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ABSTRACT

Distal myopathy with rimmed vacuoles (DMRV) or hereditary inclusion body myopathy
(hIBM) is an autosomal recessive disorder clinically characterized by weakness that
initially involves the distal muscles, although other muscles can be affected as well.
Pathological hallmarks include the presence of rimmed vacuoles (RVs) and intracellular
Congo red-positive depositions in vacuolated or nonvacuolated fibers. Mutations in the
UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE) gene, which
encodes the rate-limiting enzyme in sialic acid biosynthesis, are causative of DMRV/hIBM.
Recently, we have generated a mouse model {Gne?-hGNEVS72L-Tg) for this disease, and
have shown that these mice exhibit hyposialylation and intracellular amyloid deposition
before the characteristic RVs are detected, indicating that autophagy is a downstream
phenomenon to hyposialylation and amyloid deposition in DMRV/hIBM.

IDMRV or hIBM is an early aduli-onset autosomal recessive myopathy which usually
presents as a gradually progressive myopathy predominantly affecting che distal muscles,
although proximal muscles can also be affected. On muscle biopsy, a variety of abnormali-
ties is seen, including the characteristic finding of RVs,? intracellular deposition of Congo
red-positive materials such as B-amyloid and a-synuclein,® abnormal phosphorylation of
vau,”® activation of the ubiquitin proreasome systen1,” and activation of the lysosomal
sysl:cm.m Unul now, however, the precise mechanism that leads to rimmed vacuole forma-
tion and/or symptoms in DMRV has remained elusive. Several studies have alluded o the
presence of RVs as an upstream event, which could be responsible for the muscle weakness
seen in patients. DMRV is associated with mucations in the GNE gene,'"12 which codes
for a bifunctional enzyme that catalyzes the race-limiting step in sialic acid biosynthesis.!3
Fyposialylaton thus has been thought to contribute ro the overall pathomechanism of
this myopathy,'¥ although its precise role has not been clarified. The causative nature of
these mutations in the GNE gene was confirmed by the mouse model which we recendy
gcncrnrcd‘]5 Further, we have shown that sialic acid is reduced in the serum, muscle, and
other organs of these mice, underscoring the importance of hyposialylation in the DMRV/
hIBM pathomechanism.

Rimmed vacuoles in DMRV/hIBM are acwually clusters of autophagic vacuoles (AVs)
and myeloid bodies.’® The autophagic nature of these vacuoles was supported by the
abservations of acid-phosphatase-rich primary lysosomes, clathrin-positive granules, and
the presence of cathepsins B and L. in fibers with RVs.!?

Autophagy is a major cellular pathway for the degradadon of long-lived proteins and
cytoplasmic organelles in cukaryotic cells that is activaced under various conditions,
including wropbic stress, a large number of intracellular/exwracellular stimuli, invasion
of microorganisms, and nuuitional deprivation. Nevertheless, the autophagic vacuoles
observed in these myopathies were thought to be mainly secondary wo abnormal lysosomal
function with regard to their effects on muscle fiber breakdown.!™'® In DMRV/hIBM, it
has been suggested chat the presence of abnormal autolysosomes and/or autophagosomes
is due 1o the following possibilides: (1) an excessive amount of substrate in otherwise
normally functioning lysosomes, which can include misfolded glycoproteins thac were not
degraded in the ER;' (2) a response o oxidative suress, possibly due 1o hyposialylation,
as sialic acid has been shown to be a scavenger of hydrogen peroxide;? (3) a secondary
response to ER suress;™ (4) defective lysosomal enzymes, which might be generated
by muscle fiber endogenous cytotoxins, or by hyposialylatien; (5) nondegradation of
substrates because of cerain conformational changes, including exposure of normally
hidden hydrophobic residues; (6) slowing of the degradation rate of segregaed cellular
components within autolysosomes; and (7) nonprogression of the amophagic process.
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Figure 1. Electron microscopy findings inthe Gne/ GNEV572L-
Tg mice [gastrocnemius, 52 wks ). Various cellular debris
are enclosed by nascent AVs {arrows) and degradative AVs
(double arrows). Large, osmiophilic deposits can likewise
be seen {asterisk). Filamentous and granular amyloid depos-
its are seen [arrowhead). In areas where the myofibrillar
structure is relatively preserved, dense ovoid bodies are
seen [double asterisks). These are sometime associated with
autophagic vacuoles [double arrowheads), suggesting that
these deposits predate RV formation. Bars represent 1pm.

In the Gne"hGNEV572L-Tg mice, we observed
pathological changes that correlate with age. Before
30 weeks of age, the muscle pathology is mainly
characterized by variation in fiber size. In addition,
scattered angular fibers are seen from 30 wecks.
At around 32-34 weeks, intracellular depositions of
amyloid are noted in several fibers. After 40 wecks, the
characteristic RVs are observed. Similar to humans,
these RVs have high acid phosphatase activity and
are highlighted by various lysosomal antibodies, aside
from other proteins, implicating the lysosomal system
as one of the processes whereby the proteins chat
contribute to the disease symproms are degraded.
Moreover, by ultrastructural swdies (Fig. 1),

Aurophagy in DMRV/LIBM Mouse

these vacuoles contain multlamellar bodies,
electron-dense bodies, and various heteroge-
neous materials and cytoplasmic debris chat
are limited by a double membrane, indi-
cating that these are nascent AVs (arrow). To
a lesser extent, some vacuoles have a single
limiting membrane, assuming the characrer-
istics of degradative vacuoles (double arrows).
In other areas, however, some cellular debris
are observed without any limiting membrane,
suggesung that the limiung membrane may
have ruptured. In general, these AVs arc
often associated with areas where filamentous/
granular deposits, which are possibly amyloid,
are observed (arrowhead). Occasionally, large
aggregations of deposits are seen with these
AVs, and they are surrounded by filamentous
structures (asterisk).

Interescingly, similarly large, dense and
ovoid bodies, which can sometimes be gran-
ular and could be possibly considered as
amyloid deposits, are seen in areas where the
myofibrillar scructure is well preserved (double
asterisks). Interestingly, we have observed that

GNE/MNK dysfunctio

OXIDATIVE stress «

GNE mutation

=

HYPOSIALYLATION __~,

Protein misfolding/
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v UPR and ERAD activation
Amyloid deposition ¢-----" l
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4 ER stress
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these probable amyloid deposits can also be
seen in arcas that appear normal, i.e, myofi-

brifs are imact, strongly suggesting that the
presence of such deposits precedes the accu-
mulation of AVs, In nearby areas, these densc
deposits are noted 10 have AVs within their
substance {double arrowheads).

In the DMRV/hIBM mouse, the presence
of amyloid deposits could be secondary w
a spontaneous auwophagic process. The
alternadive possibility is that aurophagy is a
reactive process, a response 1o an abnormal

www landesbioscience.com

Figure 2. Mechanism of autophagy in DMRV/hIBM. Hyposialylation, secondary to GNE mutations,
can result in three possible outcomes. First, it can lead to abnormal protein configuration eor misfold-
ing. Exposure of hydrophobic domains makes these proteins prone to aggregation; UPR and ERAD
pathways are subsequently acfivated, but an increase in the amount of substrate protein could
lead 1o ER stress. Second, hyposialylation can affect normal processing of other proteins, such as
amyloid, which could bring about abnormal amyloid deposifions. In addition, amyloid deposition can
also trigger oxidative siress. Third, as sialic acid has been shown fo scavenge hydrogen peroxide,
hyposialylation can contribute to oxidative siress. Thus, in DMRV/hIBM, the autophagic process can
commence from the following: protein misfolding/aggregation, amyloid deposition, ER stress, and
oxidative stress. Altlernatively, AVs can be a site of amyloidogenic processing of the amyloid precur-
sor protein. Further, the presence of accumulaling AVs and their association with lysosomal markers
indicate that autophagy does not progress normally.
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conformation (exposure of hydrophopic surfaces) of a ceraain protein
which was not successfully cleared by cyrosolic protedses. Protein
aggregation then can ensue, shielding the hydrophobic patches;
however, aggregation makes these proteins ostensibly resistant 10
attack by cytosolic protcases, leaving macroautophagy as the only
viable possibility for their removal. We think that the lysosomal
system is activated because of the presence of these deposits, which
are most likely amyloid.

The presence of intracellular amyloid deposits in these mice and
the association of these deposits with an autophagic process have
widened the perspective in undérstanding the pathomechanism of
DMRV/hIBM. In a previous report, these AVs have been impli-
cated to be a site of amyloidogenic amyloid precursor protein, APP,
processing;®! in addition, intralysosomal AP accumulation has been
found to be induced by oxidarive stress, implying that oxidative stress
could be an upstream event to amyloid deposition and/or RV forma-
tion. Moreover, a recent report demonstrated that reactive oxygen
species may contribute to the formation of autophagosomes.??
Aleernatively, because amyloid is iuself a glycoprotein, hyposialylation
may lead to protein misfolding and eventually could lead 1o the
activation of autophagy and/or oxidative stress. The conundrum
remains, thus far unanswered, of how hyposialyladon could lead w0
either protein misfolding or oxidative stress. Nonetheless, Figure 2 is
a schema of how GNE mutations could trigger autophagy. Clearly,
addressing these issues in future studies will help us have a bewer
understanding of the pathomechanism of DMRV/hIBM.
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y is the
second most common congenital
muscular dystrophy in Japan

s

Primary collagen V

ABSTRACT

Objectives: To determine the frequency of primary collagen VI deficiency in congenital muscular
dystrophy (CMD) in Japan and to establish the genotype-phenotype correlation.

Methods: We performed immunohistochemistry for collagen VI in muscles from 362 Japanese
patients with CMD, and directly sequenced the three collagen Vi genes, COL6A1, COL6A2, and
COLBA3, in patients found to have collagen VI deficiency.

Results: In Japan, primary collagen VI deficiency accounts for 7.2% of congenital muscular defi-
ciency. Among these patients, five had complete deficiency (CD) and 29 had sarcolemma-specific
collagen VI deficiency (SSCD). We found two homozygous and three compound heterozygous
mutations in COLBA2 and COLBA3 in all five patients with CD, and identified heterozygous mis-
sense mutations or in-frame small deletions in 21 patients with SSCD in the triple helical domain
(THD) of COLBA1, COLBA2, and COLEA3. All mutations in SSCD were sporadic dominant. No
genotype-phenotype correlation was seen.

Conclusion: Primary collagen VI deficiency is the second most common CMD after Fukuyama type
CMD in Japan. Dominant mutations located in the N-terminal side from the cysteine residue in the
THD of COL6A1, COLBA2, and COLBA3 are closely associated with SSCD.

Neurology® 2007;69:1035-1042

Ullrich congeniral muscular dystrophy (UCMD) is a form of congenital muscular dystro-
phy (CMD) clinically characterized by congenital muscular weakness, proximal joint
contractures, distal joint hyperlaxity, and normal intelligence as originally described,’
and now includes additional features such as protuberant calcanei, facial muscle involve-
ment, and high-arched palate.*?

Mutations in the three collagen VI genes, COL6A1, COL6A2, and COL6A3, are re-
ported to cause two types of myopathies, Bethlem myopathy and UCMD. Bechlem myop-
athy is a relatively mild dominant inherited myopathy,* while UCMD was thought to be
autosomal recessive, albeit recent reports of dominant mutations.*”

In skeletal muscle, collagen VI is normally observed in the interstitium and strongly
delineates the sarcolemma. In patients with UCMD, collagen V1 is deficient either com-
pletely, which we refer to as complete deficiency (CD), or sarcolemma-specifically, which
we consider as sarcolemma-specific collagen VI deficiency (SSCD).*2

I'he spectrum of clinical features in reported patients has been shown to be widely
variable, with the maximal functional ability ranging from inability to acquire ambula-
tion to mild weakness and with the ability to run,'®™ as opposed to the previously known
phenotype of UCMD.

The true frequency of collagen VI deficiency has not been established; therefore, we
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ventured on this study to know the fre-
quency of primary collagen VI deficiency
among patients with CMD, and to study
genotype-phenotype correlaion among
patients.

METHODS Patients. All clinical materials used in this
study for diagnostic purposes were obtained with informed
consent. A total of 362 Japanese patiemts with diagnosed
CMD based on clinical and pathologic observations {rom
1978 1o 2004 were included. The criteria of CMD are with
onset in utero or during the first year of life, and showing
dystrophic changes in muscle pathology.’* Available blood
samples from the patients’ relatives were also included in the
analysis. DNA samplés from 50 subjects without any known
muscle disease were also studied.

The clinical features of patients were analyzed by careful
review of their medical records provided by their attending

physicians.

Immunohistochemistry. Immunohistochemical staining
was performed on 6 um serial cryosections of muscle, as
described previously.** Driefly, sections were incubated in
mixtures of rabbit polyclonal antibody against collagen 1V
{Abcam, Cambridge, UK) dituted 1:500, and mouse mono-
clonal antibody against Cn)ll::gél) V1 (ICN Biomedicals, Au-
rora, OHY diluted 1:300 for 1 hour. After washes with
phosphate buffered saline, mixtures of either antimouse 1gG
Alexa 488, antirabbit IgG Alexa 568 conjugates (Invitrogen,
Carlsbad, CA) diluted 1:500 or appropriate peroxidase-
conjugated secondary antibodies were applied for 30 min-
utes. These sections were observed under fluorescence
microscopy. In addition, collagen V1 was also detected by
using Basic DAB Detection Kit (Ventana Medical Systems
Inc., Tucson, AZ).

Sequence analysis of collagen VI genes. Direct se-
guencing was perforned in all three collagen V1 genes in
patients found to have collagen V1 deficiency by immunohis-
tochemistry. Genomic DNA was extracted {rom either fro-
zen muscle biopsy samples or peripheral blood lymphocytes
using, standard protocels.” PCR primers were designed to
amplify all the exons of COL6A1, COL6A2, and COL6A3
and their lanking intronic regions. Amplified fragments
were directly sequenced using BigDye Terminator v3.1 Cycle
Sequencing, system on ABI3100 antomated Genetic Analvzer
(Applied Biosystems, Foster Chy, CA). When aberrant splic-
ing was suspected, total RNA was extracied from fibroblasts
or frozen muscles using Torally RNA Kit {Nippon Gene, To-
kyo, Japan} and was reverse transcribed with olige (dT),
primer using SuperSeript 11} (Invitrogen). RT-PCR was per-
formed using relevant exonic primers, and the amplified
fragment was directly sequenced. Sequence data were ana-
lvzed with the SeqScape {Applied Biosystems) program and
compared with the genomic or cDNA sequences of collagen
VI genes in database {Genbank Genelld and mRNA Gene-
bank): COQLAAL 1291, NM_001848;" COL6A2 1292,
NM_001849; and COL6AZ 1293, NM_004369. A hundred
control chromosames were exannined for each novel muta-

tion by resiriction enzyme analysis and direct sequencing.

Genotype-phenotype correlations. The clinical charac-
teristics collecied from attending physicians were demo-

praphic data, floppiness, presence of joint contracinres or

hypertaxity, congeintal hip dislocation, mental retardation,
high arched palate, and pertinent laboratory examinations
including serum creatine kinase, clecirocardiogram, and
echocardiogram siudies. Severity of the condition was re-
flected by the walking ability of patients, w hich is defined as
the number of years from the age the patient acquired inde-
pendent ambulation to the age when the patient becomes
wheelchair-bound.

Mean { 1) SD of the characieristics were computed and
subjecied to either a univariate analysis (Fisher exact tesi) or
v* test, whichever was appropriate, with significant p value
set at << 0.05.

RESULTS Immunohistochemical analysis re-
vealed that 34 of 362 (9.4%) patients had collagen
VI deficiency. Five patients had CD, whereas 29
showed SSCD (figure 1).

Direct sequencing of COL6A1, COL6A2, and
COL6A3 genes revealed mutations in a significant
number of patients with collagen VI deficiency,
apart from the several polymorphisms that we
have found (table E-1 on the Neurology Web site
at www.neurology.org). Mutations were found in
all patients with CD. Among these, two muta-
tions were previously reported,®® while in the
other three patients, novel mutations were seen
in COL6A2 and COL6A3 homozygously or
compound heterozygously (table 1, figure 2).
Genomic analysis of DNA from their parents led
us to identify that the heterozygous mutation
identified in patients was carried by each parent.

In the 29 patients with SSCD, heterozygous
mutations in the collagen VI genes were seen in 21
of them. Six different mutations were identified in
COLGAT, five in COL6A2, and three in COL6A3
(table 1). COL6AT ¢.868G>A and c¢.1056 +
lg>A murtations were previously reported in Be-
thlem myopathy,” while COL6AT ¢.850 g>A,
¢.868G>A and COL6A3 ¢.6210 + 1G>A mura-
tions were documented in UCMD.* The other 10
mutations were novel.

All these mutations were located in the triple
helical domain (THD) in the three collagen VI
genes (figure 2). Ten patients had missense gly-
cine substitutions in COL6AT and COL6A2, and
one had lysine-to-arginine mutation, All the mu-
tations were predicted to cause single amino acid
replacements or small in-frame deletions of 99 bp
or shorter, however, the basic structure of G-X-Y
was maintained in these deletions. Al the muta-
tions were located in the N-terminal side from the
cysteine residue of the TTID. We also analyzed
genomic DNA from healthy parents and siblings
of 11 patients and did not find any muration,
highly suggesting that the mutations were de
novao,

All 34 pacients (17 boys and 17 girls) with col-
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Figure 1

Double immunostaining for collagen Vi{green) and collagen IV {red)

(A thraugh C) Normal. (D through F) Complete collagen VI deficiency (CD). {G through 1) Sarcolemma-specific collagen VI
deficiency {SSCD). In normal control, collagens VI and IV are colocalized in the sarcolemma as demonstrated by yellow in the
sarcolemma (C). As expected, in patients with complete collagen VI deficiency {CD), only collagen IV expression is seen (E and
F). However, in patients with sarcolemma-specific collagen VI deficiency, collagen VI is expressed in the interstitium while
only collagen IV is seen in the sarcolemma {}), demonstrating the sarcolemma-specific mode of collagen Vi deficiency {SSCD).
{D through F) Patient 5, (G through I} Patient 15 in table 2. Bar denotes 50 pm.

lagen VI deficiency were without apparent family
history and thus were considered to be sporadic
cases (table 2). Most of the patients, 27/30 (90%),
were floppy infants. Torticollis was seen in 12/29
(41%) and congenital hip dislocation in 16/31
{(52%). Motor development was delayed in 32/33
(97 %) as they acquired head control at the mean
age of 4.7 months, sat without support at 12
months, and walked without support at 23
maonths (data not shown). Intellectual develop-
ment was normal except in one female patient.
Proximal dominant muscle weakness was seen in
all patients in various degrees. Distal joint hyper-
laxity was scen in 27/29 (93%), while proximal
“joint contractures were noted in 20/30 (67%).
Protuberant calcanei was observed in 23/26 (88%)
and high arched palate in 20/28 (71%). Serum cre-
atine kinase levels were either normal or mildly
elevated.  Tndependent ambulation  was not
achieved in six patients, and three were still able
to run. Fhe clinical course of the disease was

seemingly progressive, especially in patients
showing typical UCMD phenotype. In these pa-
nients, assisted ventilation or respiratory support
was required from the first decade of life. No car-

diac complication was found on electrocardio-

nterprises, naut
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gram or echocardiography in our series, as
previously reported by others. !>
For comparison between the modes of colla-
gen VI deficiency and the clinical features, the dif-
ferences between CD (n = 5) and SSCD (n = 29)
were statistically analyzed across the phenotypic
characteristics shown in table 2. No statistical dif-
ferences were found between CD and SSCD (p >
0.1). We also analyzed genotype-phenotype corre-
lations in terms of mutated genes: COL6AT (n =
2), COL6A2 (n = §), and COL6A3 (n = 4).
However, no statistical differences were seen
among them (p > 0.1). In addition, the compari-
son between the patients with and without muta-
tions in terms of clinical features did not show
statistical difference. We did not find any muta-
tion in eight patients with SSCD. There was no
phenotypic difference between patients with
SSCD with and without mutanions.

DISCUSSION TFukuyama type CMD (FCMD) is
the most frequent CMD and is found almost ex-
clusively in Japan, accounting for 49.2% in our
series, although a patient with an extremely se-
vere lethal disease who was clinically dissimilar to

but genetically proven to have FCMID was re-

10627
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I——Table 1 Mutations in collagen VI genes in patients with collagen Vi deficiency

Gene Location Domain Nucleotide change Predicted consequence No. of patients

Mutations in patients with CD

COL6A2 intton 19 THD ¢.1572+16>C p.Gly508 ProS524de! 1 {homn)
exon 28 c2 ¢.2678.2700¢el23 p.P:0823(s
intron 23 THD/C1 €1771-2A>T p.Gly591is 1{c.het)
exon 26 c1 €.2279.2220del2 p.Asp761is
intran 14 THD THD/C1 €1270-1G>C p.Gly424 Lys4 44del 1 {c.het)
intron 23 ¢.1771-3G>C p.Gly591is
COLBA3 exon12 N1 c.5692delG p.Valg98is 1 (c.het)
COLB6A3 exon 40 C3 ¢.8737delG p.Ala2913fs

Heterozygous mutations in patients with SSCD

COLBA1 exon S THD c.850G=>A p.Gly284Arg 4
exon 10 THD c.868G>A 0.Gly280Arg 2.
exon12 THD c.956G>T p.Lys319Asn 1
exon 13 THD ¢.958 566del9 1.Gly320 Lys322del 2
exon 13 THD ¢.967_975dcl9 p.Gly323 Lys325del 1
intron 14 THD c.1056+1G>A 0.Gly335 Asp352 1

COLBA2 exon 6 THD c.812G>A p.Gly271Asp 1
intron 6 THD c.856-2A>G p.Gly286 Lys30%del 1
exon 7 THD . c.875G=>T p.Gly292Val 1
exon 8 THD ¢.901G>T p.Gly301Cys 1
exon 8 THD ¢.902G>A p.Gly301Asp 1

COLBA3 intron 15 THD c.6157-2A>G p.Gly2053 Pro2070de! 1
intron 16 THD c.6210+1G>A p.Gly2053 Pro2070del 2
intron 16 THD c.6210+2T>A p.Gly2053 Pro2070del 1

CD = complete deficiency; THD = triple helical domain; hom = homozygous change; ¢ het = compound heterozygous
change; SSCD = sarcolemma-specific cotlagen VI deficiency

. ported from Turkey." Merosin-negative CMD
Figure 2 Schematic diagram of the domain structure of the protein chains

encoded by COL6A1-3 accounts for 38 to 46% of patients with CMD in

Western countries while it accounts for only 2.8%

' Recossive utation in our series.”™ The frequency of each form of

v Dominam mutation CMD varies considerably in different ethnic
groups.

We identified 34 patients with collagen Videfi-

ciency among 362 Japanese patients with CMD
(9.4%). Among all the CMD patients, 26 (7.2%)
patients had mutations in either one of the colla-

gen V1 genes, indicating that primary collagen VI

deficiency is the second most common CMID m
Japan after FCMD.
TN -~ . . .
\I Collagen V1 is a ubiquitously expressed extra-
©{cajto X R : .
cellular matrix protein composed of three chains,
@l (VI), @2 (V1), and a3 (VI), encoded by three
genetically distinct genes: COL6AT, COL6AZ,
and COL6A3. The three collagen V1 chains havea
1 ifie i OCC Ve atj m o 1cle ‘o1 H ! e . - - . . N
The identified putatuvg recessive I'T]Utdt‘IOnS ncomplete dcflgcncy {CD) alcmc.!x.cated byblue 111D consisting of 335-336 amino acids G-X-Y
arrows Probable dominant mutations in sarcolemma-specific collagen VI deficiency {SSCD)
are indicated by yellow arrows. Each triple helicat domain (THD) contains a single cysteine )
residue {depicted as "C") which is impertant in dimer assembly. Mutations in SSCD are cius-  1NTAG MONOMCETS through those domains. These
terad in the N-terminal side from the cysteine residue of the THD monomers assemble intracellularly into dimers

o3 wio [ng [nofar || m

Triphe heheal demat

repeats in central portion,?! # and are assembled
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[ Table 2 Clinical, pathologic, and genetic features of the patients with collagen VI deficiency

Ageat
tast Congenital Proximal Dictat High  Serum
consul- Collagen  Floppy hip Mental Jjoint joint Protuberant arched crestine Independent  Ability
Patient tation.y Sex VI infam  Torticollis dislocation retardation contracture hyperlaxity calcanei palste kinase” ambulation.y’ torun Gene Mutations
1 S M co No Yes Neo No Mo Yes No No 337 ND ND COLSA2 €.1572+1G>C
{homwozygous)
2 4 F D Yes Yes No No Yes Yes Yes Yes 361 0 No COLGAZ2 ¢.2678 2700del23
{homozygous)
3 & F cD Yes No Yes No No Yes Yes Yes 343 2+ Yes COLG6A2 c177i-2A>T
c.2279 2280del2
4 4 M CcD Yes Yes Yes Mo Yes Yes Yee Yes 440 0 No COLBAZ ¢1270-1G>C
’ €1771-3G>C
5 2 M <o Yes No Yes No Yes Yes Yes No 413 ND ND COLBA3 ¢.5692delG
c.8737delG
6 10 M SSCD ND ND ND No Yes Yes Yes Yes Normal O No COLBA1 c.850G>A
7 11 M SSCD Yes No No No Yes Yes Yes Yes 242 10 No COLBA1 ¢.850G>A
8 16 F SSCD Yes Yes Yes No “Yes Yes Yes Yes 270 s} No COLBALl ¢.850G>A
9 8 F S5CD Yes Yes Yes No Yes Yes Yes Yes 195 0 ND COLGAL c.B50G:=A
10 5 F SSCD Yes No Yes No No Yes ND ND 417 3+ No COLGA1 ¢.868G>A
11 6 F SSCD Yes No Yes No Yes Yes Yes Yes 138 3+ ND COLGA1 c.B68GA
12 i3 M S3CD Yes Yes Yes No Yes Yes Yes Yes 201 ND ND COLBA1 c.856G>T
13 14 F SSCD Yes ND Yes No ND ND Yes ND 372 ND ND COL6A1 ¢.958 966del®
14 10 F SSCD Yes ND No No ND Yes Yes Yes 343 5 No COLBA1 ¢.958 966deld
15 7 F 55CD Yes No No No No Yes No Yes 289 6+ No COLBA1 ¢.958 966del9
16 4 F SSCD Yes No No No Yes ND ND Yes 76 ND No COL6AT ¢.967 975deld
17 10 M SSCD Yes No No No No Yes Yes No 354 9+ Yes COLBA1 c¢.1056+1G>A
18 16 M SSCD No Ne No No No Yes ND No 191 1z No COLBAZ c.812G>A
19 i8 M S5CD No No No No No No ND ND 197 17+ No COLGA2 c.856-2A>G
20 <) M SSCD Yes No Yes No Yes Yes Yes fes 329 £ No COLBAZ2 ¢.B75G>T
21 8 M S5CD Yes Yes No No Yes Yes Yes No 207 64 No COLBA2 ¢.201G>T
22 8 Y] 58CD Yes Yes No No Yes Yes Yes Yes 257 6+ Yes COLBAZ c.902G>A
23 3 £ 55CD ND No Yes No Ne ND ND No 148 ND No COL6AZ ¢.6157-2A>G
24 16 F 88CD Yes Yes No No Yes Yes Yes Yes 164 4 Nop COLBA3 €.6210+1G>A
25 9 F SSCD Yes Yes No No Yes Yes Yes Yes 539 84 No COLBAZ ¢.621041G>A
26 4 F SSCD Yes o No No No Yes Yes No 336 2+ No COLBA3 62104 2T>A
27 11 F SSCH Yes No Yes No Yes Yes ND No 80 ND ND Norne
28 g M SSCD Yes Yes Yes No Yos Yes Yes Yes 47 ND No None
29 1 M SSCD ND ND ND No ND ND ND ND 318 ND ND None
30 17 F SSCD Yes No Yes Yus Ne Yes Yes Yes 215 6 No Norie
31 14 Y] SSCO Yes Yes No No Yes Yes Yes ND 113 5 No None
32 4 1Y 55CD ND ND ND No N ND ND ND ND ND ND Naore
33 9 3 85CD Yes No Yes No Yes No No No 380 84 HD iNone
34 ] M SSCO Yes Ne Yes No Yes Yes Yes Yes 299 24 No  None
MF  C:SSCH Yes Yes Yes No Yes Yes Yes Yes High
=1:1 =529 27130 1223 16/21 retardaiion  20/30 27i2¢ 23/26 19/28 creatine
=00% = 431% =52% 3334 = 67% 3% = 88% = 68% kinase
=97% 2433
=72%

*“Normal value (NV) = 51 to 187 U/L, except in Patient 22{NV - 40to 116 UJL) and Patient 27 (NV = 30 to 50 UJL)

"Number of years from the age wher patients acquired independent ambutation to the age when they become wheelchair-bound; + indicates that the patient is
still able to watk independently until the time of examination.

CD = complete deficiency; 3SCD - sarcolemmarspecific coliagen Vi deficiency; ND - not determined; MR = mental retardation
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and tetramers, after which the tetramers are se-
creted to extracellular space and are associated
with each other to form collagen VI microfibrils !
Collagen V1 is thought to anchor the basement
membrane in the skeletal muscle by interacting
with collagen 1V, a major component of the basal
Jamina.®* The cysteine- residues are located in the
THD at position 89 in both the al (V1) and a2
(V1) chains, and are obviously involved in stabi-
lizing collagen VI dimer. In the a3 (VI) chain,
these are located art position 50, and are known to
link to the scissor-like connections used in the for-
mation of tetramers.'

The three collagen VI genes are composed of
107 exons, thus mutation screening is quite a chal-
lenge, aside from the known fact that it is highly
polymorphic. Mutation analysis of all the exons
and exon-intron boundaries of the COLGAT,
COLG6A2, and COLGA3 have led us 10 identify
mutations in our patients with collagen V1 defi-
ciency. Among these 34 patients, 5 had CD and 29
showed SSCD.

All five patients with CD had homozygous or
compound heterozygous mutations in collagen V1
genes, a phenomenon which is compatible with
autosomal recessive mode of inheritance 3¢8214-13
Interestingly, in the two patients (Patients 1 and
2) who had homozygous mutations in COL6A2Z,
no consanguinity among their parents was noted,
similar to all other patients. Although we did not
find these mutations in 100 control chromosomes,
we still could not exclude the possibility that we
are dealing with a common mutation because we
were not able to perform haplotype analysis due
to limited number of patients.

Among 29 patients with SSCD. 21 had het-
erozygous mutations in collagen VI genes
{72.4%). None of the healthy family members ex-
amined, including parents, had the corresponding
mutation, indicating that all these mutations were
de novo dominant mutations.

Interestingly, all these mutations were present
in the THD, and they were either missense or in-
frame. Most of all missense mutations affected
glycine residues in G-X-Y motif in the THD, em-
phasizing the importance of glycine residues in
the THD. None of these in-frame mutations af-
fected the triple-amino acid repeating frame,
G-X-Y, which is thought to play an essential role
in forming the triple helix among the three col-
Jagen VI chains. This notion is further sup-
ported by our observation that collagen VI
microfibrils with the THD mutation have re-
duced capacity to facilitate adhesion of cells to
the extracelular marrix.*

nterprises, Inc.

Furthermore, all the dominant mutations that
we identifietd and those previously reported were
located in the N-terminal side from the cysteine
residue in the THD. 5% The cysteine residues
are believed to be crucial in the formation of the
triple helical structures in collagen V1.8 Thus the
substitutions or deletions in the N-terminal side
from the cysteine residue are likely to affect the
conformation around the cysteine residues and,
subsequently, the formation of the functional
higher structure of collagen V1 complex.

All heterozygous mutations found in patients
with SSCD were de novo, and none of the patients
with SSCD had a family history suggesting auto-
somal dominant inheritance. This is most likely
because these dominant mutations are assaciated
with a rather severe phenotype not allowing pa-
tients to produce offspring. In contrast, in Beth-
lem myopathy, the phenotype is mild enough for
patients to produce children. This probably ex-
plains why Bethlem myopathy shows autosomal
dominant inheritance.

One patient with CD had a homozygous muta-
tion in the THD (Patient 1, table 2). Although his
parents had the mutation in heterozygous mode,
they were reported to be healthy. Another patient
(Patient 4) whose parents were also healthy had
compound heterozygous in-frame deletions (51
and 48 bp) in the THD) in COL6A2. These muta-
tions were Jocated in the C-terminal side from the
cysteine residue in the THD, unlike mutations in
SSCD. These results indicate that substitutions or
deletions in the N-terminal side from the cysteine
residue in the THD are associated with dominant
mutations in SSCD.? while mutations in the
C-terminal side from the cysteine residue in the
THD are recessive mutations associated with CD.

We did not find any mutations in 8 of 29 pa-
tients with SSCD. Recently, CMD with joint hy-
perlaxity, clinically similar to UCMD, was
mapped to chromosome 3p23-21, reinforcing the
idea that mutations in genes other than COL6AT,
COL6A2, or COL6A3 can also cause a clinically
similar disease condition®® For example, a pro-
tein interacting with collagen V1 in the sarco-
lemma might be defective. However, there
remains a possibility that mutations are present in
the promoter regions or introns, or that we might
have overlooked mutations.

From the clinical point of view, patients with
collagen VI deficiency showed a wider clinical
spectrum than previously thought, ranging from
typical UCMD to a much milder condition.

Intercstingly, three patients can still run at the

time of examination, which is unusual for classic
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UCMD. OFf note is the observation that in four
patients who had the same ¢ .850G> A muration
in COL6AT (Patiems 6, 7, 8, and 9), three of
them never acquired independent ambuiation,
but one remained ambulant for 10 years. These
data imply that the mutation is not predictive
of the phenotype of patients, at least in the abil-
ity to walk; however, we could not make a di-
rect conclusion regarding this because of the
small population.

We did not find any genotype-clinical phe-
notype correlation, similarly to a previous re-
port.” In addition, genotype-pathologic
phenotype correlation was also absent, as ex-
emplified by some patients showing much
milder clinical phenotype than classic UCMD
although they had collagen VI deficiency.
Therefore. to call the condition collagen V1 de-
ficiency may be more appropriate. Qur obser-
vation that there was no correlation between
immunohistochemical patterns (SSCD and CD)
and clinical phenotype in collagen VI deficiency
suggests that the residual amount of collagen
V1 may not at all be correlated with the pheno-
type, and that the main pathomechanism of the
disease can possibly be due to the disruption of
collagen V1 anchorage to the basal lamina.*?

ACKNOWLEDGMENT

The authors thank the atiending physicians, patients. and their fami-
lies for their participation in this study. They also thank Narihiro
Minami, MS, and Kazu Iwasawa, BS (National Institute of Neuro-
science, NCUNDP), for technical assistance and May Christine V.
Malicdan, MD {NCNP), for her comments and criticisins on the

manuscript.

Received November 30, 2006. Accepted in final form April 9,
2007.

REFERENCES

1. Wlrich O. Kongenitale, atonisch-sklerotische Muskel-
dystrophie, ein weiterer Typns der heredodegenera-
tiven Erkrankungen des neuromuskuliren Systems. Z
Ges Neurol Psychiatry 1930:126:171 201.
Nonaka 1, Une Y, Ishihara T, Mivoshino S, Nakashima
I', Sugita H. A clinical and histological sindy of Ull-

to

ich's disease (congenital atonic-sclerotic muscular
dystrophy). Nenropediatrics 1981;12:197 208.

3. Mercuri E, Yuva Y, Brown SC, ¢ al. Collagen VI in-
volvement in Ullrich syndrome: a clinical, penetic, and
immunohistochemical study. Neurology 2002;58:1354
1359.

Lampe AK, Duwin DM, von Niederhausern AC, et al
Auiomated genomic sequence analysis of the three col-
lagen VI genes: apphcations to Ullrich congenital mus-
cular dystrophy and Bethlem myopathy. ] Med Genet
2005;42:108- 120.

Giusti B. Lucarini L, Pietroni V, et al. Dominam and
recessive COL6A1 mutations in Ullrich scleroatonic
muscular dystrophy. Ann Neurol 2005:58:400-410.
Ishikawa H, Sugie K, Murayama K, et al. Ulrich dis-
ease: collagen V1 deficiency: EM sugpests a new basis
for muscular weakness. Neurology 2002;59:920-923.
Ishikawa H, Sugie K, Murayama K, et al. Ullrich dis-
ease due 1o deficiency of collagen VI in the sarco-
lemma. Neurology 2004;62:620-623.

Demir E, Ferreiro A, Sabatelli P, et al. Collagen VI sta-
tus and clinical severity in Ullrich congenital muscular
dystrophy: phenotype analysis of 11 families linked to
the COL6 loci. Neuropediatrics 2004:35:103- 112.

Pan TC, Zhang RZ, Sudano DG, Marie SK, Bonie-
mann CG. Chu ML. New molecular mechanism for
Utlrich congeniiad musculur dystrophy: a heterozypous
in-frame deletion in the COLGAT gene canses a severe
phenotype. Am ] Hum Genet 2003;73:355-369.

Demir E, Sabatelli P, Allamand V, et al. Mutations in
COL6A3 cause severe and mild phenotypes of Ullrich
congenital muscular dystrophy. Am ] Hum Genet
2002;70:1446- 1458.

Camacho Vanegas O, Beruni E, et al Ullrich
scleroatonic muscular dystrophy is caused by recessive
mutations in collagen type VI. Proc Natl Acad Sci USA
2001;98:7516-7521.

Lampe AK, Bushby KM. Collagen VI related muscle
disorders. ] Med Genet 2005:42:673-685.

Voit T. Congenital muscular dysirophies: 1997 update.
Brain Dev 1998:20:65-74.

Sambrook J, Russell DW. Molecular cloning: a labora-
tory manual. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory, 2001.

Lucioli S, Giusti B, Mercuri E, et al. Detection of com-
mon and privaie mutations in the COL6A1 pene of pa-
tiem's with Bethlem myopathy. Neurolopy 2005;64:
1931-1937.

Silan F, Yoshioka M, Kobayashi K, et al. A new muti-
tion of the fukutin gene in a non-Japanese patient. Ann
Neurol 2003;53:392-396.

Dubowitz V. 41st ENMC International Workshop on
Congenital Muscular Dystrophy 8-10 March 199,
Naarden, The Netherlands. Neuromusenl Disord 1996
6:295 -306.

Dobowitz V, Fardean M. Proceedings of the 27th
ENMC sponsored workshop on congenital muscular
dysirophy. 22- 24 April 1994, The Netherlands. Neuro-
muscul Disord 1995;5:253 -258.

Chu ML, Conway D, Pan TC, et al. Amino acid se-
quence of the triple-helical domain of human collagen
type V1. ] Biol Chem 1988:263:18601 18606.

4. PBethlem J, Wiingaarden GK. Benign myopathy, with 22 Chu M1, Pan T, Conway D, et al. Sequence analy-
autosomal dominani iuheritance. A report on three sis of alpha 1{V1} and alpha 2{V1} chains of liiman
pedigrees. Brain 1976:99:91- 100. 1¥pe VI collagen reveals imernal iriplicasion of glob-

5. Baker NI, Morgelin M, Peat R, ¢t al. Dominant colla- ular domains similar 10 the A domains of von Wille-
gen VI muations are 2 common cause of Wlrich con- brand factor and 1wo alpha 2{V1) chain varianis tha
genital muscular dysirophy. Hum Mol Gener 2005;14: differ in the carboxy terminns, EMBO ] J989&:
279 293, 1939 1946.

ded from www.néuroloey.ore by ICHIZO NISHINO/6H-Sepidmbgr's; 2007 « 2 L. 104
{uthorized reproduction of this article is prohibited.



1042

I~
b

~
»

26.

Chu ML, Zhang RZ, Pan I'C, et al. Mosaic struciure of
globular domains in the human type V1 collagen alpha
3 chain: similarity 10 von Willebrand facior, fibronec-
tin, actin, salivary proteins and aprotinin type protease
inhibitors. EMBO | 1990;9:385 393.

Ball S. Bella J, Kielty C. Shuttleworth A. Siructural ba-
sis of ivpe V] collagen dimer formaiion. ) Biol Chem
20))3;278:15326 15332,

Kuo 11], Maslen Cl.,, Keene DR, et al. Type VI colla-
gen auchors endothelial basement membranes by in-
leracting with 1ype IV collagen. | Biol Chem 1997;
272:26522-26529.

Kawahara G, Okada M, Morone N, et al. Reduced cell
anchorage may cause sarcolemma-specific collagen V1 de-
ficiency in Ullrich disease. Neurology 2007;69:1043 1049,
Lucarini L, Giusti B, Zhang RZ, et al. A homozygous
COL6A2 intron mutation causes in-frame triple-helical

28.

30.

deletion and nonsense-mediated mRNA decay m a pa-
tient with Ullrich congenital miuscular dystrophy. 1o
Genet 2005;117:460 466.

Jimenez-Mallebrera C, Maioli MA, Kim |, et al. A
comparative analysis of collagen VI production in mus-
cle, skin and fibroblasts from 14 Ullrich congenital
muscular dystrophy patients with dominant and reces-
sive COL6A mutations. Newromuscul Disord 2006;16:
5§71 582,

Lamandé SR, Morgelin M, Selan C, et al. Kinked
collagen VI tetramers and reduced microfibril for-
mation as a result of Bethlem myopathy and intro-
duced triple helical glycine mutations. J Biol Chem
2002;277:1949-1956.

Tetreault M, Duguetie A, Thiffault I, et al. A new form
of congenital muscular dystrophy with joint hyperlax-
ity maps to 3p23-21. Brain 2006;129:2077 2084,

AAN Partners Program:
Adding Value to Your AAN Membership

As a member benefit, the AAN has researched and seleered the best values in products and
services to meet members’ personal and professional needs, negotiating competitive pricing
and reliable customer service. AAN Partners products include insurance, PDA hardware and
software, credit and debit eard processing, and credit cards. Check out the new online PDA
Store for AAN members, where you can separately purchase PDA hardware and sofi-
ware—— or customize your own package—and access special limited-time offers on hardware/
software bundles. For more information, visit i aan.comf pariners.

Copyright © by A

hterprises,

ﬂs%ia“"déa’ froft Wk irdibey org by ICHIZO NISHINO on September
A fnc. Unauthorized reproduction o

F51,_2007_ , .
this article is prohibited.



G. Kawahara, PhD

M. Okada, MD

N. Morone, PhD

C.A. Ibarra, MD, PhD

1. Nonaka, MD, PhDD

S. Noguchi, PhD

Y.K. Hayashi, MD,
PhD

1. Nishino, MD, PhD

Address correspondence and
reprini requests 1o Dr. Ichizo
Nishino, Departinent of
Neuromuscular Research,
National Institute of
Neuroscience, National Center
of Neurology and Psychiatry
(NCNP}, 4-1-1 Ogawahigashi-
cho, Kodaira, Tokyo,
187-8502 Japan
nishino@ncnp.go.jp

Supplemental data at
www.neurology.org

See also page 1035

Copyright © by RAR

Reduced cell anchorage may cause

sarcolemma-specific collagen VI
deficiency in Ullrich disease

ABSTRACT

Background: COL6 gene mutations are associated with Ullrich congenital muscular dystrophy
(UCMD), which is clinically characterized by muscle weakness from early infancy, hyperlaxity of
distal joints, and multiple proximal joint contractures. We previously reported that the majority of
patients with UCMD have sarcolemma-specific collagen VI deficiency (SSCD). More recently, we
found heterozygous COLEA1 glycine substitutions in patients with UCMD with SSCD.

Objective: To elucidate how COLBA1 glycine mutation leads to SSCD.

Methods: We evaluated the synthesis, formation, and binding of collagen VI to the extracellular
matrix in fibroblasts with p.G284R mutation in COL6AL.

Results: Collagen VI was normally secreted into the cultured medium in fibroblasts harboring
p.G284R mutation. When the medium with normal collagen Vi was added to collagen Vi-deficient
fibroblast culture, collagen VI bound surrounding the cells, while collagen VI with p.G284R muta-
tion did not. Cell adhesion of fibroblasts with p.G284R mutation was markedly reduced similarly
to that of collagen Vi-deficient cells. Interestingly, this reduction in adhesion of the cells with
p.G284R mutation was recovered by the addition of the medium with normal collagen VI, which
would suggest a therapeutic strategy for a replacement therapy.

Conclusion: Heterozygous glycine substitution in COLBA1 may cause decreased binding of colla-
gen VI microfibrils to the extracellular matrix resulting in sarcolemma-specific collagen VI defi-
ciency. Neurology™ 2007;69:1043-1049

Ullrich congenital muscular dystrophy (UCMD) is an inherited muscular disorder clini-
cally characterized by muscle weakness, distal joint hyperlaxities, and proximal joint
contractures.! Patients with UCMD show deficiency of collagen VI. We have previously
demonstrated two modes of collagen VI deficiency: complete deficiency and sarcolemma-
specific collagen VI deficiency (SSCD). In SSCD, collagen V1 is present in the interstitium
but is barely detectable in the sarcolemma.? The complete deficiency of collagen VI is
associated with recessive mutations in collagen VI genes,”® but the primary cause of
SSCD has not yet been determined.?

Collagen V1 is an extracellular matrix (ECM) consisting of three chains: a1, 2, and 3,
which are encoded by COL6AT, COL6A2, and COL6A3 genes.” Association of the three
subunits to form monomers is by staggered assembly into dimers,® which subsequently
align to form tetramers. After being secreted, these tetramers associate end-to-end to
form the characteristic beaded microfibrils >

Recently, heterozygous missense mutations that substitute the glycine in the Gly-X-Y
amino acid repeat in the triple helical domain including p.G284R in COL6AT have been
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identified in patients with UCMD. >
Previous reports alluded to the effects of
single amino acid substitutions on colla-
gen VI structure and function in causing
UCMD121415 a5 well as in Bethlem
myopathy,""” a milder autosomal dominant
muscle disease allelic to UCMD.'®** FHow-
ever, the molecular pathomechanism has not
been clearly determined.

In this article, using fibroblasts with the
p.G284R mutation, the synthesis, forma-
tion, and functions of collagen VI microfi-
brils were analyzed.

METHODS Clinical materials. All clinical materials
used in this study were acquired with informed consent. Biceps
brachii muscle was biopsied for diagnostic purpose. Based on
onr immunochistochemical and genetic screening of Japanese
patients who were diagnosed with UCMD based on typical
clinical fearures, i.e., muscle weakness, hyperextensibility of
dista) joims, and contractures of proximal joints, we found five
patients with mutations in COL& gene: four with SSCD had a
heterozygous ¢.850G>>A (p.G284R) mutation in COLEAT
gene, and one with complete deficiency harbored compound

" heterozygous mutations in COL6A3. In this sindy, we analyzed

fibroblasts from foreskin biopsy which were available in two of
the four patients with SSCD, and in the patient with complete
deficiency of collagen V1.

Immunohistochemical and histologic staining. Im-
munohistochemical and histologic staining used in this study
have been described previously.? Briefly, sections were incu-
bated in mixtures of mouse monoclonal antibody against
collagen VI {1:500 dilution) {ICN Pharmaceuticals) and rab-
bit polyclonal antibody against collagen 1V {1:500 dilution)
(Abcam Ltd.) for 1 hour. After phosphate buffered saline
(PBS) washes, mixtures of anti mouse IgG Alexa 488, anti-
rabbis 1gG Alexa 568 conjugates (1:300 dilution) (Molecular
probes;j were applied for 30 minutes.

Cell culture. Fibroblasts from two patients with UCMD
with p.G284R mutation, one with collagen Vicomplete defi-
ciency, and two controls were culared to reach confluence
on 100 mm collagen | coated dishes in 10% fetal bovine
serum/Dulbecco’s modified Eagle’s medium under humidi-
fied 5% €O, a1 37°C.

For enhancement of expression, cells were cultured in the
presence of 0.25 mM L-ascorbic acid (Sigma) for 3 days. For
cell detachment test, cultured fibroblasts were treated with
10 mM EDTA-PBS (plH. 8.0) a1 37 °Cfor | hour. Aftes wash-
ing with PBS, cells that remained on the dish were couned in
aconstam area (0.28 mm X 0.28 mm, 1otal of 8 areas), Stu-
dent ¢ 1est was used for statistical analysis.

“J'he culiured medium in each patient’s cells was changed
with the medium similar 10 which control or patient cells
had been cultured for 3 days in the presence of 0.25 mM
1-ascorbic acid. The culiured media for control or patient
cells for exchanging were prepared by centsifugation a1 2,000
rpm for 10 minutes. I'he amount of collagen V1 in the clari-
lied media was measured by Wesiern blon using Quantity

One software (PDI, 1. Cells were further cnlinred Tor 3

nterprises,

days in 1the exchanged medium containing relatively the
same amonnt of collagen VI, They were suhieaéd 1o cell
Jetachment test and immunocyiochemical staining.

For evaluating the substrate-retained collagen VI moe-
cules, cells were mechanically removed by pipetiing and the

remaining proteins were exiracted for Western blot analysis.

Immunocytochemical staining. The fibroblasts aultared
on collagen 1-coated cover slips were fixed with 4% parafor-
maldehyde for 1S mimues, permeabilized with 0.25% Triton
X-100-PBS on ice for 10 minutes, followed by incubation
with 1% bovine serum albumin in PBS for 1 hour. Cells were
incubated for 1 hour in mixtures of mouse monoclonal ant-
body against collagen VI {1:500 dilution) JCN Pharmaceuti-
cals). After PBS washes, these were incubared with mixtures
of antimouse 1pG Alexa 488 and TOTO-3 10 stain nuclei
11:600 diluwiony {Molecular probes} for 30 minntes.

Western blot analysis. Proteins in the cultired medium
and cell extract, as well as the proteins that remained on the
dish after pipetting, were electrophoresed on §-17.5% paly-
acrybanide gel undei rediiced condition and transierred to
polyvinylidene difluoride (PVDF) membranes {Millipore
Corporation}. 'he remaining proteins on dish with or with-
out EDTA trestment were extracted with a solution contain-
ing 2 M thiourea, 7 M urea, 4% CHAPS, 10 mM Tris-HC
{pH 8.5). After blocking, the proteins were allowed 10 react
with rabbit polyclonal antibody apainst the subunits of col-
lagen VI {1:50 dilution) (Abcam) or rabbit polyclonal anti-
body against fibronectin (1:3,000 dilution) {Cheniicen) and -
incubated with peroxidase-conjugated, antirabbit 1pG (l:
3.000 dilution) (TAGO Inc.). Visualization of proteins was
done using ECL Western blotting detection reagents and

analysis system (Amersham Biosciences).

Negative staining electron microscopy. Culture media
from conmrol and patiem cells were purified by centrifugation
and adsorbed onto thin bar grids covered with a thin layer of
carbon for § minutes. The grids were washed with PBS, and
stained with 2% phosphotnngstic acid. The dried sample was
abserved in a HITACHI 11-600 transmission electron micro-
scope (Hitachij operated at 120 kV accelerating voltage.

Two-dimensional polyacrylamide gel electrophore-
sis (2D-PAGE) analysis. The remaining protein (50 jig)
from control and UCMD cells after EDTA treatment were
labeled with Cy3 and Cy§ minimal dyes {Amersham Bio-
sciences), following manulacturer’s insiructions. Mixture of
both labeled samples was subjected 1o isoelectric focusing
for separation in the first dimension by IPG gels {covering
the range pH 3 10 103 using the Evan IPGphor isveleciric
focusing sysicm {Amersham Biosciencesk SDS-PAGE was
then performed on a 10% polyacrylamide gel in second di-
mension. The Cy3/CyS signals were separately detected ns-
ing Typhoon 9400 (Amersham Biosciences). DeCyder
soltware {Amersham Biosciencesy was used for gnantitation
and comparison of Cy3 and Cy§ intensities ol all spots. Pro-
tein mass lingerprint analysis based on matrix-assisted laser
desorption ionization time-of-flight {(MALDLTOF} mass
spectrometry on spots was performed for the identification

of proteins {1 litachi Science Systems. 1id.).

RESULTS Brief clinical summary of the patients

with p.G284R mutation. The patients with
P.G284R mutation in COL6AT showed typical
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Figure 1

Hematoxylin and eosin staining and immunohistochemistry of muscle

sections

Muscle sections from normal contro! (A, D), patient with Ullrich congenital muscular dystro-
phy (UCMD) with p.G284R mutation (B, E), and patient with UCMD collagen VI complete
deficiency {C, F) were stained with hematoxylin and eosin, and immunostained by anti-
collagen Vi antibody {D through F). Both collagen VI {green) and collagen IV {red) are present in
sarcolemma in control muscle, as indicated in merged images {yellow, D). In contrast, collagen
VI is only seen in the interstitium but not in the sarcolemma in the patients with UCMD with
p.G284R mutation in COL6A1 (E). In the case of complete deficiency of collagen VI, collagen
VI is absent in the muscle section {F). Bars denote 50 pm.

Copyright © by R‘Kf\‘l‘

clinical phenotypes of UCMD, including muscle
weakness, hyperextensibility of distal joints, and
contractures of proximal joints. All were sporadic
cases. No genotype-phenotype correlation be-
tween SSCD and complete deficiency of collagen
VI was shown.

Localization of collagen VI in the skeletal muscle
with p.G284R mutation. In the biopsied muscles
from patients with UCMD with p.G284R mura-
tion, double immunostaining of collagen V1 and
collagen 1V, which is the major component of the
basal lamina, revealed SSCD (figure 1, B and E).
We also examined collagen VI microfibrils on
electron microscopy; microfibrils were present in
the interstitium, but they did not bind to the base-
ment membrane (data not shown), similar to the
previous report.? In the muscles from a patient
with compound heterozygous mutations, colla-
gen Vi was completely deficientin the muscle (fig-
ure 1, Cand F).

Analysis of collagen VI secreted in the cultured me-
dium from patients with UCMD with p.G284R mu-
tation. In fibroblasts from two patients with
HCMD with the p.G284R mutation, collagen VI
was present in the extracellular areas, as in con-
trol. On Western blot analysis, collagen VI sub-
units {el. 2, and 3) were detected in the whole
extract from fibroblasts and in the cultured me-

nterprises, tnc, unau
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dium. with similar size and amounts as in control
cells (figure 2A). Ulrastructural analysis of colla-
gen VI microfibrils with p.G284R  murtation
showed thai tetramers were secreted from the
cells; moreover, microfibrils were assembled in
comparable length with control, including long
microfibrils which consisted of more than § tet-
ramers (figure 2, B through E). The shape and the
length of each tetramer unit in microfibrils were
also normal (figure 2, D and E).

Binding capacity of collagen VI with or without
p.G284R mutarion to ECM. In normal cells, colla-
gen VI was localized in the ECM surrounding
cells (figure 3A). On the other hand, collagen \Y|
was absent in the ECM of cells from the patient
with compound heterozygous mutations (figure
3E), consistent with the complete deficiency of
collagen VI in muscle (figure 1F). When culrured
medium of control cells containing normal colia-
gen V1 was added to these collagen VI-deficient
cells, we proceeded to evaluate the binding of col-
lagen VI to ECM on days 1, 2, and 3. Collagen VI
was detected in the ECM of fibroblasts from pa-
tients with complete deficiency of collagen VI on
days 2 and 3 (figure 3, B, C, and D). However,
when cultured medium containing collagen VI
with p.G284R mutation was added to collagen
Vi-deficient cells, collagen V1 was only detected
on day 3, in extremely reduced amount than that
of normal cells after the incubation for 3 days (fig-
ure 3, F, G, and H).

Recovery of the adhesion ability of patients with
UCMD’s cells by treatment with the cultured me-
dium containing normal collagen V1. In order to
examine the effect of COL6 mutation on the at-
tachment of fibroblasts, we assessed cell adhesion
of patients with UCMIY’s cells on a dish after
treatment with EDTA. There was no difference in
cell adhesion on dish in medium afrer washing
with PBS among normal cells, p.G284R, and cal-
lagen Vl-deficiency cells {data not shown). How-
ever, after EDTA treatment, in the cells with
p.G284R mutation and collagen Vi-deficient
cells. the number of cells retained on the dish was
reduced to approximately 30% of that of control
{p < 0.001) (bars no. 1 in figure 4A).
Interestingly, by the addition of medium con-
taining normal collagen VI to p.G284R mutated
cells and collagen Vi-deficient cells, the number
of the retained cells on dish was restored to the
Jevel of control cells (p.G284R and collagen VI
complete deficiency shown by bars no. 3, 5 in fig-
ure 4A). llowever, using the medium from
p.G284R culture which contained the same
amount of collagen V1 did not restore the number
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