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Abstract

Background: The molecular mechanisms that are involved in the growth and invasiveness of osteosarcoma, an aggressive
and invasive primary bone tumor, are not fully understood. The transcriptional co-factor FHL2 (four and a half LIM domains
protein 2) acts as an oncoprotein or as a tumor suppressor depending on the tissue context. In this study, we investigated
the role of FHL2 in tumorigenesis in osteosarcoma model.

Methodology/Principal Findings: Western blot analyses showed that FHL2 is expressed above normal in most human and
murine osteosarcoma cells. Tissue microarray analysis revealed that FHL2 protein expression is high in human osteosarcoma
and correlates with osteosarcoma aggressiveness. In murine osteosarcoma cells, FHL2 silencing using shRNA decreased
canonical Wnt/b-catenin signaling and reduced the expression of Wnt responsive genes as well as of the key Wnt molecules
Wnt5a and Wnt10b. This effect resulted in inhibition of osteosarcoma cell proliferation, invasion and migration in vitro.
Using xenograft experiments, we showed that FHL2 silencing markedly reduced tumor growth and lung metastasis
occurence in mice. The anti-oncogenic effect of FHL2 silencing in vivo was associated with reduced cell proliferation and
decreased Wnt signaling in the tumors.

Conclusion/Significance: Our findings demonstrate that FHL2 acts as an oncogene in osteosarcoma cells and contributes to
tumorigenesis through Wnt signaling. More importantly, FHL2 depletion greatly reduces tumor cell growth and metastasis,
which raises the potential therapeutic interest of targeting FHL2 to efficiently impact primary bone tumors.
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Introduction

Osteosarcoma is the most common primary malignant bone

tumor that occurs in children and young adults [1]. These tumors

are characterized by a highly malignant and metastatic potential

[2]. Despite aggressive chemotherapeutic treatment strategies, the

rapid development of metastatic lesions and resistance to

chemotherapy remain the major mechanisms responsible for the

failure of treatments and poor survival rate of patients, which

points to the need for new effective therapeutic strategies to

prevent cell metastasis.

The molecular mechanisms that are involved in osteosarcoma

growth and metastasis are not fully understood. A number of

studies have suggested a role of Wnt signaling, an important

pathway that controls osteoblastogenesis. Binding of canonical

Wnts to frizzled (Fz) receptor and low-density lipoprotein 5 or 6

(LRP5/6) co-receptors leads to inhibition of b-catenin phosphor-

ylation and subsequent translocation into the nucleus where it

interacts with TCF/LEF transcription factors to activate the

expression of Wnt-responsive genes [3]. Wnt signaling increases

osteoprogenitor cell proliferation and their progression along the

osteogenic lineage and prevents apoptosis in more mature

osteoblasts [4,5,6]. A role of Wnt signaling in osteosarcoma

development is supported by the finding that several Wnt ligands,

receptors and co-receptors are highly expressed while Wnt

inhibitors are downregulated in osteosarcoma cells [7]. It was

also shown that the Wnt inhibitory factor 1 is epigenetically

silenced in human osteosarcoma, and its disruption accelerates

osteosarcoma development in mice [8]. Increased b-catenin-
mediated activity has been frequently reported in osteosarcoma

[9,10,11], further supporting a role for Wnt signaling in

osteosarcoma development.

The transcriptional cofactor LIM-only protein FHL2 (four and

a half LIM domains protein 2) is a multifunctional adaptor protein

that is involved in the regulation of signal transduction, gene

expression, cell proliferation and differentiation [12,13]. The role

of FHL2 in the development of cancers is complex. FHL2 was

found to be down-regulated in some cancers and to be elevated in

others compared to normal tissues, suggesting that FHL2 may act

as an oncoprotein or a tumor suppressor, depending on its role as

transcriptional activator or repressor in the cell type in which it is
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expressed [13]. One mechanism by which FHL2 may be linked to

tumorigenesis is an interaction with key regulatory molecules. In

muscle cells for example, FHL2 interacts with b-catenin and

represses b-catenin-dependent transcription [14]. In contrast, in

hepatoblastoma cells, FHL2 activates b-catenin-dependent tran-
scription [15]. In bone, FHL2 was found to promote osteoblast

differentiation [16,17,18]. We previously showed that FHL2 acts

as an endogenous activator of mesenchymal cell differentiation

into osteoblasts through its interaction with b-catenin and

activation of Wnt/b-catenin signaling [19]. In these cells, over-

expression of FHL2 increased Wnt/b-catenin signaling and

osteogenic differentiation [19]. However, the implication of

FHL2 in primary bone cancer progression and tumorigenesis

has not been investigated.

In this study, we used a shRNA-based technique to study the

contribution of FHL2 in primary bone tumor cell growth, invasion

and migration, and we used xenograft experiments in mice to

analyse the impact of FHL2 on tumorigenesis in vivo. Our data

indicate that FHL2 silencing reduces osteosarcoma cell tumori-

genesis in vitro and in vivo, indicating that FHL2 is a potential target

for therapeutical intervention in this type of cancer.

Results

FHL2 Expression is Expressed Above Normal in
Osteosarcoma
We first analyzed by Western blot the expression of the FHL2

protein in a panel of human (U2OS, HOS, SaOS2, MG63)

osteosarcoma cells with distinct genotypes compared to normal

human osteoblasts (IHNC). We observed a single band at the

predicted molecular weight in all cell lines tested (Fig. 1A). FHL2

protein level was slightly increased in SaOS2 cells compared to

normal cells, and was robustly expressed in MG63 and U2OS

osteosarcoma cells. These results support the concept that FHL2 is

expressed above normal in some human osteosarcoma cells in vitro.

To determine the potential role of FHL2 in human osteosarcoma,

we investigated the expression of FHL2 in tissue microarray

(TMA) from patients with osteosarcoma. Our immunohistochem-

ical analysis showed that FHL2 was highly expressed in

osteosarcoma tumors compared to normal bone (Fig. 1B). FHL2

expression tended to be higher in metastatic tumor cells compared

to primary tumor cells (P,0.06). Furthermore, recurrent osteo-

sarcoma tissues tended to exhibit the highest FHL2 level (P,0.07

vs metastatic cells). Semi-quantitative analysis indicated that the

FHL2 protein expression increases with tumor grade in human

osteosarcoma and correlates with osteosarcoma aggressiveness

(Fig. 1C). To confirm this finding, we determined the expression of

FHL2 in the aggressive and highly metastatic murine (K7M2)

osteosarcoma cells [20]. We found that FHL2 protein level was 2-

fold higher in K7M2 cells compared to normal murine

C3H10T1/2 mesenchymal osteoprogenitors or to calvaria-derived

MC3T3-E1 osteoblastic cells (Fig. 2A). Overall, these results

suggest a role of FHL2 in osteosarcoma tumorigenesis.

FHL2 Silencing Reduces Wnt/b-catenin Signaling in
Osteosarcoma Cells
To investigate whether FHL2 may be a molecular target in

bone cancer cells we used short hairpin RNA (shRNA)-mediated

inhibition of FHL2 expression in the model of K7M2 osteosar-

coma cells [20]. We found that shFHL2 transduction in K7M2

cells decreased FHL2 expression by 50–60% compared to control

cells transduced with a non relevant shRNA, as shown by qPCR

and western blot analyses (Fig. 2B, 2C). Using this tool, we

examined the impact of shRNA-mediated inhibition of FHL2

Figure 1. Basal FHL2 expression in human osteosarcoma cells
and in tissue microarrays (TMA) of human osteosarcomas.
Whole cell lysates were probed with the indicated antibody and
revealed by Western blot analysis (A). FHL2 expression was determined
by immunohistochemistry in tissue sections of normal bone, primary
tumors, metastatic or recurrent osteosarcoma (Mag.6125) (B). Semi-
quantitative scoring of immunohistochemical staining with anti-FHL2
antibody in normal bone and osteosarcoma samples according to
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expression on osteocarcoma cells behavior. We found that FHL2

silencing reduced b-catenin nuclear translocation induced by

Wnt3a in K7M2 cells, as shown by Western blot analysis (Fig. 2D),

immunocytochemistry (Fig. 2E), and the reduced b-catenin
transcriptional activity in the presence or absence of Wnt3a

(Fig. 2F). To confirm the impact of FHL2 silencing on Wnt

signaling in osteosarcoma cells, we performed a molecular analysis

of Wnt responsive gene expression. We found that FHL2 silencing

in K7M2 cells strongly decreased the expression of Axin2 and

WISP-1 which are direct Wnt target genes [21] (Fig. 2G). FHL2

silencing also decreased the expression of c-Myc, which is involved

in cell proliferation, and Wnt5a and Wnt10b, which are involved

in osteosarcoma severity and invasiveness [22,23,24]. Further-

more, FHL2 silencing increased the expression of the Forkhead

class box protein O transcription factor 1 (Foxo1), which is

transcriptionally activated by b-catenin [25] (Fig. 2H). Overall,

patient outcome (primary tumor, metastatic or recurrent osteosarcoma)
(C). *P,0.05.
doi:10.1371/journal.pone.0055034.g001

Figure 2. FHL2 silencing decreases Wnt/b-catenin signaling in osteosarcoma cells. Cell lysates of osteoblast precursor cell (C3H10T1/2),
calvaria-derived osteoblastic cells (MC3T3E1) and osteosarcoma cell lines (K7M2) were analysed by western blot and FHL2 level was corrected for b-
actin (A). After transduction with shControl or shFHL2, FHL2 levels in K7M2 cells were evaluated by q-PCR (B) and Western blot analysis (C). shControl
and shFHL2 transduced K7M2 cells were treated for 24 h with Wnt3a CM and b-catenin nuclear translocation in K7M2 cells was evaluated by Western
blot analysis of nuclear fraction (D), immunocytochemistry (red, arrows: b-catenin, blue: DAPI) (E), and b-catenin transcriptional activity was
determined by a reporter assay (F). The mRNA levels in the shControl and shFHL2 cells were evaluated by q-PCR analysis (G, H). *: P,0.05 vs the
indicated group or shControl cells.
doi:10.1371/journal.pone.0055034.g002
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these results indicate that FHL2 silencing reduces b-catenin
signaling and Wnt-responsive gene expression in murine osteo-

sarcoma cells.

FHL2 Silencing Reduces Cell Proliferation and Apoptosis
in Osteosarcoma Cells
We next determined the consequences of FHL2 silencing on

osteosarcoma cell growth and survival in basal and Wnt3a-

supplemented medium. As shown in Fig. 3A, Wnt3a supplemen-

tation increased cell replication in K7M2 cells, as determined by

the BrdU incorporation assay. Silencing FHL2 resulted in

decreased cell proliferation in basal conditions (Fig. 3A). Further-

more, FHL2 silencing abolished the stimulatory effect of Wnt3a on

cell proliferation (Fig. 3A). However, the mitogenic effect of FGF-2

(0.50 ng/ml) was also abrogated by shFHL2 (Fig. 3B), suggesting

that FHL2 silencing has a general inhibitory effect on cell

proliferation. We next examined whether FHL2 silencing may

affect osteosarcoma cell death. We found that FHL2 silencing

reduced effector caspases activity in murine K7M2 osteosarcoma

cells in basal and serum-deprived conditions (Fig. 3C). Impor-

tantly, the same inhibitory effect was found in the presence of

Wnt3a which had no effect on caspases activity in these cells

(Fig. 3C). These results indicate that the decreased caspases

activity induced by FHL2 silencing occurred independently of

Wnt3a signaling. Although FHL2 silencing reduced caspases

activity in K7M2 cells, this effect had limited impact on cell death

as the number of apoptotic cells was only slightly decreased, as

shown by TUNEL analysis (Fig. 3D). Overall, these data suggest

that FHL2 silencing slightly impacts K7M2 proliferation and

apoptosis through mechanisms independent of Wnt3a.

FHL2 Silencing Reduces Cell Invasion and Migration
in vitro
Because the development of metastasis is highly dependent on

cell migration and invasion [26], we investigated the impact of

FHL2 silencing on the invasiveness potential of the highly

metastatic K7M2 osteosarcoma cells [27]. Strikingly, silencing

FHL2 markedly reduced cell migration compared to control cells

(Fig. 4A, B). In direct support of this finding, FHL2 silencing in

K7M2 cells markedly decreased cell wounding compared to

control cells (Fig. 4C, D). Given the large impact of FHL2

silencing on K7M2 migration, we analyzed whether FHL2

silencing may also reduce bone tumor cell invasion. We found

that Matrigel invasion was markedly reduced in shFHL2 trans-

duced K7M2 cells compared to control cells (Fig. 4E, F). Taken

together, these data show that silencing FHL2 reduces murine

tumor cell invasion and migration in vitro.

FHL2 Silencing Reduces Tumorigenesis and Metastasis
in vivo
Based on the above evidence that FHL2 silencing reduces

mouse osteosarcoma cell migration and invasiveness in vitro, we

hypothesized that this effect may impact osteosarcoma tumori-

genesis in vivo. To investigate this hypothesis, shControl- and

shFHL2-transduced K7M2 cells were injected in thigh muscle of

BALB/c mice. As expected, injected K7M2 cells developed large

tumors which were detectable after 6 weeks (Fig. 5A). We found

that FHL2 silencing strikingly reduced tumor size compared to

control cells (Fig. 5A). Quantification of the tumor samples

confirmed that FHL2 silencing reduced tumor volume by about 2-

fold compared to control tumors (Fig. 5B), which is consistent with

the anticancer activity of FHL2 silencing that we found in vitro.

Osteosarcoma development arises in large part from deregu-

lated cell growth [28]. We therefore investigated whether the

inhibition of tumor growth induced by FHL2 silencing is related to

decreased cancer cell replication. Analysis of cell replication using

Ki67 immunostaining showed that FHL2 silencing decreased the

number of Ki67-positive cells (Fig. 5C). Quantification revealed

that cell replication was reduced by about 40% in the tumor

(Fig. 5D). We also analyzed the effect of FHL2 silencing on

osteosarcoma cell death using TUNEL analysis. Consistent with

our in vitro data we found reduced apoptosis in tumors derived

from shFHL2-infected K7M2 cells compared to tumors derived

from control cells (Fig. 5E, F). These data indicate that shRNA-

targeted FHL2 expression reduced tumor growth through a de-

creased cell replication and despite a slight reduction of apoptosis

in murine osteosarcoma cells. We next analysed whether FHL2

silencing impacted Wnt responsive genes, as found in vitro (Fig. 2H).

As shown in Fig. 5G, a quantitative PCR analysis of RNA isolated

from the tumors revealed that FHL2 silencing markedly reduced

Wnt5a and Wnt10b mRNA level of expression. These results

indicate that FHL2 silencing reduces Wnt family proteins

expression and impacts Wnt signaling in murine osteosarcoma

tumors in vivo.

Because lung metastasis is a major clinical issue in osteosarco-

ma, we investigated whether FHL2 silencing may impact

osteosarcoma cell invasiveness in mice. As shown in Fig. 6A, mice

injected with shFHL2-infected K7M2 cells developed less lung

metastasis than mice injected with shControl-K7M2 cells. Both the

number and the surface of the lung metastasis were markedly

reduced by FHL2 silencing (Fig. 6 B, C). Overall, the data indicate

that FHL2 is overexpressed in osteosarcoma and demonstrate that

silencing FHL2 reduces Wnt signaling and decrease osteosarcoma

cell growth, invasiveness and tumorigenesis in vivo (Fig. 6D).

Discussion

In this study, we determined the role of the multifunctional

protein FHL2 in primary bone cancer growth and tumorigen-

esis in vitro and in vivo. We first investigated whether FHL2

expression is deregulated in bone tumor cells. Our data indicate

that FHL2 is expressed above normal in several human

osteosarcoma cell lines and in the aggressive K7M2 murine

osteosarcoma cells. Other studies have reported variable FHL2

gene expression in human soft tissue cancers, depending on the

cell type. Notably, FHL2 was found to be increased in breast

cancer [29], glioma [30], lung cancer [31], colon carcinoma

[32] and gastrointestinal cancer [33] compared to normal

tissues. In contrast, FHL2 was found to be down-regulated in

rhabdomyosarcomas [14] and in prostate cancer [34]. The

variable expression of FHL2 in cancer cells is likely related to

its distinct roles depending on the cell type in relation with

FHL2 interaction with other proteins, causing either repression

or activation of target genes [13]. The present finding that

FHL2 protein level is high in osteosarcoma tumors and

correlates with osteosarcoma aggressiveness in human osteosar-

coma supports a positive role of FHL2 in bone tumor

development.

To investigate the specific role of FHL2 in osteosarcoma tumor

development, we used K7M2 murine osteosarcoma cells that

express high FHL2 levels in basal conditions. We found that

silencing FHL2 though transduction with a lentivirus encoding

a specific shRNA that efficiently reduced FHL2 levels in these

cells, reduced cell proliferation and repressed the oncogene c-Myc,

supporting a role of FHL2 in osteosarcoma cell growth. This is

consistent with the recent observation that FHL2 deficiency

FHL2 Silencing Reduces Osteosarcoma Tumorigenesis

PLOS ONE | www.plosone.org 4 January 2013 | Volume 8 | Issue 1 | e55034



reduces intestinal tumorigenesis in Apc mutant mice [32]. Several

mechanisms such as the androgen receptor [35], partners of the

MAPK pathway [36,37,38], Smad proteins [39] and cyclin D1

[40] have been reported to be involved in the control of cell

replication and the response to mitogenic stimulation by FHL2.

We focused here on Wnt/b-catenin signaling since FHL2 interacts

with this pathway in several cell types [14,15,41] including in

osteoblast progenitor cells [19]. Additionally, Wnt/b-catenin
signaling was reported to be dysregulated in osteosarcoma

[7,8,9,11]. We found that FHL2 silencing in murine osteosarcoma

cells led to reduce b-catenin transcription as well as the expression

of c-myc, a target of Wnt/b-catenin signaling which controls cell

replication, and concomitantly reduced the expression of Axin2

and WISP-1 which are direct Wnt/b-catenin-target genes [3].

Although FHL2 silencing abrogated the positive effect of Wnt3a

on osteosarcoma cell growth, this effect might be explained by

overall reduced proliferation since FHL2 silencing also abrogated

FGF-2-induced cell proliferation. We also found that FHL2

silencing slightly reduced osteosarcoma cell apoptosis in vitro. To

date, both pro-apoptotic and anti-apoptotic effects of FHL2 have

been reported [42,43]. This dual effect is likely to be related to the

cellular context, namely the molecular interactions between FHL2

Figure 3. FHL2 silencing decreases osteosarcoma cell growth. After treatment with Wnt3a CM (A) or FGF-2 (0.50 ng/ml) (B) for 3 days, DNA
replication was evaluated by BrdU incorporation in shControl and shFHL2-transduced K7M2 cells. Apoptosis was induced by serum deprivation and
effector caspases activity was evaluated at 48 h in cells treated with or without Wnt3a CM (C). a: p,0.05 vs untreated, b:p,0.05 vs shControl. TUNEL
analysis was performed in basal and serum deprivation conditions at 72 h (D). *: P,0.05 vs the indicated group or shControl cells.
doi:10.1371/journal.pone.0055034.g003
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and specific partners [13]. In the present study, FHL2 silencing

may have inhibited cell proliferation independently of cell death

since FHL2 was found to regulate tumor cell growth through the

control of G1/S transition during cell cycle rather than apoptosis

[43]. One possibility is that the depletion of FHL2 may have

resulted in cells becoming more quiescent, thus avoiding cell cycle-

related initiation of apoptosis. The observed anti-apoptotic effect

of FHL2 silencing in osteosarcoma cells may be linked in part to

the observed decrease in Wnt5a, since this protein exerts anti-

apoptotic activity in cells of the osteoblast lineage [44]. FHL2 is

known to interact with Foxo1 [45] and Foxo1 was shown to

increase osteoblast apoptosis in vivo [46]. We found that FHL2

silencing increased Foxo1 expression in osteosarcoma cells,

suggesting a possible implication of Foxo1 in the anti-apoptotic

effect of FHL2 silencing in osteosarcoma cells. Despite our finding

that FHL2 silencing reduced osteosarcoma cell apoptosis in vitro

and in vivo, we found that the overall effect of FHL2 silencing

in vivo is to suppress tumor growth, indicating that FHL2 acts

mostly as an oncoprotein in osteosarcoma cells.

Osteosarcoma tumorigenesis is often associated with tumor cell

invasion leading to metastasis and reduced patient’s survival

[1,26]. Few experimental studies suggest that FHL2 may play

a role in cancer cell invasion and migration in some soft tissue

cancers [32,47,48]. However, nothing is known on the role of

FHL2 in osteosarcoma cell metastasis capacity. Strikingly, we

found that FHL2 silencing reduced osteosarcoma cell invasion and

migration in vitro and metastatic development in vivo. These results

provide the first evidence that FHL2 is involved in the invasiveness

capacity of osteosarcoma cells and that silencing FHL2 reduces

osteosarcoma tumorigenesis in mice. One mechanism underlying

the anti-oncogenic effect of FHL2 silencing could be the decreased

expression of the Wnt family members Wnt5a and Wnt10b that

we observed in vitro and in vivo, because these proteins confer cell

invasiveness, metastasis and reduced survival in osteosarcomas

[22,23,24] and thereby contribute to tumorigenesis [49,50]. In

Figure 4. FHL2 silencing decreases bone tumor cell migration and invasion. Migration of shControl and shFHL2-transduced K7M2 cells was
evaluated by Boyden’s chamber (A) and wounding assays (C) and migrating cell number was evaluated (B, D). K7M2 cell invasion was evaluated by
the Matrigel invasion assay (E, F). *: P,0.05 vs shControl-transduced cells.
doi:10.1371/journal.pone.0055034.g004
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addition to involve Wnt proteins, the anti-oncogenic effect of

FHL2 silencing may involve decreased interaction of FHL2 with

integrins [18,51] which are also critical for cancer cell adhesion to

extracellular matrix, migration and invasion.

In summary, we show here for the first time that the expression

of the Wnt co-regulator FHL2 is high in invasive osteosarcoma

and that FHL2 acts as an oncoprotein in osteosarcoma cells. More

importantly, we demonstrate that silencing FHL2 represses

osteosarcoma cell growth and tumorigenesis in vitro and in vivo.

Overall, the data indicate that targeting FHL2, a Wnt activator in

osteosarcoma cells, may be useful for therapeutical intervention in

this type of cancer.

Materials and Methods

Cell Culture and Transduction
The cancer cells derived from different osteosarcoma tumors

used were p53-deficient SaOS2 human cells, p53 mutant MG63

human cells, HOS and U2OS human cells, and K7M2 murine

Figure 5. FHL2 silencing decreases bone tumor growth in vivo. shRNA control and shFHL2-transduced murine K7M2 cells were injected in
BALB/c mice and tumor size (A) and volume (B) were determined at 6 weeks (n = 9 per group). Cell proliferation and apoptosis in tumors was
determined by histological analysis using Ki67 (C, D) and TUNEL staining (arrows), respectively (E, F). Wnt5a and Wnt10b mRNA expression was
evaluated in the tumors by q-PCR analysis (G). *: P,0.05 vs shControl cells.
doi:10.1371/journal.pone.0055034.g005
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osteosarcoma cells [27], all obtained from ATCC (Rockville, MD,

USA). Normal human osteoblasts (IHNC) were obtained from

human neonatal calvaria, and murine C3H10T1/2 and MC3T3-

E1 cells were from ATCC. The cells were cultured in DMEM

(Invitrogen Corporation, Paisley, Scotland) in the presence of 10%

heat inactivated FCS, 1% L-glutamine and penicillin/streptomy-

cin (10,000 U/ml and 10,000 mg/ml, respectively) with medium

change every 2–3 days. For FHL2 silencing, lentiviral particules

containing shRNA directed against mouse FHL2 or a control

shRNA that does not recognize mouse FHL2 were used according

to the manufacturer recommendations (Santa Cruz Biotechnolo-

gy, CA, USA).

Figure 6. FHL2 silencing reduces lung metastasis in mice. Histological hematoxylin/eosin (H&E) staining of lung tissue sections showing
metastasis (stars) developed in mice injected IM with shControl or shFHL2-transduced K7M2 cells (A). Metastasis area (B) and number (C) in the lung
tissue were evaluated. Results are expressed as mean6 s.d. (n = 9 animals per group). *P,0.05 vs shControl. Proposed model in which FHL2 silencing
using shFHL2 in murine osteosarcoma cells attenuates Wnt/b-catenin signaling and reduces the expression of Wnt5a and Wnt10b and possibly other
FHL2 target genes in the tumors, resulting in decreased osteosarcoma cell growth, invasiveness and tumorigenesis in vivo (D).
doi:10.1371/journal.pone.0055034.g006
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Cell Proliferation Assay
For cell proliferation assay, K7M2 cells were seeded at 36103

cells/cm2 and cell number was evaluated by cell counting. DNA

replication was evaluated using a BrdU ELISA assay (GE

Healthcare, Buckinghamshire, UK) as previously described [52].

Cells were treated with Wnt3a conditioned medium (CM)

obtained as described previously [19] or human recombinant

FGF-2 (Peprotech Neuilly-Sur-Seine, France) at the indicated time

point.

Cell Death Assays
DNA fragmentation was detected using TUNEL staining and

effector caspases activity was determined using Ac-DEVD-pNA as

substrate (Alexis Biochemicals, CA, USA) [53].

Cell Invasion and Migration Assays
Wounding assay was performed according to the manufac-

turer’s instructions (Ibidi, BioValley, Marne la Vallée, France).

Recovery of the denuded area was computerized using an inverted

microscope (Leica, Cambridge, UK). Cell migration and invasion

were determined in the modified Boyden’s chamber assay, as

described previously [52].

b-catenin Reporter Assay
b-catenin transcriptional activity was determined by Firefly and

Renilla luciferase assays using a Luciferase Reporter Assay System

according to the manufacturer’s recommendations (Promega,

Charbonnieres, France).

RT-qPCR Analysis
Total RNA was isolated using Trizol Reagent (Eurobio

Laboratories, Les Ulis, France) according to the manufacturer’s

instructions. Three mg of total RNA from each samples were

reverse transcribed with 16 RT buffer, 1 mM dNTP mix, 16
random primers and 50 U multiscribe reverse transcriptase

(Applied Biosystems, Villebon sur Yvette, France) in a total

volume of 20 ml, at 37uC for 2 h. The relative mRNA levels were

evaluated by quantitative RT-PCR using LightCycler Instrument

(Roche Applied Science, Indianapolis Ind., USA) and SYBR

Green PCR kit (ABGen, Courtabœuf, France). GAPDH was used

as internal control. Primers were as follow: c-Myc forward 59-

CGGTTTCTCAGCCGCTGCCA-39 and reverse 59-

TGGGCGAGCTGCTGTGCTTG-39; Wnt5a forward 59-

CCCCGACGCTTCGCTTGAATTCC-39 and reverse 59-

CCCAAAGCCACTCCCGGGCTTAA-39; Wnt10b forward 59-

CCGGGACATCCAGGCGAGAA-39 and reverse 59-

AGCTGCCTGACGTTCCATGGC-39; Foxo1 forward 59-

AGATGAGTGCCCTGGGCAGC-39 and reverse 59-GATG-

GACTCCATGTCAACAGT-39; FHL2 forward 59-

TGCGTGCAGTGCAAAAAG-39 and reverse 59-TGTGCACA-

CAAAGCATTCCT-39; GAPGH forward 59-ACA-

CATTGGGGGTAGGAACA-39 and reverse 59-AACTTTGG-

CATTGTGGAAGG-39; Axin 2 forward 59-

GAGAGTGAGCGGCAGAGC-39 and reverse 59-

CGGCTGACTCGTTCTCCT-39; WISP1 forward 59-TGGA-

CATCCAACTACACATCAA-39 and reverse 59-

AAGTTCGTGGCCTCCTCTG-39.

Immunoblot Analysis
Cell lysates were prepared and resolved on 10% SDS-PAGE as

previously described [19] were incubated with rabbit anti-FHL2

(1/1000; Abcam, Cambridge, UK), mouse anti-b-catenin (1/1000;

Santa Cruz, Santa Cruz Biotechnology, CA, USA), rabbit anti-b-

actin (1/2000; Sigma-Aldrich, St Quentin Fallavier, France) or

mouse anti-p84 (1/1000; Abcam) antibodies. Membranes were

then incubated with appropriate HRP-conjugated secondary

antibody (1/20,000). The signals were visualized with enhanced

chemiluminescence western blotting detection reagent (Immun-

star chemiluminescent kit, BioRad, Marnes-la-Coquette, France)

and autoradiographic film (X-OMAT-AR, Eastman Kodak

Company, Rochester, NY, USA). Densitometric analysis using

QuantityOne software (BioRad) was performed following digital

scanning (Agfa, Japan). Representative images of immunoblots are

shown.

Immunocytochemistry
For immunocytochemistry, cells were fixed with 4% PFA in

PBS for 10 min at 4uC, washed twice with PBS, permeabilized

with 0.025% Triton X-100 for 5 min and blocked with 3% BSA in

PBS for 15 minutes at room temperature. Cells were incubated

overnight at 4uC with anti-b-catenin antibody (Santa Cruz) used at

1:100 dilution, then incubated with a secondary antibody (goat

anti-rabbit conjugated to Cy3; Beckman Coulter, Villepinte,

France). Cover glasses were viewed using apotome fluorescence

microscopy (Carl Zeiss, Jena, Germany).

Human Tissue Microarray
Tissue microarray (TMA) composed of paraffin-embedded 231

tissue cores were deparaffinized and rehydrated. Antigen retrieval

was performed using citrate buffer (ph 6) at 70uC during 4 h

followed by permeabilisation with saponin (0.1%) for 30 min,

before incubation with polyclonal anti-FHL2 antibody [54] used

at 1:300 overnight at 4uC. The signal was revealed using

Vectastain Elite ABC system (Vector Laboratories Ltd, Peterbor-

ough, UK) and estimated without prior information about the

TMA spots.

Murine Tumor and Metastatic Models
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the Institut National de la Santé et de la

Recherche Médicale. The protocol was approved by the

Committee on the Ethics of Animal Experiments of Lariboisière-

Villemin (Permit Number: CEEALV/2011-01-05). We used

K7M2 cells that are aggressive mouse osteosarcoma cells that

form tumors and spontaneously metastasize following injection.

Female BALB/c mice (4-weeks old; Harlan, Gannat, France) were

intramuscularly injected with 106 cells/20 ml of PBS in thigh

muscles (one per leg; 9 mice per group). After 6 weeks, mice were

euthanized, all tumors were dissected, and tumor size was

determined using a calliper. Primary tumors and lungs were fixed

in formalin and included in paraffin. Tissue sections (5 mm) were

stained with hematoxylin/eosin or immunostained with anti-Ki67

antibody (1/100; Abcam). All fields located outside of the necrotic

center and without the remaining muscular fibers were micro-

photographed under an Olympus microscope. TUNEL assay was

performed using the ApoptagH Peroxidase In Situ Apoptosis

Detection Kit (Millipore, Billerica, MA, USA) according to the

manufacturer’s recommendations.

Statistical Analysis
The in vitro data are the mean6 s.d. and are representative of at

least three experiments.The in vivodata are themean6 s.d.Thedata

were analyzed by Student’s t-test with P,0.05 considered to be

significant.TheTMAscoringwasexpressedas themean6 s.e.m.and

was analysed by Kruskal-Wallis test followed by Tukey test.

FHL2 Silencing Reduces Osteosarcoma Tumorigenesis

PLOS ONE | www.plosone.org 9 January 2013 | Volume 8 | Issue 1 | e55034



Author Contributions

Conceived and designed the experiments: JB FXD OF PJM. Performed the

experiments: JB CM. Analyzed the data: JB OF PJM. Contributed

reagents/materials/analysis tools: JM RS APG FL. Wrote the paper: JB

OF PJM.

References

1. Himelstein BP (1998) Osteosarcoma and other bone cancers. Curr Opin Oncol

10: 326–333.

2. Bruland OS, Hoifodt H, Saeter G, Smeland S, Fodstad O (2005) Hematogenous
micrometastases in osteosarcoma patients. Clin Cancer Res 11: 4666–4673.

3. Nusse R (2005) Wnt signaling in disease and in development. Cell Res 15: 28–
32.

4. Bodine PV, Komm BS (2006) Wnt signaling and osteoblastogenesis. Rev Endocr

Metab Disord 7: 33–39.

5. Bodine PV (2008) Wnt signaling control of bone cell apoptosis. Cell Res 18:

248–253.

6. Gaur T, Lengner CJ, Hovhannisyan H, Bhat RA, Bodine PV, et al. (2005)

Canonical WNT signaling promotes osteogenesis by directly stimulating Runx2
gene expression. J Biol Chem 280: 33132–33140.

7. McQueen P, Ghaffar S, Guo Y, Rubin EM, Zi X, et al. (2011) The Wnt

signaling pathway: implications for therapy in osteosarcoma. Expert Rev

Anticancer Ther 11: 1223–1232.

8. Kansara M, Tsang M, Kodjabachian L, Sims NA, Trivett MK, et al. (2009) Wnt
inhibitory factor 1 is epigenetically silenced in human osteosarcoma, and

targeted disruption accelerates osteosarcomagenesis in mice. J Clin Invest 119:

837–851.

9. Haydon RC, Deyrup A, Ishikawa A, Heck R, Jiang W, et al. (2002) Cytoplasmic
and/or nuclear accumulation of the beta-catenin protein is a frequent event in

human osteosarcoma. Int J Cancer 102: 338–342.

10. Entz-Werle N, Lavaux T, Metzger N, Stoetzel C, Lasthaus C, et al. (2007)

Involvement of MET/TWIST/APC combination or the potential role of
ossification factors in pediatric high-grade osteosarcoma oncogenesis. Neoplasia

9: 678–688.
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