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Recently, Lornage et al. reported a dominantly inherited 
myopathy associated with monoallelic variants in ACTN2, 
which is characterized clinically by weakness in distal and/or 
proximal muscles and pathologically by cores in myofibers 
[2]. Here, we report eight patients in three unrelated families 
with muscle weakness, core myopathy, and a biallelic vari-
ant in ACTN2.

Clinicopathological features of the patients are listed in 
Table 1. In Family 1, F1-II-6 (Fig. 1a) developed muscle 
weakness, predominantly in distal muscles from 32-years 
old. In Family 2, F2-IV-4 (Fig. 1b) had proximal muscle 
weakness in lower limbs and acquired left exotropia from 
60-years old. The latter may be attributable to weakness of 
the extraocular muscles, as reported previously [2]. He had 
myocardial diastolic dysfunction and atrial fibrillation at 
78-years-old. There was an apparent autosomal dominant 
family history. Other affected family members reported 
muscle weakness beginning in their 40 s to 60 s. In Family 
3, F3-II-1 (Fig. 1c) developed limb muscle weakness from 
approximately 60-years-old. Muscle weakness was general-
ized, but there was asymmetric atrophy in the lower limbs 

(Fig. 2, online resource). Age at onset of these patients was 
similar to that of previously reported patients [3].

Muscle images showed fat replacement in the posterior 
compartment of the thigh, tibialis anterior, and medial head 
of the gastrocnemius (Fig. 1d–f). By contrast, the anterior 
compartment of the thigh, particularly the rectus femoris, 
sartorius, and gracilis, were spared. This pattern of mus-
cle involvement is distinct from that previously described 
in patients with dominant variants in ACTN2 [2, 3]. Muscle 
pathology in the three families was similar, showing mod-
erate to marked variation in fiber size, scattered fibers with 
internal nuclei, and type 1 fiber predominance (Fig. 1g-j). 
Furthermore, many type 1 fibers had minicore-like structures 
and some of them looked like lobulated fibers as reported 
previously [2, 3]. These structures were visible not only by 
NADH-tetrazolium reductase staining but also by succinate 
dehydrogenase and cytochrome c oxidase staining, indicat-
ing an absence of mitochondria in the cores [4] (Fig. 1k–m). 
Rimmed vacuoles and nemaline bodies (Table 1 and Fig. 3, 
online resource) were also observed, similar to previous 
reports [2, 3].

 * Satoru Noguchi 
 noguchi@ncnp.go.jp

1 Department of Neuromuscular Research, National 
Institute of Neuroscience, National Center of Neurology 
and Psychiatry, Tokyo 187–8551, Japan

2 Medical Genome Center, National Center of Neurology 
and Psychiatry, Tokyo 187–8551, Japan

3 Department of Statistical Genetics, Osaka University 
Graduate School of Medicine, Osaka 565–0871, Japan

4 Integrated Frontier Research for Medical Science Division, 
Institute for Open and Transdisciplinary Research Initiatives, 
Osaka University, Suita 565–0871, Japan

5 Department of Neurology, Toyama Prefectural Central 
Hospital, Toyama 930–8550, Japan

6 Department of Neurology, Mie University Graduate School 
of Medicine, Mie 514–8507, Japan

7 Department of Neurology, Suzuka Kaisei Hospital, Mie 513–
8505, Japan

8 Laboratory of Statistical Immunology, Immunology Frontier 
Research Center (WPI-IFReC), Osaka University, Suita 565–
0871, Japan

9 Department of Neurology, National Hospital Organization 
Suzuka Hospital, Mie 513–9501, Japan

10 Department of Neuromuscular Research, National 
Institute of Neuroscience, National Center of Neurology 
and Psychiatry, 4-1-1 Ogawahigashi, Kodaira, Tokyo 187–
8502, Japan

http://orcid.org/0000-0001-6165-3716
http://crossmark.crossref.org/dialog/?doi=10.1007/s00401-021-02363-7&domain=pdf


786 Acta Neuropathologica (2021) 142:785–788

1 3

Ta
bl

e 
1 

 C
lin

ic
op

at
ho

lo
gi

ca
l f

ea
tu

re
s o

f p
at

ie
nt

s w
ith

 h
om

oz
yg

ou
s c

.1
43

9A
 >

 G
 v

ar
ia

nt
s i

n 
AC

TN
2 

an
d 

in
 th

e 
pr

ev
io

us
 re

po
rts

NA
 n

ot
 av

ai
la

bl
e

a  M
us

cl
e 

pa
th

ol
og

y 
w

as
 n

ot
 av

ai
la

bl
e 

ex
ce

pt
 fo

r h
em

at
ox

yl
in

 a
nd

 e
os

in
 st

ai
ni

ng

Fa
m

ily
 1

Fa
m

ily
 2

Fa
m

ily
 3

Lo
rn

ag
e 

et
 a

l. 
[2

]
Sa

va
re

se
 e

t a
l. 

[3
]

In
di

vi
du

al
F1

-I
I-

6
F2

-I
V-

4
F2

-V
-1

F3
-I

I-
1

Va
ria

nt
s i

n 
AC

TN
2 

(N
M

_0
01

10
3)

c.
14

39
A

 >
 G

 (p
.A

sn
48

0S
er

) h
om

oz
yg

ou
s

c.
21

80
 T

 >
 G

 
(p

.L
eu

72
7A

rg
) 

he
te

ro
zy

go
us

c.
21

94
_2

22
6d

el
 

[p
.(A

la
73

2_
Ile

-
74

2d
el

) h
et

er
oz

y-
go

us

c.
14

59
 T

 >
 C

 
(p

.C
ys

48
7A

rg
) h

et
-

er
oz

yg
ou

s
c.

39
2 

T 
>

 C
 

(p
.L

eu
13

1P
ro

)
he

te
ro

zy
go

us

In
he

rit
an

ce
Re

ce
ss

iv
e

D
e 

no
vo

D
om

in
an

t
Se

x
Fe

m
al

e
M

al
e

M
al

e
Fe

m
al

e
M

al
e 

an
d 

fe
m

al
e

Fe
m

al
e 

an
d 

m
al

e
A

ge
 a

t m
us

cl
e 

bi
op

sy
33

69
60

76
9 

&
 4

5,
 1

9
O

ns
et

32
60

39
60

 s
Ea

rly
 c

hi
ld

ho
od

34
–6

0
M

us
cl

e 
w

ea
kn

es
s

D
ist

al
 to

 p
ro

xi
m

al
 

lo
w

er
 li

m
bs

Pr
ox

im
al

 lo
w

er
 li

m
bs

Pr
ox

im
al

 >
 di

st
al

 
lo

w
er

 li
m

bs
Pr

ox
im

al
D

iff
us

e
D

ist
al

 to
 p

ro
xi

m
al

C
ar

di
ac

 sy
m

pt
om

s
N

o
M

yo
ca

rd
ia

l d
ia

s-
to

lic
 d

ys
fu

nc
tio

n 
(E

/e
' =

 17
.6

1)
, l

ef
t 

at
ria

l e
nl

ar
ge

m
en

t 
(le

ft 
at

ria
l d

im
en

-
si

on
 =

 50
.3

 m
m

), 
at

ria
l fi

br
ill

at
io

n

N
o

N
o

C
ar

di
om

eg
al

y,
 h

ea
rt 

fa
ilu

re
Is

ch
em

ic
 h

ea
rt 

di
se

as
e 

an
d 

pa
ce

m
ak

er
, a

tri
al

 
flu

tte
r a

nd
 le

ft 
ve

nt
ric

-
ul

ar
 h

yp
er

tro
ph

y

O
th

er
 fe

at
ur

es
C

al
f h

yp
er

tro
ph

y
Ex

te
rn

al
 st

ra
bi

sm
us

, 
le

ft 
kn

ee
 jo

in
t 

re
pl

ac
em

en
t, 

m
ild

 
po

stu
ra

l t
re

m
or

Ex
te

rn
al

 st
ra

bi
sm

us
, 

ha
m

m
er

 to
e,

 c
on

-
tra

ct
ur

e 
of

 A
ch

ill
es

 
te

nd
on

, l
ef

t k
ne

e 
jo

in
t r

ep
la

ce
m

en
t

H
yp

er
te

ns
io

n,
 d

ia
be

-
te

s m
el

lit
us

Fa
ci

al
 m

us
cl

e 
w

ea
k-

ne
ss

, o
ph

th
al

m
op

le
-

gi
a,

 p
to

si
s d

ec
re

as
ed

 
re

sp
ira

to
ry

 in
su

ffi
-

ci
en

cy
, c

on
tra

ct
ur

es

M
ya

lg
ia

, a
sy

m
m

et
ric

 
hy

pe
rtr

op
hy

 a
nd

 a
tro

-
ph

y 
of

 c
al

f m
us

cl
es

 
an

d 
qu

ad
ric

ep
s, 

at
ro

-
ph

y 
in

 b
ot

h 
fo

re
ar

m
s

CK
 (U

/L
)

88
6

44
3

N
A

18
1

N
or

m
al

N
or

m
al

—
5,

00
0

M
us

cl
e 

pa
th

ol
og

y
R

im
m

ed
 v

ac
uo

le
s

Ye
s

Ye
s

N
o

Ye
s

Ye
s

Ye
s

N
em

al
in

e 
bo

di
es

N
o

Ye
s

N
A

a
N

o
Ye

s
Ye

s
In

cr
ea

se
d 

fib
er

s w
ith

 
in

te
rn

al
 n

uc
le

i
Ye

s
Ye

s
Ye

s
Ye

s
Ye

s
Ye

s

M
ul

tip
le

 c
or

es
/lo

bu
-

la
te

d 
fib

er
s

Ye
s

Ye
s

N
A

 a
Ye

s
Ye

s
Ye

s

Fi
be

r t
yp

e 
ab

no
rm

al
-

ity
Ty

pe
 1

 fi
be

r p
re

do
m

i-
na

nc
e,

 ty
pe

 2
B

 fi
be

r 
de

fic
ie

nc
y

Ty
pe

 1
 fi

be
r p

re
do

m
i-

na
nc

e,
 ty

pe
 1

 fi
be

r 
at

ro
ph

y

N
A

 a
Ty

pe
 1

 fi
be

r a
tro

ph
y

Ty
pe

 1
 fi

be
r p

re
do

m
i-

na
nc

e
Ty

pe
 1

 fi
be

r p
re

do
m

i-
na

nc
e,

 m
yo

pa
th

ic
-

ty
pe

 g
ro

up
in

g



787Acta Neuropathologica (2021) 142:785–788 

1 3

Fig. 1  Patient muscle imaging and pathology. a–c Pedigrees in Fam-
ily 1 (a), Family 2 (b), and Family 3 (c); individual genotypes are 
shown. d–f Thigh and calf muscle MRI (T1-weighted images) of 
F1-II-6 (d), CT of F2-IV-4 (e), and CT of F3-II-1 (f). g–i NADH- 
tetrazolium reductase staining of muscles from F1-II-6 (g), F2-IV-4 
(h), and F3-II-1 (i); fibers with small cores (magnified images in the 

top right corners). j–m Histochemistry images of muscle serial sec-
tions from F2-IV-4. Minicores were detected on succinate dehydro-
genase (k), cytochrome c oxidase (l), and myosin-ATPase at pH 4.0 
(m) staining (arrows), but not hematoxylin & eosin (j). n Electron 
microscopic photograph of muscle from F2-V-1, showing Z-line with 
a zigzag appearance. o Magnified view of n 
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Whole exome sequencing identified apparently homozy-
gous ACTN2 c.1439A > G (p.Asn480Ser) variants in affected 
individuals of all three families. This variant was present at 
extremely low frequency or not listed in public databases 
(Table 2, online resource). The highly conserved Asn480 
residue is located in the second spectrin repeat and the path-
ogenicity of the p.Asn480Ser substitution was evaluated by 
in-silico prediction (Table 3, online resource). Although 
Family 2 appeared to exhibit dominant inheritance, analy-
sis of whole exome sequencing data using XHMM dem-
onstrated that the variant was homozygous in F2-IV-4 and 
F2-V-1 [1] (Fig. 4, online resource), suggesting possible 
pseudo-dominant inheritance pattern. Despite the complete 
co-segregation of the homozygosity of the variant with 
the disease (Fig. 1a-c), no stretches of identity-by-descent 
haplotypes were detected within the homozygous region, 
suggesting that the families do not share common ancestors 
(Fig. 4, online resource). Detailed experimental procedures 
are available online.

Cytoplasmic accumulation of TDP-43 and p62 was 
observed in patient muscles (F1-II-6 and F3-II-1) (Fig. 3, 
online resource). Actinin-2 accumulation was also observed 
in a similar pattern to nemaline bodies in a muscle serial sec-
tion from individual F2-VI-4 (Fig. 3, online resource), sug-
gesting that ACTN2 p.Asn480Ser contributes to abnormality 
of Z-lines. Electron microscopy observation revealed Z-lines 
with a zigzag appearance becoming jagged Z-lines (Fig. 1n, 
o and Fig. 5, online resource), showing core structures, simi-
lar to the findings in dominant cases reported previously [2].

Alpha-actinin-2 protein was comparatively expressed in 
patient’s muscle to that in control (Fig. 6, online resource). 
In  vitro behavioral analyses of alpha-actinin-2 with 
p.Asn480Ser indicated that this variant does not interfere 
homodimerization and intracellular localization of alpha-
actinin-2 (Figs. 6–9, online resource), as previously shown 
for dominantly inherited mutants [2]. Moreover, in the 
human alpha-actinin-2 crystal structure, Asn480 contributes 
to serve hydrogen bonds with Asn469, building to the rod 
structure in the second spectrin repeat and Ser substitution 
may alter the interaction between two helices (Fig. 10, online 
resource), similar to Cys487, which is mutated in dominant 
myopathy [3]. This may explain the reason why the symp-
toms of the patients in this cohort were similar especially 
in the age of onset, asymmetric muscle atrophy, and car-
diac symptoms to those of the patients with p.Cys487Arg 
(Table 1) [3]. Taken together, our data indicate that this 
variant may have a marginal effect on the function of alpha-
actinin-2, which may explain its association with late-onset, 
relatively mild myopathy.

In addition to the patients with dominantly inherited 
ACTN2 variants [2, 3], our data reveal that the Asn480Ser 
variant is hypomorphic and causes core myopathy in reces-
sive mode. Further functional studies are required to eluci-
date the pathomechanism underlying this myopathy.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 021- 02363-7.
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