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tion (previously called type II lissencephaly) of intermediate
severity [14,27]. The MEB gene was mapped to 1p32-p34
by linkage analysis and homozygosity mapping [28]. Thir-
teen independent disease-causing mutations of the
POMGnT1 gene have been reported in twelve patients with
MEB [25,29]. Taniguchi er al. [29] recently reported a slight
correlation between the location of the mutation on the
POMGnT] gene and clinical severity in the brain. Patients
with mutations near the 5’ terminus of the POMGnTI cod-
ing region show relatively severe brain symptoms such as
hydrecephalus, while patients with mutations near the 3’
terminus have milder phenotypes. A selective deficiency
[30] and hypoglycosylation [31] of a-dystroglycan has been
reported in MEB patients suggesting that a-dystroglycan is
a potential target of POMGnT1 and that altered glycosyla-
tion of a-dystroglycan may play a critical role in the etiol-
ogy of MEB and other forms of CMD.

Yoshida et al. [25] established that their MEB patients
had abnormalities in the POMGnT]1 gene by DNA analysis.
We now report an appreciably more rapid and inexpensive
diagnostic test for MEB based on POMGnT] enzyme as-
says using commercially available reagents and ~20 to 30
mg wet weight of muscle biopsy tissue.

2. Materials and methods
2.1, Materials

UDP-{*H}GIcNAc (New England Nuclear) was diluted
with nonradioactive UDP-GlcNAc (Sigma) to a specific
activity of 34 dpm/pmole (GnTI assays) or 600 dpm/pmole
{POMGnT1 assays). Manal,6(Manal,3)Mang1-O-octyl
and Maneal-O-benzyl were purchased from Toronto Re-
search Chemicals, Toronto, Canada. Sep-Pak CI18 reverse
phase cartridges were obtained from Waters.

2.2. Muscle biopsies

We obtained frozen muscle biopsies from four MEB
patients who presented either at birth or after the first few
months of life with developmental delay, mental retardation
and muscle weakness. All patients showed elevated serum
creatine kinase activity and brain malformations (neuronal
migrational abnormalities, dilated ventricles, hypoplastic
corpus callosum, brain hypomyelination, hypoplastic pons
and cercbellum) and a variable degree of eye abnormalities
(microphthalmia, buphthalmos, anterior chamber defects,
optic nerve atrophy, retinal dysplasia and myopia). Skeletal
muscle biopsies from all patients showed evidence of dys-
trophic changes. Immunohistochemical staining of the tis-
sues with a mouse monoclonal anti-a-dystroglycan anti-
body prepared with a rabbit skeletal muscle membrane
preparation as antigen [32] (clone VIA4-1, Upstate Biotech-
nology) showed deficient a-dystroglycan,

Patient D [25,30] is of Turkish erigin with a homozygous

G1743A transversion in exon 19 (Ser550Asn). Patient A
[25,30] is a compound heterozygote of French origin with a
C1572G transversion in exon 17 (Pro493Arg) in one allele
and a single base pair deletion 1970delG in exon 21 in the
other allele (frameshift at Val626 and a premature termina-
tion codon at codon 633). Patient B, a 7-yr-old boy (unpub-
lished), is a compound heterozygote with an IVSi7 +
1G>A mutation in one allele which causes a splicing error,
read-through of intronic sequences resulting in the introduc-
tion of a premature termination codon, and skipping of
upstream exon 17 resulting in a deletion of 42 amino acids
(Leud72 to His513); the mutation in the other allele has not
as yet been determined. Patient C, a 2-yr-old girl (unpub-
lished), is a compound heterozygote with a G1908A trans-
version in exon 21 (Arg605His) in one allele and a single
base pair insertion in exon 11 in the other allele (1106insT
causing a frameshift and premature termination at codon
338). Age-matched control muscle biopsy samples were
obtained from the Tissue Bank at the Hospital for Sick
Children. We also obtained a frozen control muscle bicpsy
sample that had been shipped together with the sample from
MEB patient A. Muscle biopsies from a 5-yr old boy with
Becker and a 3-yr old boy with Duchenne muscular dystro-
phy were also analyzed.

2.3. Assay of POMGnT! enzyme activity

The frozen muscle biopsy sample (10-60 mg wet
weight) was gently homogenized with about 20 strokes of a
hand-held glass Potter-Elvehjem tissue homogenizer at 4°C
in 0.1 to 0.2 mL homogenizing buffer (1.8% Triton X-100,
0.2 mol/L NaCl in phosphate-buffered saline) containing
1/4 tablet of protease inhibitor cocktail (Boehringer Mann-
heim). The homogenate was kept on ice for I h, centrifuged
at 4°C for 10 min at 3000 rpm with a microcentrifuge, and
the supernatant was used for enzyme assays. The assay
incubations contained, in a total volume of 0.020 mL, 0.017
mL muscle biopsy extract, | mM UDP-{*H}GleNAc (34 or
600 dpm/pmole for GnT1 or POMGnT] respectively), 10
mM MnCl, 0.2% bovine serum albumin, 75 mM MES
buffer (pH 6.5 or 6.0 for GnT1 or POMGnT]1 respectively),
5 mM AMP, 0.2 mol/L GlcNAc, 0.5% Triton X-100, and
either 1.25 mM Manal,6(Mana!l,3)ManfB1-O-octyl (GnT1
[33]) or 62.5 mM Manal-O-benzyl (POMGnTI1 [24]). The
activity of POMGnTI with 1.25 mM Manal,6(Manal,3)
Manfg1-0-octyl is negligible and GnT1 does not act on
Manal-O-benzyl [24]. Incubations were carried out at 37°C
for 2 h. SepPak C18 cartridges were used to determine the
amount of radioactive product as previously described
[24,33,34]. Controls were routinely carried out in the ab-
sence of acceptor and the value obtained was subtracted. All
assays were carried out in duplicate or triplicate (as indi-
cated in Table 1) and results are reported as averages of
these determinations,
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Table 1

GnT1 and POMGnT] assays on muscls biopsy extracts

Muscle Sample GnTl POMGnT1 Ratio of
pmoles/h/mg pmolesth/mg POMGnTI
(SD, n) (SD, n) to GnTl

Controls

1 22(50,2) 7.4 (0.8, 2) 034

2 15 (0.8, 2) 10 (0.8, 2) 0.67

3 33(05,2) 12 (0.8, 3) 0.36

4 1302, 2) 11 (<0.1,2) 0.85

5 2002, 2) 10(1.1, 3) 0.50

6 8002, 2)

Mean + SD 206 7.0 9.73 + 1.60

Becker 33(06,2) 9.1 (0.1, 3) 0.28

Duchenne 45(1.9, 2) 8.2 (0.3, 3) 0.18

MEB patients

A 41 (0.4, 2) 0.8 (04, 3} 0.02

B 42 (04,2) 0.7 (0.3, 3) 0.02

C 29 (0.1, 2) 05¢0.3,3) 0.02

Mean * SD 373x59 0.67 £ 0.12

D 5(0.1,2) <0.1 (<0.1, 2)

Enzyme assays are averages of duplicate or triplicate determinations; SD
= Standard Deviation; n = number of samples.

3. Results

Table 1 shows the results of GnT1 and POMGnT1 en-
zyme assays on MEB and control muscle samples. Since the
amounts of MEB muscle tissue available to us were small,
the protein contents were not determined, POMGnT] activ-
ity was expressed in two ways, relative to wet weight of
muscle and to GnT1 activity, We have shown that GnTl
activity can serve as an effective base-line in our previous
work on Congenital Disorder of Glycosylation type Ila
[35-37]. GnT1 alsc has the advantage over protein analysis
in that it gives an indication cf the quality of the muscle
biopsy tissue for enzyme analysis.

The POMGnT] activity in six samples of control muscle
varied from 7.4 to 12 pmoles/h/mg (average 9.7 pmoles/h/
mg). The POMGnT1 to GnT1 ratios in these samples varied
from 0.34 to 0.85. The Becker and Duchenne muscle sam-
ples showed the same levels of POMGnT] as the other
controls but slightly higher levels of GnT1. MEB patients A
and B also showed somewhat higher GnT1 values. Further
work is required to determine whether these very small
differences in GnT1 activity are statistically significant.

MEB patients A, B and C showed very similar
POMGnT] levels (0.5-0.8 pmoles/h/mg) and POMGnT1/
GnT1 ratios (0.02). The differences in POMGnNT1 enzyme
activities between these three MEB patients and the controls
range from 5 to 10 times the sums of the standard deviations
and are thercfore highly significant, We could not detect
significant POMGnT] activity in patient D’s muscle. The
GnT1 activity in the D extract was significantly lower (5
pmoles/h/mg) than the activitizs in all our other samples,
both MEB and controls (13—45 pmoles/h/mg), suggesting
that the quality of the D musclz sample was not as good as
samples from the other three MEB patients. However, the D

data indicate that a reliable diagnosis of MEB can be made
even with partially degraded muscle samples. The data also
illustrate the value of GnT1 assays as a measure of tissue
quality.

The low but significant levels of POMGnT]1 detected in
MEB patients A, B and C (Table 1) are consistent with the
suggestion by Michele ef al. [31] based on immunologic
studies “that a small amount of proper glycosylation eccurs
in the presence of mutated POMGnT]1, due either to residual
enzymatic activity or to a secondary, partially compensatory
enzyme”.

4. Discussion

MEB [31], Walker-Warburg syndrome (WWS, OMIM
236670) [38), Fukuyama congenital muscular dystrophy
(FCMD; OMIM 253800) [31,39-41] and Congenital Mus-
cular Dystrophy 1C (OMIM 606612; MDC1C) [42] are all
CMDs with deficient a-dystroglycan in the basal lamina of
skeletal muscles as demonstrated by immunohistochemical
techniques using antibodies against a-dystroglycan such as
VIA4-1. However, a-dystroglycan staining can be normal
in muscle from MEB and FCMD patients using a polyclonal
antibody which can detect hypoglycosylated full-length
a-dystroglycan [31] suggesting that VIA4-1 is directed
against the glycans on a-dystroglycan and that e-dystrogly-
can is underglycosylated in muscle from these patients.
Although the exact functions of a-dystroglycan and the
dystrophin glycoprotein complex (DGC) are not known,
they appear to provide structural support to the sarcolemma
and may play a role in signaling, cell adhesion and the
regulation of the intracellular calcium concentration
[15,43,44]. Several cell surface and transmembrane mole-
cules (laminins, integrins and lectins) have been proposed as
ligands for dystroglycan [1,43]. Disruption of the binding of
a-dystroglycan to its ligands could lead to weakened an-
chorage of muscle fibers to the extracellular matrix with
very early (i.e, embryonic) and rapid muscle dysfunction
and necrosis as a result.

MEB, WWS and FCMD are complex disorders associ-
ated with a wide spectrum of brain malformations described
as the “cobblestone complex”. The specific abnormalities
consist of simplified or absent brain convolutions, inappro-
priate migration of neurons and glia into the subarachnoid
space where they intermix with fibroblasts and blood ves-
sels, cystic degeneration of white matter, hydrocephalus,
and a small dysplastic brainstem and cerebellum [14,27,45].
The brain changes are least severe in FCMD, intermediate
in MEB and most severe in WWS$, All three syndromes also
have abnormalties of the eyes that consist of microphthal-
mia, buphthalmos, anterior chamber defects, congenital cat-
aracts, optic nerve atrophy, retinal dysplasia, myopia and
coloboma. In contrast, MDCIC presents only with muscular
dystrophy [14,46—48]. The combination of brain, eye and
muscle abnormalities leads to differing degrees of motor
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developmental delay, physical disability, muscle pathology,
elevation of serum creatine kinase, mental retardation, and
structural brain and eye defects. The most severe and often
lethal phenotype is generally associated with WWS fol-
lowed in decreasing severity by MEB, FCMD and MDCIC.

Mutations in the gene encoding the enzyme which at-
taches mannose in O-glycosidic linkage to the Ser/Thr res-
idues of proteins like a-dystroglycan (Protein O-Mannosyl-
transferase 1; POMT1; Figure 1) were found in 6 of 30
unrelated WWS patients [38]. The POMT1 gene maps to
9q34. FCMD is associated with mutations in a protein called
fukutin which maps to 9q31 [40,41,49]. The function of
fukutin is unknown but it is predicted to be a secreted
protein with an amino acid sequence suggestive of a glyco-
syltransferase [50,51]. The structure of a recently cloned
gene encoding a protein highly homologous to fukutin,
fukutin-related protein (FKRP), is also supgestive of a pu-
tative glycosyltransferase [42,47,52]). The FKRP gene has
been mapped to 19q13.3 Mutations in the gene lead to either
severe CMD (MDCIC) [42,52], or to a later onset and
milder allelic form of CMD called limb-girdle muscular
dystrophy 2[ (LGMD2I; OMIM 607155) [47].

The enzymatic diagnostic test we have demonstrated in
this report will allow a rapid and accurate diagnosis of MEB
no matter where the mutation in the POMGnT1 gene is
located. We have not as yet tested leukocytes or fibroblasts
to determine whether there is sufficient POMGnT1 expres-
sion in these tissues to allow enzyme assays. We have not
had access to parental muscle biopsy material. If it proves
possible to use either leukocytes or fibroblasts for the
POMGnT]1 assay, it may be possible to carry out the assay
on parental tissues and to determine heterozygosity. CMDs
associated with brain malformations such as MEB, WWS
and FCMD are heterogenous in clinical presentation and on
radiologic examination, suggesting that the simple enzy-
matic test described in this paper should be used as a
screening procedure for MEB in these cases. Since the
mutations in WWS, FCMD and MDCIC are also in genes
encoding either established or putative glycosyltransferases,
it is probable that similar diagnostic tests will eventually be
developed for these diseases and possibly for other CMDs.

Acknowledgments

This research was supported by grants from the Canadian
Institutes for Health Research (CIHR) and the Canadian
Protein Engineering Network Centers of Excellence
(PENCE) to HS, and from the Deutsche Forschungsgemein-
schaft (STR 392/2-2) and by the EU {(QLG1-1999-00870)
to TV.

References

[1] Winder SI. The complexities of dystroglycan. Trends Biochem Sci
2001;26(2):118-24.

{2] Williamson RA, Henry MD, Daniels KJ, Hrstka RF, 1ce JC, Sunada
Y, [braghimov-Beskrovnaya O, Campbell KP. Dystroglycan is essen-
tial for early embryonic development: disruption of Reichert’s mem-
brane in Dagl-null mice. Hum Mol Genet 1997;6(6):831-41.

{3] Henry MD, Campbell KP. A role for dystroglycan in basement
membrane assembly. Cell 1998;95(6):859-70.

[4] Holt KH, Crosbie RH, Venzke DP, Campbell KP, Biosynthesis of
dystroglycan: precessing of a precursor propeptide. FEBS Lett 2000;
468(1):79-83.

[5] Tbraghimov-Beskrovnaya O, Ervasti JM, Leveille CJ, Slaughter CA,
Sernett SW, Campbell KP. Primary structure of dystrophin-associated
glycoproteins linking dystrophin to the extracellular matrix. Nature
1992;355(6362):696-T02.

[6] Yamada H, Chiba A, Endo T, Kobata A, Anderson LV, Hon H,
Fukuta-Ohi H, Kanazawa I, Campbell KP, Shimizu T, Matsumura K.
Characterization of dystroglycan-laminin interaction in peripheral
nerve. J Neurochem 1996;66(4):1518-24.

[7] Matsumura K, Chiba A, Yamada H, Fukuta-Ohi H, Fujita S, Endo T,
Kobata A, Anderson LV, Kanazawa I, Campbell KP, Shimizu T. A
role of dystroglycan in schwannoma cell adhesion to laminin. J Biol
Chem 1997;272(21):13904-10.

[8] Montanaro F, Lindenbaum M, Carbonetto S, alpha-Dystroglycan is a
laminin receptor invoived in extracellular matrix assembly on myo-
tubes and muscle cell viability. J Cell Biol 1999;145(6):1325-40.

{9] Culligan KG, Mackey AJ, Finn DM, Maguire PB, Ohlendieck K.
Role of dystrophin isoforms and associated proteins in muscular
dystrophy (review). Int J Mol Med 1998;2(6):639-48.

[10] Dubowitz V, Fardeau M. Proceedings of the 27th ENMC sponsored
workshop on congenital muscular dystrophy. 22-24 April 1994, The
Netherlands. Neuromuscul Disord 1995;5(3):253-8.

[{1] Dubowitz V. 68th ENMC international workshop (5th intemational
workshop): On congenital muscular dystrophy, 9-11 April 1999, Naar-
den, The Netherlands. Newromuscul Disord 1999;9(6-7):446-54.

[12} Santavnori P, Somer H, Sainic K, Rapola J, Kruus §, Nikitin T,
Ketonen L, Leisti J. Muscle-eye-brain disease (MEB). Brain Dev
1989;11(3): 147-53.

[13] Vajsar J, Chitayat D, Becker LE, Ho M, Ben-Zeev B, Jay V. Severe
classical congenital muscular dystrophy and merosin expression, Clin
Genet 1998;54(3):193-8.

[14] Cormand B, Pihko H, Bayes M, Valanne L, Santavuori P, Talim B,
Gershoni-Baruch R, Ahmad A, van Bokhoven H, Brunner HG, Voit
T, Topaloglu H, Dobyns WB, Lehesjoki AE. Clinical and genetic
distinction between Walker-Warburg syndrome and muscle-eye-brain
disease. Neurology 2001;56(8):1059-69.

{15] Campbell KP. Three muscular dystrophies: loss of cytoskeleton-
extracellular matrix linkage. Cell 1995;80(5):675-9.

[16] Muntoni F, Brockingten M, Blake DJ, Torelli S, Brown SC. Defec-
tive glycosylation in muscular dystrophy. Lancet 2002;36(0{9343):
1419-21.

[17] Mostacciuolo ML, Miorin M, Martinello F, Angelini C, Perini P,
Trevisan CP. Genetic epidemiology of congenital muscular dystrophy
in a sample from north-east Italy. Hum Genet 1996;97(3):277-9.

[18] Chai W, Yuen CT, Kogelberg H, Carruthers RA, Margolis RU, Feizi
T, Lawson AM. High prevalence of 2-mono- and 2,6-di-substituted
manol-terminating sequences among O-glycans released from brain
glycopeptides by reductive alkaline hydrolysis. European Journal Of
Biochemistry 1999;263(3).879-88.

[19] Endo T. O-mannesyl glycans in mammals. Biochim Biophys Acta
1999;1473(1):237-46.

[20] Chiba A, Matsumura K, Yamada H, Inazu T, Shimizu T, Kusunoki §,
Kanazawa I, Kobata A, Endo T. Structures of sialylated O-linked
oligesaccharides of bovine peripheral nerve alpha-dystroglycan The
role of a novel O-mannosyl-type oligosaccharide in the binding of
alpha-dystroglycan with laminin, J Biol Chem 1997;272(4):2156-62.

[21] Sasaki T, Yamada H, Matsumura K, Shimizu T, Kobata A, Endo T.
Detection of O-mannosy! glycans in rabbit skeletal muscle alpha-
dystroglycan. Biochim Biophys Acta 1998;1425(3):599-606.

—143—



344 ) W. Zhang et al. / Clinical Biochemistry 36 (2003) 339-344

[22] Verbert A. From Gle,Man,GleNAc,-protein to Man,GlcNAc,-pro-
tein: transfer ‘en blo¢’ and processing. In: Montreuil J, Vliegenthart
JFG, Schachter H, editors. Glycoproteins. Amsterdam, The Nether-
lands: Elsevier, 1995, p. 145-152.

[23] Schachter H. Glycosyltransferases involved in the synthesis of N-
glycan antennae. In: Montreuil J, Vliegenthart JFG, Schachter H,
editors, Glycoproteins. Amsterdam, The Netherlands: Elsevier, 1995.
p. 153-199.

[24] Zhang W, Betel D, Schachter H. Cloning and expression of a novel
UDP-GlcNAc: alpha-D-mannoside betal,2-N-acetylghicosaminyltrans-
ferase homologous to UDP-GlcNAg: alpha-3-D-mannoside betal,2-N-
acetyl-glucosaminyltransferase 1. Biochem J 2002;361(Pt 1):153-62.

[25] Yoshida A, Kobayashi K, Manya H, Taniguchi K, Kano H, Mizuno
M, Inazu T, Mitsuhashi H, Takahashi S, Takeuchi M, Herrmann R,
Straub V, Talim B, Voit T, Topaloglu H, Toda T, Endo T. Muscular
Dystrophy and Neuronal Migration Disorder Caused by Mutations in
a Glycosyltransferase, POMGnT!t. Dev Cell 2001;1(5):717-24.

[26] Raitta C, Lamminen M, Santavuori P, Leisti J. Ophthalmeological
findings in a new syndrome with muscle, eye and brain involvement.
Acta Ophthalmol (Copenh) 1978;56(3):465-72.

[27] Haltia M, Leivo 1, Somer H, Piliko H, Pactau A, Kivela T, Tarkkanen
A, Tome F, Engvall E, Santavuori P. Muscle-eye-brain disease:
neuropathological study. Ann Neurol 1997,41(2):173-80.

[28] Cormand B, Avela K, Pihko H, Santavuori P, Talim B, Topaloglu H,
de la Chapelle A, Lehesjoki AE. Assignment of the muscle-eye-brain
disease gene to 1p32-p34 by linkage analysis and homozygosity
mapping. Am J Hum Genet 1999;64(1):126-35.

[29] Taniguchi K, Kobayashi K, Saito K, Yamanouchi H, Ohnuma A,
Hayashi YK, Manya H, Jin DK, Lee M, Parano E, Falsaperla R,
Pavone P, Van Coster R, Talim B, Steinbrecher A, Straub V, Nishino
I, Topaloglu H, Voit T, Endo T, Toda T. Worldwide distribution and
broader clinical spectrum of muscle-eye-brain disease. Hum Mol
Genet 2003;12(5):527--34,

[30] Kano H, Kobayashi K, Herrmann R, Tachikawa M, Manya H,
Nishino 1, Nonaka I, Straub V, Talim B, Voit T, Topalogtu H, Endo
T, Yoshikawa H, Toda T. Deficiency of alpha-Dystroglycan in Mus-
cle-Eye-Brain Disease. Biochem Biophys Res Commun
2002;291(5):1283-6.

[31] Michele DE, Barresi R, Kanagawa M, Saito F, Cohn RD, Satz IS,
Dollar J, Nishino I, Kelley RI, Somer H, Straub V, Mathews KD,
Moore SA, Campbell KP. Post-translational disruption of dystrogly-
can ligand interactions in congenital muscular dystrophies. Nature
2002;418(6896):417-21.

[32] Ervasti JM, Ohlendieck K, Kahl SD, Gaver MG, Campbell KP.
Deficiency of a glycoprotein component of the dystrophin complex in
dystrophic muscle. Nature 1990;345(6273):315-19.

[33] Sarkar M. Expression of recombinant rabbit UDP-GIcNAc: alpha
3-D-mannoside beta-1,2-N-acetylghicosaminyltransferase 1 catalytic
domain in Sf9 insect cells. Glycocenjugate J 1994;11(3):204-9.

[34] Palcic MM, Heerze LD, Pierce M, Hindsgaul O. The use of hydro-
phobic synthetic glycosides as acceptors in glycosyltransferase as-
says. Glycoconjugate J 1988;5:49-63.

[35] Charuk JHM, Tan J, Bernardini M, Haddad S, Reithmeier RAF,
Jaeken J, Schachier H. Carbohydrate-deficient glycoprotein syndrome
type I - An autosomal recessive N-acetylglucosaminyltransferase I1
deficiency different from typical hereditary erythroblastic multinucle-
arity, with a positive acidified-serum lysis test (HEMPAS). Eur J Bio-
chem 1995;230(2):797-805. .

(36] Wang Y, Tan J, Sutton-Smith M, Ditto D, Panico M, Campbell RM,
Varki NM, Long IM, Jacken I, Levinson SR, Wynshaw-Boris A,
Momis HR, Le D, Dell A, Schachter H, Marth JD. Modeling human
congenital disorder of glycosylation type Ila in the mouse: conserva-
tion of asparagine-linked glycan-dependent functions in mammalian
physiology and insights into disease pathogenesis. Glycobiology
2001;11(12):1051-70.

[37] Wang Y, Schachter H, Marth JD. Mice with a homozygous deletion
of the Mgat2 gene encoding UDP-N-acetylglucosamine: alpha-6-D-

mannoside betal,2-N-acetylglucosaminyltransferase II. A mode! for
congenital disorder of glycosylation type lla. Biochim Biophys Acta
2002;1573(3):301-11.

[38] Beltran-Valero De Bernabe D, Currier S, Steinbrecher A, Celli J, Van
Beusckom E, Van Der Zwaag B, Kayserili H, Merlini L, Chitayat D,
Dobyns WB, Cormand B, Lehesjoki AE, Cruces J, Voit T, Walsh CA,
Van Bokhoven H, Brunner HG, Mutations in the O-Mannosyltransferase
Gene POMT1 Give Rise to the Severe Neuronal Migration Disorder
Walker-Warburg Syndrome. Am J Hum Genet 2002;71(5):1033-43.

[39] Hayashi YK, Ogawa M, Tagawa K, Noguchi S, Ishihara T, Nonaka
I, Arahata K. Selective deficiency of alpha-dystroglycan in
Fukuyama-type congenital muscular  dystrophy. Neurology
2001;57(1):115-21.

[40] Kobayashi K, Nakahori Y, Miyake M, Matsumura K, Kondo-lIida E,
Nomura Y, Segawa M, Yoshioka M, Saito K, Osawa M, Hamano K,
Sakakihara Y, Nonaka I, Nakagome Y, Kanazawa I, Nakamura Y,
Tokunaga K, Toda T. An ancient retrotransposal insertion causes
Fukuyama-type congenital muscular dystrophy. Nature 1998;394(6691):
388-92.

[41] Kobayashi K, Nakahori Y, Mizuno K, Miyake M, Kumagai T,
Honma A, Nonaka I, Nakamura Y, Tokunaga K, Toda T, Founder-
haplotype analysis in Fukuyama-type congenital muscular dystrophy
{(FCMD). Hum Genet 1998;103(3):323-7.

[42] Brockington M, Blake DI, Prandini P, Brown SC, Torelli §, Benson
MA, Ponting CP, Estournet B, Romero NB, Mercuri E, Voit T, Sewry
CA, Guicheney P, Muntoni F, Mutations in the fukutin-related protein
gene (FKRP) cause a form of congenital muscular dystrophy with
secondary laminin alpha2 deficiency and abnormal glycosylation of
alpha-dystroglycan, Am J Hum Genet 2001;69(6):1198-209.

[43] Wewer UM, Engvall E. Merosin/laminin-2 and muscular dystrophy.
Neuromuscutl Disord 1996;6(6):409-18.

[44] Timpl R, Brown JC. The laminins. Matrix Biol 1994;14(4):275-81.

[45] Dobyns WB, Pagon RA, Armstrong D, Cumry CJ, Greenberg F, Grix
A, Holmes LB, Laxova R, Michels VV, Robinow M, Zimmerman
RL. Diagnostic criteria for Walker-Warburg syndrome. Am J Med
Genet 1989;32(2):195-210.

[46] Brockington M, Sewry CA, Herrmann R, Naom I, Dearlove A,
Rhodes M, Topaloglu H, Dubowitz V, Veit T, Muntoni F. Assign-
ment of a form of congenital muscular dystrophy with secondary
merosin deficiency to chromosome 1q42. Am J Hum Genet 2000;
66(2):428-35.

[47] Brockington M, Yuva Y, Prandini P, Brown SC, Torelli S, Benson
MA, Herrmann R, Anderson LV, Bashir R, Burgunder JM, Fallet S,
Romere N, Fardeau M, Straub V, Storey G, Pollitt C, Richard I,
Sewry CA, Bushby K, Voit T, Blake DJ, Muntoni F. Mutations in the
fukutin-related protein gene (FKRP) identify limb girdle muscular
dystrophy 21 as a milder allelic variant of congenital muscular dys-
trophy MDCIC. Hum Mol Genet 2001;10(25):2851-9.

[48] Voit T, Sewry CA, Meyer K, Hermann R, Straub V, Muntoni ¥, Kahn
T, Unsold R, Helliwell TR, Appleton R, Lenard HG. Preserved
merosin M-chain (or laminin-alpha 2} expression in skeletal muscle
distinguishes Walker-Warburg syndrome from Fukuyama muscular
dystrophy and merosin-deficient congenital muscular dystrophy.
Neuropediatrics 1995;26(3):148-535.

[49] Toda T, Segawa M, Nomura Y, Nonaka I, Masuda K, Ishihara T,
Sakai M, Tomita I, Origuchi Y, Suzuki M. Localization of a gene for
Fukuyama type congenital muscular dystrophy to chromesome 9q31-
33. Nat Genet 1993;5(3).283-6.

[50] Aravind L, Koonin EV. The fukutin protein family-predicted en-
zymes modifying cell-surface molecules. Curr Biol 1999;9(22):
R836-7.

(51] Breton C, Imberty A. Structure/function studies of glycosyltrans-
ferases. Curr Opin Struct Biol 1999;9(5):563-71.

{52] Brockington M, Blake DJ, Brown SC, Muntoni F. The gene for a
novel glycosyltransferase is mutated in congenital muscular dystro-
phy MDCIC and limb girdle muscular dystrophy 2I. Neuromuscul
Disord 2002;12(3):233-4.

—144—



Tne JournaL OF BlOLOGICAL CTIEMISTRY
© 2002 by The American Society for Biothemistry and Molecular Biology, Inc.

Vol. 277, No. 27, Issue of July 5, pp. 24735-24743, 2002
Printed in U.S.A.

Csx/INkx2-5 Is Required for Homeostasis and Survival of Cardiac

Myocytes in the Adult Heart*

Received for publication, August 10, 2001, and in revised form, March 5, 2002
Published, JBC Papers in Press, March 11, 2002, DOI 10.1074/jbc.M107669200

Haruhiro Tokot§, Weidong Zhu§1l, Eiki Takimoto§1, Ichiro Shiojima1, Yukio Hiroif,
Yunzeng Zout, Toru Oka**, Hiroshi Akazawat, Mihe Mizukamii, Masaya Sakamotoi,
Fumio Terasakit}, Yasushi Kitaurati, Hiroyuki Takanoi, Toshio Nagaii, Ryozo Nagaif,

and Issei Komuro#§$

From the $Department of Cardiovascular Science and Medicine, Chiba University Graduate School of Medicine, 1-8-1
Inohana, Chuo-ku, Chiba 260-8670, Japan, WDepartment of Cardiovascular Medicine, University of Tokyo Graduate
School of Medicine, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan, **First Department of Internal Medicine, Shinshu
University School of Medicine, 3-1-1 Asashi, Matsumoto 390-8621, Japan, and 11Third Department of Internal Medicine,
Osaka Medical College, 2-7 Daigaku-machi, Takatsuki 569-8686, Japan

Csx/Nkx2-5, which is essential for cardiac develop-
ment of the embryo, is abundantly expressed in the
adult heart. We here examined the role of Csx/Nkx2-5 in
the adult heart using two kinds of transgenic mice.
Transgenic mice that overexpress a dominant negative
mutant of Cex/Nkx2-5 (DN-TG mice) showed degenera-
tion of cardiac myocytes and impairment of cardiac
funetion. Doxorubicin induced more marked cardiae
dysfunction in DN-TG mice and less in transgenic mice
that overexpress wild type Csx/NEkx2-5 (WI-TG mice)
compared with non-transgenic mice. Doxorubicin in-
duced cardiomyocyte apoptosis, and the number of ap-
optotic cardiomyocytes was high in the order of DN-TG
mice, non-transgenic mice, and WT-TG mice. Overex-
pression of the dominant negative mutant of Csx/Nkx2-5
induced apoptosis in cultured cardiomyocytes, while ex-
pression of wild type Csx/Nkx2-5 protected cardiomyo-
cytes from doxorubicin-induced apoptotic death. These
results suggest that Cex/Nkx2-5 plays a critical role in
maintaining highly differentiated cardiac phenotype
and in protecting the heart from stresses including
doxorubicin,

The cardiac homeobox gene Csx/Nkx2-5 starts to be ex-
pressed at embryonic day 7.5 in the heart primordia of mice (1,
2), and targeted disruption of murine Csx/Nkx2-5 results in
embryonic lethality (3). Many mutations in human Csx/Nkx2-5
have been reported to cause a variety of congenital heart dis-
eases and atrioventricular conduction delay (4, 5). These obser-
vations indicate that Csx/Nkx2-5 plays a critical role in cardiac
morphogenesis and contributes to diverse cardiac developmen-
tal pathways at the embryonic stage.

Knockout experiments have suggested that many genes such
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as Handl, myocyte enhancer factor-2, atrial natriuretic peptide
{ANP),! brain natriuretic peptide (BNP), cardiac a-actin, car-
diac ankyrin repeat protein (CARP), N-mye, and MSX2 are
genetically located downstream of Csx/Nkx2-5 at the embryonic
stage (2, 6-8). Although Csx/Nkx2-5 continues to be expressed
in the adult heart (1, 2), the function of Csx/Nkx2-5 in the later
stage of development is unknown because of embryonic lethal-
ity of null mutant mice (3, 8). In our recently generated trans-
genic mice that overexpress human Csx/Nkx2-5 (WT-TG mice),
mRNA levels of many cardiac genes such as ANP, BNP, CARP,
and sarcoplasmic reticulum calcium ATPase 2 (SERCAZ2) genes
were up-regulated (9). These results suggest that Csx/Nkx2-5
regulates expression of cardiac-specific genes also in the adult
heart. However, because there was no difference in phenotype
between WT-T'G and non-transgenic (non-TG) mice (9), the
significance of these gene up-regulations remains unkncwn.
CsxiNkx2-5 itself is also differentially regulated by different
stimuli. In response to hypertrophic stimuli such as isoproter-
encl, phenylephrine, and pressure overload, Csx/Nkx2-5 is up-
regulated (10, 11), whereas it is down-regulated by treatment
with doxorubicin (DOX) (12). These results suggest that Csx/
NEx2-5 has certain roles in the adult heart. In this study, we
generated transgenic mice that overexpress a dominant nega-
tive mutant of human Csx/Nkx2-5 (DN-TG mice) under the
contro! of a-myosin heavy chain (a-MHC) promoter and exam-
ined the role of Csx/Nkx2-5 in the adult heart.

EXPERIMENTAL PROCEDURES

Animal Models—Human Csx/Nkx2-5 LP mutant (LP mutant) eDNA
created by substituting a proline for a highly conserved leucine in the
homeodomain of human Csx/Nkx2-5 (13) was subcloned into the o-MHC
promoter-containing expression vector (14). The linearized DNA was
injected into prenuclei of eggs from BDF1 mice, and the eggs were
transferred into the oviducts of pseudopregnant ICR mice. The trans-
gene was identified by PCR with transgene-specific primers and by
Southern blot analysis. Three independent lines of DN-TG mice were
obtained, and they showed the same results. We used 12-week-old
heterozygous mice for analysis. A single dose of 20 mg/kg DOX was
injected intraperitoneally. Mice were sacrificed 24 h after DOX injec-
tion. Protocols were approved by the Institutional Animal Care and Use

! The abbreviations used are: ANP, atrial natriuretic peptide; BNP,
brain natriuretic peptide; CARP, cardiac ankyrin repeat protein; WT,
wild type; DN, dominant negative; TG, transgenic; SERCAZ2, sarcoplas-
mie reticulum ealcium ATPase 2; DOX, doxorubicin; o-MHC, a-myosin
heavy chain; LV, left ventricular; %FS, percent fractional shortening;
TUNEL, terminal dUTP nick-end labeling; EMSA, electrophoretic mo-
bility shift assay; TTF-1, thyroid transcriptional factor-1; EM, electron
microscopic.
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Committee of the University of Chiba.

Cell Culture, DNA Transfection, and Reporter Gene Assay—CLS6 cells
were cultured as described previously (15). To induce differentiation,
1% dimethyl sulfoxide (Me,S50) was added to the growth medium (dif-
ferentiation medium). The plasmid containing human wild type (WT)
Csx/Nkx2-5 or LP mutant was transfected into CLS cells by the lipofec-
tion methed (Tfx reagents, Promega) a3 described previously (15). Sta-
ble transformants were selected with 300 ug of neomycin/ml, and six
independent cell lines were isolated. We transfected WT Csx/Nkx2-5
and/or LP mutant inta COS-7 cells and cardiomyocytes of neonatal rats
by the standard calcium phosphate method. The luciferase activity of
the 300-bp ANP promoter containing the reporter gene was measured
48 h after transfection with a Berthold Lumat LB3501 luminometer as
described previously (16).

Physiological Analysis—Mice were anesthetized by intraperitoneal
injection of a mixture of ketamine (100 mg/kg) and xylazine (5 mg/kg).
Cardiac function was evaluated with echocardiography (Image Point
HX, Hewlett Packard) using a 10-MHz transducer as described previ-
ously (9). Left ventricular (LV) dimension, wall thickness, and percent
fractional shortening (%FS) were obtained from M-mode images of the
left ventricle. The quantitative measurements represent consensus es-
timates by two different investigators (H. Toko and E. Takimote), and
interobserver variability was less than 10%. Arterial blood pressure
and heart rate were measured by tail cuff method.

Histological Analysis—Four-um-thick paraffin sections were stained
with hematoxylin-eosin and van Gieson. For the detection of apoptotic
cells, TUNEL and immunohistochemical analysis to detect active
caspase-3, which is one of the critical enzymes to induce apoptosis, were
performed with an in situ apoptosis detection kit (Takara Syuzo) and
with anti-active caspase-3 polyclonal antibody (Promega), respectively,
according to the suppliers’ instructions, For electron microscopic anal-
ysis, the specimens were fixed in 4% paraformaldehyde containing
0.25% glutaraldehyde, postfixed in 1% ocsmium tetroxide, and embed-
ded in Epon 812, Ultrathin sections were stained with uranyl acetate
and lead citrate. All of the samples were coded and scored in a blind
fashion as described previously (17). We examined five hearta of each
group, and 10 pictures were randomly taken from each heart. Samples
were coded and scored independently by two different investigators (H.
Toko and M. Sakamoto) using a scale of 0—4 (score 0, nermal; score 1,
early degenerative alterations in some cells, i.e. loss of parallel orien-
tation, swelling of mitochondria, and cell vesiculation; score 2, advanced
degenerative changes, i.e. intracytoplasmic inclusions, loss of myofila-
ments, separation of intercalated discs, and nuclear meodifieations;
score 3, myofibrillar atrophy and loss of contractile elements; score 4,
myofiber degeneration accompanied by myolysis.),

Northern Blot Analysis—Total RNA was extracted by the acid gua-
nidine methed (RNAzol B, TEL-TEST), and Nerthern blot analysis was
performed as described previously (9).

Western Blot Analysis—The plasmids expressing Myc-tagged WT
Csx/Nkx2-5 and Csx/Nkx2-5 LP, hemagzlutinin-tagged WT Csx/Nkx2.5,
and GATA-4 cDNAs were transiently transfected into COS-7 cells, and
48 h afier transfection, whole cell extracts were prepared for immuno-
precipitation-Western blot analysis as described previously (14). West-
ern blot analysis was also performed with anti-Bcl-2 and anti-Fas/
ligand monoclonal antibodies (Transduction Laboratories) as described
previously (14). Hybridizing bands were visualized using an ECL de-
tecting kit (Amersham Biosciences).

Electrophoretic Mobility Shift Assay 'EMSA)—EMSA was performed
using double-stranded oligonucleotidss corresponding to the thy-
roid transcriptional factor-1 (TTF-1) binding sequence as described
previously (14).

Immunoflucrescent Cytochemistry—The plasmids expressing Myec-
tagged WT Csx/Nkx2-5 and Csx/Nkx2-5 LP ¢DNAs were transfected into
the cultured cardiomyocytes of neonatal rats plated on a cover glass.
The cells transfected with LP mutant and WT Csx/Nkx2-5 were marked
by anti-Myc monoclonal antibody and en anti-mouse IgG conjugated to
rhodamine. To detect apoptotic cells, 50 ul of TUNEL reaction mixture
containing both terminal deoxynucleotidyltransferase and fluorescein
isothiocyanate-conjugated dUTP was added to each sample.

Statistical Analysis—Data are shown as mean + S.E. Multiple group
comparison was performed by one-way analysis of variance followed by
the Bonferroni procedure for comparison of means. Two-tailed Stu-
dent’s ¢ test was used to compare transgenic with non-transgenic spec-
imens under identical conditions, Values of p < 0.05 were considered
statistically significant.

A Cardiac Homeoprotein, Csx/Nkx2-5, in the Adult Heart

RESULTS

Dominant Negative Mutant of Csx/ Nkx2-5—Human LP mu-
tant was created by substituting a proline residue for a leucine
residue in the homeodomain as described previously (13).
Grows et al. (13) have reported that overexpression of Xenopus
LP mutant inhibits heart development, suggesting that the LP
mutant has dominant inhibitery function. In this study, we
further examined the dominant inhibitory function of LP mu-
tant using the ANP promoter. When co-transfected with ANP
promoter containing the luciferase reporter gene into COS-7
cells, the LP mutant did not activate the ANP promoter. How-
ever, the LP mutant suppressed WT Csx/Nix2-5-induced acti-
vation of the ANP promoter in a dose-dependent manner (Fig.
1A). The LP mutant also suppressed the synergistic activation
of the ANP promoter induced by Csx/Nkx2-5 and GATA-4 (Fig.
1A). EMSA revealed that WT Csx/Nkx2-5, but not the LP mu-
tant, bound to T'TF-1 binding sequence, and the TTF-1 binding
of WT Csx/Nkx2-5 was mildly but significantly inhibited by the
LP mutant (Fig. 1B). These results suggest that a part of the
dominant negative effects of the LP mutant is to inhibit the
ability of the WT Csx/Nkx2-5 to bind DNA. QOur and other
groups have demonstrated that Csx/Nkx2-5 may interact with
Csx/NEx2-5 itself and GATA-4 (16, 18). Immunoprecipitation
assay indicated that the LP mutant interacted with WT Csx/
Nkx2-5 and with GATA-4 (Fig. 1C). These results suggest that
the LP mutant suppresses Csx/Nkx2-5-induced activation of
the ANP promoter possibly by sequestering associated protein.

CL6-LP Cell Line—The CL& cell line, derived from P19 cells,
i3 a useful in vitro model to study cardiomyocyte differentiation
because CL6 cells differentiate into beating cardiomyocytes
with high efficiency by treatment with 1% Me,S0 (15). To
further examine the functions of the LP mutant, we isolated
three permanent CL6 cell lines that overexpress WT Csx/
Nkx2-5 (CL6-WT), LP mutant (CL6-LP), and the empty vector
(CL6-<{—)). When cultured in growth medium, all of these cells
grew well, and there was no difference in growth rate. When
treated with 1% Me,S0Q, ~80% of CL6-(—) cells were differen-
tiated into beating cardiomyoccytes (positive for MF20) (Fig.
1D), and the spontaneous beating was first observed on day 10
after the initiation of the Me,SO treatment. In contrast, more
than 95% of CL6-WT cells were differentiated into beating
cardiac myocytes, and the spontaneous beating was first ob-
served on day 8-9, 1 or 2 days earlier than CL6-(-) (Fig. 1D).
In contrast, CL6-LP cells did not differentiate into beating
cardiomyocytes until day 12, and less than 10% of CL6-LP cells
were differentiated into MF20-positive beating cardiomyocytes
on day 16 (Fig. 1D). These results suggest that overexpression
of Csx/Nkx2-5 promotes cardiomyocyte differentiation of CL6
cells and that overexpression of the LP mutant inhibits the
cardiomyocyte differentiation.

Physiological Characteristics of DN-TG Mice—We obtained
three independent lines of transgenic mice that overexpressed
human Csx/Nkx2-5 LP mutant under the control of «-MHC
promoter (Fig. 24). The transgene was abundantly expressed
in the adult heart, and mRNA levels of LP mutant were much
higher (>10-fold} than those of endogencus Csx/Nkx2-5 (Fig.
2B). Because the antibody against Csx/Nkx2-5 is not available
at present, we estimated the abundance of Csx/Nkx2-5 proteins
using EMSA. The band shift was cbserved when the extracts
from the heart of WT-TG mice, but not of DN-TG or non-TG
mice, were used (Fig. 2C). These results suggest that exogenous
Csx/Nkx2-5 proteins are much higher than endogenous
Csx/Nkx2-5.

The DN-TG mice were apparently healthy and fertile, and
there were no significant differences in body weight, heart
weight, and blood pressure among DN-TG mice, non-TG mice,
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Fic. 1. Dominant negative mutant of Csx/Nkx2-5. A, transeriptional activity of Csx/Nkx2-5 LP mutant, C0OS8-7 cells were transfected with
0.2 pg of the 300-bp ANP promoter containing the luciferase reporter plasmid (ANP (300)-luc) and various amounts of the LP mutant, WT
Csx/Nkx2-5, and/or GATA-4. The luciferase activity was normalized to the B-galactosidase activity for each sample. The activity was presented as
fold relative to the activity of the ANP promoter alone (=1). Values are the mean = 8.E. of data from three independent experiments performed
in triplicate. *, p < 0.05. B, DNA binding activity of Csx/Nkx2-5 LP mutant. The DNA binding activity of Csx/Nkx2-5 proteins was examined hy
EMSA using TTF-1 binding sequences. The ¢cDNAs of WT Csx/Nkx2-5 and the LP mutant were transfected into COS-T cells, and nuclear extracts
were prepared after 48 h. A *P-labeled oligonucleotide probe corresponding to the TTF-1 binding sequences was incubated with the nuclear
extracts and subjected to electrophoresis on a 5% polyacrylamide gel. The binding affinity of the WT Csx/Nkx2-5 protein was reduced by the
presence of unlabeled TTF-1. The TTF-1 binding sequences hound strongly to WT Csx/Nkx2-5 but not to the LP mutant {left panel). To elucidate
whether the LP mutant inhibited the DNA binding activity of WT Csa/Nkx2-5, the cDNAs of WT Csx/NkEx2-5 and the LP mutant were co-transfected
inte COS-7 cells, and EMSA was performed using nuclear extracts. The DNA binding of WT Csx/Nkx2-5 was mildly but significantly reduced by
co-transfection of the LP mutant (right panel). FP indicates free prebes. *, p < 0.01. C, assaciation of Csx/Nkx2-5 LP mutant with WT Csx/Nkx2-5
and GATA-4. The plasmids expressing Mye-tagged WT Csx/Nkx2-5 (myc-WT) and LP mutant (myc-LP), hemagglutinin-tagged WT Csx/Nkx2-5
(HA-WT), and GATA-4 cDNAs were transfected into COS-7 cells. GATA-4 was immunoprecipitated (IP) with anti-GATA-4 antibody, and the
immune complex was subjected to SDS-PAGE and immunoblotted (blof) with anti-Myc antibody (fop) or with anti-GATA-4 antibody (bottom). (-},
empty vector. D), CL6 cell lines. We isolated three permanent CL6 cell lines that overexpress WT Csx/Nkx2-5 (CL6-WT), LP mutant (CL6-LP), and
empty vector (CL6-(~)), Cardiemyocyte differentiation from these CL6 cells was examined using anti-sarcomeric myosin heavy chain (MF20) (top).
Hoechst33342 DNA staining showed that there were equal numbers of cells (bottom).
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was more abundantly {>10-fold} expressed than endogenous Csx/Nkx2-5. C, DNA binding activity in vivo. Nuclear extracts were prepared from
hearts of WT-TG, DN-TG, and non-TG mice, and EMSA was performed using the TTF-1 binding sequence as a DNA probe.

and WT-TG mice {data not shown). In echocardiograms, how-
ever, an increase in LV end-systolic dimension and a decrease
in %FS was observed in DN-TG mice but not in non-TG or
WT-TG mice (Fig. 3).

Histological Analysis—Although there was no significant dif-
ference in macroscopic morphology among the three groups,
light microscopic analysis revealed that interstitial fibrosis was
increased in DN-TG mice compared with non-TG mice and
WT-TG mice (Fig. 4A) (percent fibrosis: non-TG mice, 0.75 =
0.12%; WT-TG mice, 0.42 * 0.59%; DN-TG mice, 6.71 + 1.33%;
p < 0.01, non-TG mice versus DN-TG mice; p < 0.05, WT-TG
mice versus DN-TG mice). In electromicroscopic analysis, a loss
of cardiac myofilaments and an increase in the number of
mitochondria were observed in the heart of DN-TG mice but
not in the hearts of non-TG mice or WT-TG mice (Fig. 4B). The
electron microscopic (EM) scores were higher in DN-TG mice
(0.875 £ 0.149) than in non-TG mice (0.062 * (.062) and
WT-TG mice (0 = 0} (Fig. 4C). These results suggest that
inhibition of Csx/Nkx2-5 function induces degenerative
changes of the adult heart.

Effects of DOX on Cardiac Function and Histology—To high-
light the effect of loss of Csx/Nkx2-5 on the adult heart, we
injected a cardiotoxic agent, DOX, into these mice. After DOX
injection, an enlargement of the LV dimension and a decrease
of %FS were observed in non-TG mice and DN-TG mice. De-
pression of %¥FS was more prominent in DN-TG mice than in
non-TG mice. In WT-TG mice, LV dimension and cardiac fune-
tion were not significantly changed even after administration
of DOX (Fig. 3). Furthermore, although there were no histolog-
ical changes in all groups of mice after DOX treatment in light
microscopic analysis (data not shown), electromicroscopic anal-
ysis revealed that DOX induced cytoplasmic vacuolization and

myofibrillar loss of cardiomyocytes in both non-TG mice and
DN-TG mice, and these ultrastructural changes were more
prominent in DN-TG mice than in non-TG mice. In contrast,
these ultrastructural changes were barely detectable in the
ventricle of WT-TG mice (Fig. 4B). DOX induced an increase of
the EM score in non-TG mice (0.489 * 0.139) and DN-TG mice
(1.270 = 0.104) but not in WT-TG mice (0,116 = 0.044), and EM
scores were increased more in DN-TG mice than in non-TG
mice (Fig. 4C). These results suggest that Csx/Nkx2-5 protects
the heart from DOX-induced impairment of myocardium,

Induction of Apoptosis by DOX—Apoptosis of cardiac myo-
cytes has been reported to be a cause of cardiac dysfunction
(19). We thus examined whether DOX induced apoptotic cell
death in the hearts of these mice using TUNEL analysis and
anti-active caspase-3 antibody. TUNEL- and active caspase-3-
positive cardiomyocytes were barely detectable in the heart of
all groups of mice without DOX treatment. DOX increased the
number of TUNEL- and active caspase-3-positive cells in
non-TG mice and DN-TG mice but not in WT-TG mice, and
positive cells were more abundant in DN-TG mice than in
non-TG mice (Fig. 5A). These results suggest that Csx/Nkx2-5
inhibits DOX-induced cardiomyocyte apoptosis.

To further clarify the protective role of Csz/Nkx2-5, we trans-
fected the ¢DNAs of WT Csx/Nkx2-5 and LP mutant into the
cultured cardiomyocytes and examined cell death after DOX
treatment for 24 h, ~70% of LP mutant-transfected cells were
TUNEL-positive, while only ~10% of WT Csx/Nkx2-5-trans-
fected cells were TUNEL-positive (Fig. 5B). Furthermore, when
differentiated CL6 cell lines were exposed to DOX for 24 h, the
number of surviving cells was much lower in CL6-LP than in
CL6-(—). In contrast, the number of surviving cells of CL6-WT
wag more than that of CL6-(-) (Fig. 5C). These results suggest
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Fia. 3. Cardiac function before and after DOX injection. At base line, there was no significant difference between non-TG and WT-TG mice,
but in DN-TG mice left ventricular end-systolic dimension (LVESd) was increased and %FS was reduced as compared with non-TG and WT-TG
mice. In non-TG mice, LV internal dimensions were increased, and %FS was decreased after DOX treatment. Enlargement of LV dimension and
depression of %FS were more prominent in DN-TG mice than in non-TG mice. In WT-TG mice, LV dimension and cardiac function were not
significantly changed even after DOX treatment. LVEDd, left ventricular end-diastolic dimension, *, p < 0.01; 1, p < 0.05.

that Csx/Nkx2-5 also inhibits DOX-induced cardiomyocyte
apoptosis in vitro.

Cardiac Gene Expression—We examined expression of car-
diac genes such as ANP, BNP, CARP, and SERCA2. As we
reported previously, all of these genes were up-regulated in
WT-TG mice (9). There was no significant difference in mRNA
levels of these genes between the DN-TG and non-TG mice
(Fig. 6A), We next examined mRNA levels of these genes after
DOX injection. mRNA levels were all down-regulated by DOX
injection in all of these mice (Fig. 84). It is noteworthy that the
suppressed mRNA levels of all these genes in WI-TG mice
were comparable to or still higher than basal mRNA levels of
theze genes in non-TG mice; however, mRNA levels in DN-TG
mice were lower than those in non-TG mice after DOX injection
(Fig. 6A}. These results suggest that DOX specifically inhibits
the transcription of cardiac genes and that Csx/Nkx2-5 pre-
vents DOX-induced suppression of gene expression.

Expression of Death-related Proteins—To get insights into
the mechanism by which Csx/NEx2-5 protects cardiomyocytes
from DOX, some death-related proteins were examined after
DOX injection using Western blot analysis. There was no sig-
nificant difference in the basal protein levels of an anti-apo-
ptotic protein, Bcl-2, among non-TG, WT-TG, and DN-TG mice.
Following DOX injection, Bel-2 protein levels were increased
most markedly in DN-TG mice and moderately in non-TG mice
but not changed in WT-TG mice (Fig. 6B). There was no sig-
nificant difference in protein levels of Fas/ligand in all of these
mice before or after DOX injection (Fig. 68).

DISCUSSION

In the present study, we examined the role of Csx/Nkx2-5 in
the adult heart using two transgenic mice that express WT
Csx/Nkx2-5 and Csx/Nkx2-5 LP mutant. We obtained the fol-
lowing results: (i} DN-TG mice showed impaired cardiac func-

tion and cardiomyocyte degeneration; (ii) DOX induced impair-
ment of cardiac function and loss of myofilaments in DN-TG
and non-TG mice, and the degree was more prominent in
DN-TG mice than in non-TG mice; and (iii) DOX-induced ecar-
diomyoeyte apoptosis was enhanced by overexpression of LP
mutant and suppressed by everexpression of WT Csx/Nkx2-5 in
vive and in vitro.

It has been reported that LP mutant has dominant negative
effects (13). Luciferase assay revealed that the LP mutant used
in our experiments inhibited WT Csx/Nkx2-5-induced activa-
tion of the ANP promoter in a dose-dependent manner. EMSA
revealed that the DNA binding of WT Csx/Nkx2-5 was mildly
but significantly inhibited by the LP mutant. These results
suggest that a part of the dominant negative effects of the LP
mutant is to inhibit the ability of the WT Csx/Nkx2-5 to bind
DNA. Our and other groups have reported that Csx/Nkx2-5 and
GATA-4 display synergistic transactivation of the ANP pro-
moter (16, 18). Luciferase assay revealed that the LP mutant
inhibited the synergistic activation of ANP by WT Csx/Nkx2-5
and GATA-4, and immunoprecipitation assay showed that the
LP mutant interacted with WT Csx/Nkx2-5 and GATA. Pre-
vious studies indicated that Csx/Nkx2-5 and GATA-4 synergis-
tic action required the interaction of the two factors (16). Since
the LP mutant partially inhibited the DNA binding of Csx/
Nkx2-5, there should be other mechanisms by which the LP
mutant inhibits the function of WT Csx/NEkx2-5. A possible
mechanism of dominant negative effects of the LP mutant is
consumption of Csx/Nkx2-5-associated proteins including
GATAAA.

In Xenopus, injection of RNA of the LP mutant of Csx/Nkx2-5
suppressed normal heart formation (13). In our present study,
the CL6 cells that express the LP mutant did not well differ-
entiate into cardiomyocytes. Following these observations and
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Fic. 4. Histological analysis. A, light microscopic analysis. Histological analysis was performed on hearts from non-TG (fop row), WI-TG
(middle row), and DN-TG (bottom row) 12-week-old mice. Myofiber alignment was normal (middle column), but interstitial fibrosis (red, right
column) was prominent in DN-TG mice. B, electron microscopic analysis before and after DOX injection. There was no significant difference
between WT-TG and non-TG mice, but a loss of myofilaments and an increase in the mitochondria were observed in the ventricle of DN-TG mice.
The injection of DOX (20 mg/kp) induced the cytoplasmic vacuolization and the myofibrillar loss of cardiac myocytes (errow) in both noen-TG mice
and DN-TG mice, and these changes were more prominent in DN-TG mice. In contrast, there were few morphological changes in WT-TG mice even
with DOX treatment. Bar = 1 um. C, EM score. The EM scores were higher in DN-TG mice than in non-TG and WT-TG mice without DOX
treatment. DOX induced an increase of EM score in non-TG mice and DN-TG mice but not in WT-TG mice, and EM scores were increased more
in DN-TG mice than in non-TG mice. *. p < 0.01; %, p < 0.05. H.E., hematoxylin-eosin.

results, we generated the transgenic mice that overexpress the
dominant negative mutant of Csx/Nkx2-5 to clarify the role of
Csx/Nkx2-5 in the adult heart. Unlike the previous reports
showing that Csx/Nkx2-5 mutations cause human congenital
heart diseases and atrioventricular conduction delay (4, 5), the
DN-TG mice had no congenital heart diseases. The later ex-
pression of the LP mutant, which is driven by the «-MHC
promoter, may be a cause of the lack of congenital heart dis-
eases and atrioventricular conduction delay in the transgenic
mice.

DN-TG mice showed impaired contractile function and some
histological abnormalities. These results suggest that inhibi-
tion of Csx/Nkx2-5 function impairs the integrity of highly

differentiated cardiomyocytes, which may lead to cardiac dys-
function. Ingection of Csx/Nkx2-5 mRNA into oocytes of Xeno-
pus and Zebrafish induces enlargement of hearts and ectopic
hearts, respectively (20, 21). We have reported that transgenic
mice that overexpress Csx/Nkx2-5 show up-regulation of some
cardiac genes including ANP, BNP, and CARP (9). These re-
sults suggest that Csx/Nkx2-5 functions as a transcriptional
regulator in adult hearts as well as in embryonic hearts,
DOX has been known to have severe cardiotoxic effects. After
DOX injection, eardiac function of DN-TG mice was markedly
impaired, while WT-TG mice showed only slight impairment of
cardiac function. Ultrastructural abnormalities induced by
DOX were also more prominent in DN-TG mice than in WT-TG
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FiG. 5. Apoptosis. A, DNA fragmentation was analyzed in situ with the TUNEL method, and activation of an apoptosis-related protein was
analyzed with immunchistechemistry using anti-active caspase-3 antibody in multiple sections at 24 h after injection of DOX. TUNEL-positive
cells and active caspase-3-positive cells were counted out of 10,000 cells. There were few positive cells among the three groups before DOX injectien.
DOX significantly increased the number of apoptotic cardiomyocytes in non-TG mice and DN-TG mice but not in WT-TG mice. The positive cells
were more abundant in DN-TG mice than in non-TG mice. ¥, p < 0.01. B, after transfection with Myc-tagged WT Csx/Nkx2-5 and LP mutant,
cardiomyocytes were stimulated by 1 uM DOX for 24 h and stained with TUNEL {green) and anti-Myc antibody (red). (-), empty vector; WT, WT
Csx/Nkx2-5; LP, LP mutant. C, the CL6 cell lines were treated with 1 umM DOX for 24 h in the absence of serum. The number of surviving cells was
lower in CL6-LP than in CL6-(~). In contrast, the number of surviving cells of CL6-WT wags more than that of CL6-{-).

mice, These results indicate that Csx/Nkx2-5 protects hearts
from the cardiotoxic effects of DOX. Because we have previ-
ously demonstrated that DOX induces apoptosis in cultured
cardiomyocytes (22), we further examined cardiomyocyte apo-
ptosis in these mice after DOX injection. TUNEL and immu-
nohistochemical analysis using anti-active caspase-3 antibody
revealed that there were more apoptotic cells in the order of
DN-TG mice, non-TG mice, and WT-TG mice. The protective
function of Csx/Nkx2-5 against DOX was also observed in cul-
tured cardiomyocytes and CL6-derived cardiomyocytes. Al-
though it remains to be determined whether such a small
occurrence of cardiomyocyte apoptosis causes DOX-induced

cardiac dysfunction, even a small rate of death might have
eventually led to a cause of cardiac dysfunction over a longer
time in this study. Several studies have also suggested the
interaction of DOX with myofibrillar proteins as an etiology of
DOX cardiotoxicity (23-25). Similarly, in the present study, the
myofibrillar structure was shown to be damaged in a very early
stage,

DOX induced expression of Bel-2 in the three kinds of mice
with different levels. The different expression levels of Bcl-2
after DOX injection among the three kinds of mice may reflect
the different degrees of cardiac impairments, which may be
dependent on the different expression of cardiac genes after
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Fic. 6. Gene and protein expression. A, cardiac gene expression. RNA was prepared from the heart before and after DOX injection for 24 h.
10 pg of RNA from each sample was subjected to Northern blot analysis. Representative autoradiograms from three independent experiments are
shown. B, death-related protein. At 24 h after DOX injection for 24 h, Bcl-2 and Fas/ligand protein levels were evaluated by Western blot analysis
using each apecific antibody. Representative autoradiograms from three independent experimeants are shown.

DOX injection. It has been reported that ANP and BNP are
gengitive markers of cardiac impairments induced by DOX (26).
In this study, DOX suppressed the transcription of ANP, BNP,
CARP, and SERCAZ in non-TG mice. The inhibition was more
preminent in DN-TG mice. In WT-TG mice, although mRNA
levels of these genes were also down-regulated, the levels were
comparable to or still higher than basal levels of these genes in
non-TG mice. A previous study alzo demonstrated that tran-
scription of cardiac genes is suppressed rapidly and selectively
by DOX {25), In skeletal muscle, the inhibition of gene tran-
scription by DOX has been linked to a reduction of transcrip-
tion factor MyeD activity (27), suggesting that the transcrip-
tional repression of many cardiac-specific genes by DOX may
be due to the reduced activity of cardiac transcription factors.
Recently it has been reported that cardiac transcription factors
such as Csx/Nkx2-5, myocyte enhancer factor-2C, and dHAND
were down-regulated by exposure of cultured cardiomyocytes to
DOX (12). These observations and results suggest that Csx/
Nkx2-5 protects heart from DOX through contrelling transcrip-
tional homeostasis of cardiac-specific genes. Further studies
are necessary to elucidate whether overexpression of Csx/
Nkx2-5 generally protects the heart from various stresses,
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Peripheral-blood or
hone-marrow mononuclear
cells for therapeutic
angiogenesis?

Sir—Eriko  Tarteishi-Yuyama and
colleagues (Aug 10, p 427)' reported
angiogenesis therapy for athero-
sclerotic  occlusion and Burger’s
disease by use of mononuclear cells
harvested from autologous bone
marrow. We attempted the same
procedure with autologous peripheral
blood.

Seven patients were included in
this study, all of whom were men with
atherosclerotic occlusion. The rnean
age was 65-3 years (SD 8:0; range
60-74), and the mean bodywazight

586 kg  (11:2, 53-69). After
obtaining informed consent, the
patients were given 5 jpg'kg

granulocyte colony-stimulating factor
(G-CSF) for 4 days subcutaneously.
Two patients were excluded owing to
poor mobilisation of CI)34 cells (less
than 0-03% of peripheral blood
mononuclear cells). Mononuclear cell
apheresis was done on days 4-6 for
the five patients in whom the CD34
ratio had increased to more than
1% of peripheral white cells.

The peripheral white-cell counts of
the five patients just before harvest
were 22 900-44 500/pL. For =ach
patient, 10 L peripheral blood was
treated with an apheresis machine
(COBE Spectra, Gambro, CO,
USA), and a mean of 6-88x10' (SD
3-26X10"™; range 2-3-11-6X10™)
mononuclear cells were harvested.
The CD34 ratio was 0-13% (C'10;
0:07-0-29). To prevent muscle
necrosis at the injection point,
we purified the CD34 cells with
Isolex-50 (Takara-Koden, Shiga,
Japan) to reduce the cell numbers.
[-37-14-9X10° CD34 cells were
obtained and frozen at —80°C until
injection. The mean purity of the
CD34 cells was 40-6% (353;

25:6-92-3), and the mean recovery
rate was 28-2% (23-5; 15-6-96-0.
These CD34-enriched cells were
injected at 50 points of limb muscle,
with the patient under spinal
anaesthesia, within a week of harvest.

All five patients recovered. Pain
relief was seen within 3 days, and a
lengthening of maximum walking
distance became apparent within 2z
week of injection. These improve-
ments continued more than a year
later. However, objective tests of
improvement, such as ankle-brachial

pressure index and blood wvessel
change by angicgraphy, were
inconclusive, except  for the

disappearance of a heel ulcer in one
patient. Our study indicated that
autologous CD34 cells were effective
as angiogenesis therapy. Although
this method is expensive because of
the high cost of the CD34 cell
collection technique, it provides a
valuable option if bone marrow is not
available.

*Shoichi Inaba, Kensuke Egashira,
Kimihiro Komori

*Blood Transfusion Service, Department cf
Cardiovascular Medicine, Kyushu University
Schoaol of Medicine, 3-1-1, Maidashi,Higashi-
Ku, Fukuoka B12-8582, Japan; and Nagoya
University, Nagoya, Japan

{e-mail: shotyan@transf.med.kyushu-u.ac.jp)

1 Tateishi-Yuyama E, Matsubara H,
Murohara T, et al. Therapeuric
angiogenesis for patients with limb
ischaemia by autologous wansplantation of
bone-marrow cells: a pilot study and a
randomised controlled trial. Lancer 2002;
360: 427-35.

Sir-~Eriko  Tateishi-Yuyama and
colleagues' show the efficacy and
safety of implantation of bone-
marrow mononuclear cells compared
with peripheral-blood mononuclear
cells in ischaemic limbs, and conclude
that autologous implantation of
mononuclear cells is better for
therapeutic angiogenesis. We disagree
with some of their conclusions.

First, although implantation of
peripheral-blood mononuclear cells
was much less effective than that of
bone-marrow mononuclear cells in
their study, we have found that it is
just as efficient in a murine model of
hind-limb ischaemiz. This efficacy
was shown by increases in capillary
density and blood-flow recovery, and
a reduction in the rate of
autoamputation, consistent  with
previous reports.’ On the basis of our
animal data, we did autologous
implantation of peripheral-blood
mononuclear cells in ischaemic limbs
of three patients who progressively
developed non-healing ulcers or
gangrene with severe rest pain despite

having undergone intensive
treatments. 4 weeks after implanta-
tion, we saw a significant increase in
ankle-brachial pressure index (>0:1)
in all patients. Rest pain in legs was
greatly reduced in two of three
patients, in one of whom it was
completely abolished. Additionally,
substantial improvement of ischaemic
ulcers was seen in two of three
patients, suggesting that implantation
of peripheral-blood mononuclear cells
was similar to that of bone-marrow
mononuclear cells.

Second, whereas local inflammatory
reactions or oedema were not

detected in Tateishi-Yuyama and
colleagues® study, we noted
inflammatory responses such as

oedema, swelling, and increased rest
pain in injected legs 2 days afier
implantation in all cases, which were
sustained for a week. Serum markers
for inflammation including C-reactive
protein were increased; such markers
peaked 2 weeks after implantation
and declined to nearly normal values
at 4 weeks without the need for
antibiotics. High concentrations of C-
reactive protein were detected in all
cases before implantation and were
not improved by the long-term
treatments with antibiotics, implying
possible antipyrogenic properties of
implantation of petipheral-blood
mononuclear cells.

Given this efficacy, there are several
advantages over implantation of bone-
marrow mononuclear cells. For
example, since the collection of
peripheral-blood mononuclear cells
does not require general anaesthesia,
it is safe to apply to patients in whom
anaesthesia is contraindicated.
Moreover, such implantation can be
repeated easily, which could enhance
the effects of the first implantation on
vascularisation. Taken together with
our results, we Dbelieve that
implantation of peripheral-blood
mononuclear cells could be an
alternative strategy for therapeutic
angiogenesis  in  peripheral-artery
disease.

Tohru Minamino, Haruhiro Toko,

Kaoru Tateno, Toshio Nagai,
*issei Komuro

Department of Cardiovascular Science and

Medicine, Chiba University Graduate School
of Medicine, 1-8-1 Inghana, Chuo-ku, Chiba
260-8670, Japan
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endothelial progenitor cells for therapeutic
neovascularization, Proc Nail Acad Sei
USA 2000, 97: 3422-27.

Author's reply

Sir—Shoichi Inaba and colleagues
report the efficacy of angiogenic
therapy with implantation of CD34
cells sorted from peripheral-blood
mononuclear cells. Although Asahara
and colleagues' reported that adult
blood-derived CD34 angioblasts, but
not CD34-negative leucocytes, differ-
entiate into endothelial cells, further
findings have suggested that peripheral-
blood-derived mature mononuclear
cells can also transdifferentiate into
endothelial-lineage cells and play an
essential part in neovascularisation in
ischaemic limbs via leucocyte-leucocyte
interaction with CD34 cells.?

We reported that the CD34-
negative fraction in bone-marrow
mononuclear cells supplies angiogenic
factors, such as vascular endothelial
growth factor (VEGF) and basic
fibroblast growth factor, and that their
receptors are expressed in the CD34
fraction. Although the purity of CD34
cells was about 41% in our study and
frozen until implantation, CD34
mononuclear cells might exert more
potent  angiogenic  action when
combined with CD34-negative mono-
nuclear cells.

Inaba and colleagues treated patients
with & low dose of G-CSF for 4 days to
mobilise CD34 cells from bone
marrow. However, we found reports
that angina pectoris or acute artetial
thrombosis c¢an occur in patents
receiving G-CSF due to leucocytosis or
hypercoagulability.® Since most of the
patients eligible for our wial were
predicted to have severe atherosclerotic
lesions in coronary or cerebral arteries,
pretreatment with G-CSF might have
caused deleterious vascular events
before angiogenic cell therapy.

Because marrow cells include cells of
various lineages, such as fibroblasts,
osteoblasts, and myogenic cells as well
as endothelial cells, such mixed
populations might differentiate into
various mesenchymal cells. We have
shown in animal and human studies
that injected bone-marrow mono-
nuclear cells are unlikely to differentiate
into other lineages in jschaemic tissues.!
However, transdifferentiation into cells
of other lineages was not completely
excluded. Implantation of CD34 cells
might be a more suitable strategy for
angiogenic therapy in patients with
ischaemic heart diseases.

In our swdy, we showed that
implantation of peripheral-blood mono-
nuclear cells substantially decreased the

extent of rest pain and ischaemic ulcers
in 20 patients, which is consistent with
the observation by Tohru Minamino
and colleagues, although we found that
an increase in ankle-brachial pressure
index was significantly lower than with
implantation of bone-marrow
moncnuclear cells, and that collateral
vessel formation detected by
angiography was less evident.

We have recently studied the
molecular mechanism responsible for
angiogenic action by implantation of
human peripheral-blood mononuclear
cells in nude rats.* VEGF released from
peripheral-blood mononuclear cells had
a key role in the induction of
angiogenesis, and no incorporation of
implanted peripheral-blood mono-
nuclear cells into neocapillaries was
seen. Other angiogenic factors were
also involved in the angiogenic action,
and inclusion of polymorphonuclear
leucocytes attenuated angiogenic action
by releasing neutrophil elastase.*

Minamino and colleagues also noted
that C-reactive protein concentrations,
which were not improved by long-term
rezatment with antibiotics, were lower
than normal after implantation. Thus,
implantation  of  peripheral-blood
mononuclear cells could be a novel
strategy for angiogenic cell therapy for
patients with perpheral-artery diseases
who are not suitable for general
anaesthesia due to impaired cardiac
function or other potential risks.
Alternatively, it could be used to
enhance the effects of an implantation
of bone-marrow mononuclear cells or
of vascularisation.

Hiroaki Matsubara
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Center, Kansai Medical University, Moriguchi,
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IL12B promoter
polymorphism and asthma

Sir—Andrew Sandford and Peter Paré’s
Commentary (Aug 10, p 422)' on the
study by Grant Morahan and colleagues
(p 455)t prompts me to ask whether it is
useful or instructive to look for asthma
genes? The investigators report that
heterozygosity for the ILI2B promoter
polymorphism is associated with
increased severity of asthma in
childhood. However, is it appropriate to
apply genetics to a variable airway
reactivity that has a normal distribution
within the population? From Gregor
Mendel’s first experiments, genetically
determined variation has been conceived
as disunct from a compariscn
populaticn—a red flower distinguished
from a blue, male from female. Diseases
caused by genetic varation are
characterised by pathology that
separates them from the healthy, or
normal, population. Even when there is
an unequivocal separation of the
pathology from the rest of the
populaton—for example in cystic
fibrosis—the genetic basis of the disease
is complex enough.

Asthma is not a distnct disease,
merely a cut off point on the nortnal
distribution of airway reactivity within a
population. Someone with airway
reversibility of 15% will not have
asthma genes that explain why they
differ from someone with airway
reversibility of 10%. To find a genetic
cause for a disorder that is one tail of a
smooth distibution curve would need
the discovery of multple genes to
explain the smoothness of the curve. A
susceptibility to asthma would then be
predicted from the number of asthma-
prone genes the person inherited. Not
only would the number of genes
associated with asthma be important,
but it seems logical that there would also
be genes that have a protective effect
against asthma. Knowledge of genes that
afford protection would be needed to
explain the other tail of the distribution
curve—those individuals whose airways
are unusually unresponsive.

With the expensive complexity of
research into the genetic basis of asthma,
are we any further on from knowledge
derived from the spirometer?

John Warren
Top Flat, Mayfair Library, 25 South Audley Street,
London WIK 2PB, UK
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Abstract

We analyzed three Japanese patients (two boys and a girl) from two families with congenital muscular dystrophy (CMD) and brain
involvement. One of the two families had two affected siblings of different sexes. Parental consanguinity was not documented in either
family. All patients showed generalized hypotonia and weakness from infancy, delayed psychomotor development, facial muscle involve-
ment, and joint contractures. Serum creatine kinase levels were markedly elevated, The histological change seen on muscle biopsy was
characteristic of a dystrophic process, although dystrophin and merosin staining were normmal. On MR imaging, cortical dysplasia and
cerebral white matter abnormalities were observed. Although these clinical, myopathological and neuroradiclogical findings were typical of
Fukuyama-type CMD (FCMD), full mutational analysis of the fukutin gene revealed neither a 3 kb insertion (Japanese founder mutation) nor
point mutations. RT-PCR analysis of RNA isolated from lymphoblasts of a patient revealed normal expression of the FCMD transcript. As
classification of CMD should be based on genetic background, cur present cases with typical clinical, myopathological and neuroradiological
findings of FCMD without mutation of the fukutin gene may represent a new variant (or variants) of CMD that is different from FCMD,
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Congenital muscular dystrophy: Central nervous system involvement; Fukueyama-type congenital muscular dystrophy; Fukutin gene; Variant of

congenital muscular dystrophy

1. Introduction

Congenital muscular dystrophies (CMD) are character-
ized by hypotonia and muscle weakness from early infancy
and dystrophic changes in skeleta! muscle pathology [1).
The classical form of CMD is an autosomal recessive disor-
der characterized by the above symptoms, but with no
mental retardation. A deficiency in merosin in the basement
membrane was shown to cause the classical CMD linked to
chromosome 6q2 [2]. Merosin-deficient CMD is prevalent
in white populations, while in Japan, most CMD patients
have Fukuyama-type CMD (FCMD). FCMD is an autosc-
mal recessive disorder characterized by severe CMD asso-
ciated with brain and eye malformations [3]. At least two
further forms of CMD with brain and eye involvement are
nosclogically well defined: muscle-eye-brain disease
(MEB) in Finland [4] and Walker-Warburg syndrome
(WWS) prevalent in other white populations [5].

Recently, the gene responsible for FCMD was identified

* Corresponding author. Tel.: +1-81-78-646-5291; fax: +1-81-78-646-
5289.
E-mail address: mieko@mte.biglobe.ne.jp (M. Yoshioka).

on chromosome 9g31, which encodes a novel 461 amino
acid protein termed fukutin [6]. Most FCMD-bearing chro-
mosomes (87%) derive from a single ancestral founder,
whose mutation consisted of a 3-kb retrotransposal insertion
in the 3’ non-coding region of the fukutin gene. Nine non-
founder mutations were later identified [7,8). However,
there have been no FCMD patients with non-founder
(point} mutations on both alleles of the gene, which could
be embryonic-lethal. This could explain why few FCMD
cases are reported in non-Japanese populations.

Here, we report three Japanese patients from two families
with the FCMD-phenotype, in whom full mutational analy-
sis, including all exons and flanking introns in the fukutin
gene were not clarified abnormalities. The possibility that
these patients suffer from a different type of CMD from
FCMD is discussed.

2. Case reports
2.1. Family 1 {cases 1 and 2}

Both parents were healthy and non-consanguineous.

0387-7604/02/$ - see front matter © 2002 Elsevier Science B.V, All rights reserved.
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Their serum creatine kinase (CK) levels were within normatl
limits. There had been two miscarriages before the birth of
case 1. Case 1 was a male infant who died of pneumonia at
23 months of age. He was born at 42 weeks’ gestation by
cesarean section due to fetal distress. His birth weight was
3300 g and Apgar score after 1 min was 9. Based on severe
hypotonia since birth, elevated serum CK levels (1025 IU/L,
normal range <<130 IU/L), myopathic EMG findings and a
low density area in the cerebral white matter on CT (Fig. 1),
he was diagnosed as having FCMD. Psychomotor develop-
ment remained poor during subsequent months. He had
neither shown head control, nor said any meaningful
words until his death at the age of 23 months. -

Case 2 was a female infant bom uneventfully after 39
wecks’ gestation and her birth weight was 3088 g. At the
age of 3 months, she was first referred to our clinic due to
severe hypotonia. On physical examination, she showed
general muscle weakness and deep tendon reflexes were
hypoactive, Her serum CK level was markedly elevated
(5350 IU/L). Brain CT at age 10 months revealed similar
findings to her brother (Fig. 1). A tentative diagnosis of
FCMD was given. At age 19 months, she was admitted to
our hospital for further examinations. She showed facial
muscle involvement, contractures of the ankle, knee and
hip joints, and calf muscle pseudohypertrophy. Serum CK
(2874 1U/L) and aldolase (23.7 mU/ml, normal range 1,2—
7.6 mU/mlI) were still high and EMG was myopathic. Motor
nerve conduction velocities and EEG were normal. Ophthal-
mologically, she showed no abnormalities. She did not exhi-
bit afebrile or febrile convulsions. MRI showed diffuse
periventricular hyperintensity on T2-weighted images, and
thick and bumpy cortices with shallow sulci commesponding

Fig. 1. CT scans of cases 1 and 2. The upper line shows scans of case 1 at the
age of 6 months and the lower line shows those of case 2 at the age of 10
months. Note the marked hypodensities in the cerebral white matter in both
cases.

to polymicrogyria over the frontal and parietal lobes (Fig.
2). These findings did not change during follow-up. Disor-
ganized cerebellar folia and clusters of intraparenchymal
cysts in the cerebellum were also found (Fig. 3).

Psychomotor development remained poor during subse-
quent years. She obtained head control after 3 years 6
months and learned to sit unsupported at 4 years 10 months,
while the ability to sit alone was lost at the age of 8 years.
She spoke her first word at 18 months, and spoke two-word
sentences at 6 years 5 months. Later, nocturnal hypoventila-
tion became evident, and she received respiratory support at
night from 9 years of age.

2.2, Family 2 (case 3)

A 15-month-old boy was first referred to our clinic due to
floppiness and developmental delay. He was born unevent-
fully at 40 weeks’ gestation and his birth weight was 3232 g,
Both parents were healthy and non-consanguineous, and
had no family history of neuromuscular disease, There
had been neither miscarriage nor stillbirth before his birth.
He was the first-born child,

On physical examination, he showed hypotonia and calf
muscle pseudohypertrophy. Deep tendon reflexes were
preserved and joint contractures were not found. Delayed
psychomotor development was evident: he obtained head
control at 4 months, rolled over at 9 months and learned
to sit unsupported at 12 months. Serum CK was 2776 IU/L,
while dystrophin gene deletions were not detected. A
muscle biopsy revealed variation in fiber size, areas of
muscle fiber necrosis with regeneration, and increased endo-
mysial and perimysial connective tissues compatible with
dystrophic changes (Fig. 4). Dystrophin and merosin immu-
nostainings were normal (Fig. 5). He developed a general-
ized tonic-clonic seizure with fever just after the muscle
biopsy, while serum CK was not so elevated compared to
the previous levels. An EEG showed no paroxysmal
discharges. No febrile or afebrile convulsions has been
observed since then. Brain MRI showed diffuse periventri-
cular hyperintensity on T2-weighted images (Fig. 6}, which
decreased later during follow-up.

Psychomotor development remained poor during subse-
quent years. He crept at 19 months and stood with support at
26 months of age. Joint contractures developed in the hips
and knees and deep tendon reflexes disappeared. He spoke
his first word at 19 months, At age 2 years 3 months the face
was apparently myopathic.

3. Investigations and results

Genomic DNA was extracted from the white blood cells
of cases 2 and 3 and their parents. Haplotype analysis using
polymorphic microsatellite markers flanking the FCMD
gene was done. Qur results did not reveal the founder haplo-
type (138-192-147-183 in D952105-D952170-D952171-
D9S2107) {7] in any of them. In addition, we could not
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Fig. 2. Axial TI-weighted (the upper line) and T2-weighted (the lower line) sequences of case 2. On the left two images at age 19 months, myelination is
present in the internal capsule, corpus callosum, and occipital region. The cerebral white matter shows symmetric low intensity on T1-weighted and high
intensity on T2-weighted sequences. This is an immature pattern of myelination for this age. Thick and bumpy cortices with shallow sulci are seen over the
frontal and parietal lobes. Although myelination progresses with age, abnormal intensities in the white matter did not change during follow-up at 3 years 1
month of age (middle two images) and at 4 years 7 months of age (right two images).

detect any abnormal 3-kb insertion bands (Japanese founder normal compared to those from FCMD patients who carry
mutation). We also performed full mutational analysis on the insertion homozygously or heterozygously [7].

cases 2 and 3, including ali exons and flanking introns in the

fukutin gene. There was neither abnormal band shift by

single-stranded conformation polymorphism analysis nor 4. Discussion
mutations by sequencing.

RT-PCR analysis of RNA isolated from the lymphoblasts Our present cases had characteristic clinical findings of
of case 2 was performed. The level of amplified product was typical FCMD, including generalized hypotonia and weak-

Fig. 3. Axial T2-weighted images of the midportion of the cerebellum of case 2 at 10 years 3 months. The left portion of the cerebellum reveals disorganized
folia (thick arrow). There are some round c¢ystic lesions (thin arrows).
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Fig. 4. Muscle biopsy of case 3. A variation in muscle fiber diameter, areas of muscle fiber necrosis with regeneration, and increased endomysial and perimysial

connective tissues are seen. HE X100,

ness from infancy, delayed psychomotor development,
facial muscle involvement, and joint contractures [3,9].
On MR imaging, cortical dysplasia and cerebral white
matter abnormalities were identical to those seen in
FCMD [10], although the abnormal intensities in the
white matter did not change during follow-up in case 2.
Full mutational analysis of the fukutin gene, however,

revealed neither a 3 kb insertion nor peint mutations. RT-
PCR analysis of RNA isolated from the lymphoblasts of
patient 2 revealed normal expression of the FCMD tran-
script. On muscle histology, early-onset dystrophinopathy
and merosin-deficient CMD could be excluded, because
dystrophin and merosin were positive in a muscle specimen
from case 3. In addition, normal staining for merosin made

Fig. 5. Frozen sections of biopsied muscle tissue from case 3, immunoreacted for dystrophin (on the left) and merosin {on the right). Note the normal

immunostaining patterns for both,
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FCMD and MEB unlikely, because weak staining for mero-
sin was reported in FCMD [11] and MEB [12]. The normal
nerve conduction velocities in case 2 made merosin- defi-
cient CMD unlikely [13]. No eye involvement was noticed
unlike WWS or MEB [4,5]. Family 1 had two affected
siblings of different sexes, suggesting autosomal recessive
inheritance,

A systematic analysis of the FCMD gene in 107 unrelated
Japanese CMD patients revealed that the 3 kb insertion was
found to be present on 85.6% of disease chromosomes
examined [7]. In addition, there were eighty probands
(75%) homozygous for the 3 kb insertion, while 25 (23%)
were heterozygous, and only two lacked the 3 kb insertion
on either allele, However, there were no FCMD patients
with non-founder (point) mutations on both alleles of the
gene, which could be embryonic-lethal. This could explain
why few FCMD cases are reported in non-Japanese popula-
tions. One of two probands without the 3 kb insertion in this
report [7] was case 2, and another was reported by Miura et
al. [14]. Thus, until now, four Japanese patients including
our three cases have shown almost the same clinical findings
to those with typical FCMD, yet {ull mutational analysis of
the fukutin gene revealed neither & 3 kb insertion nor a point
mutation. From these observations, three possibilities are
considered: (i) mutations in the promotor region or introns
of the FCMD gene; (ii) genetic heterogeneity (second
locus?) in FCMD; or (jii) a different type of CMD from
FCMD. RT-PCR analysis revealed normal expression of
the FCMD transcript in patient 2 supports (ii} or (iii).

Fig. 6. MR imaging of case 3 at }5 months of age. Symmetric low intensity
on Tl-weighted {the upper line) and high intensity on T2-weighted (the
lower line} sequences in the cerebral white matter.

Although FCMD seems to be very rare in ethnic groups
other than the Japanese population, an increasing number of
cases, all resembling or sharing features with FCMD, have
been reported from countries other than Japan [15-19].
Among them, genetic studies were done only in cases
reported from Taiwan [15). Three Chinese patients were
afflicted with the typical clinical, myopathological and
neuroradiological findings of FCMD with neither a 3 kb
insertion nor a point mutation on the fukutin gene. While
genetic studies have not been done in other cases reported
from western countries [16-19], they may be genetically
different from FCMD, because there were no FCMD
patients with non-founder (point) mutations on both alleles
of the gene and the 3-kb insertion allele is unique to the
Japanese.

Three forms of CMD with brain and eye involvement
have been described: FCMD, WWS and MEB. However,
it is sometimes difficult to differentiate these three forms on
clinical grounds alone [9,20}. The neuropathological differ-
ence between them also reflects variation within the same
disease {21]. Why do the phenotypes of these diseases
resemble each other or overlap? These features may result
from disturbances in basement-membrane components that
are common to the muscle, eye, and brain, since several
investigators have observed aberrations in extracellular
matrix proteins in these diseases [11,12,22]. Nowadays,
classification of CMD should be based on the genetic back-
ground. The FCMD gene is located on 9931, and the gene
underlying MEB has recently been mapped to chromosome
1p32-34 [23], while the chromosomal location of the WWS
gene is still unknown; WWS is likely to be a heterogeneous
disorder. This indicates that these conditions are separate
disease entities from a genetic point of view.

From these findings, our present cases with clinical
phenotypes similar to, but genetically different from
FCMD may be a new variant (or variants) of CMD that is
different from FCMD, WWS or MEB.
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