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muscle possess the phosphoinositide-binding domain and
are specifically targeted to the triads close to the DHPR~
RYR1 complex. Cardiac isoforms do not contain this
domain, suggesting that splicing of BINI regulates its
specific function in skeletal muscle. Immunofiuorescence
analyses of muscles from patients with BIN/ mutations
reveal aberrations of BIN1 localization and triad organi-
zation. These defects are also observed in X-linked and
autosomal dominant forms of CNM and in M#m! knockout
mice. In addition to previously reported implications of
BINI in cancer as a tumor suppressor, these findings sus-
tain an important role for BIN1 skeletal muscle isoforms in
membrane remodeling and organization of the excitation—
contraction machinery. We propose that aberrant BIN1
localization and defects in triad structure are part of a
common pathogenetic mechanism shared between the three
forms of centronuclear myopathies.
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Introduction

Membrane remodeling is involved in diverse cellular
functions, including endocytosis, intracellular transport,
and synaptic vesicle recycling. BAR (Bin/Amphiphysin/
Rvs167) adapter proteins are implicated in these processes
through binding, curvature, and tubulation of membranes
[16, 27, 38]. Recently, a member of the BAR proteins
family, BIN1 (Bridging INtegrator-1), was found mutated
in a rare form of congenital myopathy named centronuclear
myopathy (CNM) [31], highlighting the implication of
such proteins in neuromuscular diseases. However, the
pathological mechanisms of BINI-related CNM and pos-
sible common defects with other CNM forms are largely
unknown.

BINI encodes for amphiphysin 2, a ubiquitous endocytic
adaptor protein which was initially identified as a c-MYC-
interacting pro-apoptotic tumor suppressor [41]. Reduction
of BINI expression in breast and other cancers was demon-
strated, and introduction of BINI into tumor cells lacking
endogenous expression reduced their proliferative capacity
[12, 29, 35, 41]. Several tissue-specific splice isoforms of
BINI have been described, e.g. a neuronal isoform impli-
cated in synaptic vesicle endocytosis contains a clathrin and
AP-2-binding domain, and a muscle isoform contains a
polybasic residue sequence for binding to phosphoinositides
(PIs), the PI-binding domain [21, 25, 36, 49]. Lee et al. [24]
showed that this PI-binding domain was necessary for the
membrane tubulation function of BINI in vitro and in cul-
tured C2C12 myotubes. In skeletal muscle, BIN1 has been
localized to T-tubules using a pan-isoform antibody [7].
T-tubules are plasma membrane invaginations that associate
with the sarcoplasmic reticulum to form the triads, which are
the functional units of the excitation—contraction coupling
machinery [13]. Studies in Drosophila showed that mutation
of the unique ortholog of mammalian amphiphysin 1 and
BIN1 leads to disorganization of the T-tubule/sarcoplasmic
reticulum (SR) system in body wall muscles, but did not
impact on clathrin-mediated endocytosis [37]. Conversely,
Binl knockout mice did not have striking histological
abnormalities in skeletal muscle, but resulted in perinatal
cardiomyopathy, suggesting an important role of BIN1 in
cardiac muscle development [28].

Congenital myopathies are a heterogeneous group of
inherited neuromuscular disorders sharing muscle weakness
and specific structural abnormalities in skeletal muscle fibers
[32]. Among these diseases, centronuclear myopathies are
characterized by prominent internalized or centralized nuclei
in muscle fibers [18, 20, 30, 34]. CNMs have been divided
into three forms: the severe X-linked form also called
myotubular myopathy is due to mutations in the MTM1 gene
encoding the phosphoinositide phosphatase myotubularin
(XLMTM, OMIM 310400) [23]; the autosomal dominant
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form is due to mutations in DNM2 coding for the large
GTPase dynamin 2 implicated in membrane tubulation and
fission (ADCNM, OMIM 160150) [3, 4]; the autosomal
recessive form for which mutations in BINI were recently
reported in four families (ARCNM, OMIM 255200) [9, 31].
There was no specific cardiac or central nervous system
involvement common to all these ARCNM patients. How-
ever, one of the reported patients had mild mental retardation
[9]. Linkage analysis in spontaneous cases of CNM Labrador
retrievers suffering from an autosomal recessive form of
centronuclear myopathy led to the identification of a
defective allele of the canine PTPLA gene, encoding a
3-hydroxyacyl-CoA dehydratase involved in very long-
chain fatty acid synthesis [10, 33, 44]. Morpholino knock-
down of myotubularin in Zebrafish resulted in abnormally
located nuclei and muscle fiber hypotrophy with disorga-
nized T-tubules structures and morphology [11]. Similar
findings were reported in Mtml knockout mouse muscles,
where a generalized and progressive muscle weakness is
detected from 3 to 4 weeks [1].

Until now, BIN1 has only been evaluated in a human
pathological context related to cancer. While BIN1 appears
to have a significant role in skeletal muscle, its specific
function in this tissue is not well understood. Moreover, no
molecular analyses of BINI-mutated patients’ muscles
have been performed, and the link with the other forms of
CNM has not been characterized. In this study, we inves-
tigate the expression and distribution of BIN1 in normal
and diseased skeletal muscles from patients with confirmed
mutations in BINI, MTM1, or DNM?2 genes and from the
existing mouse model for XLMTM. Our data establish for
the first time a common pathogenetic mechanism for the
three forms of CNM and point to a role for BIN1 in triad
organization, specifically in skeletal muscle.

Materials and methods
Antibodies and materials

R2406 rabbit polyclonal antibody was generated for BIN1
against peptidle RKKSKLFSRLRRKKN (corresponding to
the PI-binding domain encoded by exon 11) as described
[31]. Rabbit polyclonal antibodies against myotubularin
were generated as described [45]. We used antibodies
directed against the MYC-binding domain of BIN1 (C99D,
Upstate), DHPR-alphal subunit (MA3-920, Affinity Biore-
agents), RyR1 (clone 34C, Sigma), SERCA1 ATPase (MA3-
911, ABR), alpha-actinin (EA-53, Sigma). MtmI knockout
mice were obtained by deletion of exon 4 as described [1, 6].
Care and manipulation of mice were performed in accor-
dance with local, national, and European legislations on
animal experimentation. Patients were enrolled on the basis

of clinical and histopathological observations consistent
with CNM, and genetic diagnosis was confirmed for all of
them by direct sequencing of MTMI, BINI, and DNM?2
coding sequences. We obtained informed consent from all
patients or their families. Patients with MTM1 and the BIN1
Asp151Asn and Arg154Gln mutations were already reported
[9, 22, 31, 47]. Detailed clinical analysis of the novel
GIn573Stop mutation will be reported elsewhere. A sum-
mary is provided in Table 1.

RT-PCR

Total RNA was extracted from mouse spinal cord and skel-
etal and cardiac muscles using Trizol reagent (Tri reagent,
MRCGENE) while human skeletal muscle RNA was pur-
chased from Clontech. 1-2 ug of total RNA was used for
reverse transcription to cDNA using Superscript II reverse
transcriptase (Invitrogen) and random hexamers, according
to manufacturers’ instructions. The resulting cDNA was
used for PCR amplification of full length BIN1, with the
following primers: 5’ mouse BIN1, ATGGCAGAGATG
GGGAGCAAGG:; 3’ mouse BIN1, TCACTGCACCCGCT
CTGTAAAATT; 5 human BIN1, ACGGCGGGAAAGAT
CGCCAG; 3’ human BIN1, TTGTGCTGGTTCCAGT
CGCT. After PCR amplification, the resulting cDNAs were
ligated into a PGEMTeasy vector (PROMEGA) and
sequenced with ABI PRISM BigDye Terminator cycle using
a 3130XL genetic analyzer (Applied Bioscience). The total
number of isoforms identified and clones sequenced per
tissue were: human skeletal muscle, three isoforms (n =31
clones); mouse skeletal muscle, two isoforms (n = 33
clones); mouse cardiac muscle, three isoforms (n = 30
clones); and mouse spinal cord, five isoforms (n = 34
clones). Isoforms which represented more than 5% of total
isoforms in one tissue are depicted in Fig. 3a.

Subcellular fractionation and protein expression
analyses

For subcellular fractionation, microsomal (S) and cyto-
skeleton (P) fractions were prepared from freshly dissected
tibialis anterior muscles from wild-type and Mmml KO
mice as described [39]. For protein expression analysis in
human biopsies, tissues were crushed by ultra turax in
TGEKS50 buffer (50 mM Tris pH 7.8, 10% glycerol, 1 mM
EDTA, 50 mM KCl) with 0.1% SDS, 2% Triton X-100,
10 mM sodium vanadate, 1 mM beta-glycerophosphate,
1 mM NaF, and the protease inhibitors cocktail. For wes-
tern blotting, incubation with primary antibodies was
performed for 1 h (1:5,000 anti-BIN1 R2406 polyclonal
antibody) at RT or overnight at 4°C. Secondary antibodies
(anti-rabbit-Horseradish Peroxidase or anti-mouse-HRP,
Jackson ImmunoResearch) were incubated for 1 h at RT.
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Table 1 Patients with centronuclear myopathies analyzed in this study

Gene Age (years) Muscle Mutation CNM Clinical course

MTM1 1 Biceps brachii p-Asp380 frameshift XLMTM Severe infantile form. Marked muscle
weakness and hypotonia with
respiratory insufficiency since birth

MTM1 1 Biceps brachii p-Ser420_Arg421 insertionFIQ XLMTM Severe infantile form. Marked muscle
weakness and hypotonia with
respiratory insufficiency since birth

BINI 27, 36 Deltoid p-Aspl51Asn ARCNM Onset at 8 years, stable

BIN1 19 Deltoid p-Argl154Gin ARCNM Diffuse muscle atrophy from 11 years,
very slow progression of the disease

BIN1 12 Quadriceps p-GIn573Stop ARCNM Onset at 5.5 years, stable

DNM2 16 Gastrocnemius p.Glu368Lys ADCNM Childhood onset. Died when 16 years old
due to pneumonia associated with
respiratory insufficiency

DNM2 37 Biceps brachii p.Argd65Trp " ADCNM Onset at 10 years, stable

The most common mutations in MTM1 and DNM2 are p.Ser420_Arg421 insertionFIQ and p.Arg465Trp, respectively
Mutation nomenclature is based on MTMI (human MTMI, Genbank U46024), BIN] (human BINI, Genbank NM_139343), and DNM2 (human

DNM2, Genbank NM_001005360) cDNA sequences

XLMTM X-linked myotubular (centronuclear) myopathy (OMIM 310400), ARCNM autosomal recessive centronuclear myopathy (OMIM
255200), ADCNM autosomal dominant centronuclear myopathy (OMIM 160150)

Histological analyses

For CNM patients, the number of muscle biopsies, the name
of muscles, and the age of patients when the muscle biopsies
were performed are indicated in Table 1. For controls, we
used biopsies from seven different individuals [5 days
(newborn), 1.5 months, 4 months, 14 months, 14 years,
31 years, and 46 years old]. Control muscles used for mor-
phological analysis (4 months, 14 years, and 46 years old)
were quadriceps. 10 pm transverse sections from CNM
patients’ frozen biopsies were stained with hematoxylin—-
eosin, NADH-TR, and ATPase using standard protocols [8,
26]. The percentage of centralized, internalized and periph-
eral nuclei, and percentages of type I and II fibers were
calculated in consecutive non-overlapping 100x high-
powered fields (hpf). Nuclei were counted as “internalized”
when they were neither in the center (centralized) nor adja-
cent to the sarcolemma (peripheral).

Immunofluorescence

Mice were anesthetized by intraperitoneal injection of 5 pl/
body gram of ketamine (20 mg/ml, Virbac) and xylazine
'(0.4%, Rompun, Bayer) and perfused with 4% paraformal-
dehyde prior to muscle dissection. The dissected quadriceps
muscles were then post-fixed in the same fixative for 2 h and
cryo-protected overnight in PBS containing 2.3 M sucrose.
Human and murine muscle biopsies were frozen in liquid
nitrogen-cooled isopentane. 10 pm sections were incubated
for 1 h at RT with primary antibodies against BIN1 anti-PI
domain, DHPR-alpha, RYR1, SERCAI, or alpha-actinin,
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then 45 min with secondary antibodies (Alexa fluor 488 goat
anti-rabbit antibody, Alexa fluor 555 or 594 goat anti-mouse
antibodies, Invitrogen). Fluorescence was examined with a
Leica SP2-AOBS confocal microscope. Pictures were pro-
cessed with Tcstk and Dvrtk softwares (Jean-Luc Vonesch,
Imaging Center, IGBMC) and Photoshop 7.0 (Adobe).

Ultrathin sections and electron microscopy

Biopsies were fixed with 4% paraformaldehyde, 0.1%
glutaraldehyde in 0.1 M phosphate buffer, cryoprotected
with 2.3 M sucrose and frozen in liquid nitrogen. For resin
embedding, the frozen samples were substituted in meth-
anol containing 2% osmium tetroxide, 0.25% uranyl
acetate, and 0.25% glutaraldehyde, rinsed with pure
methanol, with acetone, infiltrated with graded concentra-
tions of epon (30, 50, 70, and 100%), and the resin was
polymerized at 60°C for 2 days. Ultrathin sections were
obtained on a Leica Ultracut S ultramicrotome. Staining
was performed with uranyl acetate and lead citrate. Image
acquisition was done with a Philips CMI2 electron
microscope operated at 80 kV and equipped with an Orius
1000 CCD camera (GATAN).

Results

Common morphological abnormalities in centronuclear
myopathies

Muscle histopathology in ARCNM patients mutated in
BINI was not compared to date as only data on two patients
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a H&E

NADH-TR

ARCNM (BIN1 mutations)
Glu368Lys Gin573Stop Arg154Gin Asp151Asn ‘ control 14 y.o

ADCNM (DNM2 mutations)

Argds5Trp

Fig. 1 Comparison of the muscle histopathology in patients with
different CNM forms. a Cross-sections of muscle biopsies from CNM
patients with MTMI1, BIN1, or DNM2 mutations compared with
controls (4 months and 14 years old), stained with hematoxylin and
eosin (H&E, left panels) or with nicotinamide adenine dinucleotide
tetrazolium reductase activity (NADH-TR, right panels). While
internalization of nuclei and variations in fiber size are common
features of centronuclear myopathies, radial organization of sarco-
plasmic strands is found in biopsies from patients with DNM2
mutations (arrow) and in some fibers from patients with BIN1

were independently reported [9, 31]. In order to charac-
terize further their histopathological phenotype and
compare with other CNM forms, we collected biopsies
from patients with XLMTM, ARCNM, and ADCNM
(Table 1). All CNM biopsies showed variation in myofiber
size and a strong increase in nuclei centralization ranging
from 43 to 94%, with the three BINI-related biopsies

NADH-TR

H&E

control 4 m.o

Asp380fs

XLMTM (MTM1 mutations)

421insFIQ

b Fibre nuclei

Gene Mutation Central Internalized Peripheral
Cir {14 y.0} 0.0 0.0 100.0
Cir (4 m.o) 3.1 5.1 91.8
BiN1 Asp1§1Asn 84.0 6.3 97
BIN1 Arg154Gin 84.2 36 22
BIN1 Gin573Stop 70.7 242 51
DNN2 Giu368Lys 57.4 261 16.5
DNN2 Arg485Trp 48.1 247 272
MTM1 Asp380fs 439 26 53.5
MTM1 421insFIQ 486 7.5 459

mutations (arrow), but not in patients with MTM1 mutations. Fat cell/
connective tissue infiltrates were more prominent in the BINI-
mutated biopsies. Scale bar 20 pm. b Quantification of the central,
internalized, and peripheral nuclei as a percentage of total nuclei,
using H&E staining. Nuclei were counted as “internalized” where
they were neither in the center nor adjacent to the sarcolemma. There
was a higher percentage of centralized nuclei in all three BIN1-related
biopsies; a high percentage of internalized nuclei was not linked to a
specific CNM form

showing the highest number of centralization (Fig. 1).
Type 1 fiber predominance was observed in all CNM
biopsies, ranging from 61 to 75% (Table 2; Supplementary
Fig. 1), in the upper limit or above normal range when
compared to normal values found in the same muscles [1 9].
Concerning BINI-related biopsies, we noted a predominant
accumulation of fat cell infiltrates. NADH-TR-stained
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Table 2 Percentage of type I and type Il fibers observed in CNM
patients

Gene Mutation Muscle Typel Typell
(%) (%)
BIN1 p.Aspl51Asn Deltoid 61 39
DNM2  p.Glu368Lys Gastrocnemius 64 36
DNM2  p.Argd65Trp Biceps brachii 68 32
MTM1  p.Serd20_Argd21  Biceps brachii 75 25
insertionFIQ

Normal distribution of fiber types is based on the work of Johnson and
colleagues [19] and is as follows (mean percentage of type I, observed
range in six male subjects): deltoid (57, range 43-67), gastrocnemius
(48, range 35-60), biceps brachii (46, range 37-61)

biopsies displayed a differential aggregation of oxidative
activity in BINI-related biopsies, with an abnormal con-
centration around the central nuclei and beneath the
sarcolemma (Fig. 1). We found that some fibers from
BINI-related biopsies showed a radial organization of
sarcoplasmic strands, previously thought to be character-
istic for DNM2-mutated muscles and used as a differential
diagnostic feature between ADCNM and XLMTM. How-
ever, the radiating strands appeared less frequent in BINI-
related biopsies than in DNM2-related biopsies. Clusters of
centralized nuclei were seen only in BINI-related biopsies,
and this specificity might be used to prioritize the genetic
diagnosis toward BINI sequencing. There were no obvious
“necklace” fibers found in late-onset XLMTM [2]. Alto-
gether, these results showed that biopsies from patients
with three distinct BIN] mutations displayed histopathol-
ogical hallmarks shared with other CNM forms.

Ultrastructural defects in CNM muscles with BIN1
mutations

We used electron microscopy to further address the pheno-
typic changes of BINI-mutated muscles. Besides the typical
features of CNM, like mitochondria and glycogen accumu-
lation around the central nuclei (Fig. 2a, b), both patients
analyzed presented additional abnormalities not previously
emphasized in the different forms of CNM. In the
Asp151Asn biopsy, accumulation of vacuoles containing
degradation products under the sarcolemma and the presence
of internalized and externalized vesicles-like structures
suggested abnormal process of autophagy and exocytosis
(Fig. 2c). Moreover, we noted sarcolemmal invaginations
with accompanying basement membrane converging toward
the central part of fibers (Fig. 2e, g). For the GIn573Stop
mutation in the SH3 domain, we observed accumulation of
mitochondria and caveolae beneath the sarcolemma
(Fig. 2d). The latter appeared implicated in invaginations
into the myofibers (Fig. 2f). We also observed slight defects
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in triad morphology, which included enlarged T-tubules
associated with SR cisternae or normal-sized T-tubules
surrounded by enlarged SR cisternae (Fig. 2h). Altogether,
these data support ultrastructural alterations in BINI-related
ARCNM, most probably linked to membrane remodeling at
the plasma membrane region and at the triad. Identification
of additional BINI-mutated patients will be required to
confirm this correlation.

BIN1 skeletal muscle-specific isoforms are targeted
to the triad

BINI encodes at least ten different RNA isoforms [36, 49].
Isoform 8 contains the PI-binding domain encoded by exon
11 and is highly expressed in skeletal muscle [24, 31]. As
mutations in BINI lead to congenital myopathy affecting
primarily skeletal muscle without recurrent cardiac
involvement, we further characterized BIN1 isoforms by
RT-PCR followed by cDNA cloning (Fig. 3a). The two
main isoforms in skeletal muscle both encompassed exon
11 and differed by the inclusion or exclusion of exon 17.
Isoform 1, which contains the clathrin-binding domain, was
not present in muscles and spinal cord suggesting that the
BIN1 protein is not bound to clathrin in these tissues.
Skeletal and cardiac muscles clearly differed by the pres-
ence or absence of exon 11, respectively.

We characterized BIN1 subcellular expression pattern
during myofiber growth using the R2406 antibody directed
against the PI-binding domain encoded by exon 11. In
human muscles, BIN1 localization switched from longitu-
dinal (newborn) to transverse orientation (3.4 months and
adult) during the final muscle maturation (Fig. 3b). A
previous study using a pan-isoform antibody showed that
BIN1 was present on T-tubules in skeletal muscle [7].
Using our isoform-specific antibody we observed that
BINI localized on structures corresponding to the triads as
it colocalized with the T-tubule marker DHPR-alpha and
with the ryanodine receptor RYRI1 in skeletal muscles from
2- and 5-week-old mice (Fig. 4a, c).' We confirmed that the
BINI PI-binding domain was absent in cardiac muscle
(Fig. 4e). Altogether, these data suggest that BIN1 is
associated with triads before their transverse reorganization
during skeletal muscle development and specifically con-
tains the PI-binding domain encoded by exon 11 in this
tissue. We used this BIN/ domain-specific antibody in
subsequent experiments.

BINI and triad abnormalities in myotubularin-deficient
mice

A well-characterized mammalian model for X-linked
myotubular myopathy is the M¢ml KO mouse that appears
asymptomatic during the first few weeks and develops a
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Fig. 2 Ultrastructural defects in Asp151Asn GIn573Stop
ARCNM with confirmed BINI E

mutations. Electron microscopy
analysis of deltoid and
quadriceps muscle biopsies
from two ARCNM patients with
an Aspl51Asn missense
mutation in the membrane
tubulating N-BAR domain (a, ¢,
e, g) or a GIn573Stop mutation
truncating the SH3 C-terminal
domain (b, d, f, h). Both
biopsies displayed
disorganization of muscle fibers
with central nuclei surrounded
by mitochondria and glycogen
as seen in other forms of CNM
(arrows in a, b). In addition, the
Aspl51Asn biopsy showed
numerous vacuoles under the
sarcolemma, which contained
apparent degradation products
and frequently showed a basal
lamina demonstrating the
sarcolemmal nature (¢, arrows).
The Aspl151Asn biopsy also
showed sarcolemma
invagination pointing to the
center of fibers (e, g, arrows).
g is an enlargement of an
invagination in direction of the
fiber center (at the bottom of the
image). The Gln573Stop biopsy
displayed accumulation of
caveolea (d, f, arrows),
membrane invaginations

(f, arrowhead), and defects in
triad morphology as enlarged
T-tubules (h, arrow) or enlarged
sarcoplasmic reticulum
cisternae (h, arrowhead)
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a human mouse

skeletal skeletal cardiac  spinal

ex11 ex12-16 ex17-18 ex18-20 Muscle muscle muscle cord

180 1 o 0% 0% 0% 0%

tso 8} | 42% 9% 0% 0%

Iso 8-ex17 55% 91% 0% 3%

150 9-ex17+ex13 0% 0% 20% 0%
0% 0% 7% 18%

0% 0% 73% 71%

b Human skeletal muscle
__newbormn 4

_transversal

longitudinal _

Fig. 3 BINI isoforms in wild-type skeletal and cardiac muscles.
a Schematic representation of BIN1 protein domains, corresponding
exons, and isoforms. Mutations corresponding to the patients’
biopsies used in this study are indicated with arrowheads: I
Asp151Asn, 2 Arg154Gln, 3 GIn573Stop. N-BAR N-terminal amphi-
pathic helix and Bin-Amphiphysin-Rvs domain that induce and
maintain membrane curvature, P! phosphoinositides-binding domain,
CBD clathrin-binding domain, MBD MYC-binding domain, SH3 Src
Homology domain mediating protein—protein interactions. Isoforms
representation was determined by RT-PCR followed by cDNA

progressive muscle weakness from 3 weeks of age [6].
Compared to the typical striated pattern of triads in wild-
type skeletal muscle, BIN1 presented abnormalities in
localization, e.g. regions lacking BIN1 labeling and irreg-
ular deviation from the transverse orientation, in 2-week-
old mice which do not have detectable muscle weakness
(Fig. 4a, b; arrowheads). Such defects were also observed
in 5-week-old M1ml-deficient muscles (Fig. 2c, d; arrow-
heads and enlargements), an age when mice display muscle
weakness and a histological phenotype similar to XLMTM
patients. Different planes of the muscle sections showed
similar findings. In parallel, we confirmed a similar disor-
ganization of DHPR and RYRI labeling, while alpha-
actinin and SERCAI were not predominantly altered
(Fig. 4b, d; Supplementary Fig. 2) [1]. In addition, BIN1
was not significantly released from membranes in Miml
KO muscles as the BINI ratio between sarcolemmal and
cytoplasmic/cytoskeletal proteins was not shifted toward

‘_2_]_ Springer

cloning and sequencing. Percentages of clones corresponding to the
different isoforms are indicated for the different tissues (n = 22-34
clones per tissue). Minor cDNAs found only once are not shown. Isol
is the main isoform known in brain, and we discovered two novel
isoforms lacking exon 17 that encodes part of the MBD. Exon 13
encodes part of the CBD; exon 11 encodes the Pl-binding domain.
b Distribution of the PI-binding domain of BIN1 (R2406 antibody) in
human skeletal muscle of newborn, 3.4-month- and 31-year-old
controls. Scale bar 10 pm

the cytosol (Fig. 4g). Altogether, these observations sug-.
gest that BIN1 mislocalization is linked to defects of the
underlying membrane structure and precedes the appear-
ance of muscle weakness in Mtml-deficient muscles.

Skeletal muscle-specific isoforms of BINI were not
expressed in cardiac muscles from 5-week-old wild-type or
Miml-deficient mice, which displayed a normal striated
signal of the T-tubule marker, DHPR-alpha (Fig. 4e, f).
These results correlate well with the absence of major heart
involvement in Mtml KO mice and in XLMTM patients
mutated in MTMI, and with the specific expression of
BIN1 PI-binding domain in skeletal muscle.

Abnormal BIN1 localization in several forms

- of centronuclear myopathies

We assessed the distribution of BIN1 by immunofluores-
cence in biopsies from neonatal XLMTM (MTM1 ) cases,
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a WT skeletal muscle (2 weeks)

b Mim1 KO skeletal muscle (2 weeks)

DHPR-alpha

DHPR-alpha

Fig. 4 BINI and T-tubule disorganization in a mouse model of
X-linked myotubular myopathy. BIN1 PI-binding domain was detected
with the specific R2406 antibody, T-tubule with anti-DHPR-alpha and
sarcoplasmic reticulum with anti-RYR1 (triad) on longitudinal 10 pm
sections from a skeletal muscles from 2-week-old wild-type (WT) and
b Mtml KO mice, ¢ skeletal muscles from 5-week-old wild-type
(WT) and d Mtml KO mice. 2-week-old Mtm] KO mice are pre-
symptomatic, while 5-week-old mice display muscle weakness and
muscle fiber hypotrophy. Arrowheads point to abnormal orientation
of BIN1, RYRI, and DHPR-alpha staining. e, f BINI was detected
with the R2406 antibody against the PI-binding domain or with the

WT Mtm1 KO
8 P 3 P

GAPDH

Actin

R2444 antibody that recognizes all isoforms, T-tubule with anti-
DHPR-alpha and the Z-line with anti-alpha-actinin, on longitudinal
sections from e cardiac muscles from 5-week-old wild-type (WT) and
£ MtmI KO mice. Note that the PI domain of BINI is not detectable in
cardiac muscle fibers. BIN1 labeling appears green on the merge
pictures. Different planes of the muscle sections were analyzed.
Confocal pictures: scale bar a—d 10 um, e, f 1 um. g Subcellular
fractionation of skeletal muscles from WT and MtmI KO mice probed
with antibodies against the BIN1 Pl-binding domain, MTMI,
GAPDH, and actin. S supernatant (corresponding to the microsomal
fraction), P pellet
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BIN1 ; DHPR-alpha RYR1 alpha-aclinin

ARCNM (BIN1 mutations)
Glu368Lys Gin573S8top Arg154Gin Asp151Asn control 46 y.0

ADCNM (DNM2 mutations)

Arga65Trp

or ARCNM (BINI) and ADCNM (DNM?2) adolescent/adult  cases, we observed defects of BINI localization, albeit
cases using neonatal (1.5 months old) or adult (46 years  with variability between the different forms (Figs. 5, 6).
old) skeletal muscles as controls, respectively. In all CNM  The most striking defect was for the most common DNM?2
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Fig. 5 BINI and T-tubule/triad defects in ARCNM and ADCNM
forms of centronuclear myopathies. Immunolocalization of BIN1,
DHPR-alpha, RYRI, and alpha-actinin in muscle biopsies from
patients with mutations in DNM2 or BIN], as indicated, compared to
control (46 years old). BINI is detected but mislocalized around
central nuclei (arrows) or in longitudinal orientation in BINI-mutated
muscles and was similarly affected in other forms of CNM. Z-line
organization appeared normal, while defect in triad markers organi-
zation ranged from abnormal orientation of the striated structures to
accumulation (arrows) of these markers. Different planes of the
muscle sections were analyzed. Confocal pictures: scale bar 10 pm

mutation, Argd65Trp, associated with the classical mild
adult-onset form, where the distribution of BIN1 appeared
in a longitudinal orientation in different planes of the
sections instead of the transverse orientation typically
observed in wild-type adult skeletal muscle (Fig. 5). This
suggests possible accumulation of BIN1 mislocalization
with time in DNM2-related patients. In all CNM samples,
BINI1 transverse localization was less prominent than in
controls (Fig. 5). In addition, we also observed some
accumulations of BIN1 in the center of fibers, often around
central nuclei, in biopsies with BINI and MTM] mutations
(Figs. 5, 6; arrows). We conclude that BIN1 mislocaliza-
tion is common to several forms of CNM. ARCNM is not
due to an absence of BIN1 protein, but rather to decreased
association with triads and/or to structural defects of the
triads. In agreement, BIN1 level appeared normal in patient

BIN1

control 1.5 m.o

Asp380fs

XLMTM (MTM1 mutations)

421insFIQ

Fig.'6 BIN1 and T-tubuleftriad defects in XLMTM. Immunolocal-
ization of BIN1, DHPR-alpha, RYRI, and alpha-actinin in muscle
biopsies from patients with mutations in M7MI compared to control
(1.5 months old). BIN1 is detected but mislocalized around central

DHPR-alpha

fibroblasts by western blot analysis [31]. Follow-up was
available for patient ADR71 (Asp151Asn BINI mutation)
from 10 to 36 years of age with muscle biopsies taken at 27
and 36 years; he showed a very slow progression of muscle
weakness and no visible differences in BIN1 labeling and
histology between the two biopsies (not shown).

Structural defects of the triads are common to several
forms of centronuclear myopathies

From neonate to adult muscles, the T-tubule (DHPR-alpha)
and triad (RYR1) markers reorganized from a longitudinal
to a transverse localization (Figs. 5, 6) in a spatio-temporal
pattern mimicking that of BIN1 (Fig. 3). This result con-
firmed that terminal maturation of triads occurs soon after
birth in humans [15]. All CNM patients’ biopsies showed
defects of these markers ranging from abnormal orientation
of the striated structures in all CNM cases to accumulation
in the center of fibers in the patient with Asp151Asn BIN1
mutation (Fig. 5; arrow). BINI-related biopsies showed an
abnormal longitudinal positioning of triads. In MTMI-
related biopsies, even if markers of the triads were in a
longitudinal orientation like in control neonatal muscles,
we observed an abnormal accumulation of RYRI1 in dis-
crete areas of the fibers (Fig. 6; arrows). The most striking
abnormalities for triad proteins expression were observed

RYR1 alpha-actinin

nuclei (arrows) in MTMI-mutated muscles. Z-line organization
appeared normal, while triad markers organization was abnormal
with some accumulations (arrows). Different planes of the muscle
sections were analyzed. Confocal pictures: scale bar 10 pm
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in biopsies from both patients with DNM2 mutations in
which the characteristic transverse organization of the tri-
ads was largely lost in favor of a longitudinal distribution
(Fig. 5). We also noted aberrant accumulation of SERCAL1,
a marker of the sarcoplasmic reticulum, between central-
ized nuclei in BINI-mutated biopsies (Supplementary
Fig. 3). In contrast, localization of alpha actinin (Z-line
marker) appeared unaltered in all CNM biopsies, suggest-
ing that disorganization of triads does not reflect a general
defect in intracellular organization of muscle fibers
(Figs. 5, 6). We conclude that, as for BINI localization,
T-tubules and triads are consistently disorganized in the
different forms of CNM. '

Discussion

BIN1 is a ubiquitous membrane-tubulating protein mutated
in autosomal cases of centronuclear myopathy. To under-
stand the tissue-specific function of this protein and
characterize the pathological mechanisms leading to the
related diseases, we analyzed the only mouse model
available for CNM and muscle biopsies from patients with
the three different CNM forms and confirmed mutations in
BINI, MTM1, or DNM2 genes. In the present study, we
show that the PI-binding domain of BIN1 is present in all
skeletal muscle isoforms in human and mice and is spe-
cifically associated with BIN1 localization at the triads in
this tissue. We also highlighted BIN1 and triad defects as
common hallmarks for all three forms of centronuclear
myopathies. ‘

Role and specificity of BIN1 in skeletal muscle

To gain insight into BINI isoforms in skeletal muscle, we
cloned and sequenced BINI cDNAs from different tissues.
The two RNA isoforms found in human and mouse skeletal
muscles encompassed exon 11 encoding the PI-binding
domain. Up to five isoforms were detected at the protein
level [31], suggesting additional post-translational modifi-
cation. It remains to be determined whether protein
phosphorylation or other protein modifications, in addition
to alternative splicing (inclusion of exon 11), is a main
regulatory mechanism of BIN1 function in skeletal muscle.
Butler et al. reported localization of BIN1 at T-tubules
using a pan-isoform antibody {7]. Using an antibody
directed against the PI-binding domain, we confirmed that
BINT localizes close to the DHPR-RYR1 complex and the
Jjunction between the T-tubule and terminal cisternae of the
sarcoplasmic reticulum, and showed that it is a marker of
triad maturation around birth, evolving from a longitudinal
to a transverse orientation (Figs. 3, 4, 5, 6). BIN1, DHPR,
and RYRI1 have been suggested to play a role in T-tubule/

@_ Springer

triad biogenesis in skeletal muscle [15, 24]. However,
forced overexpression of the BIN1 SH3 domain in mouse
led to sarcomere assembly defects and normal T-tubule
biogenesis [14]. Together with our present findings, it
suggests that the SH3 domain of BIN1 is involved in sar-
comere integrity while the Pl-binding domain drives the
tubulation of membranes that form the triad in adult skel-
etal muscle.

Skeletal and cardiac muscles differ in the organization
of the excitation-contraction coupling machinery as DHPR
and RYR are in direct interaction and arranged into arrays
of tetrads in skeletal muscle, while this is not the case in
cardiac muscle [13]. Interestingly, the PI-binding domain
of BINI is not present in cardiac muscle isoforms, sug-
gesting that this domain is necessary for the specific
formation of T-tubule/triad in skeletal muscle. Studies in
mouse showed that BIN1 plays an important role in cardiac
muscle development, as the Binl knockout mouse died
perinatally and displayed severe ventricular cardiomyopa-
thy, while no striking histological abnormalities were
reported in skeletal muscle [28]. However, CNM patients
with BINI mutations, patients with other CNM forms, and
Mm] KO mice do not present consistent cardiac involve-
ment while skeletal muscles are defective, with alterations
in T-tubule/triad organization (this study; [1, 6, 11, 20)).
We hypothesize that, while total loss of Bin/ in mouse
perturbs heart development, BINI mutations in CNM cause
partial loss of function impacting specifically on skeletal
muscle. Tissue-specific deletion of Bin! or specific deletion
of the PI-binding domain will be required to challenge this
hypothesis.

Common pathological mechanism in centronuclear
myopathies

A recent review of the histopathology in several CNM
patients pointed to differences within the established CNM
forms and genetically unresolved cases [40]. The ARCNM
biopsies we analyzed here (three different BINI mutations)
shared common features of CNM as centralization of
nuclei and fiber atrophy. A very high percentage of central
nuclei and accumulation of fat were most prominent in
BIN1-mutated muscle biopsies. Specific alterations, such
as invaginations of the sarcolemma and aberrant presence
of vesicle-like structures, will have to be confirmed on
additional patients before they may be used as diagnostic
criteria.

Defects in triad organization have been recently noted in
miml zebrafish morphants and in an M#mI knockout mouse
model, with dilated T-tubules and SR cisternae in zebrafish
and longitudinal T-tubules in mouse [1, 11]. In this study
we showed that, in addition to DHPR and RYRI1, BIN1
localization was also disorganized in MtmI KO mice. In
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these mice, BIN1 and T-tubule defects preceded the
appearance of muscle weakness. Similar BIN1 and
T-tubule/triad defects appear as common features of the
different CNM forms due to mutations in MIMI, BINI, or
DNM?2 in humans, suggesting that these proteins func-
tionally interact. In agreement, Dowling et al. [11] recently
showed that DHPR and RYRI labeling was aberrant in
three XLMTM patients. In both mml zebrafish morphants
and in our present study on CNM patients, electron
microscopy showed some defects in the triad structure.
BIN1 accumulations around or between centralized nuclei
were observed in patients with BINI and MTM 1 mutations
(Figs. 5, 6). Surprisingly, triad and BIN1 defects were
marked in DNM2-mutated patients’ biopsies, where DHPR,
RYRI, and BIN1 were all distributed in a longitudinal
orientation in contrast to their typical transverse pattern in
normal skeletal muscle. As DNM2-mutated patients studied
here are adults, these defects may have accumulated with
time, suggesting the implication of DNM2 in the mainte-
nance of triad organization.

Taken together, our findings suggest that the three forms
of CNM share a common pathogenetic mechanism where
BIN1 may represent a molecular link between myotubul-
arin and dynamin 2 in skeletal muscle. MTM encodes a PI
phosphatase, and the skeletal muscle-specific exon of BINI
encodes a PI-binding domain. Moreover, BIN1 and DNM2
are well-known interactors in cultured cells although this
molecular link remains to be explored in skeletal muscle.
We hypothesize that MTMI1 regulates the level and
localization of specific Pls that either bind to BINI or
serve as substrates to produce the PI that specifically binds
BIN1. Amphiphysins have been shown to bind preferen-
tially to PtdIns(4,5)P, rather than substrates and product
of myotubularin activity (PtdIns3P, PtdIns(3,5)P,, and
PtdIns5P) [5, 21, 24, 43, 46]. Once membranes are
remodeled by the action of BIN1, DNM2 may direct the
adequate organization of the triads and/or their mainte-
nance through cytoskeleton regulation. Indeed, DNM2 is a
microtubule-binding protein which also plays a role in
actin cytoskeleton assembly [42, 48]. An alternative
hypothesis is the participation of BIN1 for the delivery of
DHPR ion channels to the T-tubules as suggested recently
by Hong et al. [17] based on their results in cardiac
myocytes. Whether this mechanism is present in skeletal
muscle remains to be determined.

In conclusion, BINI skeletal muscle isoforms appear to
play an important role in triad formation, and this function
is altered in several forms of centronuclear myopathies,
where BIN1 and triad organization defects define a com-
mon pathogenetic mechanism. Molecular dissection of the
roles of BIN1, myotubularin, and dynamin 2 in skeletal
muscle will be required to understand the precise regula-
tion of this pathway. Specifically, it will be important to

elucidate what other functions BIN1 has in addition to its
known role as a tumor suppressor.
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A Congenital Muscular Dystrophy with
Mitochondrial Structural Abnormalities Caused by
Defective De Novo Phosphatidylcholine Biosynthesis

Satomi Mitsuhashi,! Aya Ohkuma,! Beril Talim,2 Minako Karahashi,3 Tomoko Koumura,3
Chieko Aoyama,* Mana Kurihara,5 Ros Quinlivan,67 Caroline Sewry,6:8 Hiroaki Mitsuhashi,!
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Congenital muscular dystrophy is a heterogeneous group of inherited muscle diseases characterized clinically by muscle weakness and
hypotonia in early infancy. A number of genes harboring causative mutations have been identified, but several cases of congenital
muscular dystrophy remain molecularly unresolved. We examined 15 individuals with a congenital muscular dystrophy characterized
by early-onset muscle wasting, mental retardation, and peculiar enlarged mitochondria that are prevalent toward the periphery of the
fibers but are sparse in the center on muscle biopsy, and we have identified homozygous or compound heterozygous mutations in the
gene encoding choline kinase beta (CHKB). This is the first enzymatic step in a biosynthetic pathway for phosphatidylcholine, the most
abundant phospholipid in eukaryotes. In muscle of three affected individuals with nonsense mutations, choline kinase activities were
undetectable, and phosphatidylcholine levels were decreased. We identified the human disease caused by disruption of a phospholipid

de novo biosynthetic pathway, demonstrating the pivotal role of phosphatidylcholine in muscle and brain.

A spontaneous mutant mouse with a neonatal-onset auto-
somal-recessive rostral-to-caudal muscular dystrophy (rmd
mouse) due to a loss-of-function mutation in choline
kinase beta (Chkb) was identified in 2006.! Interestingly,
rmd mice exhibit a unique mitochondrial morphology in
muscle fibers, which show enlarged mitochondria at the
periphery of the fiber but none at the center (Figure S1).
These features are similar to those seen in a congenital
muscular dystrophy (CMD) that we previously reported
in four Japanese individuals.> We therefore screened 15
genetically undiagnosed cases of CMD with fairly homog-
enous clinical features (Table 1) for mutations in choline
kinase beta (CHKB); we included the four cases from in
our previous study in these 15 cases. Features included
peculiar mitochondrial changes in muscle as well as motor
delay followed by the appearance of severe mental retarda-
tion and microcephaly without structural brain abnormal-
ities (Figure 1 and Table 1).

All clinical materials used in this study were obtained for
diagnostic purposes with written informed consent. The
study was approved by the Ethical Committee of the
National Center of Neurology and Psychiatry. All mouse
protocols were approved by the Ethical Review Committee
on the Care and Use of Rodents in the National Institute of
Neuroscience, National Center of Neurology and Psychi-

atry. For muscle pathology, samples of skeletal muscle
were obtained from biceps brachii or quadriceps femoris
in humans and from quadriceps femoris muscle in
8-week-old rmd mice. Muscles were frozen and sectioned
at a thickness of 10 pm according to standard procedures,
and a battery of routine histochemical stains, including
hematoxylin and eosin (H&E), modified Gomori tri-
chrome (mGT), NADH-tetrazolium reductase (NADH-TR),
succinate dehydrogenase (SDH), cytochrome ¢ oxidase
(COX), and Oil Red O, were analyzed. For electron micro-
scopic analysis, muscles were fixed as previously
described,® and ultra-thin sections were observed at
120KV or 80kV. All affected individuals exhibited nonspe-
cific dystrophic features (Figure 1A). However, in mGT,
NADH-TR, SDH, and COX staining, prominent mitochon-
dria at the periphery as well as central areas devoid of
mitochondria were seen (Figures 1B and 1C). Oil Red O
staining was unremarkable (data not shown). Electron
microscopy confirmed enlarged mitochondria (Figure 1D).

We directly sequenced all exons and their flanking
intronic regions in CHKB (MIM 612395, NM_005198.4,
GenBank Gene ID 1120) in genomic DNA extracted from
individuals’ peripheral lymphocytes. All 15 individuals in
three different populations (Japanese, Turkish, and British)
had homozygous or compound heterozygous mutations in
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Table 1. Summary of Clinical and Laboratory Features
Phenotypic Findings Muscle Pathology Mutations
Serum Mitochon-
Creatine Head Mental Age at Regener- Endo-  drial Literature
Indivi- Age at Last Floppy Walk Kinase Circumference Retar- Cardi Skin Muscl Necrotic ative mysial Enlarge- ref. on
dual Sex Origin Follow-Up at Birth Alone (1U/liter) (percentile) dation Selzure pathy Change Biopsy Fiber Fiber Fibrosis ment Status <DNA Consequence Exon phenotype
1 F  Japanese ?;Ed at + 2yrémo 370 ND + - + - 7y$3mo + + + + homo c810T>A p-Tyr270X 7 2
yr
2 M Japanese (ziied at + lyr9mo 190-2676 25-50 + + + - lyr2mo + + + + homo ¢810T>A p.Tyr270X 7 2
3 yr
3 F  Japanese 28 yr + lyr6mo 502 ND + + + - 8yr + + + + het Cc.116C>A p-Ser39X 1 2
het c.458dup p.leulS3PhefsX57 3 2
4 M Japanese 22yr + 2yr6mo 230 3-10 + + - - 4yrilmo + + + + het c.116C>A p.Ser39X 1
het <.458dup p-Leu153PhefsX57 3
5 Turkish 7 yr - 2yr6mo 843 <3 + - - + 6yr * + + + homo ¢.611_612insC p.Thr205AsnfsXs  §
6" M Turkish died at + no 258 <3 + - + - lyr3mo =% * + + homo ¢.922C>T p.GIn308X 8
2yr6mo
7 F Turkish 2yr - no 368 3-10 + - b - 9 mo - + + + homo c.847G>A p-Glu283Lys 8
8 M Turkish 13 yr ND 2yr 1122 ND + - - - 12yr + ES + + homo ¢.1130G>T  p.Arg377Leu 11
10 mo
9 F Turkish 17 yr + 3yr 2669 <3 + - ND - 17 yr + + + + homo ¢.554_562del  p.Pro185_Trp187del 4
10 F  Turkish 16yr + 3yr 1103 <3 + - £ + 3yr - + + + homo ¢.677+1G>A ND 5
11 F Turkish 3yr3mo + no 497 10-25 + - ND - 3yr + - + + homo ¢.677+1G>A ND 5
12 F Turkish Syr - 3yr6mo 467 25-50 + - o + 4yr6mo = + + + homo ¢.677+1G>A ND 5
13 M  Turkish 3yré6mo  + no 428 <3 + - + + 3yr + + + + homo c.1031+1G>A aberrant splicing 9
14 F Turtkish 6yr4mo - lyr3mo 1606 3-10 + - + - 4yr + + -+ + homo ¢.1031+1G>A ND 9
15 M British gied at - 3yr4mo 607-1715 <3 + - + + 2yr2mo + - + + homo ¢.852_859del  p.Trp284X 8
yr

Detailed clinical information for individual 1 to 4 was previously described (2). Eleven CHKB mutations were identified in 15 affected individuals. All exhibited
Ambulation was delayed, and gait in those who achieved walking was limited. In addition, all displayed marked mental retardation, and most never acquired meaningful language. Microcephaly with head circumferences at

or below the 3

generalized muscle hypotonia and weakness from early infancy.

to 10th percentile was observed in most cases. Cranial magnetic resonance imaging showed no developmental brain defects. Six individuals had dilated cardiomyopathy, and two had cardiac anomaly.

Individuals 1, 2, 6, and 15 died from cardiomyopathy at ages 13 yr, 23 yr, 2 yr 6 mo, and 8 yr, respectively. No one had respiratory insufficiency. Ichthyosiform skin changes were frequent. All showed mildly to moderately
elevated serum creatine kinase (CK) levels. Individuals 7 and 9 also had homozygous single-nucleotide substitutions, ¢.902C>T (p.Thr301lle) and c.983A>G (p.GIn328Arg), respectively. CHK activities of recombinant CHK-
B proteins with p.Thr301lle and p.GIn328Arg were only mildly decreased (Figure $2), suggesting these are likely to be neutral polymorphisms or only mildly hypomorphic mutations. Individuals 10, 11, and 12, who have
same ¢.677-+1G>A mutation, and individuals 13 and 14, who have same ¢.1031+1G>A mutation, are not siblings. Abbreviations are as follows: ND, not determined; p, percentile; F, female; and M, male.

¥ An affected sibling had ichthyosis and died at age 6 years with cardiomyopathy.
P patent ductus arteriosus.
© Atrial septal defect.

9 Mitral valve prolapse.




A Hematoxyline & Eosin  patient

B Cytochrome c oxidase  pom

C NADH-TR

Patient

D Electron microscopy Patient

CHKB (Table 1). Among a total of 11 mutations identified,
six were nonsense, two were missense, one was a 3 amino
acid deletion, and two were splice-site mutations. The six
nonsense mutations, ¢.116C>A (p.Ser39X), c.458dup
(p-Leul53PhefsX57), ¢.611_612insC (p.Thr205AsnfsX5),
¢.810T>A (p.Tyr270X), ¢.852_859del (p.Trp284X), and
¢.922C>T (p.GIn308X), were predicted to truncate the
protein and eliminate highly conserved domains of
CHK.** Individuals 1 and 2 (unrelated, Japanese) had the
same homozygous nonsense mutation of c.810T>A
(p-Tyr270X). Individual 2’s mother, who was healthy,
had the heterozygous ¢.810T>A (p.Tyr270X) mutation.
Unfortunately, a DNA sample from the father of individual
2 was not available. DNA samples from other family

Figure 1.
Individuals :
Cross-sections of muscle fiber from a human
control and individual 4.

(A) On H&E staining, nonspecific dystrophic
features with necrotic and regenerating fibers,
internalized nuclei, and endomysial fibrosis are
seen. The scale bar represents 25 um.

(B) On cytochrome c oxidase staining, enlarged
mitochondria at the periphery and central areas
devoid of mitochondria were seen. The scale bar
represents 20 pm.

(C) On NADH-TR staining, the intermyofibrillar
network was preserved even in the central areas
that are devoid of mitochondria, suggesting the
presence of myofibrils and only absence of mito-
chondria. The scale bar represents 20 um.

(D) Electron microscopy confirmed enlarged
mitochondria. The scale bar represents 1 pm.

Conti Muscle Pathology of the Affected

Cont

members of individual 1 and 2 were not
available. Individuals 3 and 4 (siblings,
Japanese) had the same compound hetero-
zygous mutation c¢.116C>A (p.Ser39X)
and ¢.458dup (p.Leul53PhefsX57). Both
parents were healthy, and the father was
heterozygous for mutation c.116C>A
(p.Ser39X), whereas the mother was hetero-
zygous for mutation c. 458dup (p.Leul53-
PhefsX57), thus confirming a recessive
inheritance pattern. These mutations cose-
gregated with the disease phenotype in all
family members tested.

We therefore measured CHK activity in bi-
opsied muscle. For all biochemical analyses,
because of the limiting amounts of remain-
ing tissue, biopsied muscle samples were
available only from individuals 2, 3, and 4.
Biopsied muscle samples from these three
individuals were homogenized in 3 volumes
of 20 mM Tris-HCI (pH 7.5), 154 mM K],
and 1 mM phenylmethanesulfonyl fluoride
with a sonicator (MISONIX), and superna-
tant fractions (105,000 x g, 60 min) were
prepared and analyzed for CHK activity as
previously described.® Similar to muscles of rmd mice,’
muscles from individuals 2, 3, and 4, who carried homozy-
gous or compound heterozygous nonsense mutations, did
not have any detectable CHK activity (Figure 2A). Individ-
uals 7, 8, and 9 had homozygous missense mutations
¢.847G>A (p.Glu283Lys) and c.1130 G>T (p.Arg377Leu)
and a homozygous 3 amino acid deletion, ¢.554_562 del
(p.Pro185_Trp187del), respectively.We screened 210 con-
trol chromosomes for the identified missense mutations
and small in-frame deletion by direct sequencing or
single-strand conformation polymorphism (SSCP) analysis.
SSCPwas performed with Gene Gel Excel (GE Healthcare) as
previously described.” These missense mutations and this
small in-frame deletion were not identified in control

Control
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Figure 2. Choline Kinase Activity and Phospholipid Analyses

(A) In muscle tissue from individuals 2, 3, and 4, CHK activity cannot be detected (n = 3). Data represent the mean of three individuals.
(B) PC and PE content in frozen biopsied muscle tissues from individuals 2, 3, and 4 and hindlimb muscles from 8-week-old rind mice
(n = 4) and control littermates (n = 5) were analyzed by thin-layer chromatography followed by phosphorus analysis. PC and the PC/PE
ratio are significantly decreased in affected individuals and rmd mice (n = 3 for humans, n = 4 for rimd mice, n = S for littermates).
(C) Fatty acid composition of PC molecular species in muscles and isolated mitochondria from hindlimb muscles of rmd mice are deter-
mined by electrospray ionization mass spectrometry (ESI-MS). We observed that 34:1-PC (16:0-18:1), 36:4-PC (16:0-20:4), and 38:6-PC
(16:0-22:6) species are significantly decreased, whereas 36:2-PC (18:0-18:2) is increased in nnd muscle. Similarly, in isolated mitochon-
dria from hindlimb muscle, 36:4-PC (16:0-20:4) and 38:6-PC (16:0-22:6) species are decreased, whereas 36:2-PC (18:0-18:2) is increased.
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chromosomes. To elucidate the pathogenesis of these
substitutions, we measured CHK activity in recombinant
proteins with mutations. We cloned the open reading frame
of CHKB into pGEM-T easy (Promega), then subcloned it
into pET15b (Novagen) to make His-tagged CHK-B.® Each
mutation was induced by site-directed mutagenesis.’” Plas-
mids were transformed into Escherichia coli strain BL21
(DE3) and inoculated at 20°C to an ODggg Of approximately
0.5, and the addition of 0.4 mM isopropyl-B-D-thiogalacto-
pyranoside induced expression. The His-tagged CHK-
B proteins were subjected to affinity purification on a nickel
column (GE Healthcare) and eluted with 20 mM Tris-HCl
(pH 7.4), 0.5 M NaCl, 300 mM imidazol, and 1 mM phenyl-
methanesulfonyl fluoride, and 25 ng protein was analyzed
for CHK activity. CHK activity of recombinant proteins
with these mutations decreased to less than 30% of wild-
type CHK activity, suggesting that these mutations are caus-
ative in these individuals (Figure S2). For individual 13, who
had a mutation at the splice site of the exon-intron border
after exon 9 (c.1031+1G>A), we also analyzed cDNA
sequences. Exons 4 through 10 were amplified from the
first-strand cDNAs, and direct sequencing followed. cDNA
analysis of CHKB in skeletal muscle from individual 13
showed four splicing variants, all of which remove
consensus domains for CHKB (Figure $3). This suggests the
same loss-of-function mechanism in humans and rmd mice.

Because phosphorylation of choline by CHK is the first
enzymatic step for phosphatidylcholine (PC) biosyn-
thesis,” we anticipated that PC content should be altered
in affected individuals’ muscles. Phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and total phospho-
lipid amounts were measured in biopsied muscles
from individuals 2, 3, and 4 and in leg muscles from
8-week-old mnd mice by either one-dimensional or
two-dimensional thin-layer chromatography (TLC) fol-
lowed by phosphorus analysis.'®!! As expected, PC levels
decreased in affected individuals’ skeletal muscle
(Figure 2B), as they did in rmd mice (Figure 2B and Sher
et al.”), suggesting that the CMDs due to CHKB mutations
in humans and rmmd mice are not only pathologically but
also pathomechanistically similar.

PC is present in all tissues and accounts for around 50%
of phospholipids in biological membranes in eukaryotes.
Selective tissue involvement can be explained by the
different tissue distribution of CHK isoforms. There are
two CHK isoforms: CHK-a and CHK-B, encoded by distinct
genes, CHKA (MIM 118491) and CHKB, respectively. They

are known to form both homodimers and heterodimers,
with differential tissue distribution.!? In mice, disruption
of Chka causes embryonic lethality,'® suggesting the
importance of CHK-a in embryonic development. In skel-
etal muscles from rmd mice, CHK activity is absent, and PC
levels are decreased.! In other tissues, however, CHK
activity is only mildly decreased, PC levels are not altered,
and no obvious pathological change is seen.! CHK activity
in skeletal muscle from individuals 2, 3, and 4 is barely
detectable, and PC levels are significantly decreased, sug-
gesting that CHK- is the major isoform in human skeletal
muscle. In support of this notion, CHK-o. was not detected
in human muscle (Figure S4). These results suggest that
muscular dystrophy in affected individuals and rind mice
is caused by a defect in muscle PC biosynthesis. In addi-
tion, in rimd mice, hindlimb muscles are more significantly
affected than forelimb muscles.! This is most likely ex-
plained by the fact that CHK activity is detected, though
decreased, in forelimb muscles in rmd mice as a result of
the continued post-natal expression of Chka.'* This indi-
cates that the severity of muscle involvement is deter-
mined by the degree of deficiency of CHK activity.
Generally, phospholipids have saturated or monounsat-
urated fatty acids at the sn-1 position and polyunsaturated
fatty acids at the sn-2 position of glycerol backbone.!® It
has been shown that phospholipids have tissue-specific
fatty acid composition.'® For example, heart PC and
muscle PC mainly contain docosahexaenoic acid (22:6)
(Nakanishi et al.'®> and Figure 2C), but liver PC includes
various fatty acids.'® NanoESI-MS analyses of PC molecular
species in muscle and isolated mitochondria were per-
formed with a 4000Q TRAP (AB SCIEX, Foster City, CA,
USA) and a chip-based ionization source, TriVersa Nano-
Mate (Advion BioSystems, Ithaca, NY, USA).!® Quadriceps
femoris (hindlimb) and Triceps (forelimb) muscle from
affected rmd mice and littermate controls were frozen
with liquid nitrogen, and total lipid was extracted by the
Bligh and Dyer method.’® The ion spray voltage was set
at ~1.25KkV, gas pressure at 0.3 pound per square inch
(psi), and flow rates at 200 nl/min. The scan range was
set at m/z 400~1200, declustering potential at —100V, colli-
sion energies at —35~-45V, and resolutions at Q1 and Q3
“unit.” The mobile phase composition was chloroform:
methanol (1/2) containing 5 mM ammonium formate
and was normalized to the muscle weight. The total lipids
were directly subjected by flow injection, and selectivity
was analyzed by neutral loss scanning of the polar head

In muscle and isolated mitochondria, the 38:6-PC molecular species is profoundly decreased (n = 6 for muscle, n = 5 for isolated mito-

chondria).

Mitochondria from skeletal muscles of whole hindlimbs of rmd mice were isolated by the differential centrifugation method. Fresh
muscle was minced and homogenized with a motor-driven Teflon pestle homogenizer with ice-cold mitochondrial isolation buffer
(10 mM Tris-HCl [pH 7.2], 320 mM sucrose, 1mM EDTA, 1mM DTT, 1 mM PMSE 1 mg/ml BSA, and protease inhibitor cocktail [Roche])
and centrifuged at 1,500 x g for 5 min. The supernatant fraction was centrifuged at 15,000 x g for 20 min, the pellet was resuspended in
mitochondrial isolation buffer, and the centrifugation/resuspension was repeated twice more,

All data are presented as means = standard deviation (SD). Means were compared by analysis with a two-tailed t test via R software-

version 2.11.0.
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group for PC in negative-ion mode.!” Interestingly, there
was a 10-fold decrease (9.8%) in the 16:0-22:6-PC levels
versus the control in nmd hindlimb muscle and also in
muscle mitochondria (Figure 2C), indicating the impor-
tance of the PC de novo synthesis pathway for maintain-
ing not only PC levels but also fatty acid composition of
PC molecular species. Similarly, in forelimb muscle 16:0-
22:6 PC levels were also decreased in comparison to the
control, but to a milder extent (18.2%), suggesting an asso-
ciation between severity of muscle damage and fatty acid
composition alteration of PC (data not shown). In rmd
mice, it has been shown that muscle PC can be delivered
from plasma lipoprotein,'® suggesting that non-decreased
PC molecular species might be derived from the plasma,
whereas 16:0-22:6 PC might be synthesized only in muscle
(and possibly in brain). However, confirmation of this
requires further studies.

Individuals with CHKB mutations have severe mental
retardation in addition to the muscular dystrophy. Inter-
estingly, polymorphisms near the CHKB locus and
decreased CHKB expression have been associated with
narcolepsy with cataplexy, suggesting a link between
CHK-B activity and the maintenance of normal brain func-
tion in humans.'® Furthermore, brain damage in pneumo-
coccal infection has been attributed to the inhibition of de
novo PC synthesis, suggesting the importance of PC
synthesis for the brain.?® Our data provide evidence that
altered phospholipid biosynthesis is a causative agent for
a human congenital muscular dystrophy, and further
studies will elucidate the detailed molecular mechanisms
of the disease in both muscle and brain.

Supplemental Data

Supplemental Data include four figures and can be found with this
article online at http://www.cell.com/AJHG/.
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