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Background: Vinculin plays profound roles in cell adhesion and migration.
Results: Trapping or knockdown of the vinculin gene in chondrocytes leads to impaired differentiation by affecting multiple

signaling pathways.

Conclusion: Vinculin has pleiotropic roles in chondrocytic differentiation.
Significance: This study reveals a novel, tissue-specific function of vinculin in chondrocytes.

To identify the genes involved in chondrocytic differentia-
tion, we applied gene trap mutagenesis to a murine mesenchy-
mal chondrogenic cell line ATDC5 and isolated a clone in which
the gene encoding vinculin was trapped. The trapped allele was
assumed to express a fusion protein containing a truncated vin-
culin lacking the tail domain and the geo product derived from
the trap vector. The truncated vinculin was suggested to exert a
dominant negative effect. Impaired functioning of vinculin
caused by gene trapping in ATDCS5 cells or knockdown in pri-
mary chondrocytes resulted in the reduced expression of
chondrocyte-specific genes, including Col2a4l, aggrecan, and
Col10al. The expression of Runx2 also was suppressed by the
dysfunctional vinculin. On the other hand, the expression of
Sox9, encoding a key transcription factor for chondrogenesis,
was retained. Knockdown of vinculin in metatarsal organ cul-
tures impaired the growth of the explants and reduced the
expression of Col241 and aggrecan. Gene trapping or knock-
down of vinculin decreased the phosphorylation of ERK1/2 but
increased that of Src homology 2 domain-containing tyrosine
phosphatase 2 (SHP2) and Akt during chondrocytic differentia-
tion, suggesting a disturbance of signaling by insulin-like
growth factor I (IGF-I). Knockdown of vinculin in the metatarsal
organ culture abrogated the IGF-I-induced growth and inhib-
ited the up-regulation of Col2a1 and aggrecan expression by
IGF-I Loss of vinculin function in differentiating chondrocytes
impaired the activation of the p38 MAPK pathway also, suggest-
ing its involvement in the regulation of chondrogenesis by vin-
culin. Our results indicate a tissue-specific function of vinculin
in cartilage whereby it controls chondrocytic differentiation.

Endochondral bone formation consists of the mesenchymal
condensation of undifferentiated cells, the proliferation of
chondrocytes, and differentiation into hypertrophic chondro-
cytes, followed by mineralization. Proliferating chondrocytes
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express type II, IX, and XI collagen and proteoglycans, such as
aggrecan, whereas hypertrophic chondrocytes are character-
ized by a high level of alkaline phosphatase and the production
of type X collagen. Various transcription factors and signaling
molecules, including Sox9/5/6, Runx2, Indian hedgehog (IThh),
parathyroid hormone-related protein, insulin-like growth fac-
tors (IGFs), and fibroblast growth factors (FGFs), have been
revealed to regulate the maturation of chondrocytes (1, 2).
However, the molecular mechanisms underlying chondrogen-
esis have not been fully elucidated.

Gene trapping is a genome-wide approach used to clarify the
roles of genes by the random insertion of a trapping vector that
might disturb gene function (3). A gene trap vector consists of a
promoterless reporter gene, a selectable marker, and a splice
acceptor site immediately upstream of the reporter gene. When
the vector is appropriately inserted in an endogenous gene, a
fusion transcript, including the upstream coding sequence of
the gene and the reporter gene, is generated by the promoter
and enhancer of the trapped gene. This event is associated with
the conversion of the trapped gene into a mutated gene and
allows one to examine its expression via the reporter activity.

To identify the factors involved in chondrogenesis, we used a
gene trap approach in the murine mesenchymal cell line
ATDCS5, an established cell model of endochondral bone for-
mation (4). ATDCS5 cells differentiate into proliferating chon-
drocytes and undergo cellular hypertrophy and mineralization.
By applying gene trapping in ATDCS5 cells, we have previously
identified several factors involved in chondrocytic differentia-
tion, including the p85a subunit of phosphatidylinositide 3-ki-
nase (PI3K) and nuclear factor I transcription/replication fac-
tor (5, 6).

Vinculin is a 116-kDa cytoskeletal protein associated with
focal adhesion and adherens junctions. It exists in multimo-
lecular complexes, which function in adhesion and/or signaling
between the extracellular milieu and the cell, via integrins and
cadherins. The amino-terminal head domain of vinculin binds
to talin (7), which in turn binds to S integrins, whereas the
carboxyl-terminal tail domain binds to actin (8), phospholipids
(9), and paxillin (10). This arrangement allows vinculin to func-
tion as a regulatory bridge between the extracellular matrix
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(ECM)? and the actin cytoskeleton. Disruption of vinculin
expression in mice results in embryonic death with severe
defects in cardiac and brain development (11, 12). Cells
depleted of vinculin have a reduced ability to adhere to a variety
of ECM proteins, increased migration rates, and fewer and
smaller adhesion sites compared with wild-type cells (12-14).
In addition to the profound roles of vinculin in cell adhesion
and motility, there might be some tissue-specific functions,
which remain to be elucidated.

By gene trapping in chondrocytic ATDC5 cells, we isolated a
clone in which the gene encoding vinculin was trapped. The
clone expressed a truncated vinculin lacking the tail domain,
which exerted a dominant effect. The clone’s ability to differ-
entiate into mature chondrocytes was impaired, leading us to
hypothesize that vinculin plays a role in chondrocyte differen-
tiation. Here we provide evidence for chondrocyte-specific
roles of vinculin and describe possible molecular mechanisms
by which vinculin regulates chondrocytic differentiation.

EXPERIMENTAL PROCEDURES

Cell Culture—ATDCS5 cells and the trap clones were main-
tained in a 1:1 mixture of Dulbecco’s modified Eagle’s and
Ham’s F-12 (DMEM/F-12) medium (Sigma-Aldrich) supple-
mented with 5% fetal bovine serum (FBS) (Invitrogen) and 1%
insulin-transferrin-selenium G supplement (ITS) (Invitrogen)
at 37 °Cina 5% CO, atmosphere. For chondrogenic induction,
cells were inoculated into 6-well culture plates (5 X 10* cells/
well). Three days later, the medium was changed to a-minimal
essential medium supplemented with 5% FBS and ITS, and the
culture plates were sealed to facilitate mineralization, as
described previously (5, 6). The medium was replaced every 3
days.

COS7 cells were cultured in DMEM supplemented with 10%
FBS. For transient transfections, FuGene6 reagent (Roche
Applied Science) was utilized.

Isolation of Primary Chondrocytes—Animal protocols were
approved by the Institutional Animal Care and Use Committee.
Primary chondrocytes were isolated from the ribcages of 5-day-
old ICR mice following a previous report (15). In brief, the car-
tilage dissected from ribcages was incubated with actinase E (2
mg/ml in PBS; Kaken Pharmaceutical Co. Ltd., Tokyo, Japan)
for 30 min at 37 °C, rinsed three times with PBS, treated with
collagenase (3 mg/ml, Wako, Osaka, Japan) in 10 ml of DMEM
for 90 min at 37 °C, and then transferred to a 50-ml tube. After
pipetting, the tube was stood for 5 min, and the supernatant
containing soft tissue was discarded. The remaining cell clumps
were washed and passed through a 100-pm cell strainer. The
collected chondrocytes were cultured in DMEM supplemented
with 10% FBS and 50 ug/ml ascorbic acid (Sigma-Aldrich).

Organ Culture of Mouse Metatarsals—The organ culture of
mouse metatarsals was performed following a previous report
(16). The central metatarsal rudiments were dissected from

2The abbreviations used are: ECM, extracellular matrix; IGF, insulin-like
growth factor; FN, fibronectin; Col I, type I collagen; miRNA, microRNA;
FAK, focal adhesion kinase; Vh, vinculin head domain; Vt, vinculin tail
domain; aa, amino acids; E15.5 and E18.5, embryonic day 15.5 and 18.5,
respectively.
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each hind limb of E15.5 ICR mouse embryos, placed into
48-well plates (designated day 0), and cultured in a-minimal
essential medium containing 50 ug/ml ascorbic acid, 1 mMm
B-glycerophosphate, 0.2% bovine serum albumin, and 0.1%
penicillin/streptomycin at 37 °C under a 5% CO, atmosphere.
The medium was changed on day 2 and day 4. When viral trans-
fection was performed, the viruses were added to the medium
on day 0 and when the medium was changed.

Gene Trapping—As the trap vector, we used pPT1-geo,
which lacks its own promoter and enhancer but contains a lacZ
gene as a reporter fused to a neomycin resistance gene as a
selection marker, which was designated geo (17). After pPT1-
geo was introduced into ATDCS5 cells using the Gene Pulser II
electroporation system (Bio-Rad), neomycin-resistant clones
were selected and screened for B-galactosidase activity. Clones
with a 10-fold higher level of B-galactosidase activity than the
parental ATDC5 cells were then subjected to chondrogenic
induction, followed by Alcian blue and Alizarin red staining to
evaluate the production and mineralization of extracellular
matrices, respectively.

Cell Staining—The cells were fixed with 95% ethanol and
stained with 1% Alizarin red S (Sigma-Aldrich), Alcian blue
stain solution, pH 2.5 (Nacalai Tesque, Kyoto, Japan), or 0.1%
crystal violet solution (Kanto Chemical, Tokyo, Japan). Staining
for B-galactosidase activity was performed using 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-gal) (Wako) as a
substrate.

Southern Blot Analysis—Genomic DNA was extracted from
parental ATDCS cells and the trap clone and digested with the
restriction enzyme Sphl or Pstl. The digested DNA was then
electrophoresed, transferred to a Hybond-N™ membrane
(Amersham Biosciences), and probed with a radiolabeled frag-
ment of lacZ cDNA prepared by digestion of pPT1-geo with
EcoRI/Sacl. The restriction enzymes were purchased from New
England Biolabs (Beverly, MA).

Identification of Trapped Genes by 5'-Rapid Amplification of
¢DNA Ends (RACE)—Total RNA was extracted from the trap
clone with the RNeasy kit (Qiagen Inc., Valencia, CA), and mes-
senger RNA was purified with oligo(dT) latex (Oligotex™-
dT30 Super mRNA Purification Kit; Takara Biomedicals, Shiga,
Japan). To identify the trapped gene, 5'-RACE was performed
utilizing the 5'-RACE System for Rapid Amplification of cDNA
Ends (Invitrogen), according to the manufacturer’s instructions
with some modifications. Briefly, first-strand cDNA was syn-
thesized from mRNA (1 pg) using SuperScript II reverse tran-
scriptase (Invitrogen) with a primer specific to lacZ cDNA in
pPT1-geo: LacZ-GSP1, 5'-TGGCGAAAGGGGGATGTG-3'.
After the first strand of cDNA was synthesized, the original
mRNA template was removed by treatment with RNase, and
the unincorporated dNTPs and the primer were separated from
the cDNA using a GlassMAX Spin Cartridge (Invitrogen). Then
a homopolymeric tail was added to the 3’-end of the cDNA
using TdT and dCTP. This was followed by PCR amplification
using Tag polymerase (Takara) and the following set of prim-
ers: 5'-RACE Abridged Anchor Primer, 5'-GGCCACGCGTC-
GACTAGTACGGGIGGGIGGGIG-3" (where I represents
inosine); LacZ-GSP2, 5'-ATGTGCTGCAAGGCGATTAAG-
TTG-3'. The product served as the template for a second round
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of PCR using the primers LacZ-GSP3 (5'-CCAGGGTTTTCC-
CAGTC-3') and 5'RACE-AUAP (5'-GGCCACGCGTCGAC-
TAGTAC-3'). The product of the second PCR was then cloned
into the vector pT7-Blue (Novagen, Madison, WI) and
sequenced using an automated sequencer (model 377A;
PerkinElmer Life Sciences).

Assay for Proliferation—The cells were plated onto 96-well
culture plates at a density of 1 X 10 cells/well (designated as
day 0) and cultured in DMEM/F-12 medium supplemented
with 5% FBS and ITS. Then the cell number in each well was
evaluated by a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt
assay performed using a CellTiter 96® Aqueous One solution
cell proliferation assay kit (Promega, Madison, W1) according
to the manufacturer’s instructions. Proliferation of the cells was
also assayed using a Calbiochem BrdU cell proliferation assay
kit (Merck).

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
and Real-time PCR—Total RNA (2.5 ug) treated with DNase
(Qiagen) was reverse transcribed using random hexamer (Pro-
mega) and SuperScript II (Invitrogen). PCR was performed
using Tag polymerase (Takara) and the specific primer sets
summarized in supplemental Table-S1. Amplification of the
expected fragments was confirmed by sequencing of the prod-
ucts. For real-time PCR, we utilized TagMan® gene expression
assays with the 7300 real-time PCR system (Applied Biosys-
tems). To generate a standard curve for real-time PCR, the
amplicons of interest were first cloned into the pT7-Blue vector
(Novagen), and serial 10-fold dilutions of the constructed plas-
mid were included in the assay. Samples were analyzed in trip-
licate. The copy number of the target cDNA in each sample was
estimated by referring to the standard curve, which was stan-
dardized by that of Gapdh in each sample.

Plasmids and Recombinant Adenoviruses—The plasmid car-
rying a full-length cDNA for mouse vinculin (accession number
AKO077850) was obtained as the RIKEN® PHANTOM™ clone
pFLC1-vinculin (clone ID 5930419L09). The fragment excised
from pFLCl-vinculin by digestion with Sfil was inserted into
pcDNA3.1-Zeo (Invitrogen), yielding pcDNA-vinculin(WT).
We then constructed pcDNA-vinculin(WT)-V5 and pcDNA-
vinculin(WT)-Myc encoding the carboxyl-terminal V5- and Myc-
tagged forms of wild-type vinculin, respectively, by mutating the
stop codon to introduce a new Clal site using the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA), where
annealed oligomers corresponding to the tags were inserted. The
plasmid encoding the V5-tagged truncated mutant of vinculin (aa
1-624) was constructed by cloning of the corresponding fragment
to pcDNA4.0/V5-His in frame (pcDNA4.0-vinculin{1-624)-V5).

To generate adenoviral vectors, the cDNAs corresponding to
the wild-type vinculin and the mutant proteins were subcloned
into pENTR11 (Invitrogen), and the inserts were transferred to
the pAd/CMV/V5-DEST vector (Invitrogen). Recombinant
adenoviruses were prepared with the ViraPower™ Adenovirus
Expression System (Invitrogen). For comparison, we con-
structed vectors encoding the carboxyl region of vinculin cor-
responding to aa 625-1066 also, by removing the fragment for
aa 2—- 624 from pENTR-vinculin(WT).

15762 JOURNAL OF BIOLOGICAL CHEMISTRY

To construct the expression plasmid encoding paxillin, we
first performed PCR-based cloning of cDNA for mouse paxillin
using RNA derived from ATDC5 cells. Then the cDNA was
cloned in frame into a pcDNA4/Myc-His vector (Invitrogen)
after the stop codon was mutated to a EcoRI recognition site,
resulting in a plasmid encoding paxillin fused to a Myc tagat the
carboxyl terminus (designated pcDNA-paxillin-Myc-His).

Gene Silencing—Gene silencing in ATDC5 cells was per-
formed using the siPORT Amine transfection agent (Applied
Biosystems) and Silencer® Select siRNAs (Applied Biosystems)
by the reversal transfection method. As the vinculin-specific
siRNA, Silencer® Select siRNAs 75918 and s75919 were uti-
lized. A negative control siRNA with a scrambled sequence was
also included in the experiments.

The knocking down of vinculin expression in primary chon-
drocytes and the organ culture of metatarsals was performed by
adenovirus-mediated expression of microRNA (miRNA) using
the BLOCKAT™ Pol Il miR RNAi Expression Vector Kit with
EmGFP and BLOCK-iT™ Pol Il miR RNAi Select (Mmi526082
and Mmi526083) (Invitrogen).

Western Blotting—Whole cell extracts were harvested in
radioimmune precipitation buffer (1% Triton, 1% sodium
deoxycholate, 0.1% SDS, 150 m»m NaCl, 10 mm Tris-Cl (pH 7.4),
5 mm EDTA, 1 mm orthovanadate and protease inhibitor mix-
ture (Complete™, Roche Applied Science)). The cell lysates
containing 10 ug of each protein were then subjected to SDS-
PAGE and transferred to PVDF membranes (Bio-Rad). After
blocking with BlockAce reagent (Dainippon Pharmaceuticals,
Osaka, Japan) or Blocking-one reagent (Nacalai Tesque), the
membranes were incubated with the following primary anti-
bodies: polyclonal antibody against the amino or carboxyl
terminus of vinculin (N-19 and C-20, respectively; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), anti-fB-galactosidase
polyclonal antibody (Rockland, Gilbertsville, PA), anti-phos-
pho-FAK antibody, anti-FAK antibody, anti-paxillin antibody
(BD Transduction Laboratories, Franklin Lakes, NJ), anti-V5
antibody (Invitrogen), anti-cMyc antibody, anti-Sox9 antibody
(Santa Cruz Biotechnology, Inc.), anti-phospho-Sox9 (Ser(P)-
181) antibody (AnaSpec Inc., San Jose, CA), anti-phospho
ERK1/2 antibody, anti-ERK1/2 antibody, anti-phospho-Akt
antibody, anti-Akt antibody, anti-phospho-SHP2 (Src homol-
ogy 2 domain-containing tyrosine phosphatase 2) antibody,
anti-SHP2 antibody, anti-phospho-p38 MAPK antibody,
anti-p38 MAPK antibody, anti-phospho-Smad antibodies, and
anti-Smad antibodies (Cell Signaling, Beverly, MA). After incu-
bation with the corresponding horseradish peroxidase (HRP)-
conjugated secondary antibody, the proteins were visualized
using the enhanced chemiluminescence (ECL) detection sys-
tem (Amersham Biosciences). ’

Immunoprecipitation—Whole cell lysates were harvested in
a lysis buffer (5 mm EDTA, 150 mM NaCl, 0.5% Nonidet P-40,
10% glycerol, and 10 mm Tris-HCI, pH 8.0) containing a prote-
ase inhibitor mixture (Complete™, EDTA-free, Roche
Applied Science). The lysates were incubated with an antibody,
and the immunocomplex was immobilized on protein A/G-
agarose conjugate at 4 °C overnight. The agarose beads were
extensively washed, and the immunoprecipitates were sub-
jected to Western blot analyses.
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Immunohistochemistry—Tibiae obtained from E18.5 mouse
embryos or the cultured metatarsal bones were fixed in 10%
buffered formalin and embedded in paraffin. Sections were
deparaffinized, rehydrated, and subjected to antigen retrieval.
The quenching of endogenous peroxidase activity and immu-
nohistochemical staining were performed using ImmunoCruz
staining systems (Santa Cruz Biotechnology, Inc.). After block-
ing, the sections were incubated with anti-vinculin antibody
(Santa Cruz Biotechnology, Inc.), anti-Col II mouse monoclo-
nal antibody (Clone 2B1.5; Thermo Fisher Scientific, Waltham,
MA), or anti-aggrecan antibody (Santa Cruz Biotechnology,
Inc.). Normal IgG was used as a negative control. Thereafter,
the sections were incubated with biotinylated secondary anti-
bodies and with HRP-conjugated streptavidin. Development of
the peroxidase staining was done with 3',3-diaminobenzidine.
Antigen retrieval was performed by incubating the sections in
10 mu citrate buffer (pH 6.0) at 95 °C for 15 min, in pepsin
solution (Thermo Fisher Scientific) at 37 °C for 60 min, or in
0.02% hyaluronidase (Sigma-Aldrich) in 0.1 M sodium acetate
(pH 5.0) at 37 °C for 60 min, for staining with the anti-vinculin
antibody, anti-Col II antibody, or anti-aggrecan antibody, respec-
tively. The sections were counterstained with hematoxylin.

Cell Attachment Assay—Cells were trypsinized, and the reac-
tion was neutralized with a trypsin inhibitor (Invitrogen). Then
the cells suspended in serum-free medium (5 X 10° cells) were
plated on fibronectin-coated dishes. After 30, 60, or 90 min of
incubation, the non-attached cells were removed by washing,
and the attached cells were harvested by trypsinization and
counted.

Cell Migration Assay—To evaluate the ability of the cells to
migrate, we performed a wound healing assay using culture
inserts intended for this purpose (Ibidi GmbH, Miinchen, Ger-
many), according to a previous report (18). Each insert has two
wells with a 500-pum gap. The inserts were placed on culture
plates, and cells were plated in both wells (7 X 10® cells/well,
whose growth area was 2 X 0.22 cm?). When the cells reached
confluence, the medium was changed to serum-free medium.
Ten hours later, the inserts were removed, and cells were incu-
bated at 37 °C in a CO, incubator. The cells were subjected to
microscopy to evaluate the narrowing of the cell-free gap.

Statistical Analysis—Data were analyzed using one-way
analysis of variance. The method of Tukey was used for posthoc
tests. All statistical analyses were conducted using Dr. SPSS II
software.

RESULTS

Isolation of Clone in Which Gene Encoding Vinculin Was
Trapped—Because the trap vector pPT1-geo possesses the
lacZ-neo fusion gene geo, clones can be isolated on selection
with neomycin only when the trapped gene is expressed in
ATDCS cells. We obtained 815 neomycin-resistant clones and
subjected the clones with 10-fold more B-galactosidase activity
than the parental cells to chondrogenic induction. We then
further analyzed clone 4-17, which exhibited fewer mineralized
nodules. The B-galactosidase activity in clone 4-17 was ~13-
fold that in parental cells (Fig. 14). The trap vector was inserted
at only one location (Fig. 1B). A 5'-RACE analysis demon-
strated that the vector was inserted into intron 13 of the vincu-
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lin gene (accession number NC_000080.5). The trapped allele
was assumed to express a fusion protein containing the talin-
binding head domain of vinculin and the product of geo but
lacking the paxillin-binding tail domain of vinculin (Fig. 1C).
Western blotting confirmed the production of the fusion pro-
tein (Fig. 1D). Interestingly, Western blotting using the anti-
body against the carboxyl terminus of vinculin, which was
absent from the mutant protein, demonstrated comparable
amounts of wild-type vinculin between the parental cells and
clone 4-17 (Fig. 1D). Staining of clone 4-17 for B-galactosidase
suggested the cytoplasmic distribution of the fusion product
(data not shown). Clone 4-17 accumulated less cartilaginous
matrix than the parental cells, as shown by Alizarin red and
Alcian blue staining (Fig. 1, Eand F). Staining with crystal violet
verified the adhesion of the cells to the culture plates (Fig. 1, E
and F). In contrast to clone 4-17, most of the other clones exhib-
ited no obvious change in Alizarin red and Alcian blue staining
(supplemental Fig. S1).

Expression of Vinculin Increased during Chondrocyte
Differentiation—Immunostaining with the anti-vinculin anti-
body was performed using sections of tibiae harvested from
E18.5 wild-type mouse embryos. Chondrocytes were positively
stained, and the immunoreactivity was intense in hypertrophic
chondrocytes (Fig. 2B).

We also examined the temporal expression pattern of vincu-
lin in primary chondrocytes isolated from ribcages of wild-type
newborns. The increasing expression of Coll0al, the gene for
type X collagen and a marker for hypertrophic chondrocytes,
indicated the progression of the differentiation during the cul-
ture (Fig. 2D). The expression of vinculin also was increased as
the chondrocytes matured (Fig. 2, C and E).

To examine the temporal expression of vinculin in the paren-
tal ATDCS cells and clone 4-17, these cells were cultured in the
chondrogenic medium. The expression of Sox9, the key tran-
scription factor for chondrocytic differentiation, reached a
maximum at 4 weeks of culture in both cells. The expression of
Alp (alkaline phosphatase) was lower in clone 4-17. To examine
the expression of vinculin by RT-PCR, we used a pair of primers
that amplified the fragment corresponding to the amino termi-
nus of vinculin shared by the transcript from the wild-type
allele and that from the trapped allele and found a temporal
increase in both cells. In clone 4-17, the expression of lacZ was
also elevated during the culture (Fig. 2F). To examine whether
or not the trapping of vinculin altered the fate of the cells, we
analyzed the expression of MyoDI and Pparg, markers for myo-
cytes and adipocytes, respectively, and found no expression
(data not shown).

Alteration in Signaling Induced by Adhesion to ECM in Clone
with Trapped Vinculin Gene—The increase in the expression of
vinculin during chondrocyte differentiation suggested some
role in chondrogenesis. To investigate this role, we further
characterized clone 4-17.

To characterize the truncated vinculin derived from the
trapped allele, we constructed plasmids encoding a V5-tagged
wild-type vinculin (pcDNA-vinculin(WT)-V5) or a truncated
protein corresponding to the mutant derived from the trapped
allele (pcDNA-vinculin(1-624)-V5). For comparison, we con-
structed another plasmid encoding the carboxyl fragment of
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FIGURE 1. Isolation of the clone with the trapped vinculin gene. A, the 3-galactosidase activity in clone 4-17 and the parental ATDC5 cells. B, Southern
blotting. Genomic DNA was digested with the restriction enzyme Pstl or Sphl, and subjected to hybridization with a radiolabeled fragment of lacZ cDNA
prepared by EcoRl/Sacl digestion of pPT1-geo. C, genomic organization of the murine vinculin gene and the insertional mutation resulting from the gene
trapping. The locations of exons (gray boxes) and introns (horizontal lines between exons) are indicated. pPT1-geo was inserted into intron 13, resulting in a
mutant protein in which vinculin lacking the tail domain was fused to the geo product. D, detection of the B-galactosidase fusion protein. Cell lysates were
subjected to immunoblotting using antibodies against B-galactosidase (left) or amino-terminal (center) or carboxyl-terminal vinculin. The asterisk and the
arrow indicate the signals corresponding to the fusion protein comprising part of vinculin and the geo product and that for wild-type vinculin, respectively. £,
impaired chondrogenic nodule formation in clone 4-17. The cells were cultured for 8 weeks in chondrogenic medium and subjected to Alcian blue and Alizarin
red staining. Clone 4-17 accumulated less cartilaginous matrix than parental cells. The cells were also stained with crystal violet to confirm the adhesion to
culture plates. F, the stained area in £ was quantitated using NIH Image 1.63 software. Data are shown as the mean * S.D. (error bars) (n = 3).*, p < 0.001 versus

parental cells.

vinculin (pcDNA-vinculin(625~1066)-V5), which lacked the
region retained in the trapped allele, also. Co-immunopre-
cipitation experiments confirmed that the truncated
vinculin(1- 624) exhibited impaired binding to paxillin (Fig.
3A). The binding to talin was markedly increased in the trun-
cated vinculin(1-624) compared with in vinculin(WT) (Fig.
3B).

Mouse embryo fibroblasts isolated from vinculin-knock-out
mouse embryos demonstrated increased phosphorylation of
focal adhesion kinase (FAK) and extracellular signal-regulated
kinase (ERK) in response to adhesion to ECMs (12). Therefore,

15764 JOURNAL OF BIOLOGICAL CHEMISTRY

we examined the phosphorylation of FAK at Tyr-397 and
ERK1/2 induced by adhesion to ECMs in clone 4-17 and the
parental ATDC5 cells. The phosphorylation of FAK and
ERK1/2 induced by adhesion to both fibronectin (FN) and type
I collagen (Col II) was increased in clone 4-17 (Fig. 3, C-E). The
knockdown of vinculin expression in parental cells also resulted
in an increase in the adhesion-induced phosphorylation of FAK
and ERK1/2 (Fig. 3F). Because transfection of siRNA may have
toxic effects, we confirmed that the expression of vinculin was
completely reversed at 9 days after the transfection of gene-
specific siRNA (supplemental Fig. S2). The data indicate that
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FIGURE 2. Increasing expression of vinculin during the differentiation of
chondrocytes. A, illustration of endochondral bone formation displayed as a
layered structure. B, immunostaining of mouse tibiae from an E18.5 embryo
with anti-vinculin antibody. The immunoreactivity was intense in hyper-
trophic chondrocytes. P and H, proliferating and hypertrophic chondrocytes,
respectively. HE, hematoxylin/eosin-stained section. C-£, increasing expres-
sion of vinculin during the maturation of primary chondrocytes. Chondro-
cytes isolated from mouse ribcages were cultured for the period indicated
before being harvested for Western blotting (C) and real-time PCR (E). In £,
data are shown as the mean = S.D. (error bars). *, p < 0.05 versus day 1. The
temporal expression of Col2al and Co!/10a1 analyzed by RT-PCRis shown in D.
F, RT-PCR analyses for the temporal expression of the amino-terminal frag-
ment of vinculin, Sox9, and Alp (alkaline phosphatase) during the chondro-
cytic differentiation of parental ATDC5 cells and clone 4-17. The primer set for
amino-terminal vinculin amplifies the fragment derived from both the wild-
type and trapped alleles.

vinculin functions as a negative regulator of the signaling
induced by adhesion to ECM. Considering the similarity in the
increase in the adhesion-induced phosphorylation of FAK and
ERK1/2 between the vinculin-silenced cells and clone 4-17, we
assume that the truncated vinculin derived from the trapped
allele has some dominant effect that interferes with the func-
tions of wild-type vinculin. Consistent with this notion, exoge-
nous expression of vinculin(1-624)-V5 into the parental cells
also increased the adhesion-induced phosphorylation of FAK,
and the simultaneous overexpression of wild-type vinculin
failed to abolish the increase (Fig. 3G). On the other hand, exog-
enous expression of the carboxyl fragment vinculin(625-
1066)-V5 into the parental cells had no obvious influence on the
adhesion-induced phosphorylation of FAK (Fig. 3H).

To elucidate the mechanism by which the truncated vincu-
lin(1-624)-V5 exerted a dominant negative effect on signaling,
we examined whether the mutant affected the interaction
between the wild-type vinculin and talin. COS7 cells were trans-
fected with Myc-tagged wild-type vinculin (vinculin(WT)-Myc)

ACEEVEN
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together with vinculin(WT)-V5 or the mutant vinculin(1-624)-
V5, and the lysates were subjected to immunoprecipitation
using anti-talin antibody. Aliquots of the immunoprecipitates
were subjected to immunoblotting with anti-Myc antibody,
and the proteins were visualized using ECL Plus™ reagent
(Amersham Biosciences) with high sensitivity. The co-transfec-
tion of vinculin(1-624)-V5 reduced the co-immunoprecipita-
tion of vinculin(WT)-Myc with talin (Fig. 31). These results sug-
gest that vinculin(1-624) interferes with the interaction
between the wild-type vinculin and talin, which might be the
mechanism for the dominant negative effect of the mutant.

Effects of Trapping of Vinculin Gene on Cell Proliferation,
Attachment, and Migration in Vitro—We next examined the
effects of the trapping of the vinculin gene on cell behavior in
vitro. The proliferation was comparable between the parental
cellsand the clone 4-17 with the trapped vinculin gene (Fig. 4, A
and B). As for the attachment to the ECM and motility, there
was no obvious difference between the parental cells and clone
4-17 (Fig. 4, C and E) either, which was probably due to the
activity of the remaining wild-type allele in clone 4-17. We also
examined the effects of the knockdown of vinculin in parental
cells, which slightly reduced the attachment and increased the
cell migration (Fig. 4, D and F). Trapping of the vinculin gene in
clone 4-17 had no apparent effect on focal adhesion. Knock-
down of vinculin in parental cells had no obvious influence on
focal adhesion either. These observations suggest the residual
activity of vinculin to be enough for focal adhesion in vitro (Fig.
4G).

Defects in Chondrocytic Differentiation in Clone with
Trapped Vinculin Gene—To clarify whether vinculin plays a
role in chondrogenesis, we further analyzed the chondrocytic
phenotype of clone 4-17. Parental ATDCS cells and clone 4-17
were cultured in the chondrogenic medium, and the temporal
expression of the chondrocytic marker genes was evaluated
(Fig. 5). The expression of Sox9 was retained in clone 4-17.
However, the expression of Col2a1 encoding the al chain of Col
II as well as that of aggrecan was markedly reduced in clone
4-17. Sox5 and Sox6 are transcription factors that cooperate
with Sox9 in chondrocytic differentiation. Although the
expression of Sox5 was retained in clone 4-17, that of Sox6 was
decreased (Fig. 5). The expression of Ii}, a marker for prehy-
pertrophic chondrocytes, peaked at 6 weeks of culture in the
parental cells. In clone 4-17, it reached a maximum at 4 weeks of
culture and declined thereafter. The expression of T4/ in clone
4-17 suggested that at least some cells differentiated into pre-
hypertrophic chondrocytes. The expression of Col10a1 gradu-
ally elevated during the differentiation of parental ATDCS5 cells,
whereas it markedly decreased in clone 4-17. Runx2 is a tran-
scription factor that plays a critical role in chondrocyte matu-
ration and directly controls Coll0al expression (19). The
expression of Runx2 increased during the later differentiation
in the parental cells but not in clone 4-17 (Fig. 5).

Knockdown of Vinculin or Expression of Mutant Vinculin(1—
624) Caused Impaired Maturation in Primary Chondrocytes—
We also examined the effects of knocking down the expression of
vinculin expression using primary chondrocytes. Primary chon-
drocytes were plated on day 0 and, 24 h later, infected with an
adenovirus encoding vinculin-specific miRNA or control miRNA.
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Alcian blue staining demonstrated less accumulation of cartilagi-
nous matrix in the cells where the expression of vinculin was
knocked down, a situation that was rescued by the simultaneous
introduction of the adenovirus encoding wild-type vinculin (Fig. 6,
A and B). The expression of neither Sox9 nor Sox5 was influenced,
whereas that of Sox6 on day 7 was suppressed by knocking down
the expression of vinculin. The expression of Col2a1 and aggrecan
on day 3 was also markedly decreased, and that of Ik was reduced
onboth day 3 and day 7 by the knockdown. As for the expression of
Col10al, which was detected on day 7 in the control cells, the
knockdown of vinculin resulted in its reduction. The expression of
Runx2 also was decreased by the knockdown (Fig. 6E). These alter-
ations in gene expression were consistent with those in clone 4-17.
Adenoviral transfer of the truncated vinculin(1-624)-V5 in pri-
mary chondrocytes also resulted in the reduced expression of
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vinculin(625-1066)-V5 in primary chondrocytes had no obvious
influence on the accumulation of cartilaginous matrix (data not
shown).

Knockdown of Wild-type Vinculin as Well as Expression of
Vinculin(1-624) Impaired Growth of Metatarsal Explants—
The role of vinculin in chondrogenesis was further investigated
using organ cultures of metatarsal rudiments ex vivo. Metatarsals
from E15.5 mouse embryos were infected with an adenovirus for
vinculin-specific miRNA or control miRNA and cultured for 7
days. In this system, the rudiments grew during the culture. In the
sections cut from the rudiments, the direct fluorescence of
EmGFP derived from the vectors encoding miRNAs was detected
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in chondrocytes as well as in the perichondrium, demonstrating
the infection in these cells (supplemental Fig. S4). We found that
the extended length was shorter in the rudiments infected with
vinculin-specific miRNA. Moreover, simultaneous infection with
the virus encoding wild-type vinculin, but not the control virus
encoding lacZ, restored the blunted growth due to the knockdown
of vinculin (Fig. 7, A and B). Hematoxylin/eosin (H&E) staining of
sections cut from the rudiments demonstrated that the columnar
proliferation of the chondrocytes was disturbed, and the subse-
quent hypertrophic change was insufficient in the rudiments with
the knockdown of vinculin (Fig. 7, C and D). In immunohisto-
chemistry, immunoreactivity with the antibodies against Col II
and aggrecan was decreased in the rudiments infected with vincu-
lin-specific miRNA (Fig. 7, E and F). Real-time PCR analyses using
RNA extracted from the rudiments demonstrated that the knock-
down of vinculin caused the reduced expression of Col2a1 and
aggrecan. The expression of Runx2 also was decreased by the
knockdown of vinculin, whereas that of Sox9 was retained (Fig.
7G). Adenoviral transfer of the truncated vinculin(1-624)-V5 also
impaired the growth of the metatarsal rudiments (supplemental
Fig. S5).

Altered Signaling during Chondrocytic Differentiation in
Cells with Knocked Down or Trapped Vinculin Gene—Thus,
vinculin appears to play an important role in chondrogenesis.
Therefore, we next investigated the mechanism by which vin-
culin regulates chondrocyte differentiation.

Several signaling pathways have been implicated in chondro-
genesis. The phosphorylation of ERK1/2, SHP2, and Akt as well
as that of FAK increased during the maturation of primary
chondrocytes. In addition, the phosphorylation of p38 MAPK
and some Smads also increased as the chondrocytes matured
(Fig. 8A4). Therefore, we examined whether the impaired func-
tioning of vinculin affected the phosphorylation of these signal-
ing molecules. Knockdown of vinculin in primary chondrocytes
resulted in the decreased phosphorylation of ERK1/2 on both
day 3 and day 7 of culture and reduced phosphorylation of FAK
on day 7. On the other hand, the phosphorylation of SHP2 on
day 3 and day 7 as well as that of Akt on day 3 increased with the

Tissue-specific Role of Vinculin in Chondrogenesis

knockdown of vinculin expression (Fig. 8, B and C). We also
analyzed the phosphorylation of these proteins during the dif-
ferentiation of parental ATDCS5 cells and clone 4-17 with the
trapped vinculin gene and obtained consistent results. Phos-
phorylation of FAK and ERK1/2 was decreased in clone 4-17 as
compared with in parental cells after 2 weeks of culture. On the
other hand, phosphorylation of SHP2 and Akt was stronger in
clone 4-17 than in parental cells during weeks 04 (Fig. 8, D
and E).

Interestingly, we found that the phosphorylation of p38
MAPK was markedly reduced in chondrocytes with vinculin
knocked down as well as in clone 4-17, suggesting that dysfunc-
tional vinculin impaired the activation of the p38 MAPK path-
way in differentiating chondrocytes. We also examined the
phosphorylation of some Smads, which was not affected by the
dysfunctional vinculin (Fig. 8, B-E).

The reduced phosphorylation of FAK and ERK1/2 during the
chondrocytic differentiation shown in Fig. 8 makes a striking
contrast to the increase in adhesion-induced phosphorylation
of FAK and ERK1/2 in the cells in which vinculin was knocked
down or trapped (Fig. 3). Therefore, we performed another
series of experiments to examine the phosphorylation of FAK,
ERK1/2,and SHP2 at 0, 5, 10, 24, 48, 72, and 120 h after the cells
were plated (supplemental Fig. $6). At the time points of 0—48
h, the phosphorylation of FAK and ERK was increased in the
clone 4-17 compared with in parental cells, which was consist-
ent with the results shown in Fig. 3, where the phosphorylation
was examined 0.5-5 h after the cells were plated. On the other
hand, at the time points of 72 and 120 h, FAK and ERK phos-
phorylation was stronger in the parental cells than in clone
4-17, which was consistent with the results in Fig. 8, where the
phosphorylation was examined at 0—8 weeks. Thus, these
results demonstrate that the phosphorylation of FAK and ERK was
initially increased and then suppressed in the cells with a trapped
vineulin gene compared with the parental cells after they adhered.
The phosphorylation of SHP2 was increased in clone 4-17 at 72
and 120 h, which might be involved in the reduced phosphoryla-
tion of ERK and FAK (supplemental Fig. S6).

FIGURE 3. Alteration in the signaling induced by adhesion to ECM in the clone 4-17 and the cells with the vinculin gene knocked down. A, the truncated
vinculin derived from the trapped allele was unable to bind to paxillin. COS7 cells were transfected with the expression plasmid encoding Myc-tagged paxillin
(paxillin-Myc) together with the plasmid encoding V5-tagged wild type (vinculin(WT)-V5), the truncated vinculin corresponding to the mutant derived from the
trapped allele in clone 4-17 (vinculin(1- 624)-V5), or the mutant encoding the carboxyl fragment of vinculin (vinculin(625-1066)-V5), and lysates were harvested
for immunoprecipitation (/P) using anti-V5 antibody. The immunoprecipitates and the input protein (10 ug) were subjected to Western blotting using the
indicated antibodies. B, the binding to talin was enhanced in the truncated vinculin derived from the trapped allele. COS7 cells were transfected with the
plasmid encoding vinculin(WT)-V5, vinculin(1-624)-V5, or vinculin(625-1066)-V5, and lysates were used for immunoprecipitation with anti-talin antibody.
The immunoprecipitates and the input protein (10 ug) were subjected to Western blotting with the indicated antibodies. C, increase in phosphorylation of FAK
at Tyr-397 and ERK1/2 induced by adhesion to FN in clone 4-17. Parental ATDC5 cells or clone 4-17 were plated onto FN. Thirty minutes later, lysates were
harvested for Western blot analyses. D and £, increase in phosphorylation of FAK at Tyr-397 and ERK1/2 induced by adhesion to Col Il in clone 4-17. Cells were
plated onto Col ll, and lysates were harvested at the indicated time points. The densitometric ratio of the intensity of the signal corresponding to phospho-
rylated FAK to that of total FAK is shown in E. The data are shown as the mean = S.D. (error bars) (n = 3).*, p < 0.05 versus 0 h; #, p < 0.05 versus parental cells.
F, knockdown of vinculin in parental ATDC5 cells increased the adhesion-induced phosphorylation of FAK and ERK1/2, which was cancelled by simultaneous
introduction of the expression plasmid encoding vinculin(WT). Lysates were harvested for Western blotting from the parental ATDC5 cells transfected with
control siRNA, vinculin-specific siRNA with or without the expression plasmids encoding vinculin(WT) or lacZ, the non-transfection control, and clone 4-17 with
the vinculin gene trapped 30 min after the plating onto FN. G, exogenous expression of the truncated vinculin{1-624) in parental ATDC5 cells increased the
adhesion-induced phosphorylation of FAK, which was not abrogated by the simultaneous expression of exogenous wild-type vinculin. Lysates were harvested
from the parental ATDC5 cells infected with the adenoviral vector for vinculin(1-624)-V5 together with that for JacZ or vinculin(WT)-V5 and the cells expressing
lacZ alone 30 min after the plating onto FN. H, exogenous expression of the truncated vinculin{625-1066) in parental ATDC5 cells had no effects on the
adhesion-induced phosphorylation of FAK. ATDCS5 cells were infected with the vector for vinculin(625-1066)-V5 together with that for lacZ or vinculin(WT)-V5
and the cells expressing lacZ alone, and lysates were harvested 30 min after the plating onto FN. /, the truncated vinculin(1-624) interfered with the interaction
between the wild-type vinculin and talin. COS7 cells were transfected with Myc-tagged wild-type vinculin (vinculin(WT)-Myc) together with vinculin(WT)-V5 or
the mutant vinculin(1-624)-V5, and the lysates were subjected to immunoprecipitation using anti-talin antibody. The immunoprecipitates and the input
protein (10 ug) were subjected to Western blotting using the indicated antibodies. In the immunoblot using anti-Myc antibody, the co-transfection of
vinculin(1-624)-V5 reduced the signal for the co-immunoprecipitation of vinculin(WT)-Myc with talin. p-FAK, phosphorylated FAK; t-FAK, total FAK.
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FIGURE 4. Effects of the trapping or knockdown of the vinculin gene on the increase in cell number, attachment and migration. A and B, no obvious
difference in cell proliferation between parental ATDC5 cells and clone 4-17 with the trapped vinculin gene. In A, cells were plated in 96-well culture plates at
adensity of 1 X 10° cells/well (designated day 0) and cultured for the period indicated. The cell number in each well was evaluated by a 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl}-2-(4-sulfophenyl)-2H-tetrazolium, inner salt assay, and the -fold increase from the value on day 0 was calculated. The data
are shown as the mean = S.D. {error bars) (n = 4).In B, a BrdU cell proliferation assay was performed. , trapping of the vinculin gene had no obvious effect on
cell attachment. The parental ATDCS cells and clone 4-17 were plated onto FN-coated dishes, and the attached cells were counted after the period indicated.
The data are shown as the mean x S.D. (n = 3). D, attachment assay in the ATDC5 cells transfected with control siRNA or vinculin-specific siRNA. Cells were
plated onto FN-coated dishes, and the attached cells were counted after the indicated period. The data are shown as the mean = S.D. (n = 3). %, p < 0.05 versus
control siRNA. £, trapping of the vinculin gene had no obvious effect on cell migration. Microscopic images of the parental ATDC5 cells and clone 4-17 assayed
for their ability to close a defined 500-um gap in a cell migration assay. We used defined culture inserts, the removal of which generated a 500-um gap between
cells. The gap diameters are shown as the mean =+ S.D. (n = 3). F, a cell migration assay was performed in the parental ATDC5 cells transfected with control siRNA
or vinculin-specific sSiRNA. The gap diameters are shown as the mean == 5.D. (n = 3). *, p < 0.05 versus control siRNA. G, trapping or knockdown of the vinculin
gene resulted in no obvious change in focal adhesion. Parental ATDC5 cells, clone 4-17, and the cells transfected with vinculin-specific siRNAs or control siRNA
were plated onto FN-coated coverslips and, 5 h later, fixed and stained with Alexa Fluor™ 555 phalloidin to examine the subcellular distribution of F-actin.
Nuclei were stained with 4',6-diamidino-2-phenylindole (DAP).
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FIGURE 5. Altered gene expression in clone 4-17 with the trapped vinculin
gene. Parental ATDCS cells and clone 4-17 were cultured in the chondrogenic
medium for the period indicated, before RNA was extracted for real-time PCR
analyses. The copy number of the target cDNA in each sample was estimated
by referring to a standard curve, which was standardized by that of Gapdh.
The data are shown as the mean = S.D. (error bars) (n = 3). % p < 0.05 versus 0
weeks; #, p < 0.05 versus parental cells; w, weeks.

As shown in Fig. 5 and 6, trapping or knockdown of vinculin
did not alter the mRNA expression of Sox9. Therefore, we
examined whether the impaired functioning of vinculin
affected the phosphorylation of the Sox9 protein. Neither trap-
ping nor knockdown of the vinculin gene affected the phos-
phorylation of Sox9, suggesting that the function of Sox9 was
retained in the cells with a dysfunctional vinculin (Fig. 8, B
and D).

Impaired Functioning of Vinculin Blunted Responsiveness of
Chondrocytes to IGF-I—Changes in the phosphorylation of sig-
naling molecules during chondrocytic differentiation suggested
that the knockdown or trapping of vinculin has an influence not
only on signaling from the ECM but also on other signaling
pathways, including those of growth factors. IGF-I exerts its
signals via PISK/Akt and MEK/ERK pathways. In addition,
IGF-I is known to regulate Col2a1 and aggrecan expression,
both of which were down-regulated in the cells in which vincu-
lin was trapped or knocked down. Therefore, we examined
whether responsiveness to IGF-I was altered by the dysfunc-
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tional vinculin using the organ culture of metatarsal rudi-
ments. The knockdown of vinculin expression impaired the
IGF-I-induced growth in the rudiments (Fig. 9, A and B).
Real-time PCR analyses revealed that treatment with IGF-I
increased the expression of Col2al, aggrecan, and a cell
cycle-related gene, cyclin D1, in the control rudiments but
not in those with the vinculin gene knocked down (Fig. 9C),
suggesting that the dysfunctional vinculin blunted the
responsiveness to IGF-I. The expression of IGF-I receptor
was not altered by the knockdown of vinculin (data not
shown).

DISCUSSION

The ECM provides a cell type-specific microenvironment
and is recognized and bound by integrins and cell surface trans-
membrane receptors. Vinculin is a major component of the
focal adhesion complex that acts as a mechano-coupler and an
actin-binding protein. Several functions, mostly related to cell
adhesion and motility processes, have been ascribed to vinculin.
Cells depleted of vinculin show reduced adhesion to various
ECM proteins and increased migration rates compared with
wild-type cells (12—-14). Despite profound roles in cell adhesion
and motility, little is known about the tissue-specific functions
of vinculin.

Because vinculin-knock-out mice die in the embryonic stage
before skeletogenesis is initiated (12), the roles of vinculin in
skeletal development have remained unclear. Results shown
here clearly indicate that vinculin plays a critical role in chon-
drogenesis. Impaired functioning of vinculin in chondrocytes
caused the decreased expression of Col2a1 and aggrecan, which
are markers for early chondrocytes (Figs. 5 and 6, E and F). It
was interesting that the expression of Sox9 was retained both in
the vinculin-trapped clone and in cells with vinculin knocked
down because Sox9 is a central transcription factor in chondro-
genesis and regulates the expression of several chondrocyte-
specific genes, including Col24l and aggrecan (20, 21).
Although the expression of Sox6 was decreased in the cells with
vinculin trapped or knocked down, this was unlikely to be the
main cause for the reduced expression of Col221 and aggrecan,
because Sox6 expression was detected after that of Col24] and
aggrecan in primary chondrocytes (Fig. 6F). In addition, Sox5
and Sox6 are functionally redundant, and the skeletal pheno-
type of Sox6-knock-out mice is mild (22). Our results suggest
the complexity of the regulation of Col2¢l and aggrecan
expression.

In addition to the markers for early chondrocytes, the expres-
sion of those for later stages, such as Col10al and Runx2, was
also markedly reduced by a dysfunctional vinculin, and the
mineralization was impaired. Because Runx2 is known to
directly control the expression of Coll0al in hypertrophic
chondrocytes, the reduced expression of Runx2 is likely to be a
cause for the decreased level of Col10al. The activity of the
Runx2 protein also might be impaired, because the suppression
of Col10al was so remarkable.

The impaired differentiation of chondrocytes with a dys-
functional vinculin indicates the critical roles of the signaling
from the ECM in chondrogenesis. The importance of the sig-
naling from the ECM in chondrogenesis was also suggested by
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FIGURE 6. Impaired maturation of the primary chondrocytes with the vinculin gene knocked down or the exogenous expression of the truncated
mutant vinculin(1-624). A, knockdown of vinculin expression in primary chondrocytes reduced the accumulation of cartilaginous matrices, which was
rescued by simultaneous transfer of the adenovirus encoding vinculin(WT). Primary chondrocytes were plated onto 48-well culture plates (2 X 10* cells/well).
The next day (day 1), the cells were infected with adenovirus encoding control miRNA or vinculin-specific miRNA with or without the virus for vinculin(WT)-V5
or lacZ. On day 7, the cells were subjected to Alcian blue staining or Western blotting. B, the Alcian blue-stained area in A was quantitated. The data are shown
asthe mean = S.D. (error bars) (n = 3). ¥, p < 0.05 versus control miRNA. Cand D, efficient knockdown of vinculin expression by gene-specific miRNA in primary
chondrocytes. Cells were infected with an adenovirus encoding vinculin-specific miRNA or control miRNA on day 1, and lysates were harvested for Western
blotting at the indicated time points. The densitometric ratio of the intensity of the signals corresponding to vinculin and to GAPDH is shown in D, The data are
shown as the mean = S.D. (n = 3). %, p < 0.05; *¥, p < 0.01 versus day 1; #, p < 0.05 versus control miRNA. E, the knockdown of vinculin expression in primary
chondrocytes reduced the expression of Col2a1, aggrecan, Sox6, thh, Runx2, and Col10al. Cells were infected with the adenovirus encoding vinculin-specific
miRNA or control miRNA on day 1. RNA was extracted for real-time PCR on day 3 and day 7. The data are shown as the mean = S.D. (n = 3).*, p < 0.05 versus
control miRNA. F, expression of the truncated vinculin(1-624) in primary chondrocytes also reduced the expression of Col2a1, aggrecan, Sox6, Ihh, Runx2, and
Col10a1. The data are shown as the mean = S.D. (n = 3). %, p < 0.05 versus lacZ.
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FIGURE 7. Knockdown of vinculin expression in metatarsal organ cultures resulted in impaired linear growth. A and B, knockdown of vinculin inhibited
the linear growth of metatarsal rudiments. Metatarsals from E15.5 mouse embryos were infected with the adenovirus encoding control miRNA or vinculin-
specific miRNA with or without the adenovirus for vinculin(WT) or lacZ after the measurement of initial length using a microscope and Image-Pro PLUS 6.3
software. On day 7, the length of the rudiments was measured again, and the protein was extracted for Western blotting. In A, representative images of the
phase-contrast view and the direct fluorescence of EmGFP derived from the vector encoding miRNAs are depicted, together with the results of Western
blotting using the indicated antibodies. In B, the increase in the length of the rudiments is shown as a percentage of the extended length during the culture to
the initial length of each bone. The data are shown as the mean == S.D. (error bars) (n = 3). C and D, HE-stained sections of metatarsal rudiments infected with
adenovirus encoding control miRNA or vinculin-specific miRNA. R, P, and H, resting, proliferating, and hypertrophic zones, respectively. Higher power images
are shown in D. Eand F, immunostaining demonstrated the reduced expression of Col Il (£) and aggrecan (F) in the metatarsal explants where the expression
of vinculin was knocked down. G, real-time PCR for the genes indicated using RNA extracted from the metatarsal explants infected with vinculin-specific miRNA
or control miRNA. Knockdown of vinculin suppressed the expression of Col2a7, aggrecan, and Runx2 in the metatarsals.

the chondrodysplasia-like phenotype of chondrocyte-specific  drocytes was the main cause for the skeletal phenotype in these
B1 integrin-knock-out mice and integrin-linked kinase-knock-  mice, and the expression of chondrocyte-specific genes, such as
out mice (23, 24). However, reduced proliferation of the chon-  Col2al, was comparable with that in wild-type mice. Thus, the
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FIGURE 8. Altered signaling during the chondrocytic differentiation in the cells with a knocked down or trapped vinculin gene. 4, increasing phospho-
rylation of FAK, ERK1/2, SHP2, Akt, p38 MAPK, and Smads during the maturation of primary chondrocytes. B and C, knockdown of vinculin expression altered
the phosphorylation of FAK, ERK1/2, SHP2, Akt, and p38 MAPK during the maturation of primary chondrocytes. Cells were infected with the adenovirus
encoding control miRNA or vinculin-specific miRNA on day 1, and lysates were harvested on day 3 and day 7 for Western blotting with the indicated antibodies.
The densitometric ratio of the intensity of the signals is demonstrated in C. The data are shown as the mean = S.D. (error bars) (n = 3).*, p < 0.05 versus control
miRNA. D and E, phosphorylation status of the signaling molecules during the differentiation of parental ATDC5 cells and clone 4-17 with the trapped vinculin
gene. Parental ATDC5 cells and clone 4-17 were cultured in the differentiation medium for the period indicated (0- 8 weeks) before lysates were harvested for
Western blotting. The densitometric ratio of the intensity of the signals is demonstrated in E. The data are shown as the mean = S.D. (n = 3). p, phosphorylated;
t, total; w, weeks.

effects of the knockdown of vinculin on chondrogenesis seem  ATDCS5 cells differentiate into mature chondrocytes in several
to be different from those of B1 integrin or integrin-linked weeks, which enables one to screen the trap clones by pheno-
kinase. type in arelatively short time. On the other hand, gene trapping

Here we applied gene trapping in chondrocytic ATDC5 cells  in ATDCS5 cells also has limitations; because the wild-type
to identify vinculin as involved in chondrocytic differentiation. alleles remain, clones in which some recessive genes are
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FIGURE 9. Dysfunctional vinculin caused a disturbance of IGF-I signaling. A and B, dysfunctional vinculin impaired the IGF-l-induced growth of metatarsal
organ cultures. Metatarsals were infected with the adenovirus encoding control miRNA or vinculin-specific miRNA and treated with 100 ng/m! IGF-1 or vehicle
for 7 days to evaluate linear growth. Representative images of the phase contrast view and the direct fluorescence of EmGFP derived from the vector-encoding
miRNAs are depicted, together with the results of Western blotting. In B, the increase in the length of the rudiments is shown as a percentage of the extended
length during the culture to the initial length of each bone. The data are shown as the mean = S.D. (error bars) (n = 3).*, p << 0.01 versus vehicle. #, p < 0.05 versus
control miRNA. C, dysfunctional vinculin abrogated the IGF-l-induced up-regulation of Col2a7, aggrecan, and cyclin D1 expression in the metatarsal organ
cultures. RNA was extracted from the metatarsals treated as in A and subjected to real-time PCR analyses for the genes indicated.

trapped will be missed in the screening by phenotype. However,
when the trapped genes have a dosage effect or the trapping
results in a fusion protein with a dominant effect, one can
expect the clones to exhibit a unique phenotype in terms of
chondrocytic differentiation. In clone 4-17, Western blotting
using anti-vinculin antibodies demonstrated that the pheno-
typical change of the clone was unlikely to be caused by a gene
dosage effect (Fig. 1D). Instead, we assume that the truncated
vinculin derived from the trapped allele has acquired a domi-
nant effect (Fig. 3). The truncated mutant possesses the head
domain (Vh) but lacks the tail domain of vinculin (Vt). Wild-
type vinculin binds to the integrin-binding protein talin and
a-actinin at Vh as well as to actin filaments and paxillin at Vt
(25). The conformation of vinculin switches between an inac-
tive “closed” state and an activated “open” state (26 —28). In the
“closed” state, Vh and Vtbind to each other, masking the bind-
ing sites for actin and talin. In the “open” state, Vh can bind to
talin and a-actinin, and Vt can bind to actin filaments, thus
supporting the linkage between the actin cytoskeleton and
integrin adhesion junctions. It was recently reported that the
expression of a recombinant Vh domain peptide in smooth
muscle tissue inhibited the acetylcholine-induced recruitment
of endogenous vinculin to the membrane and the interaction of
vinculin with talin and also inhibited vinculin phosphorylation
(29). These results indicated that the recombinant Vh peptide
inhibited the function of endogenous vinculin. In our study as
well, the truncated mutant in clone 4-17 exhibited stronger

MAY 4, 2012-VOLUME 287-NUMBER 19

affinity for talin than did wild-type vinculin, and the mutant
appeared to inhibit the interaction between the wild-type vin-
culin and talin (Fig. 3, Band ). This inhibition might be a mech-
anism for the dominant negative effect of the truncated mutant.

In our knockdown experiments, we used gene-specific
siRNAs and miRNAs for vinculin. To verify that the effects of
vinculin-specific siRNAs and miRNAs were not caused by the
suppressed expression of so-called “off-targets,” we confirmed
that the effects could be cancelled by co-transfection of the
vectors encoding the cDNA for wild-type vinculin (Figs. 3F, 6
(A and B), and 7 (A and B)). Therefore, we prefer to think that
the observed effects of the siRNAs and miRNAs were exerted by
the decreased expression of vinculin, although we cannot com-
pletely exclude the possibility of off-target effects.

Adenoviral transfer of the vinculin-specific miRNA to the
metatarsal rudiments markedly reduced the growth and sup-
pressed the expression of Col24l and aggrecan. Because the
direct fluorescence of EmGFP in the sections cut from the rudi-
ments demonstrated the viral infection in chondrocytes as well
as in perichondrium (supplemental Fig. S4), the suppressed
expression of vinculin in chondrocytes was likely to resultin the
impaired differentiation and the blunted growth of the rudi-
ments. It is possible that the knockdown of vinculin in
perichondrium also affected the growth and chondrocyte dif-
ferentiation by influencing the production of some humoral
factors there.
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Our results demonstrated that the impaired functioning of
vinculin affected multiple signaling pathways involved in chon-
drocyte differentiation. When primary chondrocytes matured,
the phosphorylation of FAK, ERK1/2, SHP2, Akt, p38 MAPK,
and Smads was increased, suggesting the involvement of the
signaling mediated by these molecules in chondrogenesis (Fig.
8A). Activation of ERK1/2 through expression of a constitu-
tively active MEK1 resulted in achondroplasia-like dwarfism in
mice (30), indicating the critical role of the MEK/ERK pathway
in chondrogenesis. SHP2 encoded by the PTPNII gene has
been implicated in signal transduction initiated by multiple
growth factor and cytokine receptors (31, 32). In humans,
mutations in PTPNI1 are responsible for Noonan syndrome
and LEOPARD syndrome, characterized by clinical features
including skeletal abnormalities (33). As for the PI3K/Akt path-
way, studies suggested that it is required for normal hyper-
trophic cell differentiation and endochondral bone growth (34,
35). In our study, we found that a dysfunctional vinculin
affected the MEK/ERK pathway and PI3K/Akt pathway (Fig. 8,
B-E). Previous studies suggested SHP2 to be a positive regula-
tor in mitogenic signal transduction upstream of ERK1/2 (36,
37). However, the phosphorylation of SHP2 at Tyr-542, which
is responsible for the activation of the molecule, was unexpect-
edly increased by the knockdown of vinculin (Fig. 8, Band C). It
was previously demonstrated that SHP2 was co-immunopre-
cipitated with vinculin and talin, suggesting that SHP2 associ-
ates with the focal adhesion complex (38). Thus, we speculate
that the disruption of vinculin interferes with the function of
SHP2 in the activation of ERK1/2. Phosphorylation of Akt also
has been reported to be regulated by SHP2 (39).

IGF-1 is known to regulate the expression of Col2al and
aggrecan in chondrocytes via the PI3K/Akt and MEK/ERK
pathways (40). Given that the trapping or knockdown of vincu-
lin resulted in the reduced expression of Col2a1 and aggrecan
and affected PI3K/Akt and MEK/ERK signaling, we speculated
that the loss of vinculin function reduced the responsiveness of
chondrocytes to IGF-L Consistent with this notion, the IGF-I-
induced growth and the up-regulation of Col241 and aggrecan
expression were blunted in metatarsal rudiments with the vin-
culin gene knocked down (Fig. 9), suggesting that vinculin reg-
ulates chondrocyte differentiation at least partly through an
impact on IGF-I signaling.

Of note, activation of the p38 MAPK pathway in differenti-
ating chondrocytes also was impaired by the loss of vinculin
function (Fig. 8, B—E). The importance of the p38 MAPK path-
way in chondrogenesis was previously suggested by experi-
ments with a transgenic mouse in which a dominant negative
form of p38 MAPK was overexpressed in cartilage, resulting in
shortened limbs (41). In addition, it was reported that hypoxia
induced the expression of Col241 and the production of glyco-
saminoglycan in a mesenchymal cell line, C3H10T1/2, via acti-
vation of the p38 MAPK pathway independently of Sox9 (42). It
has also been suggested that p38 MAPK signaling is required for
hypertrophic chondrocyte differentiation (43). Considering
these observations, the reduced activation of the p38 MAPK
pathway also is likely to be responsible for the impaired chon-
drocytic differentiation caused by the dysfunctional vinculin.
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In conclusion, we have demonstrated the tissue-specific
function of vinculin in cartilage, by which vinculin controls
chondrocytic differentiation. Our results indicate that vinculin
has pleiotropic roles in chondrogenesis and regulates the
expression of chondrocyte-specific genes via the integration of
various signaling pathways. The orchestration of the signaling
of humoral factors and the ECM by vinculin appears to be crit-
ical to chondrogenesis and should be considered a factor in the
regeneration of cartilage.
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Abstract

We describe a three-generation family with tall stature, scoliosis and macrodactyly of the great toes and a heterozygous
p.Val883Met mutation in Npr2, the gene that encodes the CNP receptor NPR2 (natriuretic peptide receptor 2). When
expressed in HEK293A cells, the mutant Npr2 cDNA generated intracellular cGMP (cyclic guanosine monophosphate) in the
absence of CNP ligand. In the presence of CNP, cGMP production was greater in cells that had been transfected with the
mutant Npr2 cDNA compared to wild-type cDNA. Transgenic mice in which the mutant Npr2 was expressed in chondrocytes
driven by the promoter and intronic enhancer of the Co/77a2 gene exhibited an enhanced production of cGMP in cartilage,
leading to a similar phenotype to that observed in the patients. In addition, blood cGMP concentrations were elevated in
the patients. These results indicate that p.Val883Met is a constitutive active gain-of-function mutation and elevated levels of
c¢GMP in growth plates lead to the elongation of long bones. Our findings reveal a critical role for NPR2 in skeletal growth in
both humans and mice, and may provide a potential target for prevention and treatment of diseases caused by impaired
production of cGMP.
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Introduction

Several lines of evidence indicate that signaling triggered by
CNP plays an important role in chondrocyte development [1,2].
Upon CNP binding, its cognate receptor natriuretic peptide
receptor 2 (INPR2) functions as a guanylyl cyclase to increase cyclic
guanosine monophosphate (cGMP) levels in chondrocytes, female
reproductive organs, and endothelial cells [3,4]. Transgenic mice
that overproduce CINP exhibit excessive growth, while defects of
the GNP or ANpr2 gene, leading to impairment of skeletal
development [5-7]. The increase in cGMP level activates
cGMP-dependent protein kinase II and seems to promote the
accumulation of extracellular matrix in the growth plate of CNP-
transgenic mice [8]. In human, overproduction of C-type
natriuretic peptide (CNP) due to a chromosomal translocation
was reported to cause skeletal dysplasia associated with tall stature
[9-10]. In addition, acromesomelic dysplasia, type Maroteaux,
characterized by dwarfism and short limbs, is caused by loss-of-
function mutations in the Npr2 gene [11]. On the other hand,
NPR3, which is thought to act as a clearance receptor, knock-out
mice resemble CNP transgenic mice [12].

In this paper, we describe the first family with tall stature and
macrodactyly of both great toes caused by a gain-of-function type

“E). PLoS ONE | www.plosone.org

mutation in the Npr2 gene. The mutant receptor, p.Val883Met,
constitutively generates cGMP i zitro. Animal studies using the
transgenic mice expressing the mutant NPR2 in chondrocytes
demonstrated that skeletal overgrowth was associated with the
overproduction of ¢cGMP in cartilage. Our findings provide
evidence that cGMP production downstream CNP/NPR2 systern
regulates the proliferation and differentiation of chondrocytes and
determines skeletal growth.

Results

Case Description

The proband was a 15-year-old boy born to non-consanguineous
parents. He was born at 40 weeks gestation by spontaneous labor
after an uneventful pregnancy. Birth parameters were as follows:
weight, +0.78 SD; length, +3.1 SD; and head circumference;
—0.2 SD. Long and wide great toes were already present at birth.
His height remained above +2 SD (Fig. 1A). His psychomotor
development was normal for his age. Fractures at the age of 11 and
12 years led to his referral to our unit. At that time, his height was
177.0 cm (+2.7 SD). His weight and arm span were in the normal
range, +0.8 SD and 99.7% of height, respectively, and his stature
was proportional. Blood pressure was normal. Physical examination
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