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rotational patterns under axial loading were consolidated into 10 directions, which provides insight
into the subject-specific kinematics of the tibiotalar joint.
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INTRODUCTION

Three-dimensional (3D) alignment of the talus
relative to the tibia at the tibiotalar joint under
axial-loaded conditions is different from that
under unloaded conditions.*** Under axial
loading, the talus receives the axial load and
transmits it to the calcaneus and navicular.?” In
this process, the talus rotates three-dimensionally
relative to the tibia at the tibiotalar joint. To in-
vestigate the load response of the joint, many
studies™”* have quantified talus rotations rela-
tive to the tibia at this joint under axial loading.
These studies®”'? show that whether the talus
rotates into inversion or eversion and into ad-
duction or abduction relative to the tibia at the
tibiotalar joint under axial loading remains con-
troversial.

Essentially, the talus may have some rotational
directions relative to the tibia under axial loading.
Several probable factors determine the rotational
directions of the tibiotalar joint, including the
morphological variations in the talus**** and
calcaneus.*"*%1% However, assuming that the
tibiotalar joint has only one rotational direction in
intact feet, the previous results®”'? describing its
rotations under axial loading along three axes
were combined as an average even if the talus is
rotated into plantarflexion or dorsiflexion in the
sagittal plane, into inversion or eversion in the
coronal plane, and into adduction or abduction in
the transverse plane. All eight rotational patterns

of the tibiotalar joint during axial loading were

consolidated into systematic directions. Identify-
ing the 3D distribution of the rotational directions
of the tibiotalar joint would help to identify the
factors that determine subject-specific kinematics

of the tibiotalar joint. In addition, identifying the
rotational patterns of the tibiotalar joint under
axial loading would provide basic information
for investigating the subject-specific pathokine-
matics of the tibiotalar joint in subjects with
chronic ankle instability due to ankle sprain and
with degenerative changes of the ankle joint.
Consequent informed physical therapy may be
able to modify such kinematic patterns. However,
research regarding 3D movements at the tibio-
talar joint is still insufficient. The purpose of the
present study was to investigate the three-axis
rotational directions of the talus relative to the
tibia at the tibiotalar joint in intact feet during
axial loading by using 3D reconstructive mag-
netic resonance imaging (MRI). We hypothesized
that 3D rotational motion is different in different
individuals and that motion patterns can be
categorized according to three-axis rotational
directions.

METHODS
Participant Recruitment

A total of 27 intact feet (21 right feet, 6 left feet) in
either leg of 27 subjects with a mean age of 23.1
years (range, 20-34 years) were recruited in this
study. The exclusion criteria included history of
ankle sprain or surgery to the lower extremity,
ankle instability, and cartilaginous lesions con-
firmed by MRI on the tested foot. Ankle insta-
bility was judged using the anterior drawer test
and/or talar tilt test. Ankles of the dominant leg
used to kick a ball were tested. If the exclusion
criteria eliminated the dominant ankle, the non-
dominant ankle was used. All subjects were
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explained the purpose of this study, and they
signed a consent form approved by the Medical
Research Ethics Committee of Sapporo Medical
University before participating in the study.

Image Acquisition and 3D Modeling

A loading device (Dynawell L- -Spine; Dynawell
Diagnostics, Las Vegas, US) was used to apply an
axial load of 60% body weight (Fig. 1). The device
consisted of three main compohents: a foot plate,
a shoulder vest, and two straps. The axial load
was kapplied to the trunk and lower extremity by
changing the distance between the foot plate and
shoulder vest. In our preliminary study, we
measured the plantar pressure of seven healthy
sub]ects in the standing position and in the
loadmg device by using a pressure distribution

measurement platform. Comparison of the center

of pressure revealed no s1gn1f1cant dlfference be-
tween these two conditions.
The sub]ects lay on the MRI table keeping their

feet ‘knees, and hlps in a neutral pos1t1on Both‘

legs and trunk were pos1t1oned ‘parallel to the
straps, and the centers of the knee and ankle

joints were aligned with the load line. MR images

were obtained by using a GE Signa HDx 1.5T (GE
Healthcare, Milwaukee, WI, USA). Scanning was

performed from 10-cm proximal to the mfenor,

edge of the medial malleolus to the talus by using

fast imaging with steady-state acquisition (flip

Three-axis Rotations of the Tibiotalar Joint

angle, 30°; echo time; 3.1ms; repetition time,
7ms; matrix, 160 ><T;160; scan time, 2min 505s)
with a 15cm x 15cm- field of view. The slice
thickness of the images was 1.0 mm. Under the
unloaded condition, the subjects received an axial
loading of 2kg to each foot using the loading
device to keep the ankle joint in neutral position,
whereas in the loaded condition, the subjects re-
ceived an axial load of 30% of their body weight
to each foot. The mean axial load value applied to
each foot was 19.7 +2.2 (range, 16-24) kg. All
sagittal MR images of the tibia and talus in the
Digital Imaging and Communications in Medi-
cine format were exported to a 3D reconstruction
software package (Mimics; Materialise Co., Ltd.,
Yokohama, Japan). Using this software, we seg-
mented the distal tibia and talus on the basis of
the threshold level in all sagittal MR i images and
then created 3D models (Flg /)

Setting the Coordinate Systems k

Coordinate systems corresponding to the ana-
tomical ‘axes of the tibia and talus were set to
describe the orientation of the talus relative to the
tibia at the tibiotalar joint by using interactive
musculoskeletal modeling software (SIMM; NAC
Image Technology Inc., Ltd., Tokyo, Japan). First,
an x-y-z coordinate system was set to the tibia
according to the anatomical landmarks of the
tibia by using methods described in a previous

F1g 1 Theloading devme used to apply the axial load to the body. Axml loads that were eqmvalent to 60% body weight were
applied to the sub]ects by usmg a loadmg device that consisted of 3 main cornponents a foot plate, a shoulder vest, and 2

straps.
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Fig.2 3D reconstruction of the tibiotalar joint from MRI data. MR images were used to create 3D models of the distal tibia and
the talus at the tibiotalar joint. The distal tibia and talus were segmented on the basis of the threshold level in all sagittal MR

images.

study*“ (Fig. 3). Second, a coordinate system that
had the same orientation as the x-y-z axes was
defined for the talus. The x-axis was defined as
the plantar/dorsiflexion axis, the y-axis as the
inversion/eversion axis, and the z-axis as the
adduction/abduction axis.

Kinematic Analysis and Data Processing

After setting the coordinate systems, 3D bone
models of the tibiotalar joint under the unloaded
and axial-loaded conditions were observed to-
gether, and the tibia under the axial-loaded con-
dition was superimposed on that under the
unloaded condition [Fig. 4(a)]. Then, the talus
under the unloaded condition was superimposed

@ ' (b)

Fig.3 x-y-zcoordinate system used to define the three-axis
rotations at the tibiotalar joint. Plantarflexion, inversion, and
adduction are represented by a plus sign, and dorsiflexion,
eversion, abduction are represented by a minus sign.

on that in the axial-loaded condition [Fig. 4(b)] to
calculate the difference in the rotational orienta-
tion of the talus relative to the tibia under the
unloaded and axial-loaded conditions. Three-axis
rotations of the tibiotalar joint during axial load-
ing were represented as Eulerian angles (Fig. 3) as
averages and coefficients of variation were cal-
culated. For analysis of the individual variations

Fig. 4 Superimposition of the 3D models of the tibiotalar
joint. (a) Anterior view of the right tibiotalar joint. The beige
model of the tibjotalar joint represents an unloaded condi-
tion. The cyan model of the tibiotalar joint represents an
axial-loaded condition. The model of the tibia under the
axial-loaded condition was superimposed on that under the
unloaded condition (a). Then, the model of the talus under
the unloaded condition was superimposed on that under the
axial-loaded condition (b).
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in rotational directions of the tibiotalar joint, the
distributions of the. rotational directions of the
tibiotalar joint in the three axes were described. In

addition, the 3D rotauonal patterns at the tibio-
talar joint were categorlzed according to the ,

combinations of the rotational directions. In this
analysis, 0.5° was the minimum calculated value
of relative rotation between the tibia and the
talus. o

To determine intrarater reliability, one exam-
iner conducted five repeated independent mea-
surements, and the mean error was calculated.
The mean errors for the five repeated measure-
ments were 0.05°, 0.02°, and 0.04° in the sagittal,
coronal, and transverse planes, respectively.

Statistical Analysis

SPSS software (version 19.0.0, SPSS Inc., Tokyo,
Japan) was used to perform the statistical analy-
sis. The chi-squared test was ‘used to investigate
the differences in the frequency of the rotation
patterns of the tibiotalar joint under the axial-
loaded condition. The level of s1gmf1cance was
set at p<O0. 05. Data ‘were. expressed as the
mean:i:standard deviation in the texts, flgures
and tables unless noted otherw1se ‘

RESULTS g
Differences in the 3D onentatlon of the talus rel-
ative to the tibia at the tlblotalar joint between the
unloaded and axial-loaded conditions are sum-
marized in Table 1. The distribution of the num-
ber of feet grouped according to the rotational
directions of the tibiotalar joint along the three
axes under axial-loaded conditions is shown in
Flgs 5 }—%} In the saglttal and coronal planes,
the talus individually rotated into plantarﬂenon
or dorsiflexion and into inversion or eversion
is relative to the tibia, respectively: In contrast,

Three-axis Rotations of the Tibiotalar Joint

Table I Differences in the Orientation of the Talus
Relative to the Tibia at the ; ‘Tibiotalar Joint in the

i Unloaded and Axial-Loaded Condmons

Rotational Average + SD Range  Coefficient

Plane [Degrees] : [Degrees] of Variation

Sagittal (pf/dfy 09 +£21  -18t09.0 23

Coronal (iv/ev) 0.2 £+ 09 -1.2to 3.4 45

Transverse 0.9 £ 0.9 —2.6 to 3.0 1
(add/abd)

Note: pf: plantarflexion, df: dorsiflexion, iv: inversion, ev:
eversion, add: adduction, abd: abduction.

almost all of the talus rotated into adduction
relative to the tibia in the transverse plane.

The rotational patterns that were categorized
in terms of combinations of the three-axis rota-
tional directions of the tibiotalar joint are shown
in Fig. 6. A total of 10 rotational patterns at the
tibiotalar joirit were observed. Averages of the
three-axis rotations at the tibiotalar joint in all 10
rotational patterns are shown in Table Z. Five
main rotational patterns were recognized, which
accounted for 78% of the feet (pf/iv/add, pf/un/
add, pf/ev/add, df/iv/add, df/ev/add, Table 2).
The chi-squared test showed no significant differ-
ences in the frequency of each of the 10 rotational
patterns of the tibiotalar joint (p > 0.05).

DISCUSSION

This i is the first study to 1nvest1gate the distribu-
tion of the three-axis rotational directions of the
tibiotalar joint under axial loading in intact feet.
We observed variations in coronal and saglttal
rotational directions of the tibiotalar joint under
axial loading, whereas almost all of the talus
consistently rotated into adduction in the trans-
verse plane relative to the tibia at the tibiotalar
joint.

There were a few limitations in this study.
First, the axial load applied was 60% of body
weight. So the acquired values of the talus
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Fig. 5 Percentage of the feet grouped according to rotational directions in the sagittal (a), coronal (b), and transverse (c)

planes.

rotations might be smaller than those under ac-
tual standing conditions. However, the rotational
directions and patterns of the tibiotalar joint may
not be influenced by smaller axial loadings. Sec-
ond, the slice thickness of the MR images was
1.0mm. As a result, analysis of minute motion
was limited. Third, talus motion was investigated
only in the neutral ankle position. Effects of ankle
position were not investigated.

In the previous studies,*”*" the results of
three-axis rotational analysis of the tibiotalar joint
under axial loading were combined as average

3

values, even if there were variations in the rota-
tional directions. Although all of the previous
results®”*" reported that the average sagittal ro-
tational direction of the tibiotalar joint during
axial loading was plantarflexion, our results

revealed that the talus rotated into both plantar-
flexion and dorsiflexion relative to the tibia. Ad-
ditionally, in the coronal plane, the talus also
rotated into both inversion and eversion relative
to the tibia, which might explain the reason for
the inconsistent previous results®”*¥ of the coro-
nal inversion and eversion rotational directions at
the tibiotalar joint. Kitaoka et al.” and Kido et al.?
reported that the tibiotalar joint rotated into ad-
duction under axial loading in the transverse
plane, whereas only Michelson et al.*® reported
rotation into abduction. In this study, almost all
of the tali consistently rotated into adduction
relative to the tibia under axial loading:

There are probably several factors that deter-
mine the rotational directions of the tibiotalar
joint under axial loading, including ligament
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Fig. 6 Tree diagram representing the 3D rotational patterns and number of feet showing each pattern. The description in the
boxed text describes the rotational direction and number of feet for each of the 3 axes. The 10 rotational patterns of the tibiotalar
joint are shown. ‘ ‘ ' B

Table 2 Number of Feet and Averages of the laxity, structure of the tarsal bones, alignment of

Three-Axis Rotations of the Tibiotalar Joint in the 10 the lower extremity, and foot alignment, such as
Rotational Patterns. ‘ flat or high-arched foot. An important cause for

Rotational Patterns Number (%) Rotations (Degrees) the variations in three-axis rotational directions of
2.0 ' the tibiotalar joint is thought to be the morpho-
logical variations in the talus and calcaneus. The

x-axis y-axis z-axis

pf/iv/add 6(22%) 33 12 13

of/an/add 5 (18%) s 1 sagittal direction of the talar head relatlye t? the
pf/ev/add C4@5%) 18 -07 11 talar body has been reported to range widely
df/iv/add S 3@1%) =09 07 09 from 70° to 107°.%%*% During axial loading, the
df/ev/add -3tk - 07 07 12 talus would be susceptible to shearing force at the
difev/un o 20%).0 717 06 talonavicular joint because the talus head is di-
un/iv/add 1%  — 12 15 navi jomt

un/un/add 1 @4%) 09 rected more proximally. Consequently, we in-
pf/un/abd o1 (4%) L1 - 226 ferred that tali with heads directed more
pt/un/un - 1 (4%) 06 — - proximally rotated into plantarflexion under axial
Note: pf:'plantarﬂéXion, df: dorsiflexion, iv: inversion, ev: loading, whereas tali with heads directed more
eversion, add: adduction, abd: abduction, un: unchanged. distally rotated into dorsiflexion. In this study;
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the rotational directions of the tibiotalar joint
were mostly adduction in the transverse plane.
This constant rotational direction of adduction at
the tibjotalar joint was caused by the anatomical
characteristics of the talar head that lies medial to
the talar body.

In conclusion, we showed that the talus three-
dimensionally rotated into 10 directions relative
to the tibia under axial loading. Particularly, five
main rotational patterns arising from the rota-
tional variations in the sagittal and coronal planes
were recognized, which accounted for 78% of the
feet. The talus adducted in most of the subjects in
the transverse plane. Our findings provide in-
sight into the subject-specific kinematics of the
tibjotalar joint. The study results may provide
important baseline information for future studies
that aim at elucidation of the pathogenesis of
primary osteoarthritis or trauma of the ankle joint
or that investigate the effects of pathological
conditions or therapeutic procedures on ankle
kinematics.
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REPORT

A Mutation of COX6A1 Causes
a Recessive Axonal or Mixed Form
of Charcot-Marie-Tooth Disease

Gen Tamiya,}* Satoshi Makino,! Makiko Hayashi,2 Akiko Abe,2 Chikahiko Numakura,? Masao Ueki,!
Atsushi Tanaka,? Chizuru Ito,# Kiyotaka Toshimori,* Nobuhiro Ogawa, Tomoya Terashima,>

Hiroshi Maegawa,® Daijiro Yanagisawa,® Ikuo Tooyama,® Masayoshi Tada,” Osamu Onodera,’” and
Kiyoshi Hayasaka2™*

Charcot-Marie-Tooth disease (CMT) is the most common inherited neuropathy characterized by clinical and genetic heterogeneity.
Although more than 30 loci harboring CMT-causing mutations have been identified, many other genes still remain to be discovered
for many affected individuals. For two consanguineous families with CMT (axonal and mixed phenotypes), a parametric linkage anal-
ysis using genome-wide SNP chip identified a 4.3 Mb region on 12924 showing a maximum multipoint LOD score of 4.23. Subse-
quent whole-genome sequencing study in one of the probands, followed by mutation screening in the two families, revealed a
disease-specific 5 bp deletion (c.247—10_247—-6delCACTC) in a splicing element (pyrimidine tract) of intron 2 adjacent to the third
exon of cytochrome ¢ oxidase subunit VIa polypeptide 1 (COX6A1), which is a component of mitochondrial respiratory complex IV
(cytochrome c¢ oxidase [COX]), within the autozygous linkage region. Functional analysis showed that expression of COX6A1 in
peripheral white blood cells from the affected individuals and COX activity in their EB-virus-transformed lymphoblastoid cell lines
were significantly reduced. In addition, Cox6al-null mice showed significantly reduced COX activity and neurogenic muscular atro-
phy leading to a difficulty in walking. Those data indicated that COX6AI mutation causes the autosomal-recessive axonal or

mixed CMT.

Charcot-Marie-Tooth disease (CMT) is the most common
inherited neuromuscular disease characterized by clinical
and genetic heterogeneity, which has been traditionally
subdivided into two major subgroups, demyelinating and
axonal forms. Initially, genes encoding major myelin pro-
teins including peripheral myelin protein 22 (PMP22 [MIM
601097])" and myelin protein zero (MPZ [MIM 159440])*
were identified as genes involved in demyelinating CMT
as well as mitofusin 2 (MFN2 [MIM 608507])* in axonal
CMT. So far, mutations causing CMT have been identified
in more than 30 loci. To identify the genetic background of
Japanese CMT, we analyzed the disease-causing mutation
in about 350 affected individuals; however, we could not
identify the causative mutations in about 50% of demye-
linating CMT and 80% of axonal CMT.

We studied two families with affected members from
consanguineous marriages at different sites in Japan
(Figure 1A). The affected siblings of family 1 initially had
slightly reduced median motor nerve conduction veloc-
ities (NCVs) and onion bulb formation in the sural nerve
at young ages, but they had motor NCVs below 38 m/s
when they were aged 30-39 years, indicating mixed CMT
(Tables S1 and S2 available online). The affected member
of family 2 had slightly reduced median motor NCVs at
age 39, indicating axonal phenotype (Tables S3 and $4).
Although the two families have no record of affinal con-

nections each other, their affected members share similar
disease phenotypes and a deduced mode of inheritance
(i.e., recessive). Informed consent was obtained from all
subjects, and all procedures were approved by the Research
Ethics Committees of Yamagata University Faculty of
Medicine and Niigata University School of Medicine. For
these families, family 1 with two affected members from
the marriage between second cousins and family 2
with one from that between first cousins once removed
(Figure 1A), we carried out a parametric linkage study
using genome-wide 6.5K SNP chip. A genome-wide SNP
genotyping was performed for ten members from the
two families with the HumanLinkage V Panel (Illumina).
A multipoint linkage analysis was performed with Allegro
v.2 and a human genetic map based on NCBI dbSNP Build
123 and identified a significant linkage in a 4.3 Mb region
on 12924 covered by nine SNPs showing multipoint
LOD scores of 3.85-4.23 at 6 = 0.00 (Figures 1B, 1C, and
S1; Table 1).

Subsequent whole-genome sequencing for the proband
from family 1 was performed on a Genome Analyzer IIx
system (Illumina), followed by annotation, filtering, and
assessing potential effects of variants (Tables S5 and S6).
It yielded enough data (a mean depth of 49.6X) to
detect sequence variants by comparison with a reference
sequence (Table S5). Of a total of 3,716,455 variants

1Advanced Molecular Epidemiology Research Institute, Faculty of Medicine, Yamagata University, Yamagata 990-9585, Japan; “Department of Pediatrics,
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We extracted genomic DNA from periph-
eral blood using the QlAamp DNA spin
columns (QIAGEN) and quantified them
using the Quant-iT PicoGreen dsDNA
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c 12q24 22- q24 31 Assay Kit (Life Technologies). Genotyping
: was performed with the GoldenGate Geno-
typing Universal-32 kit on a BeadArray
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U 1530541 rs1520780 rs2730753 rs1179992 manufacturer’s assay guide. Genotype calls
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FBXOZ21 KSR; iWSgB2 TAOK3 o FOP i ANAPC5 Build 123 (see also Figure S1).
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B e ikl ks I it gion on 12q24. These physical coordinates
are taken from UCSC Genome Browser
build. hgl9, RefSeq, and dbSNP 138
COX6A1 (UCSC Genome Browser database: 2014
5-bp deletion update).
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(Table §7), after filtering out known or heterozygous vari-
ants, six were suspected to be deleterious by a majority
rule approach using five prediction methods: PolyPhen-2,
Grantham, PROVEAN, SIFT, and Mutation Taster (Table
2; see also Table S8 for a relaxed rule). Among them, only
a 5 bp deletion (c.247—10_247-6delCACTC; RefSeq acces-
sion number NM_004373.3) was located just in a long run
of homozygosity spanning 3.7 Mb, between 1510774925
and 15503720, in the significant linkage region on 12q24
(Figures 1C and 1D; Tables 1 and S9; see also Figure S2
and Table $10). In the two families, the 5 bp deletion was
cosegregated perfectly with the disease state (Figures 1E.
and S$3). Mutation screening by PCR assay detected the
5 bp deletion in none of 1,452 control chromosomes
from diverse ethnic groups (Table S11).

almost ubiquitous excepting skeletal

muscles (see Su et al.’’ for human
and Figure $4 for mouse), quantitative RT-PCR assay de-
tected the significantly reduced (<1/5 of controls; p <
0.001) expression of the normally spliced form of
COX6A1 in peripheral white blood cells from two affected
members of family 1 (Figure 24, see also Table $12). Consis-
tent with these findings, their cultured cell lines showed
statistically significant reductions in the COX6A1 expres-
sion (p < 0.001; Figure 2B, see also Table $12), cytochrome
coxidase (COX) activity (Figure 2C), and total ATP contents
(Figure 2D) in these affected individuals relative to controls.
Detailed descriptions are found in the legends of figures and
tables for all experiments including expression analysis of
COX6AI mRNA (see also Figure S5 and Table S12), determi-
nation of COX activity, and ATP amount. We performed
two additional experiments: (1) the qRT-PCR using three
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Table 1. Multipoint LOD Scores on 12424 and Estimated Haplotypes in the Significant Linkage Region
Family 1 Family 2
LOD v-1 1v-2 V-1 V-2 V-3 V-4 V-1 v-2 V-1 V-2

Markers Positions® Score (Father) (Mother) (Affected) (Affected) (Brother) (Brother) (Father) (Mother) (Affected) (Brother)
1s885487 117539934 —infinity 2 1 2 1 2 1 2 2 2 1 1 1 2+ 2 2+ 2 2x 2 2 2
rs1530541 118229731 4.0597 2* 2 2* 2 2 2+ 2 2 2 2 2x 2 2~ 1 2+ 2 2x 2 2 1
rs4590911 118562757 4.2433 1* 2 1* 2 1* 1* 1* 1* 1 2 * 2 2 2 2~ 2 2 2 2* 2
151520780 119039725 4.2338 2* 1 2+ 2 2 2 2 2x 2% 1 2* 1 2% 2. 02+ 2 2x 2 2% 2
152730753 119171974 4.2317 2* 1 2 2 2 2% 2*r 2* 2% 1 2* 1 22 2 1 2x 2 2% 2
rs1016203 119423542 4.2249 2* 2 2* 2 2 2+ 2x 2 2+ 2 2x 2 2 2 2 1 2 2 2 2
rs477467 119927992 41386 2* 2 2 1 2+ 2% 2% 2% 2 2 2 2 2 2 2 2 2 2 2% 2
152422 120565188 4.0416 1* 2 1* 1 1* 1* 1* 1* 1* 2 ™ 2 2x 2 2r 2 2 2 2 2
Sbpdel 120878247 - Rt
15610694 121304826 3.8859 2* 2 2 2 2% 2% 2% 2x 2 2 2 2 * 1 1 2 1% 1 1
151179992 121495432 3.8466 1* 2 1* 2 1* 1* 1* ™ 2r 2 ™ 2 2 2 2+ 1 2*x: 2% 2* 2
rs1064951 121878659 —1.7247 1 2 2 2 1 2 1 2 2 2 2 2 2% 2 2 2 2% 2% 2% 2

Haplotypes were reconstructed using Allegro v.2 with “HAPLOTYPE” option from each family data including 5 bp deletion (c.247—10_247—6delCACTC). Asterisk

indicates the putative disease-associated haplotypes in each family.

#Physical coordinate is taken from dbSNP 138 (UCSC Genome Browser, 2014 update).

primers specific to the mutant transcript showed its low
level (Figure S6 and Table S12); and (2) the immunoblot
showed no band at around 11.0 kDa for the mutant pro-
tein (Figure S7). These results suggest that the deletion
leads to alternative splicing events triggering a potential
nonsense-mediated RNA decay.

Finally, we examined commercially provided Cox6al-
null mice (Figure S8 and Table $13). All experimental pro-
cedures were performed according to the animal welfare
regulations of Yamagata University Faculty of Medicine
and Shiga University of Medical Science, and the study
protocol was approved by the Animal Subjects Committee
of Yamagata University Faculty of Medicine and Shiga Uni-

versity of Medical Science. The null mice showed lack of
COXG6A1 products (Figure 3A) and remarkable behavioral
phenotypes including difficulty in walking (Figure 3B;
Movie S1). Histological examinations revealed that the
null mice had thinned sciatic nerves (Figure 3C) and
neurogenic muscular changes including small angular
fiber and small group atrophy (Figure 3D), although no
remarkable neurodegeneration was found. In addition,
consistent with the findings in the affected individuals,
the null mice showed statistically significant reductions
in COX activity and ATP contents in liver cells (p <
0.001; Figures 4A and 4B) and delayed motor NCV (p <
0.01; Figure 4C) relative to control animals.

Table 2. List of Homozygous and Potentially Deleterious Variants Nominated by at Least Three of Five Prediction Methods
Alleles Changes

Chr Start Ref Variant Gene (MIMID) Types Accession Nucleotide Protein

12 120878247 CACTC - COX6A1 splicing NM_004373.3 €.247-10_247—-6delCACTC NA

2 114257705 C - FOXD4L1 frame-shift NM_012184.4 c.876del p-Gly293Alafs*151
(MIM 611084)

14 24470691 - A DHRS4L2 frame-shift NM_001193637.1 ¢.204_205insA p-His69Thrfs*69
(MIM 615196)

19 20807178 - A ZNF626 (NA) frame-shift NM_001076675.2 ¢.1505dup p.Ile503Hisfs*95

2 114257443 A FOXD4L1 nonsynonymous NM_012184.4 c.610A>C p-Lys204GIn
(MIM 611084)

8 126443464 G T TRIB1 nonsynonymous NM_025195.3 ¢.320G>T p.Argl07Leu

(MIM 609461)

To assess potential variant effects for nonsynonymous variants, we used PolyPhen-2 v.2.2.2 (HumVar; score > 0.85),® Grantham Score from SeattleSeq Annotation
v.137 (s<ore > 151), PROVEAN v.1.1.3 (score < —2.5),° SIFT (score < 0.05),” and Mutation Taster (predicted as “disease causing”)® and listed potentially dele-
terious “ariants voted by at least two prediction methods. Furthermore, we also referred gene expression in human whole brain on BioGPS (GeneAtlas U133A,

gcrma elata set)> 10 (see also Table S8).
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(A and B) COX6A1 expression in fresh
whole-blood from a control and the two
affected individuals from family 1 (A) and
in EBV-transformed B cell lines from four
controls and the two affected individuals
(B). Lymphoblastoid cells from two
affected members in the family 1 were
immortalized by infection with the Ep-
stein-Barr virus (VR-1492; American Type
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Culture Collection). Immortalized cells
from the four healthy Japanese individuals
(HEV0031, HEV0032, HEV0038, and
HEV0041) were provided by RIKEN Bio-
Resource Center. Total RNA was extracted
using QIAamp RNA Blood Mini Kit or
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Ll ) AllPrep DNA/RNA Kit (QIAGEN) according
to the manufacturer’s instructions with
on-column DNase I treatment. After deter-
mining RNA concentrations using Quant-
iT RiboGreen RNA Assay Kit (Life
Technologies), 400 ng of total RNA per
40 pl reaction was used to synthesize
cDNA wusing the High-Capacity cDNA
Reverse Transcription Kit (Life Technolo-

Controls 1 2 Controls

Affected

gies) with random primers. Absolute
quantification for COX6A1 was performed
using a custom TagMan assay (Table §12).
PCR products were ligated into pGEM-T

1 2
Affected

easy vector (Promega) and isolated plasmid DNA was then linearized by EcoRI digestion. Before use, plasmid concentration was deter-
mined by Quant-iT PicoGreen dsDNA Assay Kit and serial dilutions were performed to generate standard curve. Real-time PCR was
conducted using TagMan Universal Master Mix II (Life Technologies) with a 7500 Fast real-time PCR system (Life Technologies). Each
reaction was run in triplicate and contained 2 ul of cDNA template in a final reaction volume of 20 ul and data were analyzed with
7500 Software v.2.0.2. ) ) )

(Cand D) COX activity (C) and ATP amount (D) in mitochondrial fractions from the same four controls and two affected individuals’ cell
lines. For the determination of COX activity, we used a Cytochrome ¢ Oxidase Assay kit (Sigma-Aldrich). Mitochondrial fractions were
obtained from cells by homogenization in homogenization buffer (20 mM HEPES-KOH [pH 7.4], 220 mM mannitol, 70 mM sucrose,
1 mM EDTA, 1x protease inhibitor). The determination of COX activity was based on a colorimetric assay that quantifies the oxidation
of ferrocytochrome c to ferricytochrome c via cytochrome c oxidase, a reaction that results in a decrease in absorbance at 550 nm. After
measurement of absorbance, COX activity was calculated according to manufacturer’s instructions. The amount of ATP was measured
using a Lumino assay detecting cellular-ATP kit (CA100; Wako Pure Chemical Industries). The collected cells (1,000 cells per well) were
used according to manufacturer’s instructions. All experiments were triplicated per sample and tested using t test for the difference be-

tween controls mean and each affected individual mean. ***p < 0.0

Haplotype estimation around the linkage region reveals
that the 5 bp deletion is harbored in background haplo-
types that differ between family 1 and 2 (Tables 1 and
S14; Figures §9 and S10), suggesting that this mutation
occurred independently on each the haplotype origin.
The two independent mutations in human CMT families
and the null allele in mice consistently indicate that the
5 bp deletion can cause the disease phenotype through
deficiency of COX6A1 leading to the reduced COX activity
in affected individuals’ peripheral nerves as well. The
COX6A1 is expressed in the sciatic nerve as well as other
tissues including lung, kidney, liver, and brain. Despite
its expression in multiple tissues, the affected individuals
carrying COX6A1 mutation show no signs and symptoms
other than that of the peripheral nervous system. It is
interesting to note that the surfeit 1 (SURFI [MIM
185620]) encodes one of assembly factors of COX whose
mutations cause demyelinating CMT accompanying with
axonal loss'* leading to multisystem involvement with
nystagmus, hearing loss, kyphoscoliosis, and brain MRI

01. The error bars represent the standard deviation.

abnormalities. In contrast, COX6A1 is small polypeptide
required for the stability of holoenzyme. It is likely that
the focal symptoms of our affected individuals are due to
such narrow function, hypomorphic nature of the mutant
allele, and/or the possibility for the residual amount of
COX6A1 to warrant sufficient COX activity in other tissues
as to maintain bioenergetic compensation. As another pos-
sibility, COX6A1 deficiency might be compensated by
heart/muscle isoform, cytochrome c oxidase subunit VIa
polypeptide 2 (COX6A2) in the other tissues or interfere
with forming a stable COX assembly especially in the
mitochondria of peripheral nervous system. Such mito-
chondrial respiratory chain deficiency might increase
the vulnerability of nerve cells.>*® Finally, the tissue spec-
ificity might reflect the differential vulnerability to
COX6A1 deficiency among them, as shown in many
known examples such as TAF1 RNA polymerase II, TATA
box binding protein (IBP)-associated factor, 250 kDa
(TAF1)," huntintin (HTT),?” and superoxide dismutase 1,
soluble (SOD1).>! However, a molecular mechanism
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Figure 3. Characterization of Coxé6al
Knockout Mice

(A) Immunoblot of COX6A1 and voltage-
dependent anion channel (VDAC) as con-
trol in a wild-type and Cox6al knockout
null mice. Mice aged 7-8 weeks, three
(one male and two female) knockout and
three (two male and one female) wild-
type were anesthetized and perfused with
10 mM PBS. Mitochondria fractions were
obtained from liver tissue and applied to
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B null
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immunoblot. 20 pg of protein was loaded
into a SDS-PAGE and transferred to the
polyvinylidene difluoride membrane. The
primary antibody for COX6A1 (mouse
monoclonal, ab110265; abcam) is diluted
1:1,000 and secondary antibody for anti-
COX6A1 (anti-mouse IgG, HRP-conju-
gated, 315-035-003; Jackson ImmunoRe-
search) is diluted 1:10,000. All blotting is
carried out in 5% skim-milk/TBS solutions
at room temperature for 1 hr.

(B) Motor coordination and balance was
assessed as the latency to fall in the rota-
rod. Mice aged 7-8 weeks, four (two male
and two female) knockout and four (two
male and two female) wild-type were
used. Each mouse underwent the same
4 day procedure on a rota-rod (MK-6604;
Muromachi Kikai). The first 3 days were
used to train the mice (four sessions of
60 s each, walking at 20 rpm). The test ses-
sions were run on the last day. The mice
performed two series of three trials (10,
15, and 20 rpm) at each speed, with a
10 min rest period between trials. The
latency to fall was recorded with a cut-off
at 120 s. The difference between the wild-
type and knockout null mice means were
tested using t test. ***p < 0.001. The error
bars represent the standard deviation.

(C and D) Histological examinations by
toluidine blue staining sections of mice
sciatic nerves at lower magnification (C)
and hematoxylin-eosin staining sections
of mice lower limb muscles (D). Arrow in-
dicates a smaller number of fibers are
involved in small group atrophy and
arrowhead indicates small angular fibers
despite the limited numbers. Mice aged

20

7-8 weeks, four (two male and two female) knockout and four (two male and two female) wild-type were anesthetized and perfused
with 10 mM PBS, followed by a fixative of 4% paraformaldehyde (for leg muscle) or 2.5% glutaraldehyde (for sciatic nerve) in 0.1 M phos-
phate buffer. Sciatic nerve specimens were fixed in 2.5% glutaraldehyde in phosphate buffer for 2 hr at room temperature. After post-
fixation with 1% OsO,, the tissues were embedded in epoxy resin. Tissue blocks were sectioned at 1 mm thickness and stained with
toluidine blue for light microscopic examination. For the histological analysis of leg muscle, mice tissues were postfixed in 4%
paraformaldehyde for 48 hr at 4°C. The muscle tissues were dissected out and then incubated overnight in 10% sucrose in phosphate
buffer. After snap freezing with CO, gas, tissue blocks were sectioned at 20 pm thickness in a cryostat and stained with hematoxylin and

eosin.

between potential dysfunctions of the respiratory chain
and the disease phenotype is still unclear. Our findings
warrant further mechanistic analysis of structural analysis
of COX holoenzyme, COX activity, and assembly in
different tissues, including brain, heart, and, as a “positive
control,” skeletal muscle. To disentangle their high-order
functional interplay, the results from our genetic study
would warrant further mechanistic analyses of the mito-
chondrial involvements in the peripheral nervous system.

On the other hand, the multiple mutation events resulting
in the same deletion in the pyrimidine tract imply that
this site may be a mutational hotspot in human, so that
there is a possibility that this deletion would be found
across the world, especially from families with consanguin-
eous loop, under the same scenario as Charcot-Marie-
Tooth disease type 2F (CMT2F [MIM 606595])** or he-
reditary motor and sensory neuropathy, proximal type
(HMSN-P [MIM 604484]).2%%*
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Figure 4. COX Activity and Electrophysiological Analysis in Mice
(A and B) COX activity in mitochondrial fractions from livers (A)
and ATP amount in liver homogenates (B) from three wild-type
and knockout null mice, respectively. Experiments for COX activ-
ity and ATP amount were triplicated per sample and all experi-
ments were tested using t test for the difference between the
wild-type and knockout mice means. '

(C) Nerve conduction velocity of sciatic nerve from- mice.
Studies were demonstrated at 7-10 weeks of age, six (three
male and three female) wild-type and seven (five male and
two female) null mice with Sapphne (Medelec) under. anes-
thesia of pentobarbital sodium (5 mg/kg i.p.). At the right dor-
sal femoral, sciatic nerve was exposed by opening up overlying
skin and electrically stimulated using needle electrodes at
the sciatic notch and at the knee joint level under 37°C =+
0.5°C. The compound muscle action potential (CMAP) evoked
by the two parts of stimuli were recorded at gastrocnemius.
Motor = nerve conduction velocity (NCV) was' calculated
with dividing the distance between the sciatic notch and
knee joint level by the delta latency between the two CMAP
curves. Asterisks indicate the level of -statistical significance
(**p < 0.01; ***p < 0.001). The error bars represent the stan-
dard deviation.

Supplemental Data

Supplemental Data include 10 figures, 14 tables, and one movie
and can be found with this article online at http://dx.doi.org/10.
1016/j.ajhg.2014.07.013.
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Abstract

Emery-Dreifuss muscular dystrophy (EDMD) is caused by mutations in the EMD gene on the X chromo-
some, which codes for emerin, an inner nuclear membrane protein. Monoclonal antibodies against the N-
terminus of emerin protein are used to screen for emerin deficiency in clinical practice. However, these tests
may not accurately reflect the disease in some cases. We herein describe the identification of a splice site
mutation in the EMD gene in a Japanese patient who suffered from complete atrioventricular conduction
block, mild muscle weakness and joint contracture, and a'p'ersistently elevated serum creatine kinase level.
We used multiple antibodies to confirm the presence of a novel truncating mutation in emerin without the
transmembrane region and C-terminus in the skeletal muscle.

Key words: Emery-Dreifuss muscular dystrophy (EDMD), splice site mutation, emerin,

immunohistochemical stain

(Intern Med 53: 1563-1568, 2014)
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Introduction

Emery-Dreifuss muscular dystrophy (EDMD) is character-
ized by early contractures of the elbow, neck, and Achilles
tendons; slowly progressive skeletal muscle wasting in the
upper arms and lower legs (humeroperoneal); and cardio-
myopathy associated with conduction defects (1). The most
serious aspect of EDMD is cardiac involvement, which usu-
ally becomes evident as muscle weakness progresses, but it
may occur before there is any significant skeletal muscle in-
volvement. EDMD is caused by mutations in different
genes; including those in the EMD gene, encoding emerin,
and causing X-linked EDMD (2); mutations in the LMNA
gene, which encodes lamins A and C, and causes autosomal
dominant EDMD (3) and a very rare autosomal recessive
EDMD (4).

Monoclonal antibodies against the N-terminus of emerin,
including Novocastra™ Lyophilized Mouse Monoclonal An-

tibody Emerin (NCL-emerin), have been used to screen
emerin deficiency in clinical practice. In general, previous
studies only used one kind of antibody in western blot or
immunocytochemistry tests to evaluate emerin expression.
Most of the mutations (86%) affecting males result in a
complete absence of emerin (5); however, the corresponding
genotypes were different, indicating that pathological assess-
ments using a single antibody could not accurately reflect
patients’ diverse genetic information.

We herein describe the case of a patient with typical com-
plete atrioventricular conduction block along with mild mus-
cle weakness and joint contracture. We identified a previ-
ously reported splice acceptor site mutation in EMD, but the
original symptoms and clinical severity of our case are dif-
ferent from those of the previous patient with this muta-
tion (6). Furthermore, immunohistochemistry using three an-
tibodies against different emerin domains revealed a distinct
partial deficiency of emerin in the nuclei of the skeletal
muscle fibers.
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