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Figure 1 Mutation analysis and Western blot
analysis of RYR1
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{A) A novel deletion mutatior of ¢.13013 13032del20
{p.A4338fs) is identified in exon 91 in Patient 1. Deleted nu-
cleotides {enclosed in box) are shown in wild-type sequence.
(B) In Patient 2, a known missense mutation ¢.14582G—A
{p.R4861H) is detected in exon 101. (C) A novel missense
mutation of ¢.14680G—C (p.A4824P) is identified in Pa-
tient 3in exon 102. (D) In Patient 4, substitution of two con-
secutive nucieotides ¢ 14761 14762TT--AC (p.F4221T)is
identified in exon 102 Arrows mark the site of mutation. ()
Western blot analysis of muscles from Patient 1, Patient 3,
and control. Al show a 565-kd band corresponding to the
predicted size of full-length RYR1 {upper arrow). Only Pa-
tient 1 has a smaller sized band {about 513 kd) correspond-
ing to the truncated RYR1 mutant {lower arrow).

RESULTS Mutation screening. Four of 10 patients
(40%) had heterozygous sequence variations pre-
dicted to change amino acids in the C-terminal
domain of RYR] (figure 1, A through D). In Pa-
vent |, we identified a  20-bp  deletion
{c.13013_13032del-

CAGCAGTGACGCGCGCTGGG, p.A4338fs)
in exon 91, which resulted in a premature stop
codon at the 4,575th amino acid. The presence of
the deletion mutation was confirmed by sequenc-
ing of the cloned fragments. No family members
including the parents and siblings carried the mu-
tation, suggesting that the mutation in Patient 1is
a de novo mutation. Patient 2 had a missense mu-
ration {¢.14582G—A, p.R486111) in exon 101,
which had been previously reparted in patients
with CCD.Y In Patient 3, a novel missense muta-

tion of ¢ 14680G—C (p.A4894P} was identified in

exon 102, Patient 4 had a substitution of two con-

secutive nucleotides {c 14761_14762° 17T —AC,

L.

P 49211} in exon 102, which was previously re-
ported in his father with CCD.5" We confirmed
the two-nucleotide change in one allele and the
absence n the other by sequencing of the cloned
fragments in Patient 4. All three amino acids re-
placed by missense mutations, R4861, A4894, and
F4921, were highly conserved across the RYR!
species including human, pig, rabbit, mouse, frog,
and C. elegans {data not shown). These substitu-
tions were not found in either 300 Japanese con-
trol chromosomes or in the Japanese Single
Nucleotide Polymorphisms database. '

The substitution ¢.11266C—G (p.Q3756F) in
exon 79 previously reported as nonpathogenic”
was found in 4 of 10 patients: 1 with RYR1 muta-
tion and 3 without RYRT mutation. This substi-
tution  was also reported in the Japanese
population diversity to be 11.4% in the Japanese
Single Nucleotide Polymorphisms database . Fif-
teen silent single-nucleotide polymorphisms were
also identified (data not shown). For the six pa-
tients without RYRI murtation, we were able to
amplify and sequence the C-terminal domain of
RYRI in muscle ¢cDNA and confirmed the ab-
sence of any mutation including aberrant splicing.

No mutations were found in either FKBPTA or
CACNAIS. Two patients with congenital myop-
athy with marked type | fiber predominance did
not have any mutation in RYR1.

We also tried to sequence the C-terminal do-
main of RYR 1 using DNA from the original three
patients first reported to have CNMDUL' How-
ever, as only paraffin-embedded muscles were
available, the quality of DNA did not allow us to
successfully amplify the regions except for exons
96 and 100 wherein no mutation was found.

Western blot analysis. To know whether the trun-
cated protetn is expressed in Patient 1, we per-
formed Western blot analysis. As expected, the
muscle from Patient 1 showed two bands: a
365-kd band of predicted size of wild-type RYR |
protein and a 313-kd band, which is the predicred
size of mutant RYRT {figure 1E, left lane). The
lower bands were nat observed in samples from
the other patient and control (figure 1E, center

and right lanes).

Clinical features. None of the four patients with
C-rerminal mutations in RYRT showed mental
retardation {table). Moreover, no severe clinical
incident during the perinatal stage was observed
in this group. As deseribed above, two patients
had family history of neuromuscular discase and
the father of Pavient 4 was reported to have
CChe
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Table

Patient

Nucleotide changes
Protein mutations
Exons

Age at biopsy/sex

Age at last clinical
examination

Family history

Poor feta! movement
Asphyxia

Infantite hypotonia
Poor sucking
Respiratory distress
Muscle weakness

Delayed motor
milestones

Mental retardation

Facial muscle
involvement

High arched palate
Skeletal deformity
Biopsied muscle

Total no. of muscle
fibers

Type 1 fibers, n (%)
Type 2 fibers, n,
2A/2B[2C

tnternal nuclei, %

Endomysial fibrosis

i

1301313

p.A4328fs
¢

2y 5 mof

FC

BB
1,770
1,757
99.3)
o/11/2

0.4

Mild

Clinicopathologic features of patients with and without RYR1 mutations

2 3 4
C32delz0  ¢.14582G—A ¢ 1468CG6—~C c.14761124762TT—AC
p.R4B61H pALBR4 pFegeltT

i 102 102

6 mo/M 6 yiF 2y 9 mo/M
6mo 6y 11y
+ NA +

_ 4 -

- 3 -

+ + -

+ P P

- k] +

- + -

- NA -

JC Lo, HD -

QF AL BB
1,887 1,70¢ 1,609
1,886 1,709 1,609
{99.9) {100} {100}
/01 0/6/0 0/c/0
0.2 c.2 0.2
Minimat Iild Mild

5 6 7 8 9 10
Smo/M 7 moli 8moM 11lmoff Zyl0moM 1Z2yF
2y8mo Sy3mo 2y5mo ESySmo  3y10mo 21y\
NA - - - - -

NA + + + + -

4 k! + + - -

+ 4+ + + + 4

+ NA + + + +

+ + + + - +

G G G P P P

+ + + 4 + 4

+ + 1 t + -

NA + + + + +

+ + + + + +

FC FC,Sc.HD  5c. JC Sc, JC JC Sc

NA BB BE NA QF EB
1,865 2,056 1,548 1,414 1,558 1,282
1,863 2,948 1,537 1,408 1,557 1,248
{99.9) (99.7) {89.4) (99.€6) (92.9} (99.8)
o/ol2 o/of7 onm ofols o/o/n o/2/1
1.7 0.2 0.4 4.0 0.2 0.3
Mildt Mild Marked Moderate  Minimal Mirtimal

G = generalized; P = proximal; FC = funnel chest; JC = joint contracture; HD = hip dislocation; Lo = lordosis; Sc = scoliosis; {+) = present; (-} = absent; B8 = bi-

ceps brachii; QF = quadriceps femioralis; AL = adductor longus; NA = no information was available

In contrast, five of six patients without muta-
tions in RYRJ had mental retardation except Pa-
tient 10. Severe respiratory distress, with asphyxia
or infection necessitating mechanical support,
was observed in five patients. None had family
history of any neuromuscular disease. Myopathic
facies and high arched palate were predominant
in this group.

Among patients with and without mutations,
there was no difference in the presence of muscle
weakness, delayed motor milestones, or skeletal

deformiry.

Pathologic findings. The mean age of biopsy be-
tween patients with and without mutations (3.2
* 23,0 =432 * 49 vears,n = 6) did not differ;
all patients showed fiber size varation, regardless
of the RYR 1 mutations {table; figure 2). ndomy-
sial fibrosis was mild except in two patients with-
out RYRT mutations (Patients 7 and 8). There

were no necrotic or regenerating fibers, although
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a small number of fibers with internally placed
nuclei were seen. No group atrophy was noted.
No nemaline bodies, ragged-red fibers, or rimmed
vacuoles were seen. Intermyofibrillar network
was well organized in all fibers without any core
or core-like structure. Type 1 fibers comprise
more than 99% of fibers. A small number of type
2 fibers were seen except in two patients (Patients
3 and 4), even though the percentage was less than
1%. These type 2 fibers were either type 2B or 2C,
and no type 2A fibers were observed.

On electron microscopy, none of 50 fibers ob-
served showed either loss of mitochondria or dis-
organized myofibrillar structure such as Z-line

streaming.

DISCUSSION “T'his is the first genetic study for
CNMDUI. In 4 of 10 patients (40%), we identi-
fied a heterozygous mutation in the C-terminal

domain of the gene encoding RYRT, which is vir-
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I Figure 2 Muscle biopsy |

A
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Patient 1

Patlent 7

PO T P U R |

{A} Histochemistry. Patient 1 is a boy age 3 years 5 months
{upper panel) with a mutation in RYR1. There is mild endomy-
sial fibrosis. Patient 7 is an 8-month-oid boy {lower panel)
without RYR1 mutation. Marked fibrosis is observed. Inboth
patients, pathologic findings show marked variation in fiber
size, well-organized intermyofibrillar network, and with all fi-
bers composed of type 1 on myosin ATPase staining at pH
4.2 Bar = 20 pm. (B} Electron micrograph Neither Z
streaming nor loss of mitochondria is seen

Bar = 5 um.

tally exclusively expressed in the skeletal muscle,
forming the homotetrameric structures in the sar-
coplasmic reticulum membrane, and functions as
a Ca?' release channel.” As RYRT mutations
have been associated with three different diseases
{CCD, multiminicore disease, congenital myop-
athy with cores and rods) and M2 therefore,
CNMDUI may be the fifth disease linked to
RYR I mutations.

Among four mutations that we identified,
. 14582G—A (p.R486111} was previously associ-
ated with CCD in Europeans,™ and the ¢.14761_
H4762TT—=AC (p.F4921'T) was previously reported
in the father of Pavent 4, who had CCD.Y Two
other mutations, ¢.13013_13032del20 (p.A4338fs)
and ¢. 14680G—C (p. A4894P), were novel ones. The
20-bp deletion mutation is predicted to cause a
frame-shift, leading to a premaire swp codon and
removal of the C-terminal 464 amino acid residues

from the protein.

Mgwhlgaded ﬁ%ﬁi""\i*\%v(ﬂjflcsﬁi'ol(»uy.m'u y ICHIZ
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I he predicted transmembrane helices have
been described as M1 to M10.233 However, the
recent in vitro study suggestred that M1 to M4 re-
gioms are actually located in the cytosol and that
only M3 to M10 are the transmembrane do-
mains.*® According to this model, the deletion
mutation identified in Patient 1, which was pre-
dictably located between M3 and M4, should
truncate the protein after the M3 region, losing all
transmembrane domains. Furthermore, the previ-
ous study showed that the mutant RYRT trun-
cated after M3 region can still exist in the cytosol
even without being anchored to the membrane.®
Indecd, the truncated RYR1 protein was present
in the patient’s muscle as confirmed in Western
blot analyses. Our results raise a possibility that
the truncated RYRT mutant may somehow be as-

. . .

a

sth the wild-tvoe RYR T am
e WHG-IYPe A Tad and

function. Flowever, the limited amount of the
sample did not allow further investigation to clar-
ify the interaction between wild-type and mutant
RYR1.

Interestingly, ¢.14680G—C (p.A4894P) affects
the same nucleotide and amino acid site with
c.14680G—A (p.A4894T), which was found in
the MH patient in our previous study.” Patholog-
ically, the MH patient with p.A4894T had a nor-
mal mosaic pattern of fiber type distribution and
not uniform type 1 fiber. Core-like structure was
observed in only a few fibers. Proline differs from
other amino acids in its structure of imino acid;
that is, the side chain of proline forms a cyclhic
structure.® Therefore, a single amino acid change
from alanine to proline may lead to a different
structural and thereby functional change in RYRI
from that in p.A4894'T", resulting in uniform type
1. It is an interesting issuc as to whether p. A4894P
mutation is also associated with MH. However,
no sample was available for in vitro contraction”
or calcium-induced calcium release test®® in Pa-
tient 3.

We did not find any RYRT murtation in six
patients in our cohort, suggesting the presence
of another causative gene for CNMDUTL and
the genetic heterogeneity of the disease, even
though there still remains a possibility that mu-
tations may exist in unexamined regions such
as the majority of introns. We did not find any
RYRT mutation in two patients having congen-
ital myopathy wich marked type | fiber pre-
dominance in which type 1 fibers account for
less than 9%, suggesting that the RYRT muta-
tion in the G-terminal domain may be rtightly
associated with uniform type 1 fiber, namely,

=99% type 1 Hibers, albeit a greater number of

NISHINO on January 8, 2008 | . .-
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patients are neceded to make a  definite
conclusion.

We could amplify only two exons in the
C-terminal domain in DNA of the patients first
reported to have CNMDULY Alchough the origi-
nal patients were clinically similar to our patients
with RYRT mutation, in terms of early onser,
mild muscle weakness, delaved motor milestones,
and pathologic features, their age at the time of
biopsy (ages 9 and 12) was higher in comparison
with our patients, raising the possibility that the
original patients may have had a genetically dis-
tinct disorder.

(EC)
caused by RYR1 mutation is thought to be closely

Excitation—contraction uncoupling
associated with CCD.*® In vitro studies have
shown that two RYR I-binding proteins, FRBP1A
and CACNALS, direcr

CAAGINAAT D,

Iy participate or modulate

EC coupling in skeletal muscle. ™" In addition,
1% of MH patients have mutations in the RYR1-
binding region in CACNAIS.? Therefore, we se-
quenced FKBPIA and CACNAIS, but we did not
find a mutation in any patient, suggesting that
these genes may not or only rarely be associated
with CNMDUI.

In our study, CNMDU1 patients with RYR1
mutations have mild clinical features compared
with those without mutations, in terms of poor
fetal movement, asphyxia, infantile hypotonia,
respiratory distress, mental retardation, myo-
pathic facies, and high arched palate. This sup-
ports the idea that CNMDUI may be genetically
heterogeneous. Most remarkably, none of the pa-
tients with RYRT mutations had mental retarda-
tion, whereas five of six patients without RYRT
mutations had it. Three of five patients had ven-
tricular dilatation or brain atrophy on brain im-
aging, suggesting that the mental retardation
might occur with a perinatal history of asphyxia
or another primary abnormality of unknown
origin.,

Regarding pathologic findings, CNMDU! pa-
tients either with or without murations in RYR1
had similar myopathic changes: mild to marked
variation in fiber size. The majority of type 2 fi-
bers, albeit few in number, found in our patients
were type 2C, indicating that mature type 2 fibers
are even fewer. Patients without RYR 1 mutations
had more pathologic variaton than those with
murations, suggesting that those withour mura-
tions might have genctically different causes.

Solely from the clinical features, it is difficult
to differentiate between CNMDUT patients with
RYRI CCp
C-terminal mutation in R YR T, Both groups of pa-

murations  and patients  with

aded from www peurolosy.org by ICHIZ
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tients show muscle weakness and delayed motor
milestones. The frequency of asphyxia, mental re-
tardation, myopathic facies. high arched palate, and
skeletal deformidies is similar. Furthermore, uni-

form type 1 fiber is a charactenistic pathologic find-

ing in both groups.!’ Two mutations of
c.14382G—A  (p.R486111) and  c.14761_1476-

2TT—AC (p.F492IT) were identified in both
CNMDUI and CCD patients, and all the patients
showed type 1 fiber uniformity despite the absence
or presence of cores. This result suggests that type |
fiber

C-terminal RYR] mutation. Although additional

uniformity s closely associated  with
study is required, there still remains a possibility
that CNMDU! and CCD are closely related dis-
eases, regardless of the presence or absence of cores,

In support of this notion, the father of Patient
4 had CCD, while no cores were observed in the
patient’s sample.® A similar family case was also
reported: a 4-month-old girl had CNMDUJ ina
family with CCD due to p.Y48364C mutation in
exon 101 of RYR1." In both families, CNMDUI
was identified in younger children, whereas CCD
was found in older family members. These find-
ings suggest that the core may be formed later in
the course of disease at least in some patients. Al-
ternatively, cores not be formed in
CNMDUI patients for factors that are yet to be
known.

The fact that we were unable to find distinct

may

pathologic changes other than type 1 fiber unifor-
mity can be due v many possibilities. One is that
CCD and CNMDUT may be a part of a spectrum,
as mentioned above. Interestingly, in all familial
cases including the one previously reported by oth-
ers, adults had CCD, whereas children showed
CNMDUTL, suggesting that cores might not be
present in their early lives. In fact, age at biopsy in

~CNMDUI patients with C-terminal murations (3.2

*+ 2.3 years, n = 4) was more than 1 year lower than
that in CCD padents with C-terminal mutations
(44 *£ 3.0 years, n =

there is a significant overlap between the two age

14) in our series,! although
T

groups. Nevertheless, we have never found a case
with muscle pathology falling between CNMDUI
and CCD, that is, uniform type | fiber with corcs
only in a few fibers. In addition, electron micro-
scopic study of our patient (albeit only one was
available) did not show any sign of core formation.
Thesc observations may cast some doubr on the no-
tion that CNMDUH and CCD are part of a
spectrun.

Another possibility is that CNMDUI is actu-
ally CCD, and the absence of cores in CNMDU

may be arrributed to the site of sampling. This,

008" £ ‘ o 119
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however, is less likely because we have sampled a
wide range of sites. MRI studics in CCD have
confirmed a distinct pattern of muscle involve-
ment, mostly involving muscle of the lower ex-
tremities.” In our series, even biceps brachii,
which is relatively spared based on clinical exam-
ination. actually shows core formation (data
not published). The third possibility is thar
CNMDUI is a distinct entity, and thus the ab-
sence of other pathologic findings may not be in-
fluenced by the choice of area sampled.

Previvusly, we have idenufied 14 CCD pa-
tients with heterozygous C-terminal mutation in
RYRI1." Combining this number with that from
this study, 4 of 18 patients (22%) with a heterozy-
gous C-terminal mutation are associated with
CNMDUI, suggesting that CNMDUT may not be
a rare condition at least among those with the
RYR1 muration in the C-terminal domain,

The pathomechanism for the development of
uniform type 1 fiber is still unknown. Skeletal mus-
cle fiber type formation is thought to be regulated by
nerve control and succeeding intracellular signal
transduction including Ca®" release that lead to
transcriptional activation of fiber type:specific
genes. In slow muscle fibers, the lower amplitude

* transition facilitate ac-

and longer Jduration of Ca®
tivation of calcineurin, the Ca®*/calmodulin-
dependent phosphatase, which dephosphorylates
and activates two kinds of transcription factors; nu-
clear factor of activated T cell (NFAT) and myocyte
enhancer factor 2 (MEF2) resulted in significant ac-
nvation of slow myosin heavy chain 2 gene (slow
MyHC2) promoter, expressed in avian skeletal
muscle.* ¢ [n contrast, in fast fibers, high-amplitude
calcium sparks induced by infrequent phasic firing
of the motor nerves are insufficient to keep activa-
tion of calcineurin. When calcineurin is inactivated,
phosphorylated NFA'T cannot enter the nucleus and
the slow fiber-specific program is down-regulated,
resulting in the predominant transeription of genes
encoding fast fiber-specific proteins.

The inhibition of RYRI by ryanodine trear-
ment has been reported to induce the activation of
slow Myl C2 promoter in fast muscle fibers via
NFAT- and MEF2-dependent transcriptional
pathway.® It strongly suggests that the loss of
function of the RYR 1 channel contributes to slow
MyHC2 gene expression. This naturally raises a
possibility that the C-rerminal murtations found in
this study may cause loss of function of RYR,
which leads to the activation of slow fiber-specific
program in fast fibers.

In face, all missense murations found in
CNMDUL in this study are located in the pore-

Figure 3 Location of mutation sites in the pore-
forming region of RYR1 protein

¢ (&

SR
membrane

Selectivity
filler

Putative positions of the three missense mutations {fifled cir-
cle) of RYR1 in congenita! neuromuscu'ar discase with uni-
form type 1 fiber found in this stucly are shown The putative
pore-farming segmants from two RYR1 monomers are illus-
trated as TM3 {outer helix), TM4 (inner helix},*® same as M8
and M10,* and the pore helix connected together * The se-
lectivity filter is indicated. R4861H and A4894P are located
at each end of TM3 and the pore helix, whereas F4921Tis
situated at the beginning of TM4

forming scgment of RYR1 {figure 3). This pore-
forming segment is located close to the luminal
end of the RYR1 channel and is supposed to form
the selectivity filter, which plays a critical role in
the selection of permeating ions. ¥ According to
this hypaothetical model, binding of ryanodine
would be expected to change the conformation of
this selectivity filter and the inner conduction
pore® Therefore, mutations in the pore-forming
segment may well alter the interaction of the pore
helix and the selectivity fileer. Loss of function of
RYRT may explain the mechanism of type | fiber
uniformity as in the model of RYR 1 inhibition by
ryanodine, although further investigations are
necessary to elucidate the precise pathomecha-
nism for CNMDUI.
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