of RT-PCR. (C) The density of the expression of
mRNA and protein of ezrin compared with GAPDH is displayed. Each data
point represents the mean±SEM of four independent experiments.
*p < 0.05 vs. normoxia.

hypoxia to result in the strong induction of cytoskeleton structure
observed in HPAH disease.

AD-EZRIN EFFECTIVELY UP-REGULATED EZRIN TRANSCRIPTION AND
PROTEIN EXPRESSION IN PMFs AND siRNA EFFECTIVELY
DOWN-REGULATED EZRIN PROTEIN EXPRESSION INDUCED BY
HYPOXIA
To test whether the respective change of ezrin expression might
affect the cell proliferation and migration of PMFs, we intro-
duced either ectopic ezrin-expressing PMFs or ezrin-depleting
PMFs. After virus transduction with GFP-tagged ezrin, bright
green fluorescence was observed in the cytoplasm and nuclei of
more than 95% cells (Figure 3A). Compared with non-transduced
or empty vector-transduced control PMFs, in both of which
low ezrin transcript and protein expression levels were detected,
ezrin-GFP-transduced PMFs showed a significant increase in both
transcription and protein levels (Figure 3B).

In the opposite case, we transfected the SiRNA targeting ezrin
to knock down the gene and protein expression of endoge-
nous ezrin in PMFs. At 48 h after siEzrin transfection, there was
no significant difference in the expression of ezrin between the
siControl and the mock control groups, while we observed a
remarkable reduction of both ezrin gene and protein levels in
siEzrin-expressing PMFs. More importantly, the knockdown of
ezrin strongly blocked the respective induction of ezrin by hypoxia
treatment (Figure 3C).

OVER-EXPRESSION OF EZRIN GENE IN NORMOXIA CONDITION
STIMULATED THE PROLIFERATION AND MIGRATION OF PMFs
Firstly, we used our ezrin-transduced PMFs tested above
(Figures 3A,B) to test whether over-expression of ezrin in
PMFs under the normoxia condition could phenotype the cell

proliferation and migration ability enhanced by hypoxia treat-
ment. Ezrin-overexpressing PMFs under normoxia condition
exhibited the significant increase of both DNA synthesis and cell
proliferation levels, compared with group mock-vector and non-
transduction PMFs (Figures 4A,B). Moreover, we also detected
the prominently enhanced cell migration ability by the over-
expression of ezrin in PMFs (Figure 4C). Taken together, all these
results indicate that the enhanced levels of ezrin gene and protein
expression under hypoxia could account for the respective increase
of cell proliferation and migration in HPAH.

SILENCING EZRIN PROTEIN EXPRESSION INHIBITED THE
PROLIFERATION AND MIGRATION OF PASMCs INDUCED BY HYPOXIA
OR AD-EZRIN
To further confirm whether this hypoxia-enhanced expression of
ezrin definitely led to the significant increase of cell prolifera-
tion and migration ability, we used the ezrin SiRNA-expressing
PMFs that we already tested in the knockdown efficiency above
(Figure 3C). DNA synthesis, cell proliferation, and migration
levels were significantly inhibited in PMFs with ezrin SiRNA
expression compared to the siControl or mock control cells
(Figures 5A–C).

SILENCING EZRIN PROTEIN EXPRESSION INVERTED THE CHANGE OF
CYTOSKELETON PROTEINS INDUCED BY HYPOXIA
We have already shown that exposure under hypoxia condition
significantly increased the protein expression of a1-actin, a1-
tubulin, and destrin cytoskeleton factors (Figures 6A,B), which
indicates that this potential induction of cytoskeleton proteins
and structure might be involved in tissue modeling involved in
HPAH disease. Our final question is whether these enhanced
cytoskeleton protein levels could stem from ezrin which can be
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FIGURE 3 | Ad-ezrin transfected into PMFs was strongly expressed
and the protein was found in the PMFs. And the expression of Ezrin
was successfully down-regulated in PMFs by siRNA. (A) At 24 h after
transfection with Ad-ezrin, PMFs had a normal structure with no
observable pathological characteristics (magnification 40×). Bright green
fluorescence was observed in nearly all cells using an inverted
fluorescence microscope following transfection with Ad-ezrin containing
the green fluorescent protein (GFP) gene (magnification 40×). (B) The
expression of the ezrin mRNA and protein in PMFs 24 h in each group
was determined by RT-PCR and western blotting. GAPDH was used as

an internal control. (C) The expression of ezrin was successfully
down-regulated in siRNA. PMFs were incubated with normoxia or
hypoxia treated concurrently with siRNA. Ezrin transcription level
dramatically diminished after 48 h of transfection compared with levels in
the siControl and mock control groups. Following 48 h transfection, the
protein expression of ezrin was strongly suppressed by ezrin siRNA.
Each data point represents the mean±SEM of four independent
experiments. *p < 0.05; Non-T, non-transfection with Ad-ezrin; empty-T,
empty vector transfection; T, transfection with Ad-ezrin; Group N,
normoxia condition; Group H, hypoxia condition.

prominently induced by hypoxia status. Knockdown of ezrin in
PMFs under hypoxia treatment completely inhibited the induction
of these three cytoskeleton proteins under hypoxia condition
(Figures 6A–C), confirming our hypothesis.

DISCUSSION
It is currently believed that the accumulation of mass PASMLCs
in the vascular intima is likely the major reason leading to arterial

remodeling and vascular lumen narrowing. Although some early
studies suggested that the accumulation of mass PASMLCs in the
intima is just from the migration and proliferation of PASMCs in
tunica media, recent evidence showed that mass PASMLCs accu-
mulating in the intima are differentiated from PMF of tunica
media too (12). Previous studies have shown that exposure of
lung fibroblasts to hypoxia stimulates the fibroblast proliferation
and its differentiation into PMFs (8, 12, 23). More importantly,
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FIGURE 4 | Over-expression of ezrin protein induced by Ad-ezrin
significantly enhanced the proliferation and migration of PMFs,
just like hypoxia. (A) DNA synthesis was assessed by a 3H-TdR
incorporation assay. (B) Cell viability was measured using an MTT
assay. (C) Cell migration ability was assessed by scratch wound

motility assay. The distance of cell migration in all groups and
time-points is displayed. Each data point represents the mean±SEM
of four independent experiments.*p < 0.05 vs. T; non-T,
non-transfection with Ad-ezrin; empty-T, empty vector transfection; T,
transfection with Ad-ezrin.
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FIGURE 5 | Silencing ezrin protein expression inhibited the
proliferation and migration of PMFs induced by hypoxia or
ad-ezrin. (A) DNA synthesis was assessed by a 3H-TdR incorporation
assay. (B) Cell viability was measured using an MTT assay. (C) Cell

migration ability was assessed by scratch wound motility assay. The
distance of cell migration in all groups and time-points is displayed.
Each data point represents the mean±SEM of four independent
experiments.*p < 0.05.

PMFs characteristically synthesize α-SMA, a most commonly used
molecular marker, which contributes to stronger contractile activ-
ity. Contractile PMFs are responsible for the irreversible alter-
ations of the lung parenchyma that result in accumulation of stiff
scar tissue, ultimately leading to deterioration of lung function
(13, 23, 24).

In the present study, we firstly demonstrated that the expres-
sion of cytoskeletal proteins, including a1-actin, a1-tubulin, and
destrin in PMFs is up-regulated significantly under hypoxic
condition compared to normoxia status. This suggested that
hypoxia promotes the differentiation of PMFs to be a kind of
PASMLCs. Combined with previous finding, it indicated that
hypoxia might stimulate the transformation of lung fibroblasts
into PMFs, and further develop the PMFs into one subgroup of
PASMLCs.

Secondly, our work strongly clarified the underlying mecha-
nism for this hypoxia-induced PMFs transformation which has
been unclear for a long time. It has been well-known that TGF-β1
induces the PMFs cell transformation and the cytoskeleton pro-
teins synthesis critical for the formation of PASMLCs. Notably,
we have previously reported that hepatopulmonary syndrome’s
rat serum induces PMVECs to differentiate into PASMLCs, dur-
ing which the TGF-β1/Smads signal and annexin A1/A2 proteins
might play a key role in this differentiation and transformation of
PASMLCs (25). However, the molecular mechanism of hypoxia-
induced fibroblast-to-PMFs and the cytoskeletal remodeling in
it is kept unknown. Here, our study demonstrated that ezrin,
a critical cytoskeleton protein, plays critically important role in
this process. Our finding is highly consistent with many previ-
ous studies that multiple cells including PASMCs, PMVECs, and
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FIGURE 6 |The expression change of cytoskeleton proteins,
including α1-actin, a1-tubulin, and destrin in myofibroblast was
up-regulated significantly under hypoxic conditions, and this
up-regulation was blocked by the transduction of siEzrin. (A) The
electropherogram of the western blot analysis. GAPDH was used as an

internal control. (B) Quantification of western blots using densitometry
in Group siControl. (C) Quantification of western blots using
densitometry in Group siEzrin. Each data point represents the
mean±SEM of four independent experiments. *p < 0.05 vs. normoxia
condition; #p < 0.05 vs. group siControl.
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PMFs, involved in the key pathogenesis process of PVR (12, 23, 26,
27), show the prominent cytoskeleton remodeling when exposure
to hypoxia or other stimulators. And it strongly suggested that
ezrin functions as the core regulator of cytoskeleton remodeling
observed in all these kinds of cells, thus could be used as the new
suitable therapeutics target of diseases associated with vascular
remodeling.

Ezrin, one of the ezrin–radixin–moesin proteins, is involved in
the formation of cell membrane processes such as lamellipodia and
filopodia, and thus acts as a membrane–cytoskeleton linker (20).
Our results showed that ezrin protein can be significantly posi-
tively regulated by exposure to hypoxia, and this ezrin increase
accounts for the ability induction of proliferation and migration
of PMFs. Our findings suggested that ezrin protein might be a
key regulatory protein in the over-expression of cytoskeletal pro-
teins in PMFs and might control not only the hypoxia-induced
transformation of fibroblast-to-PMFs, but also the migration and
proliferation capability of PMFs. However, it is still unclear about
the relationship between the differentiation of PMFs and several
signaling pathway of factors such as TGF-β1 and annexin A1/2,
and the functional link between all these controlling signals and
factors.

In summary, our novel findings provided the evidence support-
ing the hypothesis that the ezrin-mediated cytoskeletal remodeling
strongly controls the MFs proliferation and migration induced
by hypoxia. Our future understanding of abnormal cytoskele-
tal remodeling and the endogenous regulatory machinery of the
cytokine signaling cascade will be useful to provide a basis for cir-
cumventing the process of vascular remodeling and the creation
of targeted therapies for diseases that are associated with vascular
remodeling.

ACKNOWLEDGMENTS
We thank Dr. Linli Xie, Ph.D. for kindly providing the Ad-Ezrin.
This work is supported by grant nos. 8270510, 81170414, and
81170053 from the National Science Foundation of China (NSFC).

REFERENCES
1. Michelakis ED, Dyck JR, McMurtry MS, Wang S, Wu XC, Moudgil R, et al.

Gene transfer and metabolic modulators as new therapies for pulmonary hyper-
tension. Increasing expression and activity of potassium channels in rat and
human models. Adv Exp Med Biol (2001) 502:401–18. doi:10.1007/978-1-4757-
3401-0_26

2. Ma J, Liang S,Wang Z, Zhang L, Jiang J, Zheng J, et al. ROCK pathway participates
in the processes that 15-hydroxyeicosatetraenoic acid (15-HETE) mediated the
pulmonary vascular remodeling induced by hypoxia in rat. J Cell Physiol (2010)
222(1):82–94. doi:10.1002/jcp.21923

3. Yi B, Cui J, Ning JN, Wang GS, Qian GS, Lu KZ. Over-expression of PKGIalpha
inhibits hypoxia-induced proliferation, Akt activation, and phenotype modula-
tion of human PASMCs: the role of phenotype modulation of PASMCs in pul-
monary vascular remodeling. Gene (2012) 492(2):354–60. doi:10.1016/j.gene.
2011.11.010

4. Sanchez-Enrique C, Vivas D. Cor pulmonale. Medicine (2013) 11(44):2615–24.
doi:10.1016/S0304-5412(13)70671-1

5. Jiang YL, Dai AG, Li QF, Hu RC. Transforming growth factor-beta1 induces
transdifferentiation of fibroblasts into myofibroblasts in hypoxic pulmonary
vascular remodeling. Acta Biochim Biophys Sin (Shanghai) (2006) 38(1):29–36.
doi:10.1111/j.1745-7270.2006.00123.x

6. Montandon D, Gabbiani G, Ryan GB, Majno G. The contractile fibrob-
last. Its relevance in plastic surgery. Plast Reconstr Surg (1973) 52(3):286–90.
doi:10.1097/00006534-197309000-00011

7. Penke LR, Huang SK, White ES, Peters-Golden M. Prostaglandin E2
inhibits alpha-smooth muscle actin transcription during myofibroblast dif-
ferentiation via distinct mechanisms of modulation of serum response
factor and myocardin-related transcription factor-A. J Biol Chem (2014)
289(24):17151–62. doi:10.1074/jbc.M114.558130

8. Yang X, Chen B, Liu T, Chen X. Reversal of myofibroblast differentiation: a
review. Eur J Pharmacol (2014) 734C:83–90. doi:10.1016/j.ejphar.2014.04.007

9. Vettel C, Lämmle S, Ewens S, Cervirgen C, Emons J, Ongherth A, et al.
PDE2-mediated cAMP hydrolysis accelerates cardiac fibroblast to myofibrob-
last conversion and is antagonized by exogenous activation of cGMP sig-
naling pathways. Am J Physiol Heart Circ Physiol (2014) 306(8):H1246–52.
doi:10.1152/ajpheart.00852.2013

10. Siani A, Tirelli N. Myofibroblast differentiation: main features, biomedical rel-
evance, and the role of reactive oxygen species. Antioxid Redox Signal (2014)
21(5):768–85. doi:10.1089/ars.2013.5724

11. Feist RM Jr, King JL, Morris R, Witherspoon CD, Guidry C. Myofibroblast and
extracellular matrix origins in proliferative vitreoretinopathy. Graefes Arch Clin
Exp Ophthalmol (2014) 252(2):347–57. doi:10.1007/s00417-013-2531-0

12. Stenmark KR, Fagan KA, Frid MG. Hypoxia-induced pulmonary vascular
remodeling: cellular and molecular mechanisms. Circ Res (2006) 99(7):675–91.
doi:10.1161/01.RES.0000243584.45145.3f

13. Hinz B. Mechanical aspects of lung fibrosis: a spotlight on the myofibroblast.
Proc Am Thorac Soc (2012) 9(3):137–47. doi:10.1513/pats.201202-017AW

14. Corselli M, Chen CW, Crisan M, Lazzari L, Péault B. Perivascular ancestors of
adult multipotent stem cells. Arterioscler Thromb Vasc Biol (2010) 30(6):1104–9.
doi:10.1161/ATVBAHA.109.191643

15. Zhou J, Feng Y, Tao K, Su Z, Yu X, Zheng J, et al. The expression and phospho-
rylation of ezrin and merlin in human pancreatic cancer. Int J Oncol (2014)
44(6):2059–67. doi:10.3892/ijo.2014.2381

16. Chiappetta C, Leopizzi M, Censi F, Puggioni C, Petrozza V, Rocca CD, et al.
Correlation of the Rac1/RhoA pathway with ezrin expression in osteosarcoma.
Appl Immunohistochem Mol Morphol (2014) 22(3):162–70. doi:10.1097/PDM.
0000000000000033

17. Zhang Y, Zhang L, Zhang G, Li S, Duan J, Cheng J, et al. Osteosarcoma metas-
tasis: prospective role of ezrin. Tumour Biol (2014) 35(6):5055–9. doi:10.1007/
s13277-014-1799-y

18. Xiao Y, Sun M, Zhan Z, Ye Y, Huang M, Zou Y, et al. Increased phosphorylation
of ezrin is associated with the migration and invasion of fibroblast-like synovio-
cytes from patients with rheumatoid arthritis. Rheumatology (Oxford) (2014)
53(7):1291–300. doi:10.1093/rheumatology/keu013

19. Kaul SC, Mitsui Y, Komatsu Y, Reddel RR, Wadhwa R. A highly expressed 81 kDa
protein in immortalized mouse fibroblast: its proliferative function and identity
with ezrin. Oncogene (1996) 13(6):1231–7.

20. Wang Y, Lin Z, Sun L, Fan S, Huang Z, Zhang D, et al. Akt/Ezrin Tyr353/NF-
kappaB pathway regulates EGF-induced EMT and metastasis in tongue
squamous cell carcinoma. Br J Cancer (2014) 110(3):695–705. doi:10.1038/bjc.
2013.770

21. Chen C, Han X, Fan F, Liu Y,Wang T,Wang J, et al. Serotonin drives the activation
of pulmonary artery adventitial fibroblasts and TGF-beta1/Smad3-mediated
fibrotic responses through 5-HT(2A) receptors. Mol Cell Biochem (2014) 397(1–
2):267–76. doi:10.1007/s11010-014-2194-0

22. Mo W, Yang C, Liu Y, He Y, Wang Y, Gao F. The influence of hyaluronic acid
on vascular endothelial cell proliferation and the relationship with ezrin/merlin
expression. Acta Biochim Biophys Sin (Shanghai) (2011) 43(12):930–9. doi:10.
1093/abbs/gmr094

23. Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-Piallat ML, Gabbiani
G. The myofibroblast: one function, multiple origins. Am J Pathol (2007)
170(6):1807–16. doi:10.2353/ajpath.2007.070112

24. Cai GQ, Chou CF, Hu M, Zheng A, Reichardt LF, Guan JL, et al. Neuronal
Wiskott-Aldrich syndrome protein (N-WASP) is critical for formation of alpha-
smooth muscle actin filaments during myofibroblast differentiation. Am J Phys-
iol Lung Cell Mol Physiol (2012) 303(8):L692–702. doi:10.1152/ajplung.00390.
2011

25. Wang Z, Bin YI, Bin GUO, Kai-zhi LU. Changes in expression of transforming
growth factor beta-1 during myogenic differentiation of pulmonary microvas-
cular endothelial cells in rats with hepato-pulmonary syndrome. Chinese J Anes-
thesiol (2011) 31(7):862–4. doi:10.3760/cma.j.issn.0254-1416.2011.07.025

26. Yi B, Zeng J, Wang G, Qian G, Lu K. Annexin A1 protein regulates the expression
of PMVEC cytoskeletal proteins in CBDL rat serum-induced pulmonary

Frontiers in Cardiovascular Medicine | Cardiopulmonary Medicine March 2015 | Volume 2 | Article 10 | 10

http://dx.doi.org/10.1007/978-1-4757-3401-0_26
http://dx.doi.org/10.1007/978-1-4757-3401-0_26
http://dx.doi.org/10.1002/jcp.21923
http://dx.doi.org/10.1016/j.gene.2011.11.010
http://dx.doi.org/10.1016/j.gene.2011.11.010
http://dx.doi.org/10.1016/S0304-5412(13)70671-1
http://dx.doi.org/10.1111/j.1745-7270.2006.00123.x
http://dx.doi.org/10.1097/00006534-197309000-00011
http://dx.doi.org/10.1074/jbc.M114.558130
http://dx.doi.org/10.1016/j.ejphar.2014.04.007
http://dx.doi.org/10.1152/ajpheart.00852.2013
http://dx.doi.org/10.1089/ars.2013.5724
http://dx.doi.org/10.1007/s00417-013-2531-0
http://dx.doi.org/10.1161/01.RES.0000243584.45145.3f
http://dx.doi.org/10.1513/pats.201202-017AW
http://dx.doi.org/10.1161/ATVBAHA.109.191643
http://dx.doi.org/10.3892/ijo.2014.2381
http://dx.doi.org/10.1097/PDM.0000000000000033
http://dx.doi.org/10.1097/PDM.0000000000000033
http://dx.doi.org/10.1007/s13277-014-1799-y
http://dx.doi.org/10.1007/s13277-014-1799-y
http://dx.doi.org/10.1093/rheumatology/keu013
http://dx.doi.org/10.1038/bjc.2013.770
http://dx.doi.org/10.1038/bjc.2013.770
http://dx.doi.org/10.1007/s11010-014-2194-0
http://dx.doi.org/10.1093/abbs/gmr094
http://dx.doi.org/10.1093/abbs/gmr094
http://dx.doi.org/10.2353/ajpath.2007.070112
http://dx.doi.org/10.1152/ajplung.00390.2011
http://dx.doi.org/10.1152/ajplung.00390.2011
http://dx.doi.org/10.3760/cma.j.issn.0254-1416.2011.07.025
http://www.frontiersin.org/Cardiopulmonary_Medicine
http://www.frontiersin.org/Cardiopulmonary_Medicine/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Yi et al. Ezrin regulating myofibroblast cytoskelaton remodelling

microvascular remodeling. J Transl Med (2013) 11(1):98. doi:10.1186/1479-
5876-11-98

27. Chen Y,Yi B,Wang Z, Gu J, Li Y, Cui J, et al. Paxillin suppresses the proliferation of
HPS rat serum treated PASMCs by up-regulating the expression of cytoskeletal
proteins. Mol Biosyst (2014) 10(4):759–66. doi:10.1039/c3mb70391f

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 22 September 2014; accepted: 17 February 2015; published online: 03 March
2015.

Citation: Yi B, Chen L, Zeng J, Cui J, Wang G, Qian G, Belguise K, Wang X and
Lu K (2015) Ezrin regulating the cytoskeleton remodeling is required for hypoxia-
induced myofibroblast proliferation and migration. Front. Cardiovasc. Med. 2:10. doi:
10.3389/fcvm.2015.00010
This article was submitted to Cardiopulmonary Medicine, a section of the journal
Frontiers in Cardiovascular Medicine.
Copyright © 2015 Yi, Chen, Zeng , Cui, Wang , Qian, Belguise, Wang and Lu. This is
an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

www.frontiersin.org March 2015 | Volume 2 | Article 10 | 11

http://dx.doi.org/10.1186/1479-5876-11-98
http://dx.doi.org/10.1186/1479-5876-11-98
http://dx.doi.org/10.1039/c3mb70391f
http://dx.doi.org/10.3389/fcvm.2015.00010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Cardiopulmonary_Medicine/archive

	Ezrin regulating the cytoskeleton remodeling is required for hypoxia-induced myofibroblast proliferation and migration
	Introduction
	Materials and methods
	Reagents
	Adenovirus transduction
	Immunofluorescence microscopy
	Real-time RT-PCR analysis
	Western blot
	RNA interference
	PMFs migration assay
	Tritiated thymidine incorporation assay
	MTT assay
	Statistical analysis

	Results
	Hypoxia induced the proliferation and migration of PMFs
	Hypoxia enhanced the expression of ezrin gene and cytoskeleton proteins in PMFs
	Ad-ezrin effectively up-regulated ezrin transcription and protein expression in PMFs and siRNA effectively down-regulated ezrin protein expression induced by hypoxia
	Over-expression of ezrin gene in normoxia condition stimulated the proliferation and migration of PMFs
	Silencing ezrin protein expression inhibited the proliferation and migration of PASMCs induced by hypoxia or ad-ezrin
	Silencing ezrin protein expression inverted the change of cytoskeleton proteins induced by hypoxia

	Discussion
	Acknowledgments
	References


