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fieation numbers in heans from Emd * mice. The com nding sgnificant GO

Table 2. Top-soonng ( 10 terms listed with comesponding P-value and GO ides

classes from Lmna'* ¥ mice are reported
GO term GO P-value
Emid L
Metabaolism
Coenzyine biosynthesis GOO004 |08 Q45E-11
Phospholipid metabolism GO0006644 31.07E-10
Sulfir metabolism GO 0006 790 L23E00
Ribonucleotide metsbolizm GOu0009259 S ME03
€21 -steroid honmone metabolism Q006700 5RO
Ormpeie neid biosynthests GO:0016053 6.83E.03
Vitamin metabolism GOLO00G6T66 9 |0E-03
Tricarhosylic acid cycle GOD006099 983E03
Puring nucleatide metabolisin G066 o109
Faity ocid biosynthesis GO:0006633 0.0127
Steroid biosynthesis GO O006694 0.0]148
Glycerophospholipid metabolism GO0006630 0.0211
Giluconeagenesis GCEOOG004 00215
Sphingalipid metabolism GOLO00666S 0.0249 4.55E-03
Steral metabolism 0016125 (.0294 021
Pyruvate metabolism GO 000G 0.0%10
Cholesterol metabolism GO:008203 00316 0.0275
Nucleoside mietabolism GO9I 16 0.0362
ATP metabolism GOOM6034 0.0422

Signaling pathways

JNK casc GOO07254 1. 76E-10 5. 13E-11
Rho prote 7266 9. 10E-03
Wt receptog signaling pathway GO:0016055 9.22E-3 3.51E-11
Integri- mediated signaling pathway GOU0T229 0.0102
Rac profein sig imnsduction CrOR 0 L 664 | 00105 0.0116
Fransmembimne receplon protein serine/lireonine Kimuse GO000TET8 2 6.83E-11
signaling pathway
I-kappaB kinase/NE-kappaB cascade CROLOOUT 5. HE-03
Positive regulition of I-kappal kinase/NF-kappaP casvnde G004 00310 9.06E-03
Positive regulation of INK sctivity GO:0043507 0.0319 4.39E-03
GO0000 187 0.0354 6. WE-03
mowth factor beta receplorn GO000T7 1749 0.0361 | T6E-1D
ng piathway
CGO0T7222 0 0483 00330

Iranseription translat

Regulation of translation GHOL06445 | S4E-10
Chromatin remaodelir GO06338 (.0112
DNA-dependent DNA rephication GO06261 00115
Positive regulation of tmnscription, DNA-depenident C:0045893 (0152
MRNA polyade GOO006378 0014
Regulition of tra al inatiation CiOO006446 00246 $2TEA
MRNA Yoond processing GOron3 1124 00262
DNA methylation CHO-DODGING 0.0287
Muscle contraction
Stmated muscle ¢ an CORO069 0.0134 E-10
ANZIoZenesIs
Blood vessel development GOR000 1568 (.0120 46E-10
15 RANNY| 525 00137 Y 93E-11
GO 04 S (320 (.09
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Although the causative genetic mutations have been identified
an the descriptive pathology well documented, cellular mech-
anisms linking the genetic mutations to cardiac dysfunction in
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EDMD, there was activation of MAPK cascade and down-
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It has been hypothesized that dilated cardiomyopathy-
causing mutations affect force transmission from the sarcomere
to the extra-sarcomeric cytoskeleton (36). In the present study,
in which we performed genome-wide expression analysis in
hearts from Emd ™" mice before any clinical cardiac abnormal-
ities, we showed that genes encoding proteins involved
cardiac contraction are abnormally upregulated. The identified
genes encoded either proteins of the sarcomere, such ns
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MATERIALS AND METHODS
Mice

Emd ' mice (32) and Loma"??!
ated and genotyped as described.

WH22P :
mice (28) were gener-

RNA isolation

lTotal RNA was extracted from mouse hearts using the Rneasy
isolation kit (Qiagen) according to the manufacturer’s instruc-
tions. Adequacy and integrity of extracted RNA were deter-
mined by gel electrophoresis and concentrations measured
by ultraviolet absorbance spectroscopy.

Microarray processing

We used Mouse Genome 430 2.0 GeneChip Arrays (Affyme-
trix). cDNA synthesis, cRNA synthesis and labeling were per-
formed as described previously (33). Hybridization, washing,
staining and scanning of arrays were performed at the Gene
Chip Core Facility of the Columbia University Genome Center,

Microarray data analysis

Image files were obtained through Affymetrix GeneChip soft-
ware and analyzed by robust multichip analysis using Affyme-
ix microarray *.cel’ image file and GeneTraffic (lobion
Informatics) software, Robust multichip analysis is composed
of three steps: background correction, quantile normalization
and robust probe set summary. Genes were identified as differ-
entially expressed if they met a false discovery rate threshold of
0.05 in a two-sample f-1est (g-value) and showed at least a
log:-fold difference in expression independent of absolute
signal intensity. Our gene expression data are available in
the National center for Biotechnology Information’s Gene
Expression Omnibus (GEO; hitp://www.ncbinlm nib.gov/geo/),
accessible through GEO Series accession number GSE6399.

Analysis of functional groups of genes

Ciene expression changes related o functional groups were
analyzed wusing the class score method in ermineld (hitp:/
www.bioinformatics ube. ca/erminel/) £57) and the functional
annotation method in Ingenuity Systems software (hip://
www.ingenuity.com). In erminel, the algorithm takes as input
the log-transformed r-test P-values of genes that are members
of a single GO class and estimates the probability that the set
of g-values would occur by chance. Significamt GO terms
were identified using a false discovery rate of (.05, In ingenuity
systems, the identified canonical pathwavs were evaluated
employing the right-tailed Fisher's exact test to ealeulate
levels of significance. The P-value for each pathway was cileu-
lated by comparing the number of user-speci fied genes of inter-
est that participated in o given function or pathway, relative to
the total number of occurrences of these genes in all functional
pathway annotations stored in the ingemiity pathwiys knowl-
edge base. Unlv annotations that have more Functions/Canon-
than expected by chance

cal  Pathways  Amlvsis  genes

f |l_;’h'l'fill|t'l.! Annotations ) were osed
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Real-time RT-PCR analysis

Primers were designed correspond to mouse RNA sequences
using Primer3 (hrtp://frodo.wi.mit. edw/cgi-bin/primer3/
primer3_www.cgi). RNA was extracted using Rocasy Protect
Kit (Qiagen) and subsequently reverse transcribed using Super-
Script first-strand synthesis system according to the manufac-
turer's instructions (Invitrogen). The realtime quantitutive
RT-PCR reaction contained iQ SYBR green super mix
{Bio-Rad), 200 nM of primers and 0.2 pil of template in a 25 pl
reaction volume, Amplification was carried out using the MyiQ
Single-Color real-time PCR Detection System (Bio-Rad) with
incubation times of 2 min at 95°C, followed by 50 cycles of
95°C for 30 s and 62°C for 30 s. Specificity of the amplification
was checked by melting-curve analysis. Relanve levels of
mRNA expression were calculuted according o the AAC,
method, normalized by comiparison to Gapdh mRNA expression.

Extraction of proteins from hearts
and immunoblotting

Immunoblotting was performed as described previously (33),
The following primary antibodies were used at dilutions from
1:200 to 11 1000: mouse monoclonal anti-emenn (Santa-Cruz),
rabbit polyclonal anti-ERK1/2 (Santa-Cruz), rabbit polyclonal
anti-pERK1/2 (Cell Signaling), mabbit polyclonal anti-INK
(Santa-Cruz), .rabbit polyclonal anti-pINK (Cell Signaling),
anti-elk | (Santa-Cruz), anti-atf-2 (Santa-Cruz) and anti-B-actin
(Santa-Cruz). Secondary antibodies were HRP-conjugated
(Amersham), Blots were developed using ECL (GE Healtheare)
and exposed 1o X-OMAT film (Kodak) for appropriate periods
of ime. Band densities were calculated using Scion Image soft-
ware (Scion Corporation) and normalized 1o the appropriate
wotal INK or ERK1/2 of protein extracts.

Immunofluorescence microscopy

For immunohistochemistry, 8 pm frozen sections of transver-
sal cardiac muscles were fixed in 3.7% formaldehyde in
phosphate-buffered saline for 15min and then blocked in
5% fetal goat serum in phosphate-buffered saline containing
0.5% Triton X-100 for 1 h. Antibodies used were primary
mouse anti-pERK1/2 (Cell Signaling) and secondary Texas
Red conjugated anti-mouse (Molecular Probes)  Sections
were  counterstained  with 0.1 pg/ml 4 6-diamidino-2-
phenylindole (Sigma-Aldrich). Specimens were observed
using & Microphot SA (Nikon), Images were collected using
a Spot R'T Slide camera (Diagnostic Instruments) linked to a
PC  computer rumning  Adobe  Photoshop 6.0 (Adobe
Systems). Fluorescence intensity in cardiomyocytes  was
measured using Scion Image software (Scion Corporation)
Data are reported as means + standuard deviations and are
compared with respective controls using a two-tailed r-test
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Abstract is an integrin-linked kinase (ILK)-
binding focal adhesion protein highly expressed in skeletal mus-
cle and heart. To elucidate the role of affixin in skeletal
muscle, we established stable C2C12 cell line expressing T7-
tagged human affixin (C2C12-affixin cells). expres-
sion of affixin promotes lamellipodinm formation where affixin,
ILK ap2l-activated kinase (PAK)-interactive exchange factor
(PIX) and PPIX accumulate, The association of affixin and
PPIX was confirmed by immunoprecipitation and pull down as-
say. In C2C12-affixin cells, an increased level of activated
Racl but not Cded2 was observed, and mutant fPIX lacking
guanine nucleotide exchange factor activity inhibited lamellipo-
dium formation. These results suggest that affixin is involved in
reorganization of subsarcolemmal cytoskeletal actin by activa-
tion of Racl throngh =« and PPTXs in skeletal muscle.

Structured summary:

MINT-6179203, MINT-6179212, MINT-6178859, MINT-
6178812, MINT-6178832, MINT-6178843:

Affixin (uniprotkb:Q9HBI1) physically interacts (MI:0218)
with Ppix (uniprotkb:Q9ES28) by coimmunoprecipitation
(MI:0019)

MINT-6179221:

Affixin (uniprotkb:Q9HBIN) physically interacts (MI:0218)
with opix (uniprotkb:Q8K4I3) by coimmunoprecipitation
(MI:0019)

MINT-6178962, MINT-6178983:

Affixin (uniprotkb:Q9HBI) physically interacts (MI:0218)
with Bpix (uniprotkb:Q9ES28) by pull-down (MI:0096)
MINT-6179002, MINT-6179021:

Affixin  (uniprotkb:Q9HBI1) binds (MI1:0407) Ppix (uni-
protkb:Q9ES28) by pull-down (MI:0096)

MINT-6179039:

PAKI (uniprotkb:Q13153) physically interacts (MI:0218) with
Racl (uniprotkb:P63001) by pull-down (MI:0096)

“Corresponding author. Fax: +81 29 861 6482.
E-mail address: c-matsudad@aist go jp (C. Matsuda)

Abbreviations: ILK, integrin-linked kinase; PIX, PAK-inleractive
exchange factor, C2C|2-affixin, stable C2C12 cell line expressing T7-
tagged human affixin; GEF, guanine nucleotide exchange factor; GST,
gulutathione S-transferuse; CH, caponin-homology; DH, Dbi-homol-
ogy; PH, pleckstrin-homology; PAK. p2l-sctivaled kinase; CHO,
Chinese hamster ovary

MINT-6179054:

PAKI (uniprotkb:Q13153) physically interacts (MI:0218) with
Cde42 (uniprotkb:P70766) by pull-down (MI:0096)
MINT-6178790:

Affixin (uniprotkb:Q9HBII) and apix (uniprotkb:Q8K413)
colocalize (MI1:0403) by fluorescence microscopy (MI:0416)
MINT-6178760:

Affixin (uniprotkb:Q9HBI1) and Ppix (uniprotkb:QIES28)
colocalize (MI:0403) by fluorescence microscopy (M1:0416)
MINT-6178801:

Affixin (uniprotkb:Q9HBI1) and  dysferlin (uniprotkb:
QUESD7) colocalize (MI:0403) by fluorescence microscopy
(MI:0416)

MINT-6178779:

Affixin (uniprotkb:Q9HBI1) and /LK (uniprotkb:.055222)
colocalize (M1:0403) by fluorescence microscopy (MI:0416)

© 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Affixin/p-parvin; Lamellipodia; pPIX;
Cytoskeletal actin

1. Introduction

Affixin/f-parvin (affixin) [1.2] is one of family of parvin
family together with o-parvin/actopaxin/CH-ILKBP [1.3.4],
and y-parvin [1]. Parvins cootain two caponin-homology
(CH) domains and are known to have important role in focal
adhesion, cell spreading and motility |5]. Our previous results
revealed that affixin associates with ap2l-activated kinase
(PAK)-interactive exchange factor (PIX)/ARHGEF&/Cool-2
(aPIX) at the tips of lamellipodia of motile cells and trans-
mits integrin-ILK signals which activate Cdcd42 and Racl,
small Rho GTPases [6]. We also showed affixin directly binds
to aw-actinin which has a crucial role in reorganization of
cytoskeletal actin [7]. Affixin is a protein highly expressed
in skeletal muscle, and mainly localizes wt sarcolemma |2].
We previously reported reduced sarcolemmal staining of
affixin in dysferlin deficient skeletal muscles, and confirmed
the association between affixin and dysferlin by an immuno-
precipitation study |5]. Dysferlin is a sarcolemmal protein and
its deficiency causes Miyoshi myopathy and limb girdle mus-
cular dystrophy type 2B [V 1)), Based on the observation of
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dysferlin accumulation at wounded sarcolemmal sites, dysfer-
lin is suggested to have an important role in Ca**-induced
membrane repair [11]. These results imply participation of
affixin in membrane repair process of skeletal muscle together
with dysferlin, although the precise biological function of
affixin in skeletal muscle is not yet clear.

In this study, we established stable C2C12 myoblast cell lines
expressing human affixin (C2C12-affixin cells) to clucidate the
possible role of affixin in skeletal muscle. The C2C12 myoblast
is derived from mouse satellite cell and widely used as an in vitro
model for skeletal muscle [12]. Here we show that exogenons
overexpression of affixin promotes lamellipodium formation.
In the C2CI2-affixin cells, affixin is co-localized with BPIX/
ARHGEF7/Cool-1 (BPIX) at lamellipodia together with «PIX,
ILK and dysferlin. BPIX is a close homolog of «PIX and known
to induce membrane ruffling [13]. The interaction of affixin with
BPIX is confirmed by immunoprecipitation and pulldown as-
say. The level of activated Racl increased in the C2C12-affixin
cells compared to C2C12 cells. Lamellipodium formation of the
C2C12-affixin cells is suppressed by transfection of mutant
aPIX or PPIX lacking guanine nucleotide exchange factor
(GEF) activity. These results suggest an important role of affix-
in in subsarcolemmal actin reorganization by activation of
Rac] through « and fPIXs in skeletal muscle.

2. Materials and methods

2.1, Cell culture and establishment of stable transfectamt

C2C12 myoblasts and COS-7 cells were maintained at 37°C in a
humidified atmosphere of 5% CO; in Dulbecco’s modified Eagle's med-
ium (Sigma) supplemented with 10% fetal bovine serum. C2C12 cells
were transfected with T7-tagged human affixin cDNA subcloned into
peDNAZLI (Invitrogen) using Lipofectumine 2000 (Invitrogen). All
consiruct sequences were verified with DNA sequencing using ABI
PRISM 310 (Applied Biosystems). The cells expressing T7-tagged hu-
man affixin were selected in growth media with 1 mg/ml G418 (Invitro-
gen). The surviving colonies were isolated and sepurately amplified.
Cell line maintenance was performed with 0.5 mg/ml G418,

2.2. Antibodies

Monoclonal antibody against human dysferlin (NCL-Hamlet-2) was
purchased from Novocastra. Rabbit polyclonal antibody against hu-
man affixin was previously characterized |2]. Rabbit polyclonal anti-
body against human aPIX was generated as described previously by
Manser et al. |13]. We confirmed that affinity-purified anti-«PIX anti-
body did not cross-react with human pPIX expressed in COS-7 cells.
Anti-ILK monoclonal antibody (Upstate Biotechnology), anti-BPIX
polyclonal antibody (Chemicon International), anti-pPIX monoclonal
antibody (BD T fuction Lat wies), anti-T7 polyclonal anti-
body (Omni-probe; Santa Cruz), anti-T7 monoclonal antibody (Nova-
gen), enti-HA rat monoclonal antibody (3F10; Roche), anti-HA
monoclonal antibody (262K; New England Biolubs), anti-(His)s poly-
clonal antibody (His-probe; Santa Cruz), unti-Rac| (23A8; Upstate)
and Cdc42 (clone 44; BD Transduction Laboratories) were used,

2.3, Immunaftuorescent anolysis

C2C12-affixin cells seeded on coverslips were fixed for 15 min in 2%
paruformaldehyde in PBS and then permeubilized for 10 min in 0.1%
Triton X-100 in PBS, For double immunolabeling with anti-affixin
and anti-dysferlin antibodies, cells were fixed at —20 °C for 10 min in
100% methanol. Coverslips were blocked with 5% goat serum-2%
BSA in PBS and then incubated with primary antibodies for double
labelling. Immunolubeling was detected with goat anti-rabbit IgG
conjugated to FITC and gout anti-mouse IgG conjuguted to Cy3 anti-
bodies (Jackson Immunoresearch Laboratories). Cells were observed
with a confocal laser-scanning microscope (LSMS PASCAL, Carl
Zeiss).
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2.4, Immunoprecipitation assay

C2C12 and C2C12-affixin cells were lysed in 50 mM Tris-HCL pH
7.5, 150 mM NaCl, | mM EDTA, 1% NP-40 and Complete (Roche).
The lysates precleared with Protein A/G-agarose (ImmunoPure,
PIERCE) were incubated with anti-affixin, aPIX and §PIX polyclonal
antibodies and then Protein A/G-agarose was added before an addi-
tional incubation. 1 precipitated proteins were dissociated from
beads by boiling in sample buffer and resolved by SDS-PAGE. Immu-
noblotting was performed as previously described [14).

COS-7 cells were co-transfected with T7-tagged wild type or deletion
mutant human affixin (RP] and RP2) and HA-tagged human BPIX
using FuGENE 6 (Roche), and lysed for immunoprecipitation afler
48 h. Affixin deletion mutants were generated as previously described
[2,6). Human BPIX cDNA was cloned from KIAA0142 gifted by Dr.
T, Naguse (Kazusa DNA Research Institute, Japan). Immunoprecipi-
tation was performed as outlined above except that anti-T7 (Novagen)
and anti-HA (New England BioLabs) antibodies were used.

2.5, Gulutathione §-transferase (GST)-fPIX pulldown assay

The GST-APIX proteins used for the pulldown assay were as fol-
lows: GST-SH3 (corresponding to amino acids of human pPIX 6-
65), GST-Dbl-homology (DH) (an 93-273), GST-pleckstrin-homology
(PH) (42 295-400), GST-CC (aa 586-638). cDNA fragments of these
domains were by PCR and subcloned into pGEX-5X-3
(GE Healthcare). GST fusion proteins expressed in BL21 were purified
and bound to glutsthione Sepharose 4B (GE Healtheare). The COS-7
cells overexpressing T7-tagged human affixin were lysed in the same ly-
sis buffer used for i precipitation. Precleared were di-
luted with Buffer A (10 mM Tris-HCl, pH 8.0 and 0.1% Tween20)
(15] und incubated with fusion protein bound to glutathione Sep!
4B. Afler five washes in PBS, sample buffer was added 1o the beads and
boiled for 5min. Bound proteins were resolved by SDS-PAGE and
subjected to immunoblotting using anti-T7 polyclonal antibody.

2.6. (His)g-tagged affixin pulldown assay

cDNAs of deletion mutant affixin (RP1 and RP2) were amplificd by
PCR and subcloned into pET32a (Novagen). The (His)g-tagged RP1
and RP2 were expressed in BL2IDE3pLys(S), purified using Ni-
INTA Spin kit (QIAGEN) and dialyzed against PBS. The pulldown as-
say using GST-PPIX fusion proteins and (His),-tagged RP1 or RP2
was performed as above.

2.7. Small GTPase activarion assay

C2C12 and C2C12-affixin cells were grown until 60-70% confluence,
Cells were lysed in 25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal
CA-630, 10 mM MgCly, | mM EDTA and 2% glycerol. Lysates were
incubated with glutathi ose 4B conjugated with GST-p21-
binding (CRIB) domain (residues 67-150) of human PAK-1 [16]. After
three washes in the lysis buffer, the beads were resuspended in sample
buffer and boiled for five minutes. Bound Racl and Cded2 were sepa-
ruted on SDS-PAGE and subjected to immunoblotting.

2.8, Introduction of dominant-negative PIX into C2CI2-affixin cells
Double mutation of BPIX (L238R, 1.239S) was introduced by PCR
using appropriate internal primers. These two leucine residues were
highly conserved among Dbl family member and shown to be essential
for GEF activity [17). BPIX and mutant BPIX (L238R, 1.2395) were
subcloned into pSRD4-HA for transient expression. The constructs
for transient expression of wild type oPIX and dominani negative
oPIX (L383R, L384S) were as previously described [6]. C2C12-affixin
cells were transfected with wild type or mutant PIX using Lipofect-
amine 2000. After 48 h, cells were fixed and immunolabeled us above.

3. Results

3.1. Immunaftuorescent analysis of the C2C12-affixin cells

To investigate the possible role of affixin in skeletal muscle,
stable C2C12 cell lines conslitutively expressing T7-tagged hu-
man affixin were established. Expression of T7-tagged human
affixin in C2C12-affixin cells was confirmed by immunoblot
using anti-T7 antibody (11 7). The expression level of total
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affixin of C2C12-affixin cells was slightly higher than original C2C12 myoblasts showed lamellipodium formation, while
C2C12 cell on immunoblotting using anti-affixin antibody (data more than half of the C2C12-affixin cells formed lamellipodia
not shown). Exogenous expression of T7-affixin in the C2C12 without any stimulation (Fig. 1). Formation of lamellipodia
cells induced lamellipodia (Fig. 1). Only 10-20% of original was confirmed by labelling F-actin with rhodamine-phalloidin

dysfarlin

Fig o
phalloidin labelling. Antibodies were applied in five double-staining combinations: anti-affixin and phallc anti-affixin and ILK; anti-
aPIX; anti-affixin and PPTX and anti-affixin and dysferlin. Exogenous affixin was labelled with anti-T7 woclonal antibody. Affixin co-
with ILK, oPIX, PPIX and dysferlin lamellipodium tips (arrowheads) in the C2C12-affixin cells. Scale bar, 20 ym
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As shown in Fig. |, affixin accumulated and co-localized with
F-actin at the tips of lamellipodia (Fig. 1). Transient expres-
sion of affixin without T7-tag promoted the lamellipodium for-
mation of C2C12 cells as T7-tagged affixin (data not shown).
Exogenous affixin was expressed in both the cytoplasm and
at the tips of lamellipodia as C2C12-endogenous affixin (data
not shown). We have previously shown the co-localization of
affixin and ILK, a binding partner of affixin, at focal adhesion
and at the tips of leading edge in Chinese hamster ovary
(CHO) cells [2], and at sarcolemma of human skeletal muscle
fibers [8]. In C2CI12-affixin cells, ILK was enriched and co-
localized with affixin in lamellipodia (Fig. 1) as original
C2C12 cells. Cytoplasmic affixin in the C2C12-affixin cells
was partially co-localized with ILK.

oPIX, a binding partner of affixin co-localizes with exoge-
nous affixin at the tips of lamellipodia in 3Y1 cells (rat fibro-
blasts) [6] and CHO-K1 cells [15]. In the C2C12-affixin cells,
endogenous aPTX accumulated intensely at the tips lamellipo-
dia and co-localized with affixin (Fig. 1), while diffuse fine
cytoplasmic granular staining of oPIX without lammellipodi-
um accumulation was observed in the original C2C12 cells
(data not shown). The C2C12-affixin cells also showed intense
staining of BPIX, a homolog and a binding partner of oPIX
[18.19], at lamellipodia, suggesting a possible association of
affixin and PPIX. The co-localization of PPIX and affixin
was observed at lamellipodia of original C2CI12 cells (data
not shown). Cytoplasmic o and PPIXs were also co-localized
with affixin in the C2CI2 cells. We then examined subcellular
localization of dysferlin, a binding partner of affixin, in
C2C12-affixin cells. As we reported earlier, cytoplasmic granu-
lar staining of dysferlin with no sarcolemmal accumulation
was observed in the undifferentiated C2C12 cells (8], In the
C2C12-affixin_ cells, dysferlin accumulated and co-localized
with affixin at lamellipodia. These results show that affixin
co-localizes with ILK, oPIX, PPIX and dysferlin at the tips
lamellipodia in the C2C12-affixin cells.

3.2. Analysis of the association between affixin and fPIX hy
colmmunaprecipitation assay

To define possible association between affixin and PPIX,
immunoprecipitation was performed using the C2C12-affixin
and original C2C12 cells. As shown in Fig 2A, affixin was spe-
cifically co-immunoprecipitated with anti-pPIX antibody and
reciprocally, BPIX was specifically co-immunoprecipitated by
anti-affixin antibody in both C2CI2-affixin and original
C2C12 cells. There is no significant quantitative difference in
co-immunoprecipitated affixin, « and BPIXs between C2C12-
affixin and original C2C12 cells. Further, aPIX was specifically
co-immunoprecipitated by anti-affixin (6] and anti-pPIX
[18.19] antibodies in C2C12-affixin and original C2CI2 cells
as previously reported. Affixin or BPIX was not co-immuno-
precipitated by control rabbit IgG.

To identify the region within affixin that interacts with
BPIX, immunoprecipitation was also performed using COS-7
cells transiently co-transfected with full-length or deletion mu-
tants [2] of T7-human affixin (Fig 2A) and HA-human BPIX.
As shown in Fig 2B, the full-length T7-affixin was co-immu-
noprecipitated by anti-HA antibody. Reciprocally, HA-PIX
was specifically co-immunoprecipitated by anti-T7 antibody,
while control mouse IgG was not. Affixin-RP1 containing N-
terminal CH domain (CHI) was co-immunoprecipitated by
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Fig. 2. (A) Confirmation of the association of affixin and PPIX. Cell
lysates form the C2C12-affixin and C2C12 cells were immunoprecip-
itated with anti-affixin, anti-pPIX and anti-oPIX antibodies. Immu-
noprecipitates were subjected 1o immunoblotting with the sume
antibodies used for immun. itation. Affixin was
immunoprecipitated by unti-fi antibody and vice vers, Co-
immunoprecipitation of T7-tagged exogenous affixin was confirmed
by probing with anti-T7 antibody, As reported previously, «PIX was
specifically co-immunoprecipitated by anti-affixin and ant-BPIX
untibodies. (B) Identification of APIX-binding domain of affxin by
immunoprecipitation assay. T7-tagged wild type or deletion mutants
of affixin and HA-tagged BPIX were co-expressed in COS-7 cells, A
schema of deletion mutants of aflxin is shown at the top. Immuno-
ipitation was performed with anti-T7 and anti-HA antibodies.
was co-immunoprecipitated with wild type affixin and RP1 and
vice versn, but not with RP2,

HA-fPIX (Fiz 2B), while affixin-RP2 containing C-terminal
CH domain (CH2) was not. These and previous reported find-
ings | 6] suggest that affixin can interact with both o and PPIXs
via CHI domain.

3.3. Hentification of the hinding domain of fPIX to affixin by
pulldown assay

To identify affixin-binding domain of PPIX, a pulldown as-

say was performed. The lysates from COS-7 cells overexpress-
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Fig. 3. Identification of affixin-binding domain in fPIX by pulldown
assay. (A) Cell lysates from COS-7 cells overexpressing T7-tagged
affixin were incubated with glutathione Sepharose 4B beads bound to
GST, GST-SH3, GST-DH, GST-PH and GST-CC, Domain structures
of fPIX ure shown st the top. After overnight incubation at 4 °C, the
beads were washed and bound proteins were subjected (o i

blotting with anti-T7 polyclonal antibody, A band ut 50 kDa, which
corresponds to T7-affixin, was detected in GST-DH and GST-PH.
GST fusion proteins used for the pulldown assay were stuined with
coomasie brilliant blue. GST, GST-SH3, GST-DH, GST-PH and
GST-CC domatins have moleculur masses of 26, 32.8, 46.6, 38 and
32.3 kDa, respectively. (B) Bacterially expressed (His)e-tagged RPI
and RP2 were purified and incubated with GST-fPIX domains as
described above. The proteins bound to GST fusion proteins were

bjected to i blotting using anti-(His)s antibody.

ing T7-affixin were incubated with GST fusion proteins carry-
ing each domain of human BPIX bound to glutathione Sephar-
ose 4B. Fig. 1A shows that the DH and PH domains of PPIX
can interact with T7-affixin, whereas the SH3 and CC domains
of PPIX failed. PH domain of BPIX showed higher affinity to
T7-affixin than DH domain of BPIX. To examine whether
affixin-RP1 directly binds to DH and PH domains of PPIX,
pulldown assay was performed using bacterially expressed
(His)s-tagged RP] instead of cell lysate. As shown in
Fig 3B, (His)s-1agged RP1 was bound to DH and PH domains
.of PPIX, whereas (His)e-tagged RP2 failed to interact with any
domain of BPIX. PH domain of PPIX showed higher affinity
to (His)g-tagged RP1 than DH domain of JPIX. These resulls
were consistent with the result of a pulldown assay using cell
lysates and suggest direct interaction between affixin and
PPIX.

3.4. Racl but not Cded2 s activated in C2CI12-affixin cells
The reorganization of cyloskeletal actin is regulated by Rho
family small GTPases. BPIX is known as a specific GEF for
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Total Rac Rac-GTP Total Cded2 Cded2-GTP

c2Ciz
C2C1 2-affixin
C2C1 2-affixin
ca2ciz
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ca2Ccl2
C2C1 2-affixin

3

Fig. 4. Pulldown assay of active Racl and Cded2. C2C12-affixin and

C2C12 cells were lysed and incubated with glutathione Sepharose 4B

conjugated with GST-p2l-binding (CRIB) domain (residues 67-150)

of human PAK-1. The CRIB domain specifically associates with Rac-

GTP and Cded2-GTP. The total amounts of Racl and Cded2 were
d by the imn blotting using the cell lysates.

Rac1/Cdec42 and induces membrane ruffling [13]. To examine
whether Racl/Cdc42 is activated in the C2C12-affixin cells, a
pulldown assay was performed using GST-fusion protein de-
rived from PAK, the effector protein of Racl and Cded?2. Cell
lysates from C2C12-affixin and C2C12 cells were incubated
with GST-p21 binding domain of PAK bound to ghitathione
Sepharose 4B. This analysis revealed increased level of Racl-
GTP in the C2CI12-affixin cells (Fig 4), There was no signifi-
cant difference in Cded42-GTP. The total expression levels of
Racl and Cde42 protein in the C2C12-affixin were equivalent
1o the C2C12 cells. These results indicate that the exogenous
expression of affixin can activate Racl but not Cded2 in
C2C12 cells.

3.5. Dominant-negative BPIX suppresses lamellipodium
Jormation in the C2CI2-affixin cells

Activation of Racl is mediated by GEFs including PPIX
|20} To examine the involvement of BPIX in lamellipodium
formation observed in the C2C12-affixin cells, the HA-tagged
dominant negative mutant of PPIX were introduced into the
C2C12-affixin cells, Exogenous PPIX and affixin were labelled
with anti-HA and anti-T7 antibodies, respectively. As shown
in Fig. 5, the C2C12-affixin cells overexpressing wild type
PPIX form lamellipodia as observed in the C2C12-affixin cells
without transfection. In contrast, dominant negative mutant of
PPIX (L238R, L239S) suppressed the lamellipodium forma-
tion in the C2C12-affixin cells. The association of dominant
negative BPIX and affixin was confirmed by an immunoprecip-
itation study using COS-7 cells (data not shown), Similar inhi-
bition of lamellipodium formation was observed in the C2C12-
affixin cells transfected with dominant negative mutant of
aPIX. In C2C12-affixin cells transiently transfected with dom-
inant negative mutants of PIX, expression level of affixin, o
and BPIXs was equivalent to C2C12-affixin cells without trans-
fection on immunoblot (data not shown). These results suggest
that both o and BPIXs are necessary for the lamellipodium for-
mation in the C2C12-affixin cells.

4. Discossion

Lamellipodium is the dynamic actin-based structure and its
formation is mediated by the activation of Rho [amily small
GTPases and their effector proteins. Small Rho GTPases are
activated by GEFs, which calalyze exchange of GDP for
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affixin (T

pPIX (L238R, L239S) (HA) affixin (T7)

Fig. 5. Immunofluorescence analysis of the C2C|2-affixin cells transformed with the doming

C Maisuda et al | FEBS Lewers 382 (2008 ) 1189119

it pegative mutants of PIXs, The C2C12-affixin cells

were transfected with wild type or dominanit negative mutanis of PIXs, aPIX (L383R, L3845) and fPIX (L238R, 1.2398). Exogenous PIX and affixin
were simultaneously immunolabeled with anti-HA and anti-T7 antibodies, respectively. Scale bar, 20 pm

GTP. GEFs are regulated by prolein-prolein interaclion, olig-
omerization and relief of intramolecular inhibitory sequence

More than 60 GEFs including PIXs have been identified
in human genomic sequences BPIX expression levels are
highest in skeletal muscle by Northern blot analysis using
KIAA clones as probes (KIAA0142,

| )

In C2C12 cells, exogenous expression of affixin induced
prominent lamellipodia. Accumulated PPIX, together with
ILK was observed at the Lips of lammelipodia and co-localized
with affixin. The interaction of affixin and PPIX was confirmed
by pulldown assays. These data

nmunoprecipitation

suggest that affixin could promote reorganization of subsarco-
lemmal actin cyloskeleton associaled with accumulation of
GEFs.

We previously demonstrated that Mac
ney cells overexpressing CH1 domain of &
brane protrusions, while control cells transfected with lacZ
showed a cobble-like morphology This CH1-induced reor-
ganization of cytoskeletal actin is mediated by the activation of
both Racl and Cded2 through «PIX. Interestingly, only Racl
but not Cded2 1s activated in the C2C12-affixin cells used for
this study. «PIX has been reporied to contain Rac-speci
nteraction domain at C-terminus of PH domain When

1-Darby canine kid-
in formed mem-

c
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oPIXs form a homodimer, the DH domain of one molecule
and Rac-specific interaction domain of another molecule work
together and bind Rac specifically, whereas monomeric aPIX
can interact with Cde42 as well as Rac. Despite the lack of a
Rac-specific interaction domain, BPIX binds directly and acti-
vates Racl specifically but not Cded2 in human embryonal
kidney 293 cells [24]. Previous study using veast two hybrid
system [18.19] and our immunoprecipitation results have
shown that & and BPIX form heterodimers in the C2CI12-affix-
in cells (Fig. 2A), although their specificity for small GTPase
remains unclear. We have also shown that lamellipodium for-
mation in the C2C12-affixin cells was inhibited by overexpres-
sion of dominant negative forms of a or PPIX (Fig. 5). From
these results, we suspect that the DH domain of fPIX and the
Rac-specific interacting domain of oPTX work together and
activate specifically Racl. Further analyses are needed 1o elu-
cidate the precise regulation of GEF activity of both PIXs in
C2C12-affixin cells.

Lamellipodium formation is essential for cell motility. In
epithelial cell monolayer, the cells around the wounded edge
form lamellipodia and activation of Racl but not Cded2 or
Rho is required for wound closure [25]. Similarly, activated
satellite cells form lamellipodia and migrate around the in-
jured lesion during skeletal muscle regeneration [26]. Very re-
cently, dysferlin reportedly localized in the T-tubule system of
differentiating C2C12 cells and was recruited to the wounded
site [27]. Dysferlin is known to have an important role in
skeletal muscle wound healing [11]. In response to the sarco-
lemmal injury of muscle fibers, dysferlin patch was formed
around wounded sites for resealing in a calcium-dependent
manner. Calcium-dependent membrane resealing is also re-
ported in wounded Xenopus oocyte, where Cde42 and RhoA
are activated [28]. Membrane repair is composed of two pro-
cess: plasma membrane resealing and reorganization of sub-
sarcolemmal cytoskeleton [29]. Accumulation of dysferlin
and activation of Racl via PIXs in the lamellipodia of
CIC12-affixin cells may suggest the involvement of these mol-
ecules in sarcolemmal repair followed by cytoskeletal actin
reorganization.

In conclusion, exogenous expression of affixin promotes
lamellipodium formation in C2C12 myoblasts via activation
of Racl by a and BPIXs. Reorganization of cytoskeletal actin
mediated by affixin may be involved in the skeletal muscle dys-
ferlin-related membrane repair system.
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Four-and-a-half LIM domain 1 gene (FHL1) has recently been ldentified as the causative gene for reducing
body myopathy (REM), X-linked scapuloperoneal myopathy (SPM) and X-linked myopathy with postural
muscle atrophy (XMPMA). Rigid spine is a common clinical feature of the three diseases. We tearched for

5 clinically diag d as rigid spine syndrome (RSS). We identified one

RSS patient with FHL1 mut;tiun. Reducing bodies were observed in few fibers of the patient's muscle

- - ple. A of FHL1 protein was decreased on immunoblotting. In conclusion, FHLI can be one of
eywords: the causative genes for RSS,

Four-and-a-ha 1

ps ﬁ‘;i;n:'”;:l:':;:m"" ¢y © 2008 Elsevier B.V. All rights reserved.

Reducing body

1. Introduction XMPMA [7], This finding suggests that rigid spine is a common

FHLI, four-and-a-half LIM domain 1 is a 32 kDa protein which is
highly expressed in skeletal muscle with intermediate expression
in the heart [ 1| LIM domains are a cysteine-rich double zinc finger
protein-binding motif denoted by the sequence (CX2-CX17-
19HX2C)X2(CX2CX16-20CX2(H/D/C)) and mediate interactions
with transcription factors and cytoskeletal proteins. LIM domain
proteins play critical roles in tissue differentiation and cytoskeletal
integrity, respectively. FHL1 was implicated in many cellular func-
tions; (1) aSp1-integrin-dependent myocyte elongation |2}, (2)
regulation of myosin filament formation and sarcomere assembly
by binding to myosin-binding protein C |3, and (3) modulation
of Notch signalling pathway through interaction of FHLI1C (one of
the splicing isoforms of FHL1) with transcription factor RBP-] and
RING1 |4].

Recently, mutations in FHLI have been identified in patients
with RBM |5], SPM |6] and XMPMA |7). We have also identified
mutations in FHL1 in all RBM patients we reported previously,
and confirmed that FHLI is the causative gene for RBM (unpub-
lished data), Clinical picture of RBM patients varies from congenital
lethal form to benign childhood and adult forms. However, four out
of the six RBM families reported to date show rigid spine |5.8]. In
addition rigid spine was reported in SPM families [9) and was also
seen in the British and Italian-American families reported as

* Corresponding author. Tel.: +81 42 346 1712; fax: +B1 42 346 1742
E-mall oddress: haya wenp go ip (YK Hayashi)

05960-8966/3 - see front matter © 2008 Elsevier B.V. All rights reserved
doi:10.1016/L.nmd 2008.09.012

clinical feature of patients with FHL1 mutations.

Here we found a patient with rigid spine syndrome (RSS) har-
boring a mutation in FHL1 among 18 patients clinically diagnosed
as RSS.

2. Case report

The patient is a 16-year-old male who was a good runner during
his childhood. He was first noted to have scoliosis on a routine
medical examination when he was 13 years old. Gradually, his
walking and running speed became slower, and hip muscle atro-
phy was noted. Two years late he started experiencing difficulty
in bending his body and difficulty in neck flexion. He could not
stand on one [oot. By the age of 16 years, bilateral hip and thigh
muscle atrophy was prominent. On examination, he showed mus-
cle weakness and atrophy in the sternomastoid, trapezius, paraver-
tebral, pelvic girdle and proximal lower limb muscles. Winging of
scapula and Gowers' sign were observed. Funnel chest and joimt
contractures in neck, spine, hip and ankle joints were seen. He
walked slouchingly and his left leg was slightly lagged and out-
ward rotated. Serum creatine kinase level was mildly elevated
and respiratory functions were mildly impaired. His elder brother
showed mild scoliosis but not rigid spine or muscle weakness.
His father had IRBBB while his mother was healthy.

Genomic DNA was isolated from peripheral lymphocytes using
a standard technique after obtaining informed consent. Seven sets
of primers were used to amplily genomic fragments of FHL1. All
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exons and their flanking intronic regions of FHLI were directly
sequenced using an ABI PRISM 3100 automated sequencer (PE
Applied Biosystems). We identified a hemizygous in-frame nine
base-pair (bp) deletion mutation at c451-459delGTGACTTGC
(p.151-153delVTC) of FHL1 in this patient. A total 250 controls
and the other 17 RSS patients did not carry the mutation in FHL1,
Genetic analysis of other family members including the elder
brother was not allowed,

Biopsied muscle specimen was frozen in isopentane cooled in
liquid nitrogen. Serial 10 um cryostat sections were stained with
haematoxylin and eosin (HE), modified Gomori trichrome (mGt)
and a battery of histochemical methods. Menadione-nitroblue tet-
razolium (NBT) staining in the absence of the substrate a«-glycero-
phosphate was also performed to detect reducing bodies (RBs).
Histological analyses of muscle showed marked variation in fiber
size and fibers with rimmed vacuoles. Only a limited number of
fibers contained RBs. These abnormal fibers detected were local-
ized in focal areas of the muscle specimen (Fig. 1A and B).

Immunohistochemical analysis revealed diffusely increased
FHL1 staining in some muscle fibers. The strong FHL1 staining
was observed in both types of fibers as seen in serial sections
stained by slow type of myosin heavy chain (MHC-slow) (Fig. 1C
and D). Protein amount of FHL1 by immunoblotting analysis was
significantly reduced in the patient muscle when compared to
normal control after normalization to actin amount (Fig. 2).

3. Discussion

The term rigid spine syndrome was first proposed by Dubowitz
to highlight the essential clinical problem seen in myopathy with
prominent spinal rigidity |10]. Nevertheless, spinal rigidity is not
a specific finding as it is a characteristic feature in Emery-Dreifuss
muscular dystrophy, Bethlem myopathy. and in selenoprotein re-
lated myopathies. In addition it has also been reported in other
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Fig 2. Immunoblotting analysis of FHLI. Amount of FHL1 in blopsied mescle from
the RSS partient show significant reducrion compared to actin.

congenital myopathies and muscular dystrophies, Patients with
FHL1 mutations also show spinal rigidity |5.7.9].

Here we identified a RSS patient with a novel mutation in FHL1.
The mutation affects a cysteine residue in the second LIM domain
of FHL1 similar to all mutations causing RBM |5].

The most important feature to dilferentiate RSS from other
muscular diseases associated with spinal rigidity is the limitation
of flexion of the cervical and dorsolumbar spine in absence of

Fig 1. Muscle pathology. (A) Intracytoplasmic inclusions and rimmed vacuoles are seen on mGT staining. (B) Reducing bodies are positive on melanodine-NBT staning. (C)
Diffuse strong immunoreactivity to FHL1 is seen in both MyHC-slow positive and negative fibers (D). Bar = 20 jm




