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Abstract

The LIM-only protein FHL2, also known as DRAL or SLIM3, has a function in fine-tuning multiple physiological processes.
FHL2 is expressed in the vessel wall in smooth muscle cells (SMCs) and endothelial cells and conflicting data have been
reported on the regulatory function of FHL2 in SMC phenotype transition. At present the function of FHL2 in SMCs in
vascular injury is unknown. Therefore, we studied the role of FHL2 in SMC-rich lesion formation. In response to carotid artery
ligation FHL2-deficient (FHL2-KO) mice showed accelerated lesion formation with enhanced Ki67 expression compared with
wild-type (WT)-mice. Consistent with these findings, cultured SMCs from FHL2-KO mice showed increased proliferation
through enhanced phosphorylation of extracellular-regulated kinase-1/2 (ERK1/2) and induction of CyclinD1 expression.
Overexpression of FHL2 in SMCs inhibited CyclinD1 expression and CyclinD1-knockdown blocked the enhanced
proliferation of FHL2-KO SMCs. We also observed increased CyclinD1 promoter activity in FHL2-KO SMCs, which was
reduced upon ERK1/2 inhibition. Furthermore, FHL2-KO SMCs showed enhanced migration compared with WT SMCs. In
conclusion, FHL2 deficiency in mice results in exacerbated SMC-rich lesion formation involving increased proliferation and
migration of SMCs via enhanced activation of the ERK1/2-CyclinD1 signaling pathway.
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Introduction

Vascular smooth muscle cells (SMCs) provide the vessel wall

structural integrity and the capacity to modulate blood supply

through vasodilatation and vasoconstriction. Arteries comprise

multiple layers of SMCs that are organized in the so called media

of the vessel wall, which is at the luminal side of covered by a single

layer of endothelial cells. In vascular diseases such as atheroscle-

rosis and (in-stent) restenosis after percutaneous coronary inter-

ventions, smooth muscle cells (SMCs) play a crucial role [1]. SMCs

undergo a phenotypic switch upon activation and are often

referred to as ‘synthetic or activated SMCs’ in contrast to ‘normal’,

quiescent SMCs that exhibit the contractile phenotype [1,2].

Synthetic SMCs show enhanced proliferation and migration and

are pro-inflammatory. Furthermore, these activated SMCs syn-

thesize excessive amounts of extracellular matrix, whereas

expression of SMC-specific marker genes is reduced [1,3–5].

SMC proliferation and migration is known to contribute to the

development of vascular restenosis [3,6–8].

The LIM-only protein FHL2/DRAL/SLIM3 (Four and Half

LIM domain protein 2) is a member of the FHL protein family.

FHL2 is known to interact with a number of proteins, and

functions as a crucial coactivator or corepressor of the interacting

partners. The strength and activating or antagonizing function of

FHL2 strongly depends on the cell-type and cellular context in

which FHL2 interacts with other proteins [9,10]. FHL2 modulates

the activity of transcription factors, such as the androgen receptor

(AR), NF-kB, cAMP-responsive element binding protein (CREB)

and Nur77, in a range of physiological and pathological processes,

among which proliferation, migration, differentiation and apop-

tosis [9,11–13]. FHL2 is highly expressed in heart and skeletal

muscle as well as in vascular cells, including SMCs, but also at low

levels of expression in other cell types and tissues [9,11,12,14].

Although FHL2-deficient mice maintain normal cardiac function

they display cardiac hypertrophy in response to b-adrenergic

stimulation [15]. FHL2 has been described to prevent extracellular

signal-regulated kinase (ERK)-induced cardiac hypertrophy

through binding and inhibiting ERK in cardiomyocytes [13]. As

a serum-response factor (SRF) target gene, FHL2 antagonizes

RhoA and bone morphogenetic protein (BMP) signaling pathway-

mediated induction of SMC differentiation markers such as

smooth muscle a-actin (SM a-actin), calponin and SM22-a
[10,12]. In contrast with these data, FHL2 has been described

to enhance protein stability of myocardin-like proteins resulting in

enhanced SMC marker genes [16]. Deletion of FHL2 has been

associated with resistance to atherogenesis, possibly via regulation
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of its function in endothelial cells [17]. Restenosis and in-stent

restenosis after angioplastic intervention in man is characterized

by excessive SMC proliferation and may be considered a typical

SMC pathology.

The function of FHL2 in vascular repair during restenosis has

not been studied and based on the reported functions of FHL2 in

SMC gene expression in cultured cells the outcome of in vivo injury

studies was unpredictable. In the current study, we show to best of

our knowledge for the first time that FHL2 deficiency in mice

results in enhanced SMC-rich lesion formation following vascular

injury by carotid artery ligation. The underlying cause involves

increased proliferation and migration of vascular SMCs deficient

for FHL2, showing enhanced ERK1/2 activation and CyclinD1

expression. Based on our data, we propose that the intricate

regulatory function of FHL2 in the complex phenotypic changes of

SMCs upon vascular injury contributes to inhibition of vascular

lesion formation.

Materials and Methods

Animals and Ethics statement
All experiments were approved by an independent animal ethic

committee of the Amsterdam Medical Center, University of

Amsterdam, The Netherlands (permit number DBC102226) and

were carried out in compliance with guidelines issued by the

Dutch government. All animals were cared for and maintained

under the strict supervision and guidelines of the animal ethic

committee. All surgery was performed under midazolam and

medetomidine hydrochloride anesthesia, and all animals were

sacrificed under ketamine/xylazine anaesthesia. Every effort was

made to minimize both the suffering of the animals and the

number of animals utilized. FHL2-deficient mice were generated

by R. Bassel-Duby (University of Texas Southwestern Medical

Center, Dallas, TX). FHL2-KO mice were bred onto a C57BL/6

background for .11 generations.

Left carotid artery ligation
Mouse carotid artery ligation was performed as previously

described [18]. Briefly, the left common carotid artery of 12–13

weeks old male wild-type and FHL2-KO mice was ligated just

proximal to the carotid bifurcation. Before surgery, mice were

anaesthetized with an intra-peritoneal injection of a mixed solution

of 5 mg/kg midazolam (Dormicum, Roche), 0.5 mg/kg medeto-

midine hydrochloride (Domitor, Pfizer) and 0.05 mg/kg fentanyl

(Bipharma). The right carotid artery served as an uninjured

contralateral control. Mice were sacrificed at 0, 1, 2, and 4 weeks

after carotid ligation (n = 7 for 1 and 2 weeks and n = 14 for 4

weeks). Prior to sacrifice, the body weight of all mice was measured

followed by anaesthesia by intra-peritoneal injection with 80 mg/

kg ketamine (Nimatek; Eurovet) and 5 mg/kg xylazine (Sedamun,

Eurovet) and perfused with saline. The left and right carotid

arteries were placed in Trizol (Invitrogen) for RNA isolation or

embedded in paraffin for histological analysis. Morphometric

analysis was performed on at least 5 sections per mouse at a fixed

position proximal from the ligation site; 1 week at 1.7 mm, 2

weeks ligation at 2.0 mm and 4 weeks at 2.3 mm.

Immunohistochemistry
Paraffin sections were deparaffinized and rehydrated. Hema-

toxylin/Eosin (HE) and Lawson stainings for measuring neointima

formation were performed as described previously [19]. Prolifer-

ating cells were detected with an antibody against Ki67, antigen

retrieval was performed at pH 6.0 and sections were blocked with

Ultra-V-block (Thermo Scientific). The first antibody was

incubated overnight at 4uC followed by an HRP-conjugated

secondary goat anti-rabbit antibody. DAB substrate was used for

detection. After counterstaining with hematoxylin all the sections

were embedded in pertex (HistoLab). Neointimal area was

quantified using Leica QWin V3 software.

Preparation of mouse aortic SMCs
Mouse aortas were harvested and aortic SMCs were prepared

as described previously [20]. Briefly, aortas were harvested from

8–12 weeks old mice, perivascular fat was removed and aortas

were digested in 1 g/L collagenase II (Sigma C), 0.25 g/L elastase

(Sigma), 1% penicillin/streptomycin (PAA Laboratories GmbH),

and 1 g/L soybean trypsin inhibitor (Sigma) in Hank’s Balanced

Salt Solution (Gibco) for 20 minutes at 37uC. Following digestion

the adventitia was carefully removed and the intimal surface was

gently scraped with fine forceps. Aortas were cut into ,0.5 mm

pieces and placed in enzyme solution again for 1 hour. Disaggre-

gated medial SMCs were then grown and maintained in DMEM/

F12 medium [Gibco] containing 20% fetal calf serum [Gibco] and

1% penicillin/streptomycin). For some experiments as described,

SMCs were switched to serum-free medium (DMEM/F12, 1%

penicillin/streptomycin). All in vitro experiments were performed in

at least three different SMC isolations, which were maximally used

up to passage no. 8.

BrdU Incorporation Assay
Cultured aortic SMCs were seeded in 96-well plates at a density

of 36103 cells/well and incubated overnight in full medium. The

cells were made quiescent by incubation in medium without FCS

for 48 h, then FCS (20% v/v) was added and incubated for

another 24 h. DNA synthesis was measured by the BrdU

incorporation assay (Roche) according to the manufacturer’s

instructions. Briefly, the cells were incubated with BrdU for 16 h,

fixed, and incubated with conjugated anti-BrdU antibody, and

finally colorimetric analysis was performed with an ELISA plate

reader. Each experiment (in quadruplicate) was repeated at least

four times. Cells were pre-treated for overnight with PD98059 (an

ERK1/2 inhibitor, Sigma) at a final concentration of 25 mM.

Western blot analysis
SMCs were lysed in RIPA buffer with protease inhibitor

cocktail (Sigma). The cell lysates were separated by SDS-PAGE

and transferred onto PVDF membranes (Millipore). After protein

transfer, membranes were blocked with Odyssey blocking buffer

(LI-COR) and incubated with the appropriate primary antibodies

and fluorescently conjugated secondary antibodies, followed by

scanning using the Odyssey Infrared Imaging System (Licor

Biosciences). Antibodies applied in this study were alpha-tubulin

(Cedarlane laboratories), anti-ERK1/2 (Santa Cruz), and anti-

pERK1/2 (Santa Cruz).

Generation of lentiviral particles and infection
Recombinant lentiviral particles encoding FHL2, shRNAs

targeting CyclinD1 and shRNAs targeting FHL2 were produced,

concentrated, and titrated as described previously [11]. Two

different mouse shRNAs that target different regions in the

CyclinD1 mRNA (shCyclinD1 #1 target sequence: CTTTCTT-

TCCAGAGTCATCAA and shCyclinD1 #2 target sequence:

CCCTGACACCAATCTCCTCAA) and in the FHL2 mRNA

(shFHL2 #1 target sequence: GATGGGAAGATGGTTTGGA-

AT and shFHL2 #2 target sequence: CTGTGACTTGTACG-

CTAAGAA) were used for generation of lentiviruses. Cultured

aortic SMCs were infected with recombinant lentivirus for 24 h

FHL2-Deficiency Accelerates Neointima Formation
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after which the medium was refreshed and the cells were cultured

for another 24 h. After this incubation period, cells were serum

starved for another 36 h before harvesting. Transduction efficien-

cy was determined by immunofluorescence and qRT-PCR.

RNA Extraction and quantitative RT-PCR
Total RNA was harvested from cells using the Total RNA mini

kit (Bio-Rad) or Trizol reagent (Invitrogen) according to the

manufacturer’s instructions. cDNA was made using the iScript

cDNA synthesis kit (Bio-Rad). Real-time reverse transcription

PCR was performed using the MyIQ system (Bio-Rad) and the

following primers: CyclinD1 forw: 59-GGCCACTGAGGAGGA-

GGGGG-39, CyclinD1 rev: 59-TCCCCAAGGGGGACGTCG-

TC-39, Ki67 forw: 59-CAGTACTCGGAATGCAGCAA-39,

Ki67 rev: CAGTCTTCAGGGGCTCTGTC-39, PCNA forw:

59-AATGGGGTGAAGTTTTCTGC-39, PCNA rev: 59-CAGT-

GGAGTGGCTTTTGTGA-39. Cells were pre-treated overnight

with PD98059 at a final concentration of 25 mM. Acidic ribosomal

phosphoprotein P0 was determined as an internal control for

cDNA content of the samples (P0 forw: 59-GGACCCGAGAA-

GACCTCCTT-39, P0 rev: 59-GCACATCACTCAGAATTT-

CAATGG-39).

In vitro scratch-wound assays
Cultured aortic SMCs were seeded in 6-well plates in DMEM/

F12 medium containing 20% FCS. After 16 h, confluent cells

were serum starved for 48 h and scratched with a 100 ml pipette

tip. The cells were stimulated with 25 ng/ml of PDGF-BB

(TEBU-BIO) and the medium in the wells was layered with

mineral oil (Sigma M3516) to prevent evaporation. Cell migration

was assayed during 48 h after scratching and stimulation with

PDGF-BB. Six areas were chosen randomly for taking images

every 10 min under a Leica live-cell microscope (DMIRBE) and

the relative closure distance was measured. Images were captured

with a digital camera (Apogee) and movies were generated.

Quantification was made using custom-made software. Each

experiment (in duplicate) was repeated at least three times.

In vitro migration assay using trans-well chambers
SMC migration was evaluated in a trans-well chamber

according to the method by Goncharova et al. with modification

[21]. Briefly, confluent cells were serum starved for 48 h, washed

with PBS, and then detached by trypsin. Cells were labeled

fluorescently using the CellTrace CFSE Cell Proliferation Kit

(Molecular Probes, Invitrogen). Cells were plated at a density of

26105 cells/well in 24-well trans-well plates (8-mm pore size; BD

Falcon) in serum-free DMEM/F12 medium and serum-free

medium was also added to the lower chamber. Cells were allowed

to migrate for 3 h under 5% CO2 and 21% O2 in a humidified

incubator at 37uC and fluorescence was measured using a cell-

based fast kinetic microplate reader (NOVOstar, BMG-labtech).

Each condition was repeated in triplicate.

Luciferase reporter assays
Transient transfection and reporter assays were carried out in

serum starved SMCs with the indicated reporter plasmids using

Fugene6 transfection reagent (Roche) according to the manufac-

turer’s protocol. The level of promoter activity was evaluated by

measurement of firefly luciferase activity. pRL-TK Renilla

reporter plasmid (Promega) was co-transfected as an internal

control. Luciferase activity was measured by using the Dual

Luciferase Assay System and Glomax Multi detection system as

described by the manufacturer (Promega). pGL3-CyclinD1

reporter vector was a kind gift from Dr. J J Molenaar (Academic

Medical Center, University of Amsterdam, Amsterdam, The

Netherlands) and has been described [22]. To increase basal

CyclinD1, serum-starved SMCs were stimulated with FCS. Cells

were pre-treated overnight with PD98059 at a final concentration

of 25 mM. A minimum of three independent transfections were

performed and all assays were repeated at least three times.

Statistical analysis
Data are reported as mean6SD unless otherwise specified.

Results were analyzed with the unpaired Student’s t-test. P values

,0.05 were considered as statistically significant.

Results

Deficiency of FHL2 exacerbates vascular lesion formation
in vivo

FHL2 has been associated with SMC proliferation and

differentiation, however, in cultured cells conflicting data are

available on its function in SMC phenotype modulation [9–12].

Therefore, we sought to determine whether FHL2 is functionally

involved in SMC-rich lesion formation in vivo and performed

carotid artery ligations in WT and FHL2-KO mice. Both at the

onset of the experiment and 4 weeks after ligation the white blood

cell counts were similar in WT and FHL2-KO mice (Figures S1A–

B). Vascular lesions in the ligated carotid arteries were analyzed

after 1, 2 and 4 weeks. Quantitative morphometry revealed

significantly more lesion area (neointimal area) and an increased

neointima/media ratio after 1, 2 and 4 weeks in FHL2-KO mice

(Fig. 1A–F). Based on these data, we concluded that endogenous

FHL2 suppresses vascular intima formation after injury of the

carotid artery.

FHL2 deficiency promotes lesion formation via enhanced
cell proliferation in vivo.

In line with the original description of this injury model

immunohistochemical staining for SM a-actin revealed that SMCs

were the predominant cell type in the neointimal area after carotid

artery ligation regardless of the genotype, whereas only limited

numbers of macrophages were present (data not shown) [18]. To

test for enhanced SMC proliferation as a cause for the increased

neointima formation in FHL2-KO mice, we stained sections for

Ki67 at 1, 2 and 4 weeks after ligation. Most Ki67-positive cells

were present after 1 and 2 weeks of ligation. Injured vessels of

FHL2-KO mice contained a higher number of Ki67-positive cells

compared with those of WT mice after 1 and 2 weeks of ligation

(Figs. 2A). In addition, we determined mRNA expression of Ki67

and PCNA in the ligated vessels from WT and FHL2-KO mice.

We found that expression of both Ki67 and PCNA mRNA was

significantly higher in FHL2-KO compared to WT at 1 and 2

weeks after ligation (Figs. 2B–C). These findings support the

observation that enhanced SMC proliferation in FHL2-KO mice

promotes neointima formation after carotid artery ligation.

FHL2 deficiency enhances SMC proliferation involving
ERK1/2 and CyclinD1

Since we observed increased SMC proliferation in the lesions of

FHL2-KO mice compared to lesions from WT mice, we

investigated the role of FHL2 in proliferation of cultured aortic

SMCs from WT and FHL2-KO mice. FHL2-KO SMCs exhibited

increased cell proliferation in response to serum stimulation

compared with WT SMCs, as demonstrated by higher BrdU

incorporation (Fig. 3A) and increased numbers of cells (Fig. 3B).

FHL2-Deficiency Accelerates Neointima Formation
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Previous studies showed that SMC proliferation and migration are

controlled by MAPK signaling pathways and that FHL2 interacts

with ERK2 [11,13]. To demonstrate that FHL2 and ERK1/2

indeed interact in SMCs, we performed co-immunoprecipitation

(co-IP) experiments. We found that FHL2 interacts with ERK1/2

in WT SMCs. As a control, we have also included FHL2-KO

SMCs (Fig. S2). Next, we evaluated the activation of ERK1/2 in

WT and FHL2-KO SMCs. FHL2-KO SMCs showed increased

phosphorylation of ERK1/2 for a prolonged period of time up to

30 min, whereas ERK1/2 phosphorylation in WT SMCs was

lower and more transient with optimal phosphorylation at 2–

5 min (Fig. 3C–D). Consistent with this observation, pre-treatment

of SMCs with PD98059, an ERK1/2 inhibitor, resulted in

decreased proliferation of FHL2-KO SMCs compared with

untreated cells (Fig. 3A–B). In addition, we show that overexpres-

sion of FHL2 using lentivirus decreases phosphorylation of

ERK1/2 in FHL2 KO SMCs (Fig. 3C–D). The transduction

efficiency of FHL2 lentivirus in WT and FHL2-KO SMCs was

analyzed by qRT-PCR (Fig. S3). To further substantiate these in

vitro findings, we also performed immunohistochemical stainings

for phospho- ERK1/2 on the ligated vessels from WT and FHL2-

KO. We show that phospho-ERK1/2 activation is increased in

lesions from FHL2-KO compared to lesions from WT mice (Fig.

S4). Taken together, these data indicate that the enhanced

proliferation in FHL2-KO SMCs is regulated, at least partly,

through enhanced activation of ERK1/2.

Several lines of evidence implicated a role of FHL2 in the

control of cell proliferation. Although there is no direct DNA

binding capacity shown for FHL2, it has been demonstrated that

FHL2 associates, most likely indirectly, with the CyclinD1

promoter and regulates its transcription in a cell-type dependent

manner [23]. The expression of CyclinD1 mRNA was 2.5 fold

higher in FHL2-KO SMCs than in WT SMCs (Fig. 4A).

Furthermore, FHL2 overexpression in SMCs decreased CyclinD1

expression both in WT and FHL2-KO SMCs (Fig. 4A). To

explore whether enhanced CyclinD1 expression is responsible for

the increased proliferation observed in FHL2-KO SMCs, we

performed BrdU incorporation assays after knock-down of

CyclinD1. The knock-down efficiency of CyclinD1 as analyzed

by qRT-PCR was 75–80% (Fig. S5A). Indeed, the enhanced cell

proliferation of FHL2-KO SMCs was significantly reduced after

knock-down of CyclinD1 by two different shRNA sequences

(Fig. 4B). We also assessed CyclinD1 protein expression on the

ligated vessels from WT and FHL2-KO, which show enhanced

CyclinD1 expression in lesions from FHL2-KO compared to

lesions from WT mice (Fig. S4). Consistent with these data, the

luciferase activity of a CyclinD1 promoter luciferase-reporter was

increased in FHL2-KO SMCs (Fig. 4C). Since the ERK1/2

pathway has been demonstrated to regulate CyclinD1 transcrip-

tional activity in different cell types including SMCs, we

investigated CyclinD1 promoter activity after pretreatment with

PD98059. CyclinD1 promoter activity was reduced in FHL2-KO

SMCs after pretreatment with PD98059. Collectively, these results

imply that FHL2 affects SMC proliferation through enhanced

activation of the ERK1/2-CyclinD1 signaling pathway.

Figure. 1. Deficiency of FHL2 accelerates neointima formation after carotid artery ligation. A, C and E; Representative cross sections of
hematoxylin/eosin-stained carotid arteries from WT and FHL2-KO mice ligated for 1 (A), 2 (C) and 4 weeks (E). B, D and F; Quantitative analysis of
neointima/media ratio and neointimal area in histological sections from WT and FHL2-KO mice ligated for 1 (B), 2 (D) and 4 weeks (F), revealed
increased lesion formation in FHL2-KO mice. n = 7 for 1 and 2 weeks and n = 14 for 4 weeks. Three consecutive sections per mouse at each location
were employed in the analysis. Lesions were characterized at 1.7, 2.0 and 2.3 mm from the reference point at 1, 2 and 4 weeks, respectively. Values
are mean6SEM. *P,0.05 for FHL2-KO versus WT mice.
doi:10.1371/journal.pone.0094931.g001
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Enhanced migration of FHL2-deficient SMCs in vitro
SMC migration is an important component of neointima

formation and vascular remodeling [4,8]. Results of previous

studies in multiple cell culture systems have shown that FHL2

plays a vital role in cell migration [24,25]. To explore the potential

function of FHL2 in SMC migration, in vitro scratch wound assays

were performed. Serum-starved WT and FHL2-KO SMCs were

observed for migratory speed using time-lapse video microscopy.

FHL2-KO SMCs migrated significantly faster into the scratch

area in the given time period than WT SMCs, indicating that

FHL2 deficiency increases the PDGF-induced migration rate of

SMCs (Figs. 5A–B; see Videos S1–2). To further substantiate these

results, we performed trans-well assays to measure SMC migration

in serum-starved SMCs. In line with the scratch wound assays,

FHL2-KO SMCs migrated significantly faster than WT SMCs

(Fig. 5C). Since the ERK1/2 pathway has been shown to be

important for cell migration, we tested SMC migration after

pretreatment with PD98059. Indeed, migration of FHL2-KO

SMCs was significantly reduced after treatment with PD98059

compared to control (Fig. 5C). To assess whether deletion of FHL2

in adult SMCs also affects cell migration, we performed knock-

down experiments. The knock-down efficiency of FHL2 was

analyzed by qRT-PCR (Fig. S5B). Knock-down of FHL2 in adult

WT SMCs using shRNA also showed significant increase in SMC

migration (Fig. 5D). Taken together, FHL2-deficient SMCs

migrate faster than WT SMCs, involving activation of the

ERK1/2 pathway. In Fig. 5E, we summarized our data in a

schematic representation.

Discussion

Restenosis is still one of the major limitations of angioplasty

interventions in coronary arteries in spite of the development of

drug-eluting stents. In-stent restenotic lesions are composed

predominantly of proliferating SMCs with some infiltrated

inflammatory cells [26,27]. To study the underlying mechanism

of this disease, we employed the mouse carotid artery ligation

model, which involves endothelial cell activation, an inflammatory

response in the vessel wall as well as migration and proliferation of

SMCs [6,18]. In the present study, we demonstrate that FHL2

deficiency exacerbates SMC-rich lesion formation through acti-

vation of these underlying processes in response to vascular injury.

SMCs deficient for FHL2 showed a strong intrinsic induction of

cellular proliferation and migration in culture. Furthermore, we

observed enhanced activation of ERK1/2 and increased CyclinD1

expression in FHL2-KO SMCs, which promote SMC prolifera-

tion and migration.

Recently, it has been reported that deficiency of FHL2 may

inhibit atherosclerosis after a cholesterol-enriched diet [17]. In that

specific study vascular lesion formation was monitored in regular

C57BL/6 mice, which develop very small atherosclerotic lesions

Figure. 2. FHL2 deficiency enhances cell proliferation in vivo. A, To assess the extent of proliferation in the vascular lesions, representative
sections of injured carotid arteries from WT and FHL2-KO mice ligated for 1, 2 and 4 weeks were immunostained for Ki67. n = 7 for 1 and 2 weeks and
n = 14 for 4 weeks. B–C, qRT-PCR was performed to assess mRNA expression of Ki67 (B) and PCNA (C) in the ligated vessels from WT and FHL2-KO
mice for the indicated time periods. Data are means6SD. *P,0.05 for FHL2-KO versus WT mice.
doi:10.1371/journal.pone.0094931.g002
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Figure. 3. FHL2 deficiency enhances SMC proliferation via activation of ERK1/2. A, Serum-starved SMCs were stimulated with or without
FCS and treated with or without PD98059 (ERK1/2 inhibitor, 25mM). Cells were pulse-labeled with BrdU to measure DNA synthesis. B, SMCs from WT
and FHL2-KO were seeded at equal density. 1 day after seeding, cells were treated with or without PD98059 and cells were counted manually. C–D,
Western blot analysis (C) and quantification (D) for pERK1/2 in serum-starved SMCs after overexpression with or with out FHL2 followed by FCS
stimulation for the indicated time periods, showing enhanced and prolonged activation of ERK1/2 in FHL2-defeicient SMCs and reduced activation of
ERK1/2 in FHL2-KO SMCs after overexpression of FHL2. Data represent means6SD. *P,0.05 for FHL2-KO versus WT.
doi:10.1371/journal.pone.0094931.g003

Figure. 4. FHL2 regulates cell proliferation via modulation of CycinD1 expression. A, SMCs were transduced with lentiviral particles
encoding FHL2 and assayed for CyclinD1 mRNA expression, showing that FHL2 inhibits its expression. B, Serum-starved WT SMCs were transduced
with lentiviral particles encoding shCtrl, shCyclinD1 #1 and shCyclinD1 #2 and were pulse-labeled with BrdU to measure DNA synthesis. C, The
CyclinD1 promoter-reporter plasmid showed higher induction in FHL2-KO SMCs stimulated with FCS than in WT SMCs. The ERK1/2 inhibitor PD98059
partly reduces this induction. Data represent means6SD. *P,0.05 for FHL2-KO versus WT.
doi:10.1371/journal.pone.0094931.g004

FHL2-Deficiency Accelerates Neointima Formation
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that were visualized by electron microscopy and were shown to be

composed predominantly of macrophages. The discrepancy with

our study underscores the difference between these models of

arterial disease, resulting in lesions composed of predominantly

SMCs or inflammatory cells.

We and others have demonstrated that FHL2 is expressed in

endothelial cells, but not in macrophages [11]. In endothelial cells,

FHL2 has been shown to interact with sphingosine kinase-1,

resulting in suppression of the VEGF signal transduction pathway

and thus inhibition of angiogenesis [28]. In contrast, deficiency of

FHL2 was also shown to impair angiogenesis in the aortic-ring

culture assay [29]. In the current study we did not incorporate

analyses to further delineate the contribution of FHL2-deficiency

Figure. 5. FHL2-KO SMCs migrate faster. A, A scratch was made in a confluent layer of serum-starved SMCs that were stimulated with PDGF
(20 ng/ml). Images were captured every 10 min using a live cell microscope and representative images at 0, 16 and 32 h are shown. Movies of the
movement are in the online supplement. B, Quantitative analysis of SMC migration in the scratch wound assay showing that FHL2-KO SMCs migrated
1.8 fold faster than WT SMCs. C, SMCs were treated with or without PD98059 and cell migration was evaluated using a trans-well assay. Cells were
labeled with a fluorescent dye and seeded in the upper chamber. Cell migration was measured as fluorescence after 3 h. D, SMC migration was
evaluated using a trans-well assay after knock-down of FHL2 using lentiviral particles encoding shCtrl, shFHL2#1 and shFHL2#2 in WT SMCs. Cell
migration was measured as fluorescence after 3 h. Data represent means6SD. *P,0.05 for shCtrl versus shFHL2. E, Schematic representation of FHL2
function in the modulation of SMC-rich lesion formation. FHL2 modulates SMC-rich lesion formation by inhibiting proliferation and migration of SMCs
via the ERK1/2-CyclinD1signaling pathway.
doi:10.1371/journal.pone.0094931.g005
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in endothelial cells during carotid artery ligation-induced lesion

formation, which may require further studies.

The function of FHL2 in cellular proliferation and migration

has so far been shown to be extremely cell-type dependent.

Overexpression of FHL2 inhibits the growth of colon and liver

cancer cell lines, whereas an opposite, growth-accelerating

function has been associated with FHL2 based on experiments

with fibroblasts of FHL2-KO mice [23,30,31]. Similarly, the

migration of bone-marrow derived dendritic cells is reduced by

FHL2, whereas the same factor promotes migration of skin

fibroblasts [24,25]. The ERK1/2 pathway has been implicated

both in SMC migration and proliferation during neointima

formation [32,33,34]. ERK activation is typically biphasic, with

early ERK activation being associated with cell migration and

later ERK activity being essential for cell proliferation [35]. FHL2

has been shown to physically interact with ERK2 and repress

ERK1/2 activation in cardiomyocytes [13]. In line with those

observations, we showed enhanced ERK1/2 activation in FHL2-

KO SMCs, which may thus impact on both SMC growth and

migration. In addition, FHL2 has been implicated in cell motility

and contractility by interacting with proteins of focal adhesion

structures, which we did not explore in SMCs and may require

closer examination [9,20].

Previously, we demonstrated that FHL2 interacts and inhibits

the activity of the nuclear receptor Nur77 which was known to

inhibit proliferation of SMCs [11]. To further delineate the

function of FHL2 in Nur77 regulation, FHL2 was knocked down

in SMCs overexpressing Nur77, which resulted in decreased

proliferation in that specific study [11]. These data may seem in

contrast with our current observations showing that FHL2-KO

SMCs exhibit increased proliferation, however, FHL2-knockdown

in WT SMCs does result in enhanced SMC proliferation similarly

as in FHL2-KO SMCs (data not shown).

Labelette et al demonstrated that FHL2 stimulates CyclinD1

transcription in fibroblasts [23]. In contrast, Ng et al showed that

FHL2 overexpression inhibits CyclinD1 expression in liver cancer

cells [30]. In the current study, we found CyclinD1 expression

significantly induced in FHL2-KO SMCs, which shows another

example of the cell-type specific responses of FHL2. We further

substantiated our observation by demonstrating that overexpres-

sion of FHL2 decreased CyclinD1 expression in SMCs. CyclinD1

transcriptional activity is modulated by the ERK1/2 pathway and

we found indeed that the enhanced CyclinD1 transcriptional

activity in FHL2-KO SMCs was reduced upon ERK1/2

inhibition. Our data support the conclusion that the enhanced

SMC proliferation upon FHL2 deficiency coincides with stimu-

lation of the cell cycle-regulating gene CyclinD1.

In summary, we demonstrate that FHL2 deficiency promotes

the development of SMC-rich lesions after carotid artery ligation.

The exacerbated lesion formation in FHL2-KO compared to WT

mice involves enhanced proliferation and migration of SMCs

deficient for FHL2 with higher expression of CyclinD1 through

the ERK1/2 pathway (see Fig. 5E for the schematic representa-

tion). These findings indicate that FHL2 is an important mediator

of SMC function with a beneficial function in vascular prolifer-

ative disease.

Supporting Information

Figure S1 Number of white-blood cells after carotid
artery ligation. White-blood cells were counted using coulter

counter before (A) and after 4 weeks (B) of carotid artery ligation.

Data are presented as mean6SD.

(PDF)

Figure S2 FHL2 interacts with ERK1/2. Whole cell

extracts from WT and FHL2-KO SMCs were prepared and

immunoprecipitated with anti-ERK1/2 antibody. Immunoprecip-

itated samples were resolved on 10% SDS-PAGE and analyzed by

Western blotting with anti-FHL2 antibody. Data are representa-

tive of two independent experiments.

(PDF)

Figure S3 FHL2 overexpression in SMCs. SMCs were

transduced with lentiviral particles encoding FHL2 and assayed

for FHL2 mRNA expression.

(PDF)

Figure S4 FHL2 deficiency enhances ERK1/2 activation
and CyclinD1 expression in vivo. Representative sections of

ligated carotid arteries from WT and FHL2-KO mice were

immunostained for phospho-ERK1/2 (top panels) and CyclinD1

(lower panels). M (media); I (intima).

(PDF)

Figure S5 Knock-down efficiency of CyclinD1 and
FHL2. A, WT SMCs were transduced with lentiviral particles

encoding shCtrl, shCyclinD1 #1 and shCyclinD1 #2. qRT-PCR

was performed to assess knock-down of CyclinD1,showing about

70% knock-down of CyclinD1. B, WT SMCs were transduced

with lentiviral particles encoding shCtrl, shFHL2#1 and

shFHL2#2. qRT-PCR was performed to assess knock-down of

FHL2, showing 55–60% knock-down of FHL2. Data represent

means6SD. *P,0.05 for shctrl versus shCyclinD1 or shFHL2.

The bar graphs represent results from at least 3 separate

experiments.

(PDF)

Checklist S1

(DOC)

Videos S1 FHL2-KO SMCs migrate faster in the scratch
wound assay. A scratch was made in a confluent layer of serum-

starved SMCs that were stimulated with PDGF (20 ng/ml).

Movies of WT were generated with a digital camera.

(MP4)

Videos S2 FHL2-KO SMCs migrate faster in the scratch
wound assay. A scratch was made in a confluent layer of serum-

starved SMCs that were stimulated with PDGF (20 ng/ml).

Movies of FHL2-KO were generated with a digital camera.

(MP4)

Acknowledgments

We thank Dr. J.J. Molenaar (Academic Medical Center, University of

Amsterdam, Amsterdam, The Netherlands) for providing the pGL3-

CyclinD1 reporter vector.

Author Contributions

Conceived and designed the experiments: KK CMT CJMV. Performed

the experiments: KK MV IOR JS. Analyzed the data: KK GM VW.

Contributed reagents/materials/analysis tools: KK RB LCH. Wrote the

paper: KK CMT CJMV.

FHL2-Deficiency Accelerates Neointima Formation

PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | e94931



References

1. Owens GK, Kumar MS, Wamhoff BR (2004) Molecular regulation of vascular

smooth muscle cell differentiation in development and disease. Physiol Rev 84:
767–801. doi:10.1152/physrev.000412003

2. Doran AC, Meller N, McNamara CA (2008) Role of smooth muscle cells in the
initiation and early progression of atherosclerosis. Arterioscler Thromb Vasc

Biol 28: 812–819. doi:10.1161/ATVBAHA.107.159327

3. Ross R (1995) Cell biology of atherosclerosis. Annu Rev Physiol 57: 791–804.
doi:10.1146/annurev.ph.57.030195.004043

4. Ross R (1993) The Pathogenesis of Atherosclerosis - A Perspective for the 1990S.
Nature 362: 801–809. doi:10.1038/362801a0

5. Weintraub WS (2007) The pathophysiology and burden of restenosis.

Am J Cardiol 100: 3K–9K. doi:10.1016/j.amjcard.2007.06.002
6. Mitra AK, Agrawal DK (2006) In stent restenosis: bane of the stent era. J Clin

Pathol 59: 232–239. doi:10.1136/jcp.2005.025742
7. Chandrasekar B, Tanguay JF (2000) Platelets and restenosis. J Am Coll Cardiol

35: 555–562. doi:10.1016/S0735–1097(99)00596-3
8. Kearney M, Pieczek A, Haley L, Losordo DW, Andres V, et al. (1997)

Histopathology of in-stent restenosis in patients with peripheral artery disease.

Circulation 95: 1998–2002. doi:10.1161/01.CIR.95.8.1998
9. Johannessen M, Moller S, Hansen T, Moens U, Van GM (2006) The

multifunctional roles of the four-and-a-half-LIM only protein FHL2. Cell Mol
Life Sci 63: 268–284. doi:10.1007/s00018-005-5438-z

10. Philippar U, Schratt G, Dieterich C, Muller JM, Galgoczy P, et al. (2004) The

SRF target gene Fhl2 antagonizes RhoA/MAL-dependent activation of SRF.
Mol Cell 16: 867–880. doi:10.1016/j.molcel.2004.11.039

11. Kurakula K, van der Wal E, Geerts D, van Tiel CM, de Vries CJ (2011) FHL2
protein is a novel co-repressor of nuclear receptor Nur77. J Biol Chem 286:

44336-44343. doi:10.1074/jbc.M111.308999
12. Neuman NA, Ma S, Schnitzler GR, Zhu Y, Lagna G, et al. (2009) The four-and-

a-half LIM domain protein 2 regulates vascular smooth muscle phenotype and

vascular tone. J Biol Chem 284: 13202–13212. doi:10.1074/jbc.M900282200
13. Purcell NH, Darwis D, Bueno OF, Muller JM, Schule R, et al. (2004)

Extracellular signal-regulated kinase 2 interacts with and is negatively regulated
by the LIM-only protein FHL2 in cardiomyocytes. Mol Cell Biol 24: 1081–1095.

doi:10.1128/MCB.24.3.1081-1095.2004

14. Paul C, Lacroix M, Iankova I, Julien E, Schafer BW, et al. (2006) The LIM-only
protein FHL2 is a negative regulator of E4F1. Oncogene 25: 5475–5484.

doi:10.1038/sj.onc.1209567
15. Kong Y, Shelton JM, Rothermel B, Li X, Richardson JA, et al. (2001) Cardiac-

specific LIM protein FHL2 modifies the hypertrophic response to beta-
adrenergic stimulation. Circulation 103: 2731–2738. doi:10.1161/

01.CIR.103.22.2731

16. Hinson JS, Medlin MD, Taylor JM, Mack CP (2008) Regulation of myocardin
factor protein stability by the LIM-only protein FHL2. Am J Physiol Heart Circ

Physiol 295: H1067–H1075. doi:10.1152/ajpheart.91421.2007
17. Chu PH, Yeh HI, Wu HH, Hong RC, Shiu TF, et al. (2010) Deletion of the

FHL2 gene attenuates the formation of atherosclerotic lesions after a cholesterol-

enriched diet. Life Sci 86: 365–371. doi:10.1016/j.lfs.2010.01.007
18. Kumar A, Lindner V (1997) Remodeling with neointima formation in the mouse

carotid artery after cessation of blood flow. Arterioscler Thromb Vasc Biol 17:
2238–2244. doi:10.1161/01.ATV.17.10.2238

19. Bonta PI, Matlung HL, Vos M, Peters SL, Pannekoek H, et al. (2010) Nuclear
receptor Nur77 inhibits vascular outward remodelling and reduces macrophage

accumulation and matrix metalloproteinase levels. Cardiovasc Res 87: 561–568.

doi:10.1093/cvr/cvq064

20. Geisterfer AA, Peach MJ, Owens GK (1988) Angiotensin II induces

hypertrophy, not hyperplasia, of cultured rat aortic smooth muscle cells. Circ
Res 62: 749–756. doi:10.1161/01.RES.62.4.749

21. Goncharova EA, Goncharov DA, Krymskaya VP (2006) Assays for in vitro
monitoring of human airway smooth muscle (ASM) and human pulmonary

arterial vascular smooth muscle (VSM) cell migration. Nat Protoc 1: 2933–2939.

doi:10.1038/nprot.2006.434
22. Molenaar JJ, Ebus ME, Koster J, Santo E, Geerts D, et al. (2010) Cyclin D1 is a

direct transcriptional target of GATA3 in neuroblastoma tumor cells. Oncogene
29: 2739–2745. doi:10.1038/onc.2010.21

23. Labalette C, Nouet Y, Sobczak-Thepot J, Armengol C, Levillayer F, et al. (2008)

The LIM-only protein FHL2 regulates cyclin D1 expression and cell
proliferation. J Biol Chem 283: 15201–15208. doi:10.1074/jbc.M800708200

24. Konig K, Diehl L, Rommerscheidt-Fuss U, Golletz C, Quast T, et al. (2010)
Four-and-a-Half LIM Domain Protein 2 Is a Novel Regulator of Sphingosine 1-

Phosphate Receptor 1 in CCL19-Induced Dendritic Cell Migration. J Immunol
185: 1466–1475. doi:10.4049/jimmunol.0903449

25. Wixler V, Hirner S, Muller JM, Gullotti L, Will C, et al. (2007) Deficiency in the

LIM-only protein Fhl2 impairs skin wound healing. J Cell Biol 177: 163–172.
doi:10.1083/jcb.200606043

26. Braun-Dullaeus RC, Mann MJ, Dzau VJ (1998) Cell cycle progression: new
therapeutic target for vascular proliferative disease. Circulation 98: 82–89.

doi:10.1161/01.CIR.98.1.82

27. Pickering JG, Weir L, Jekanowski J, Kearney MA, Isner JM (1993) Proliferative
Activity in Peripheral and Coronary Atherosclerotic Plaque Among Patients

Undergoing Percutaneous Revascularization. J Clin Invest 91: 1469–1480.
doi:10.1172/JCI116352

28. Hayashi H, Nakagami H, Takami Y, Koriyama H, Mori M, et al. (2009) FHL-2
Suppresses VEGF-Induced Phosphatidylinositol 3-Kinase/Akt Activation via

Interaction With Sphingosine Kinase-1. Arterioscler Thromb Vasc Biol 29: 909–

U331. doi:10.1161/ATVBAHA.108.178541
29. Huang PH, Chen CY, Lin CP, Wang CH, Tsai HY, et al. (2013) Deletion of

FHL2 gene impaired ischemia-induced blood flow recovery by modulating
circulating proangiogenic cells. Arterioscler Thromb Vasc Biol 33: 709–717.

doi:10.1161/ATVBAHA.112.300318

30. Ng CF, Ng PKS, Lui VWY, Li JL, Chan JYW, et al. (2011) FHL2 exhibits anti-
proliferative and anti-apoptotic activities in liver cancer cells. Cancer Lett 304:

97–106. doi:10.1016/j.canlet.2011.02.001
31. Amann T, Egle Y, Bosserhoff AK, Hellerbrand C (2010) FHL2 suppresses

growth and differentiation of the colon cancer cell line HT-29. Oncol Rep 23:
1669–1674. doi:10.3892/or_00000810

32. Gerthoffer WT (2007) Mechanisms of vascular smooth muscle cell migration.

Circ Res 100: 607–621. doi:10.1161/01.RES.0000258492.96097.47
33. Zhan Y, Kim S, Izumi Y, Izumiya Y, Nakao T, et al. (2003) Role of JNK, p38,

and ERK in platelet-derived growth factor-induced vascular proliferation,
migration, and gene expression. Arterioscler Thromb Vasc Biol 23: 795–801.

doi:10.1161/01.ATV.0000066132.32063.F2

34. Izumi Y, Kim S, Namba M, Yasumoto H, Miyazaki H, et al. (2001) Gene
transfer of dominant-negative mutants of extracellular signal-regulated kinase

and c-Jun NH2-terminal kinase prevents neointimal formation in balloon-
injured rat artery. Circ Res 88: 1120–6. doi:10.1161/hh1101.091267

35. Nelson PR, Yamamura S, Mureebe L, Itoh H, Kent KC (1998) Smooth muscle
cell migration and proliferation are mediated by distinct phases of activation of

the intracellular messenger mitogen-activated protein kinase. J Vasc Surg 27:

117–125. doi:http://dx.doi.org/10.1016/S0741-5214(98)70298-8

FHL2-Deficiency Accelerates Neointima Formation

PLOS ONE | www.plosone.org 9 April 2014 | Volume 9 | Issue 4 | e94931

http://dx.doi.org/10.1016/S0741-5214(98)70298-8

