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Fukuyama-type  congenital muscular  dystrophy
(FCMD; MIM 253800) is an autosomal recessive disorder
and the second most common muscular dystrophy, follow-
ing DMD, in Japan [1]. Clinical manifestations of FCMD
include severe muscle wasting from early infancy with mal-
formation of the brain and eyes. We previously isolated the
responsible gene for FCMD, termed fukutin [2,3]. Fukutin
presumably modulates the glycosylation of a-dystroglycan
(a-D@G), one of the major components of the dystrophin—gly-
coprotein complex, since a-dystroglycan is hypoglycosylat-
ed in FCMD muscle [4,5). Fukutin-mediated glycosylation
is crucial for binding of o-DG to ECM proteins such as
laminin, agrin, and perlecan, which are important for
maintaining muscle cell integrity [5]. Hypoglycosylation of
a-DG is likely to attenuate the stable connection between
skeletal muscle sarcoplasmic membrane and the basement
membrane. This architectural and functional instability
of muscle fibers is presumed to induce severe muscular
dystrophy in FCMD [4,6].

Accumulating evidence indicates that hypoglycosylation
of a-DG underlies a number of muscular dystrophies.
Hypoglycosylated a-DG provokes the post-translational
disruption of dystroglycan-ligand interactions in skeletal
muscle, leading to the severe phenotypes of congenital
muscular dystrophies [7]. Mutations in glycosyltransferases
have been linked to several muscular dystrophies, including
POMGnT! (protein. O-mannose §-1, 2-N-acetylglucosami-
nyltransferase 1) with muscle—eye—brain disease; POMT1/2
(protein O-mannosyliransferase 1/2) with Walker-War-
burg syndrome; FKRP (fukutin-related protein) with con-
genital muscular dystrophy type 1C (MDCIC). In
addition, mutations in the putative glycosyltransferase
LARGE correlate with myodystrophy in mice and human
congenital muscular dystrophy 1D (MDCI1D) [8-13].

Another congenital muscular dystrophy, laminin-a2
deficient congenital muscular dystrophy (MDCI1A), is one
of the most common childhood congenital muscular dys-
trophies in the European population [14]. MDCIA is an
autosomal recessive disorder that is caused by mutation
of the LAMA2 gene [15]. Clinical muscular features of
MDCIA are grossly identical to the FCMD phenotype
and characterized as severe neonatal hypotonia. Laminin-
o2 is the main component of the basement membrane
and plays an essential role in its formation, serving as a sig-
naling molecule to interact with other ECM or sarcoplas-
mic membrane components [16] «-DG is a primary
receptor for laminin-o«2 on the sarcoplasmic membrane
[17,18]. Thus, attenuated connections between laminin
and «-DG might account for muscular dystrophy in
MDCIA.

Although DMD and these CMDs are categorized into
the same clinical entity, ‘muscular dystrophies,” manifesta-
tions of CMDs are known to differ from those of DMD in
several ways. First, patients with CMDs show congenital
anomalies in muscle  pathology, implying developmental
defects in CMD muscle [19]. Second, these CMDs show
severe pathological changes in the early infantile period
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with almost fixed characteristics thereafter, unlike the later
onset and progressive features of DMD [1]. Finally, the
pathophysiology of CMD muscle is characterized by few
active dystrophic and regenerating fibers, correlating with
moderate increases in serum CK levels [1]. In contrast,
muscle specimens from DMD patients show severe necrotic
changes and active regeneration, both of which are evi-
denced by extremely high serum CK levels.

Dystrophic features in CMD have been defined by the
observation of ‘opaque fibers’ in biopsied specimens, which
are suggested to indicate pre-necrotic fibers like those often
seen in DMD muscle. Opaque fibers in CMD biopsied
muscle specimens are unexpectedly prominent, considering
the moderate serum CK levels. However, we suspect that
the opaque fibers are artificially generated by the biopsy
itself, due to the technical tension placed on fragile CMD
muscle membranes (unpublished data). Therefore, the
pathological characteristics of these CMDs are not likely
the same as those of late-stage DMD. The pathophysiolog-
ical and molecular mechanisms of these CMDs deserve fur-
ther investigation.

Although gene expression profiling of DMD skeletal
muscle has been described previously [20-22], neither
FCMD nor MDCIA has been characterized. To investi-
gate the molecular mechanisms of CMDs relative to
DMD, we profiled gene expression in FCMD and MDCIA
muscle using a custom cDNA microarray. Profiles were
analyzed by a multi-dimensional statistical analysis, the
Distillation, to extract determinant genes, revealing a more
detailed molecular mechanism for these CMDs.

Materials and methods

FPatient materials. All clinical materials were collected for diagnostic
purposes. Four muscle specimens (biceps branchii) from FCMD patients
(F1-F4) and one from MDCI1A (M1) were used in the analysis (Fig. 1).
Genetic screening identified a homozygous retrotransposal insertion into
the 3’ untranslated region of fukutin in all patients [3]. For MDCIA, the
patient showed a typical disease onset, and the specimen was negative for
anti-laminin-o2 staining. We used pooled muscle RNA (Origene Tech-
nologies) as an internal standard for microarray experiments. For age-
matched non-dystrophic controls, muscle RNA from two children was
used (C1 and C2, 1 year old, and 7 years old, respectively). These two
samples were selected based on normal laboratory findings, normal plas-
ma CK levels, and no histological findings of muscular dystrophy.

Histological analysis. Serial sections from the biopsied cryospecimen
used for microarray experiments were stained with hematoxylin and eosin
by standard methods. Scion Image Beta 3b (Scion) was used for the two-
dimensional morphometric analysis of muscle specimen. For each cryo-
specimen, ten pictures were taken randomly. We measured the area of
muscle tissue, adipose tissue, and the remaining interstitial tissues, and
then measured the average cross-sectioned muscle fiber diameters. Statis-
tical analysis was performed using Student’s f test (p < 0.005).

RNA isolation and expression profiling. Generation of cDNA micro-
arrays of skeletal muscle transcripts has been reported previously [22].
Using a similar method, we constructed a ¢cDNA chip containing 5600
genes expressed in skeletal muscle. RNA isolation, hybridization, and
detection methods also have been previously reported. Microarray
experiments were carried out using a competitive hybridization method
with two labeled targets: one for muscle RNAs from FCMD, MDCIA or
normal controls, and another for pooled muscle RNA (Origene), which
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Fig. 1. Morphometric analysis of FCMD and MDCIA skeletal muscle. (A) HE stain of biopsied skeletal muscle used for further analysis (F1-F4 and
M1). For comparison, DMD muscle and skeletal muscle from normal fetus (f, 21 weeks) are shown. Note that fetal tissue is quite similar to F1-F4.
Fibrosis exists in F1 patient, though necrotic lesions are not prominent in F2-F4 and in M 1. Extremely thin muscle fibers with high nuclear to cytoplasmic
contents are seen. FCMD-1 (F1, 20 days), FCMD-2 (F2, 7 months), FCMD-3 (F3, 1 year 4 months), FCMD-4 (F4, 1 year 6 months), MDC1A-1 (M1, 1
year 8 months), DMD (D1, 1 year), and normal control (C1, 1 year). Scale bar = 100pm. (B} Components of each skeletal muscle (muscle components,
interstitial tissue, and adipose tissue) were calculated for FCMD-1, FCMD-2, FCMD-3, FCMD-4, MDC1A-1, normal control, and DMD-1. Note that
interstitial components are prominent in F1-F4 and M1. (C) Diameter of skeletal muscle fiber. The mean diameters of F1-F4 and M1 are significantly
smaller than those of the age-matched control (C1) and DMD muscle (D1) (*p < 0.005). The variance of the diameter also is high in FCMD and MD

muscle fibers.

served as an internal control for per-chip normalization. Hybridization
was conducted at least twice. Hybridization intensities of each spot and
background intensities were calculated and normalized using ScanArray
5000 with Quant Array software (Perkin-Elmer Life Science).

Statistical analysis. Analysis of microarray data was performed
using Microsoft Excel (Microsoft) and Genespring software version 6.2
(Silicon Genetics). Data used for further analysis were calculated using
a previously reported method [22]. To avoid ‘false positive’ signals, we
excluded genes from the analysis for which average normal expression
level constraints are under 500. Next, per spot and per chip, intensity
dependent (Lowess) normalization was performed to minimize the
variation in each microarray experiment. The average expression signal
compared to pooled muscle RNA of each gene signal was estimated as
the fold ratio. Two thousand three hundred and forty-five genes were
selected for further analysis. The correlation coefficient for each signal
between FCMD, MDCI1A, and normal controls was calculated using
Microsoft Excel for 688 genes whose expression level is reproducible
(p-value r<0.05).

To extract genes that characterize the expression profile of FCMD and
MDCIA skeletal muscle compared to normal muscle, we adopted an
original statistical analysis method, the Distillation [23], Using this anal-
ysis, we could find genes whose expression pattern significantly distin-
guishes a certain disease from others. This analysis also sorts paired genes
whose mutual expression patterns can discern one disease or normal
control from another.

Quantitative real-time PCR. To confirm the microarray data, we per-
formed real-time quantitative PCR. We produced single-strand cDNA
with random primers, and quantitative real-time RT-PCR using SYBR-
green was performed using the ABI Prism 7900 sequence detection system
(Applied Biosynthesis). Primer sequences were as follows,

Gapdh: forward 5'-CATCTTCCAGGAGCGAGATC, reverse 5'-TG
CAAATGAGCCCCAGCCTT; TNNT2: forward 5-ATCAATGTTCTC
CGAAACAGGATCAA, reverse 5-GAGGAGCAGATCTTTGGTGA
AGGA; CGI-38: forward 5-CTCGGGTCATCAACTATGAGGAGTTC
AA, reverse 5'-CTACAGCACCCCCTGTTTTTGCTTTAGT; sarcoglycan
B forward 5'-AGCCTATTGTTTTTCAGCAAGGGACAAC, reverse
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Fig. 2. Correlation co-efficiencies of microarray data. (A) Scatter graph of a cDNA microarray. Each axis shows expression signal intensities. X Axis,
signal intensities of normal control skeletal muscle (C, the average signal of normal controls); Y axis, signal intensities of F3. (B) X axis, signal intensities of
F1; Y axis, signal intensities of F3. (C) Y axis, signal intensities of M1; X axis, average signal intensities of F1-F4. Note that the correlation co-efficiency of
microarray data is quite high among FCMDs and also high between FCMD and MDCIA samples. Blue lines show 2-, 1-, and 0.5-fold increases,
respectively. '

Table 1

Correlation coefficient of data from each microarray experiment

Sample C1 Cc2 F1 F2 F3 F4 Mi
No. Age ly Ty 20d 7m lydm lybm 8m
Cl ly 1 0.97 0.6 0.42 0.53 0.32 0.42
C2 Ty 0.95 1 0.6 0.44 0.55 0.33 0.45
F1 20d 0.65 0.67 1 0.84 0.87 0.77 0.82
F2 Tm 0.47 0.53 0.9 1 0.88 0.85 0.83
F3 ) lydm 0.57 0.64 0.93 0.93 1 0.78 0.86
F4 ly6m 0.38 0.45 0.84 0.91 09 1 0.76
M1 8m 0.49 0.56 0.89 0.9 0.92 0.87 1

S"-TTTTCACTCCACTTGGCAAATGAAACTC; MYH2: forward 5'-A
GTTCCGCAAGGTGCAGCACGAGCT, reverse 5-CCACCTAAA
GGGCTGTTGCAAAGGC.

Statistical analysis was performed with Student’s ¢ test, using duplicate
experiments of two patients for each disease and normal control.

In situ hybridization. In situ hybridization was performed according to
standard methods. Sense and anti-sense sequence templates (collagen3a,
collagenl 5al, Thromhospondin-4, and osteoblast-specific factor-2) con-
taining T7 or SP6 promoters were produced through PCR, and digoxi-
genin-labeled RNA probes were generated by transcribing with T7 or SP6
RNA polymerase. Sliced cryosections (8 pm) of skeletal muscle from

X (0.5 pg/mg) for 5 min, samples were overlaid with hybridization solu-
tion containing digoxigenin-labeled probe. Hybridization signals were
detected according to manufacturer’s instructions.

Results

FCMD and MDCI1A skeletal muscle are histologically
distinct from DMD

FCMD (1 year of age) and a normal control (1 year of age) were fixed with
4% paraformhldehyde for 30 min. After treatment with proteinase

We performed histological examination to document
the characteristics of skeletal muscle samples used for
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microarray expression analysis. Skeletal muscle samples
from four FCMD patients and one MDCIA patient
were obtained via biopsy at various ages during child-
hood (Fig. 1). In all CMD samples, histological examina-
tion revealed dystrophic features and marked variations
in fiber size with less evidence of severe necrotic and

Table 2a

Genes up-regulated in both FCMD and MDCIA skeletal muscle
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regenerating fibers, prominent interstitial tissues, and adi-
pose tissue proliferation (Fig. 1A, FI-F4, MI).
Abundant interstitial tissue was the most characteristic
feature in all samples, appearing as early as 20 days of
age (Fig. 1A, Fl). To quantify the extent of interstitial
tissue, we measured the areas of muscle, lipid, and

Genbank Nos. Product Common name Fold change

FCMD MDCI1A
Muscle components
NM_005159 Actin, «, cardiac muscle precursor ACTA 5.1 8.3
NM_004997 Myosin-binding protein H MYBPH 9.4 6.7
NM_003063 Sarcolipin SLN 9.1 9.6
NM_005022 Profilin 1 PFNI 6.6 45
XM_010544 N-Acetylgalactosaminyltransferase 7 GALNT7 6.5 9.5
NM_003186 Transgelin TAGLN 4.2 8.7
NM_001614 Actin, y1 propeptide ACTG 5.8 8.6
NM_004393 Dystroglycan 1 precursor DAGI L5 1.6
ECM components
NM_000090 al type III collagen preproprotein COL3A41 50.1 54.6
NM_003248 Thrombospondin 4 THBS4 50 154.6
NM_006475 Osteoblast-specific factor 2 OSF-2 20.3 '28.1
NM_003380 Vimentin ViM 13.5 18.2
NM_002295 Laminin receptor-1 (67kD) LAMRI 12.3 5.4
NM_003118 Osteonectin SPARC 11.9 26.5
MS55270 Matrix Glia protein MGP 114 7.3
XM_045926 Lumican LUM 11.2 319
NM_ 002727 Proteoglycan 1, secretory granule PRGI 5.2 4.0
NM_005507 Cofilin 1 (non-muscle) CFL] 4.6 5.7
NM_005410 Selenoprotein P precursor SEPP] 4.5 4.6
NM_002292 Laminin, B 2 precursor LAMB2 33 2.2
NM_000426 Laminin, «-2 (merosin) LAMA2 2.9 0.8
NM_000419 Integrin B 1 (fibronectin receptor) ITGBI 2.9 4.2
NM_032470 Tenascin XB, isoform 2 TNXB 2.7 6.5
Cell differentiation and adhesion
X02508 Acetylcholine receptor (AChR) o subunit ACHR 25.9 20.2
NM_000041 Apolipoprotein E APOE 14.8 8
NM_000079 Cholinergic receptor, nicotinic, & precursor CHRNAI 11.3 7.3
NM_002970 Spermidine/spermine Nl-acetyltransferase SAT 8.9 11.6
NM_001553 Insulin-like growth factor binding protein 7 IGFBP7 7.4 6.8
AF 144103 NJAC protein NJAC 2.8 4.3
NM_002402 Mesoderm-specific transcript (mouse) homolog MEST 5.6 6.1
NM_000919 Peptidylglycine a-amidating monooxygenase PAM 5.5 10.8
NM_000700 Annexin I ANXAI 5.1 11.6
NM_001129 Adipocyte enhancer binding protein 1 AEBPI 3.8 21.3
Immune related
M27635 Lymphocyte antigen HLA-DRwi2 10.2 3.6
NM_022555 Major histocompatibility complex HLA-DRB3 10.1 39
Others, EST
L01124 Ribosomal protein S13 RPS13 6.5 8.1
BC005863 Ribosomal protein, large, PO RPP) 6.3 4.6
NM.__00597 Calcium-binding protein A13 5100413 5.2 6.2
NM._006000 Tubulin, «l Tubal 5 6.1
EST
AL049455 Unknown dkfzp586d2322 44 17.2
AL038078 Unknown dkfzp566ki21] 7.2 9.8
Glycosyltransferase
NM_018446 Glycosyltransferase AD-017 AD-017 1.5 2.8
XM_003527 N-Acetylgalactosaminyltransferase 7 GalNac 1.9 2.3
NM_005827 UDP-galactose transporter related UGTRELI 1.3 1.3

-57-



494 M. Taniguchi et al. | Biochemical and Biophysical Research Communications 342 (2006) 489-502

connective tissue in each sample specimen using Scion
Image (Fig. 1B). The relative area of interstitial tissues
varied but did not correlate with patient age. Inflamma-
tion and regeneration were less apparent. In all samples
examined, necrotic fibers were rare compared with
DMD (Fig. 1A, DI1). It is noteworthy that necrotic
lesions are the least severe in F1 despite the abundance
of interstitial tissue.

Next, we measured the cross-sectioned diameter of
each muscle fiber. Diameters of FCMD and MDCIA
muscle fibers are significantly smaller than those of nor-
mal sample fibers at 7 months of age (Fig. 1A, Cl, and
C; Student’s ¢ test, p <0.005). Size variability among
muscle fibers was remarkable in the CMDs (Fig. 1C).
Some fibers were too thin to analyze, indicating imma-
ture, poor muscle components. In contrast, DMD muscle
fibers exhibited degeneration and necrosis of muscle
fibers accompanied by active regeneration (Fig. 1A,
D1). These observations suggest that active regeneration

and degeneration, which are characteristic of classical

muscular dystrophies, might not be a primary feature
of FCMD and MDCIA.

Overall gene expression profiles are highly similar among
CMDs, regardless of pathological changes

We analyzed gene expression profiles of CMD skeletal
muscle and normal controls to assess the correlation of his-
tological features with gene expression. Scatter graphs of
expression data were created for general comparison of
expression profiles. The lack of concordance between
FCMD and control data indicates the altered expression
of numerous genes in disease muscle (Fig. 2A). In contrast,
comparison of any two FCMD samples showed good con-
cordance (Fig. 2B), and we observed high correlation
among all FCMD cases regardless of pathological differ-
ences. We then calculated the correlation co-efficiency of
microarray data among FCMD, MDCIA, and normal

Table 2b
Genes down-regulated in both FCMD and MDCI1A skeletal muscle
Genbank Nos. Product Common name Fold change
FCMD MDClA
Muscle components
NM_000257 - Myosin, heavy polypeptide 7, cardiac muscle, B MYH7 0.01 0.01
NM_003673 Titin-cap (telethonin) TCAP 0.02 0.01
NM_001927 Desmin DES 0.01 0.02
NM_017534 Myosin, heavy polypeptide 2, skeletal muscle, adult MYH2 - 0.02 0.01
NM_005963 Myosin-binding protein C, fast-type MYHI 0.02 0.01
NM_000232 Sarcoglycan, B SGCB 0.03 0.05
NM_001103 Actinin, o2 ACTN2 0.04 0.02
NM_004533 Myosin-binding protein C, fast-type MYBPC2 0.09 0.03
NM_003283 Troponin T1, skeletal, slow TNNTI 0.32 0.5
NM_001100 ) al actin precursor ACTAl 0.06 0.03
X04201 Skeletal muscle tropomyosin AA 1-285 0.14 0.31
Cell differentiation and adhesion
NM_001958 Eukaryotic translation elongation factor 1 « 2 EEFla2 0.03 0.01
NM_002654 Pyruvate kinase, muscle PKM?2 0.05 0.02
NM_053013 Enolase 3 ENO3 0.09 0.03
NM_000237 Lipoprotein lipase precursor LPL 0.18 0.45
BC007810 Calpain 3, (p94) CALP 3 0.17 0.12
Energy metabolism
NM_001824 Creatine kinase, muscle CKM 0.12 0.05
NM_ 000034 Aldolase A ALDOA 0.21 0.07
NM__004320 ATPase, Ca*™ transporting, fast twitch 1 ATP2al 0.19 0.05
Others, EST
NM_0i6172 Putative glialblastoma cell differentiation-related GDBRI 0.21 0.1
NM_ 004468 Four and a half LIM domains 3 FHL3 0.05 0.03
NM_001449 Four and a half LIM domains 1 FHLI 0.07 0.07
NM_005053 RAD23 (Saccharomyces cerevisiae) homolog A RAD23a 0.08 0.03
NM_004305 Bridging integrator 1 BINI 0.11 0.05
JO3077 Human co-f glucosidase Glba 0.09 0.04
XM_054526 Z-band alternatively spliced PDZ-motif ZASP 0.12 0.09
XM_058642 Similar to adenylosuccinate synthetase locl22622 0.13 0.09
XM_035635 Hypothetical protein DKFZp762M136 difzp762M136 0.13 0.09
NM_005061 Ribosomal protein L3-like RPL31 0.13 0.17
AA164729 Similar to contains Alu repetitive element PTRS 0.13 0.22
AWT55254 Similar to CMYAS Cardiomyopathy associated gene § CMYAS 0.2 0.15
KM_034768. . Hypothetical protein XP_034768 PDE4DIP 0.21 0.18
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Table 3a

Selected genes discerning expression in FCMD and MDCIA versus normal muscle

Genbank Nos. Common Product

FCMD and MDCIA specific genes

Up-regulated

X02508 ACHR Acetylcholine receptor (AChR) o subunit
NM_000090. COL3al al type IIT collagen preproprotein
NM_000079 CHRNAI Cholinergic receptor, nicotinic, o polypeptide 1 (muscle)
NM_003248 THBSY Thrombospondin 4

NM_003380 ViM Vimentin

XM_049131 TRAI Hypothetical protein XP_049131
NM_005507 CFLI Cofilin 1 (non-muscle)

NM_000041 APOE Apolipoprotein E

NM_003186 TAGLN Transgelin

101124 RPSI3 Ribosomal protein §13

NM_004615 TM4SF2 Transmembrane 4 superfamily member 2
NM_004997 MYBPH Myosin-binding protein H
Down-regulated

NM_000232 SGCB Sarcoglycan, B (43kD dystrophin-associated glycoprotein)
NM_ 003673 TCAP Titin-cap (telethonin)

NM_031287 MGC3133 Hypothetical protein MGC3133
NM_000382 ALDH3a2 Aldehyde dehydrogenase 3A2
NM_015994 ATP6m Vacuolar proton pump delta polypeptide
NM_014944 KiAA40911 KIAA0911 protein

NM_013383 TCFlL4 MAX-like bHLHZIP protein
NM_004468 FHL3 Four and a half LIM domains 3

controls. Any two paired samples showed high correlation
co-efficiency (Table 1). The upper right columns indicate
the correlation of the actual fold increase or decrease data
(Pearson’s correlation) and the lower left columns repre-
sent the ranking of fold change data (Spearman’s correla-
tion). Correlation coefficients for each average fold ratio
and the ranking score between F1-F4 and M1 were as high
as 0.91 and 0.86, respectively (Table 1, Fig. 2C). These data
demonstrate that overall gene expression in these CMDs is
similar regardless of age difference, pathological change or
type of CMD.

Expression of ECM-related genes is highly elevated, whereas
that of mature muscle components is down-regulated in
CMDs

Differentially expressed genes were categorized by the
function of the encoded protein according to the Gene
Ontology classification (e.g., muscle component, ECM
component, cell adhesion and growth, inflammation, cellu-
lar metabolism, immune response, EST, etc.). For all four
CMD individuals, the average ratio of normalized signal
intensities relative to normal controls was estimated as a
fold change {Tables 2a and 2b).

The vast majority of up-regulated genes in FCMD and
MDCIA encode ECM components (Table 2a). This bias
is prominent compared to DMD profiles, which show
increased expression of genes encoding skeletal muscle
components [22]. ECM genes up-regulated in CMDs
include thrombospondin 4, collagen3al, collagenl5al,
osteoblast-specific factor, matrix glia protein, and lumican
(Table 2a). The high expression of ECM genes presumably

is related to fibrotic change, as shown in Fig. 1 A. However,
expression of fibronectin receptor integrin Sa, which is
typically up-regulated due to inflammation or fibrosis,
showed only a mild increase (1.09 average fold ratio to con-
trol in FCMD samples). This observation implies that
fibrosis in CMD muscles might result from additional fac-
tors to chronic inflammation or muscle fiber degeneration.
Genes encoding basement membrane components such as
tenascin, laminin receptor-1, laminin f, and integrin o7
also were up-regulated, as was DAGI, which encodes
a and B-DG (Table 2a).

Increased expression of the muscle components y
actin-1, myelin basic protein, tropomyosin, and sarcosin
was observed in the CMDs. Other muscle components,
including myosin heavy chain 2 and 7, nebulin, titin, and
desmin, showed much lower expression levels in CMDs rel-
ative to controls (Table 2b). These observations are consis-
tent with previously published expression profiles of DMD
muscles [22]. Although some genes encoding components
of mature muscle fibers, such as myosin light chain4 or, car-
diac actina, are up-regulated in DMD (Table 4-2, and [22]),
these genes were not up-regulated in CMDs. Up-regulation
of genes encoding muscle fiber components in DMD gener-
ally reflects active regeneration following muscle fiber
degeneration. Our observations indicate that muscle degen-
eration and regeneration are less active in CMDs. More-
over, genes related to cell metabolism, such as
phosphofurkutokinase and aldolase, were substantially
down-regulated, suggesting that the total energy metabo- .
lism in CMD muscle fibers is likely reduced (Table 2b).

In summary, expression profiling revealed two
characteristics. First, most up-regulated genes were ECM
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components that may be related to rich interstitial tissues
in CMDs. Second, mature muscle components were
extremely down-regulated in CMDs. Our data are consis-
tent with the histological finding that the primary feature
of CMDs is interstitial fibrosis without muscle degenera-
tion and regeneration.

The Distillation extracted up-regulated ECM genes and
suppressed muscle structural genes in CMDs

Bioinformatics using multi-dimensional analysis allowed
detection of gene clusters whose expression patterns might
help explain CMD pathogenesis [24,25]. We adopted an
original statistica] analysis method, the Distillation, to
extract genes whose expression signals significantly distin-
guish FCMD, MDCIA, and normal skeletal muscle [23].
Using this method, genes were extracted either as a single
gene or as paired genes showing significant expression
tendencies between samples tested.

We first analyzed microarray data for genes that distin-
guish the CMD samples from normal skeletal muscle.
From 2345 genes tested, 20 genes were extracted (Table
3a). These include achr, col3al, and thbs4, which were
up-regulated in CMDs. p-Sarcoglycan and telethonin,
which encode mature muscle components, were down-reg-
ulated (Fig. 3A).

Next, we extracted 20 genes that distinguish FCMD
from MDCI1A and normal controls (Table 3b). Up-regulat-
ed genes within this group included hla-drwl, hla-drb3
TNNT-2, and lame2. In addition, 10 genes paired with
MYH?7 were extracted, nine of which have unknown func-
tions (Table 3b). When signals for these pairs are plotted
on two-dimensional graphs, distinct expression tendencies
become apparent within each disease group (Fig. 3B).
These genes might be functionally linked to MYH7 and
contribute to molecular mechanisms underlying FCMD.,
CGI-38 brain-specific protein of unknown function was
selected since its expression in MDCIA is distinct from
other groups. Nine genes, including myogenin and thyroid
hormone binding protein, were extracted in pair with
CGI-38 (Table 3c).

To find genes specifically involved in these CMDs
compared to classical muscular dystrophy, we compared
FCMD expression profiles with previously reported
DMD profiles {22]. Genes including chnra, thsb4, col3a,
coll5al, and hia-drwl2 (Table 4a) were found to be up-reg-
ulated in FCMDs and down-regulated in DMD. The genes
actc2, actgl MYH7, MYH2, and MYHI (Table 4b) were
down-regulated in FCMD and up-regulated in DMD.
These results corroborate the general finding that genes
up-regulated in FCMD are mainly ECM components,
whereas down-tegulated genes tend to be muscle compo-
nents, differentiating FCMD from DMD.

To confirm the microarray data, we performed real-time
quantitative PCR for several selected genes extracted by
the Distillation (Figs. 4A and B). This experiment replicat-
ed the distinct gene expression patterns seen in CMDs
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Fig. 3. The Distillation. (A) Several genes sorting FCMD, MDC1A, and
normal controls are selected (blue lines). The vertical line shows log scaled
signal expression for each gene. Col3a and srcf are isolated in the
expression profiles of FCMD and MDCIA versus normal control muscle.
HLADRI2 and DNA binding protein A also discern FCMD from MDCIA
and normal muscle; likewise, CG/-38 and kiaa 0853 show distinct
expression patterns in MDCI1A compared to FCMD and normal control.
(B) Paired genes sorting FCMD and MDCIA from normal muscle. The
horizontal line shows log scaled signal expression of CG[-38, and the
vertical line shows signal expression of myogenin. Note that expression
signals of these genes two-dimensionally separate disease groups, suggest-
ing the possibility of linked interactions between these genes.

compared to DMD or normal muscle, demonstrating the
reliability of the Distillation as well as the microarray anal-
ysis itself. Therefore, these extracted genes likely reflect the
unique features of FCMD and MDCIA.

Characteristics of CMDs include elevated expression of
muscle cell ECM components

FCMD gene expression profiles were quite similar
regardless of age differences or muscle pathology among
samples. Since muscle content and fibrotic components
vary among patients, we normalized gene expression sig-
nals by dividing each signal by the gross area of each mus-
cle component according to the data in Fig. 1B. When
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signals in different stages of FCMD were proportionally
normalized, gene expression patterns of muscle compo-
nents such as myosin light chain 1 and actin y stabilized
across samples F1-F4 (Fig. 5). Genes related to muscle
fiber components in FCMD seem to be stably expressed
irrelevant of muscle fiber content. On the other hand, nor-
malizing expression in FCMD relative to the gross area of
interstitial tissue did not stabilize the tendency toward
ECM component expression, suggesting that expression
of ECM genes does not correlate proportionally with the
severity of fibrotic change (Fig. 5). These results imply that
expression of fibrotic components in FCMD might not
arise from dystrophic change but instead is related to mus-
cle component expression. The high and stable expression
of ECM components among all samples indicates that
fibrosis is active from very early infancy and may last
throughout the disease course.

To clarify which cells express ECM components in
FCMD muscles, in situ hybridization was performed
for the up-regulated ECM genes col3a, coll5al, OSF-2,
and thbs4. Surprisingly, these components were expressed
primarily by muscle fibers in FCMD, particularly from
small-sized, immature muscle cells and satellite cells
(Fig. 6), and only slightly by fibroblasts within fibrous
tissue. This suggests that the fibrotic change in CMDs
is a primary phenotype rather than a secondary effect
of chronic inflammation, as is seen in classical muscular
dystrophy. Taken together, these results indicate that

FCMD and MDCIA can be characterized as active
fibrotic disease with suppressed muscle regeneration.

Discussion

Extraction of disease determinant genes using the
Distillation

Analysis of gene expression in various tissues or cell
samples has evolved from assessment of select target
genes to more efficient, high-throughput genomewide
screening. Microarray technology can provide valuable
insight into important biological and pathological mech-
anisms and aid in identifying disease-causing genes
[25,26]). However, the most emergent challenge in micro-
array analysis is separating valid data from the ‘noise’
that inevitably exists in the vast amount of redundant
data produced by high-throughput screening. If genes
identified through microarray analysis have a true corre-
lation, determining what is statistically ‘not true’ is
another issue. Bioinformatics has made it possible to
address such problems by isolating statistically distinct
genes [23]. The Distillation (also called TidalSMP, [23))
is a proven method for sorting reliable disease-specific
genes using an original, efficient algorithm for mining
association rules to determine a correlation.

The dystrophin—glycoprotein complex is a multi-subunit
complex, comprised of sarcoplasmic and integral

Table 3b
Selected genes discerning expression in FCMD versus MDCIA and normal muscle
Genbank Common Product
FCMD-specific genes
Up-regulated
M27635 HLA-drwl2 Lymphocyte antigen
NM_022555 HLA-drb3 Major histocompatibility complex, class II, DR p 3
XM_009540 KIAA0255 KTAA0255 gene product
NM_000364 TNNT2 Troponin-T2, cardiac
NM_000237 LPL Lipoprotein lipase precursor
NM_000426 Lamala Laminin, a-2 (merosin)
Down-regulated
NM_000257 MYH7 Myosin, heavy polypeptide 7, cardiac muscle, beta
1.29073 EST DNA-binding protein a
AL043327 DKFZP43401923
XM _035662 LOCI137597 Similar to cathepsin B (H. sapiens)
Down-regulated paired genes
NM_000257 MYH7 Myosin, heavy polypeptide 7, cardiac muscle, beta
and
NM_017751 f120297
AF126008 BRX Hypothetical protein F1.J20297
XM_044630 DKFZP434cl31 Breast cancer nuclear receptor-binding auxiliary protein
BM458054 EST DKFZP434C131 protein
AL157455 DKFZP761i1912 IMAGE:553039
XM_042323 KIAA0833 EST
NM_014815 KIAA0I30 KIAA0833 protein
AI401562 . EST KTAA0130 gene product
XM _001928 LOC55924 IMAGE:2110120
Hypothetical protein

NM_005206 : . CRK
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Table 3¢

Selected genes discerning expression in MDCI1A versus FCMD and normal muscle

Genbank Nos. Common Product

MDCI1A-specific genes

Up-regulated

NM_006471 MLCB Myosin, light polypeptide, non-sarcomeric (20kD)
NM_016140 LOCS51673 CGI-38 brain-specific protein

Down-regulated

NM_015070 KIAA0853 KTAA0853 protein

KXM_012618 MYH2 Myosin, heavy polypeptide 2, skeletal muscle, adult
BC004541 IMAGE:3951723 Unknown (protein for IMAGE:3951723)
NM_000389 CDKNla Cyclin-dependent kinase inhibitor 1A

BC008069 SH3-like Similar to src homology three and cysteine rich domain
NM.__002479 MYOG MYF4; Myogenic factor-4

NM_006813 PROL2 Proline rich 2

NM_000690 ALDH?2 Aldehyde dehydrogenase 2, mitochondrial
XM_058387 ANKI Ankyrin 1, isoform 8

XM_008333 ACADVL Acyl-Coenzyme A dehydrogenase, very long chain precursor
XM _013017 KIAA0153 Hypothetical protein XP_013017

u94777 PYGM Muscle glycogen phosphorylase

NM_004543 NEB Nebulin

NM_003637 itgal0 Integrin, o 10

Up-regulated Paired genes

NM_016140 LOCS51673 CGI-38 brain-specific protein

Down-regulated, paired with LOC51673

NM_002479 MYOG Myogenin

NM_001104 ACTN3 Skeletal muscle-specific actinin, o 3
NM_015380 CGI-51 CGI-51 protein

NM_002826 QSCNG6 Quiescin Q6

102783 P4hb Thyroid hormone binding protein precursor
NM,__000884 IMPDH2 IMP (inosine monophosphate) dehydrogenase 2
NM_013400 RIP6O Replication initiation region protein (60kD)
NM_015070 KIAA0853 KIAAO0853 protein

NM_000257 MYH7 Myosin, heavy polypeptide 7, cardiac muscle, beta
Table 4a

Genes up-regulated in FCMD and down-regulated in DMD

Genbank Nos. Product Common name Fold increase
FCMD DMD

KM_005592 Collagen, type XV, al COL1541 2.86 0.43
NM_ 002229 Jun B proto-oncogene (JUNB) JUNB 2.80 0.70
NM_002402 Mesoderm-specific transcript (mouse) homolog (MEST), MEST 2.61 0.53
NM_024416 Osteoglycin (osteoinductive factor, mimecan) (OGN) OGN 2.59 0.43
NM_000090 Collagen, type III, «1 COL341 2.42 0.29
X 64875 Insulin-like growth factor binding protein-3 IGFBP-3 2.27 0.85
NM_ 006475 Osteoblast-specific factor 2 (fasciclin I-like) (OSF-2) OSF-2 2.08 0.14
NM_000079 Cholinergic receptor, nicotinic, a polypeptide 1 CHRNAI 2.01 0.64
M27635 MHC HLA-DRw12 allele mRNA, -1 chain HLA-DRWI2 2.01 0.56
NM_001731 B-cell translocation gene 1, anti-proliferative (BTG1) BTG! 1.99 0.56
XM_004063 Early growth response 1 (EGR1) EGRI 1.98 0.65

membrane proteins that link the cytoskeleton to the ECM
[27]. This complex is thought to provide mechanical rein-
forcement for the sarcolemma and to maintain membrane
integrity during cycles of muscle contraction and relaxa-
tion. It is known that DG spans the sarcolemma, linking
extracellular laminin-02 with dystrophin/cytoskeleton
[17]. Defects in this linkage cause muscular dystrophies,
as seen in FCMD and MDCIA [4,5,28). In this sense, the
molecular -mechanisms underlying FCMD and MDCIA

should be similar, Indeed, gene expression profiles in these
disorders are virtually the same. However, using the Distil-
lation, we extracted a number of differentially expressed
genes, including some with unknown function.

FCMD and MDCI A as primary fibrosis diseases

Upon histological examination, DMD skeletal muscle
fibers showed muscle degeneration and active regeneration.
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Table 4b
Genes up-regulated in DMD and down-regulated in FCMD

Genbank Nos. Product Common name Fold change
FCMD DMD

NM_001615 Actin, 72, (ACTG2), mRNA ACTG2 0.45 8.85
NM_001614 Actin, v1 (ACTG]I) ACTGI 0.55 4.42
XM_005368 Protein kinase PK Nbeta (pknbeta) PKNBETA 0.91 4.02
NM_005729 Peptidylproly! isomerase F (cyclophilin F) (PPIF) PPIF 0.77 2.92
NM_ 000257 Myosin, heavy polypeptide 7, cardiac muscle, f (MYH?7) MYH7 0.63 2.82
XM 027916 HP1-BP74 (HP1-BP74) HPI-BP74 0.50 2.74
NM_002476 Myosin, atrial/fetal muscle, light chain; embryonic (MYL4) MYL4 0.48 2.46
NM_001912 Cathepsin L (CTSL) CTSL 0.83 2.13
NM_005963 Myosin heavy chain IIx/d; skeletal muscle, adult (MYHI) MYHI 0.78 1.91
NM_001927 Desmin, (DES) DES 0.72 1.51
NM_001614 MYH2 0.76 1.33

MyHC-IIa; MYHas8; MyHC-2A; myosin, heavy polypeptide 2, skeletal muscle, adult (MYH2)

FCMD
MDC1A

B owo

PCR products

THBS4 MYH7 CGI-38

Fig. 4. Gene expression tendencies in CMDs show elevated ECM
component expression and low expression of muscle components. (A)
Ethidium bromide staining shows up-regulation of THBS4 and CGI-38 in
FMCD and MDCIA compared to normal muscle and DMD. MYH7 is
down-regulated in FCMD and MDCIA, unlike DMD and normal
muscle. (B) Quantitative real-time PCR analysis of mRNA expression.
White bar, normal controls; dotted bar, FCMD; gray bar, MDCI1A; and
black bar, DMD. PCR products are plotted as values normalized to
gapdh. Each bar represents the mean value of two patients’ data.
*p < 0.005 (Student’s ¢ test).

At the molecular level, expression profiling reveals the up-
regulation of genes encoding muscle structural proteins,
myogenic factors, and immune responses [20,21]. Changes
in expression of these genes reflect the clinical phases and
histological changes indicating disease progression.

In contrast, our data demonstrate that some of the mus-
cle component genes that are up-regulated in DMD [22]
were extremely down-regulated in CMDs. This observation
implies less active regeneration of muscle fibers in CMDs.

Instead, expression of genes encoding ECM components
was substantially high in CMDs. ECM genes are also high-
ly expressed in DMD muscles, generally reflecting a
response to necrotic changes in muscle fibers resulting from
inflammation. ECM gene expression increases as muscle
fibrosis develops due to chronic inflammation at later stag-
es of DMD [22]. In contrast, expression levels of ECM
genes in CMD were consistent regardless of histological
changes. Further, the elevated ECM genes are not
expressed by fibroblasts but by muscle cells themselves.
This persistently high expression of ECM genes may be
indicative of the primary etiology of CMD.

It has been postulated that dysfunction of fukutin in
FCMD or laminin-o2 in MDCIA induces severe muscular
dystrophy by attenuating stable connections between the
skeletal muscle sarcoplasmic membrane and the basement
membrane. Indeed, defects in the basement membrane
have been reported in FCMD muscle [29]. Basement mem-
brane is thought to not only maintain cell integrity but also
to mediate signal transmission in cell differentiation,
growth, attachment, survival, polarity, proliferation, and
apoptosis [30-32]. We hypothesize that up-regulation of
ECM genes observed in these experiments might arise from
signal transduction defects due to basement membrane
dysfunction.

Regarding the histological characteristics of CMD mus-
cle, one possible explanation for disease etiology is apopto-
sis of muscle cells. Laminin-02 is required for myotube
survival in vitro [31], and increased apoptotic cells cause
embryonic lethality in fukutin-null mice due to aberrant
basement membrane formation [33]. These findings indi-
cate that the basement membrane is essential to cell surviv-
al. Reduction of o-DG in myotubes in vitro also results in
reduced levels of laminin expression on cell surfaces and an
increase in apoptotic cell death [34]. Hence in normal con-
ditions, connection of laminin and «-DG might be involved
in skeletal muscle cell survival. It might be reasonable to
imagine that connective tissue simply fills the space created
by apoptosis. It is also possible that muscle fibers keeps
high transcription levels of ECM to create basement mem-
brane components.
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Fig. 5. Gene expression of ECM and muscle component normalized by the area of each component. Each dot shows expression signals of each gene. Each

line shows the approximate curves of these signals. X-axis, percentage of tissue muscle and interstitial tissue of F1-F4; Y-axis, signal intensities of each
gene (log scale).

antisense

FCMD, fetus

scale bar; 20um

Fig. 6. In situ hybridization of THBS4 in FCMD skeletal muscle versus normal controls. Upper columns show normal skeletal muscle fibers (1 year of
age). No significant THBS4 signals are seen in muscle fibers (upper right column). Middle columns show FCMD muscle fibers (1 year of age). Bottom
columns show fetal (19 weeks) FCMD skeletal muscle. Note that skeletal muscle fibers with small muscle diameters stain positively (arrows) both in
FCMD and in fetal tissue (middle and lower right columns). Col3a, coll5a, and OSF2 show the same results (data not shown). Note that immature muscle
fibers, not fibroblasts, express ECM components at high levels.
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Alternatively, the differentiation defect in muscle cells
might underlie the etiology of these CMDs. Skeletal muscle
fibers in FCMD are generally very small, round, and disor-
ganized. Most muscle fibers in CMDs remain small and
disorganized with remarkable size diversity. In contrast,
regenerating DMD muscle fibers never fail to achieve nor-
mal fiber sizes. Skeletal muscle fibers in FCMD somewhat
resemble those in fetal skeletal muscle ([35] and unpub-
lished data). Fetal muscle is characterized by premature,
small muscle fibers with a high nucleus-to-cytoplasm ratio,
rather rich in cell-to-cell intervals with loose muscle bun-
dles. FCMD and MDCI1A skeletal muscle fibers might also
be in the developmental period of myotubes and muscle
fibers, which have substantial space for interstitial ECM
components. ECM genes could be up-regulated to promote
differentiation of immature muscle cells. It is possible that
the delay in differentiation due to the basement membrane
defect is significant in the etiology of the CMDs. We pre-
sume that maturational arrest is a key factor, followed by
up-regulation of ECM components. We have also found
neuromuscular junction abnormalities in FCMD (unpub-
lished data) as also have been seen in MDCIA [36]. Since
neuromuscular junction formation normally occurs in tan-
dem with basement membrane formation, nerve innerva-
tions may also play an important role in muscle
differentiation (unpublished data).

Taken together, our observations suggest that the fibrot-
ic change seen in CMDs reflects a primary fibrosis disease
rather than the secondary change, as is seen in classical
muscular dystrophy. The causes for up-regulation of
ECM genes in FCMD and MDCIA muscle merit further
scrutiny and may reveal more precise mechanisms for
FCMD and MDCIA.
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