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Biallelic Mutations in MYPN, Encoding Myopalladin,
Are Associated with Childhood-Onset,
Slowly Progressive Nemaline Myopathy
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Nemaline myopathy (NM) is a common form of congenital nondystrophic skeletal muscle disease characterized by muscular weakness

of proximal dominance, hypotonia, and respiratory insufficiency but typically not cardiac dysfunction. Wide variation in severity has

been reported. Intranuclear rodmyopathy is a subtype of NM inwhich rod-like bodies are seen in the nucleus, and it oftenmanifests as a

severe phenotype. Although ten mutant genes are currently known to be associated with NM, only ACTA1 is associated with intranu-

clear rod myopathy. In addition, the genetic cause remains unclear in approximately 25%–30% of individuals with NM. We performed

whole-exome sequencing on individuals with histologically confirmed but genetically unsolved NM. Our study included individuals

with milder, later-onset NM and identified biallelic loss-of-function mutations in myopalladin (MYPN) in four families. Encoded

MYPN is a sarcomeric protein exclusively localized in striated muscle in humans. Individuals with identified MYPN mutations in all

four of these families have relatively mild, childhood- to adult-onset NM with slowly progressive muscle weakness. Walking difficulties

were recognized around their forties. Decreased respiratory function, cardiac involvement, and intranuclear rods in biopsied muscle

were observed in two individuals. MYPN was localized at the Z-line in control skeletal muscles but was absent from affected individuals.

Homozygous knockinmice with a nonsense mutation inMypn showed Z-streaming and nemaline-like bodies adjacent to a disorganized

Z-line on electron microscopy, recapitulating the disease. Our results suggest that MYPN screening should be considered in individuals

with mild NM, especially when cardiac problems or intranuclear rods are present.
Nemaline myopathy (NM) is a common form of congen-

ital myopathy that is histologically defined by the presence

of nemaline bodies within myofibers.1 Typical clinical fea-

tures include proximal-dominant muscle weakness, hypo-

tonia, respiratory insufficiency, and bulbar weakness.

It is not usually accompanied by ophthalmoplegia or

cardiac dysfunction.2 Mutations in genes encoding either

a component of thin filament, such as ACTA1 (MIM:

102610),3 NEB (MIM: 161650),4 TPM3 (MIM: 191030),5

TPM2 (MIM: 190990),6 TNNT1 (MIM: 191041),7 CFL2

(MIM: 601443),8 and LMOD3 (MIM: 616112),9 or proteins

associated with thin filament stability or turnover, namely,

KBTBD13 (MIM: 613727),10 KLHL40 (MIM: 615340),11

and KLHL41 (MIM: 607701),12 have been shown to

cause NM, but the genetic cause remains unknown in

25%–30% of individuals with this disease.12 The onset of

the disease and its symptoms vary even among individuals
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with the same gene defect, but most affected individuals

have delayed motor milestones and proximal-dominant

muscle weakness involving facial muscle.13 Intranuclear

rod myopathy is a variant of NM in which rod-like

inclusions are observed in myonuclei, often seen in the

severe infantile form of NM with mutations in ACTA1.14

Here, we present biallelic loss-of-function mutations in

MYPN (MIM: 608517) in association with childhood-

onset, slowly progressive NM with intranuclear rods.

Experimental protocols were approved by the local

ethics committees (Yokohama City University School

of Medicine for individual 1 and National Center of

Neurology and Psychiatry for individuals 2–4). Written

informed consent was obtained from all individuals or

their parents. Clinical information was obtained from

the medical records. The mouse study conformed to proto-

cols approved by the Institutional Animal Care and Use
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Table 1. Clinical Features of the Studied Individuals

Individual 1 Individual 2 Individual 3 Individual 4

Ethnicity Japanese Japanese Japanese Japanese

Gender female male female male

Age at examination 48 years 35 years 55 years 37 years

Age at onset 25 years 4–5 years first decade first decade

MYPN mutations c.2003delA (homozygous) c.3076�2A>C
(homozygous)

c.1129C>T (homozygous) c.3169C>T, c.3214C>T

Mutant proteins p.Asn668Thrfs*25 p.Gly1026Valfs*21,
p.Gly1026Asnfs*59,
p.Gly1026Leufs*57,
p.Gly1026_Gln1077del

p.Arg377* p.Arg1057*, p.Arg1072*

Consanguinity þ �a NA �

Family history þ � � �

Prenatal symptoms � � NA �

Neonatal-infantile problems þ (weakness in neck flexor
muscle)

� NA �

Present Status

Muscle weakness severe and diffuse,
wheelchair bound, requires
assistance in daily life, can
move only knees, ankles, and
fingers by herself

mild and diffuse mild to moderate in lower
limbs and neck, waddling
gait, Gowers’ sign

moderate in lower limbs, mild
in upper limbs, waddling gait,
difficulty climbing stairs,
unable to squat

Facial involvement and/or
high-arched palate

þ þ NA þ

Ophthalmoparesis � NA NA �

Excessive drooling � NA NA �

Contracture � � � �

Respiratory insufficiency (VC) � (VC 1.23 L, %VC 39.9%) NA NA � (VC 2.13 L, %VC 84%)

Cardiac problems hypertrophy NA NA diffuse hypokinesia, EF 52%

Arrhythmia � NA NA first-degree AVB

Dysphagia � NA NA �

Intellectual disability � � � �

Minor dysmorphologies pectus excavatum pes cavus equinus foot, scapulae
alatae

�

Serum CK (IU/L) 18 (normal 45–163) 13 (normal 0–40) 26 (normal 40–160) 35 (normal 62–289)

Muscle Pathology

Nemaline bodies þ þ þ þ

Intranuclear rods þ � � þ

Type 1 fiber predominance
(>90%)

þ þ þ þ

Abbreviations are as follows: NA, not available; þ, present; �, absent; VC, vital capacity, EF, ejection fraction; AVB, atrioventricular block; and CK, creatine kinase.
aConsanguinity was not reported, but the parents are from the same isolated village.
Committee at University of Tennessee Health Science

Center.

We identified four individuals with biallelicMYPNmuta-

tions from four independent families through our study.

A clinical summary of the four is presented in Table 1. For

individual 1 (V-3 of family 1 in Figure 1A), detailed clinical

information is provided in the Supplemental Note. Con-
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sanguinity was only identified in the family of individual

1, although the parents (I-1 and I-2 of family 2 in

Figure 1A) of individual 2 (II-1 of family 2 in Figure 1A)

are from the same isolated village. Individual 1was reported

to have recognized the first symptom of difficulty with

climbing stairs in her twenties, but her past history suggests

that she had symptoms in her first decade (Supplemental
5, 2017



Figure 1. PedigreesofFamiliesHarboring
MYPNMutations
(A) Families with biallelicMYPNmutations.
Black squares and black circles indicate
affected male and female individuals, res-
pectively. Arrows indicate probands, and
asterisks indicate individuals analyzed by
WES. Minus signs indicate that the muta-
tion was not found.
(B) MYPN mutations identified in this
study. The upper panel shows a schematic
presentation of MYPN structure. Gray and
black boxes indicate the coiled-coil domain
and Ig domain, respectively. The N-termi-
nal CARP-binding region, nebulin-binding
region, and C-terminal a-actinin-binding
region are presented. The lower panel
shows the positions of the identified muta-
tions along with altered proteins.
Note). Individuals 2, 3 (II-5 of family 3 in Figure 1A), and

4 (II-1 of family 4 in Figure 1A) presented with the initial

symptom of gait disturbance during their first decade

(around 4–10 years of age). Slowly progressivemuscleweak-

ness was first recognized in the extremities, especially the

lower limbs, and neck in all four individuals. Facial involve-

ment was observed in individuals 1, 2, and 4 (for whom in-

formation on such symptoms is available), andmilder signs

were observed in individual 1. From the clinical informa-

tion available (for individuals 1 and 4), extraocular muscles

are not involved, and excessive drooling is not present.

Three of the individuals can stand up and walk but with

some difficulty. Individual 1 (who has the most severe dis-

ease) has become wheelchair bound and has required assis-

tance in daily life after her first 15 years ofmorbidity. Twoof

the four affected individuals have cardiac problems (cardiac

hypertrophy in individual 1 and adiffuse hypokinetic heart

with a first-degree atrioventricular block in individual 4). As

for respiratory function, two of the four individuals (1 and

4) have decreased vital capacity without apparent respira-

tory failure. None of the four have dysphagia. Three of

the four individuals have minor skeletal dysmorphologies,

but none of the four have contractures. Serum creatine ki-

nase is relatively low in all individuals (18, 13, 26, and

35 IU/L in individuals 1, 2, 3, and 4, respectively). All four

individuals have normal intelligence.
The American Journal of Human Ge
Muscle computed tomography

(CT) was performed on individuals

1 and 4 at the ages of 46 and 35 years,

respectively. In individual 4, prox-

imal-dominant muscle atrophy was

noted. Atrophy of the neck, gluteal,

and femoral muscles was particularly

prominent. Interestingly, in the up-

per legs, the sartorius, gracilis, and

biceps brevis femoris muscles were

highly degenerated and mostly re-

placed with fat tissues. Patchy low-
density areas were observed especially in semitendinosus

muscles (Figure S1). In individual 1, muscle CT was per-

formed in her most advanced stage of NM. Muscles were

diffusely atrophic. Proximal-dominant muscle atrophy

was recognized in her legs (Figure S2).

Histological examination of biopsied muscles from the

four showed similar characteristics: mild to moderate vari-

ation in myofiber size and nemaline bodies with a granular

shape in scattered muscle fibers on modified Gomori tri-

chrome staining (Figures 2A and 2B). In individual 1, mus-

cle fibers were decreased in number with extensive fat

replacement and increased connective tissue proliferation.

Intranuclear nemaline rods were observed in individuals

1 and 4 (Figures 2B and 2C). Type 1 fiber predominance,

which is commonly seen in congenital myopathies, was

confirmed on myosin ATPase staining in all four indi-

viduals (data not shown). Electron microscopy (EM)

confirmed the presence of nemaline bodies in all three

individuals examined (Figure 2C).

We first genetically analyzed individual 1. Because of the

intranuclear rods in her biopsied muscle, we searched for

ACTA1 abnormality by Sanger sequencing but failed to

detect a mutation. Considering an autosomal-recessive

mode of inheritance given the consanguinity, we per-

formed homozygosity mapping and identified six homo-

zygously stretched regions with a total size of 47.6 Mb
netics 100, 169–178, January 5, 2017 171



Figure 2. Pathologies of Biopsied Muscle from the Studied Individuals
For muscle histology, the muscle samples were frozen in liquid-nitrogen-cooled isopentane and stored at �80�C. They were then
sectioned at a thickness of 10 mm and exposed to a battery of routine histochemical stains, including hematoxylin and eosin (H&E),
modified Gomori trichrome (mGT), and NADH-TR.15 Regarding the method of electron microscopy (EM), see the Figure S7 legend.
Because we could not obtain standard EM samples of themuscles from individual 4, frozen sections were fixed with 2.5% glutaraldehyde
in cacodylate buffer and subjected to standard epon-embedded EM block preparation.
(A) Sections stained with H&E show marked variation in fiber size, including replacement of interstitial connective and fat (F) tissue in
individual 1, who is wheelchair bound. The other three individuals showed mild to moderate variation in fiber size with scattered small
angular fibers representative of mild muscle changes. No apparent degenerative changes were recognized. Scale bar represents 50 mm.
(B)mGTstaining of biopsiedmuscle. Scattered fibers containing dispersed to aggregated darkly stained nemaline bodies in the cytoplasm
(arrows) were found in all subjects. Most of the bodies were round and not rod-like in shape. Intranuclear rods (encircled) with a fine
string-like appearance (stained red) were seen in individuals 1 and 4. Scale bar represents 10 mm.
(C) EM confirmed the presence of nemaline bodies (arrow) with the same electron density as the Z-line in individuals 2 and 3.Most of the
bodies were short and rarely longer than the length of one sarcomere. Note the relatively well-preserved myofibrils. An intranuclear rod
was seen in individual 4; it had a slightly lower electron density than intracytoplasmic nemaline bodies but a lattice-like structure (inset).
Scale bar represents 1 mm.
(Figure S3 and Table S1). Then, we performed whole-

exome sequencing (WES) of the proband’s DNA obtained

from her saliva by using OrageneDNA (DNA Genotek)

as previously described.16 In brief, genomic DNA was

captured with a SureSelect Human All Exon V4 Kit (Agilent

Technologies) and sequenced on an Illumina HiSeq 2000

with 101-bp paired-end reads. Reads were aligned to

GRCh37 with Novoalign. PCR duplicates were removed

with Picard. Local realignments around indels and base

quality-score recalibration were performed with the

Genome Analysis Toolkit (GATK). Variants were called by

the GATK UnifiedGenotyper and filtered on the basis of

the GATK Best Practices (version 3). The common variants

registered in dbSNP135 (minor allele frequency R 0.01)

and not flagged as having clinical associations were

excluded. Variants that passed the filtering steps were

annotated with ANNOVAR.17 The mean depth of coverage

against the RefSeq coding sequence byWES was 1023, and
172 The American Journal of Human Genetics 100, 169–178, January
94% of the total coding sequence was covered by ten reads

or more. We obtained 359 rare protein-altering and splice-

site variants, which were not observed in more than 5 of

575 in-house control exomes. WES did not identify any

pathogenic mutation in ACTA1 or nine other genes

associated with NM. HomozygousMYPN c.2003delA (Gen-

Bank: NM_032578.3), which is predicted to result in

p.Asn668Thrfs*25, was the only homozygous mutation

located in the homozygous regions. Sanger sequencing

confirmed the MYPN mutation (Figure 1B).

MYPN encodes myopalladin (MYPN), a 145-kDa multi-

functional protein localized at sarcomere Z- and I-bands,

as well as at the nucleus of cardiac and skeletal myo-

cytes.18,19 The primary structure of MYPN consists of five

immunoglobulin (Ig) domains (Ig domains 1 and 2 at the

N terminus and Ig domains 3–5 at the C terminus). The

C-terminal and central regions of MYPN bind to a-actinin

and nebulin (skeletal muscle) or nebulette (cardiac muscle)
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at the Z-line (Figure S4). MYPN-a-actinin-nebulin can form

a link tethering actin thin filaments and titin filaments

within the Z-line, thus assembling I-Z-I bodies in striated

muscle.18,19 Notably, mutations in NEB (MIM: 161650),

encoding nebulin, are the most common cause of NM.

The N-terminal region of MYPN binds to cardiac ankyrin

repeat protein (CARP, also known as ankyrin repeat

domain-containing protein 1 [ANKRD1]), attached to titin

at the I-band.18 CARP is a multifunctional protein that is

not only a component of the sarcomere but also a tran-

scription cofactor in the nucleus.20 CARP has dual intra-

cellular localization in the sarcomere and nucleus, and

MYPN shuttles (colocalizes) with CARP in the nucleus.18

After finding ahomozygousMYPNmutation in individual

1, we performed further WES studies by using a HiSeq 1000

(Illumina) in 54 additional genetically unsolved families

affectedbyhistologicallydiagnosedNMinbiopsiedmuscles.

This cohort included individuals with relatively mild, later-

onset forms of NM: mean and median ages of onset were

25 and 26 years, respectively. No possible variants in genes

known to be associated with congenital myopathy were de-

tected by either target resequencing or WES in this cohort

(Table S2). Genomic DNAwas extracted from either periph-

eral-blood leukocytes or biopsiedmuscle and then subjected

to solution capture with the SureSelect Human All Exon V5

Kit (Agilent Technologies) for the generation of barcoded

WES libraries. These librarieswere sequenced on an Illumina

HiSeq 1000with paired-end 100-bp reads. Themean depths

of coverage by WES for subjects 2, 3, and 4 were 693, 973,

and 1113, respectively, and 90%, 95%, and 99%, respec-

tively, of the total coding sequence was covered by ten reads

or more. Alignment, variant calling, and annotation were

performed with the Burrows-Wheeler Aligner,21 Picard,

GATK, and ANNOVAR. As predicted, we identified three

more biallelic truncating mutations inMYPN in individuals

2–4; all of these mutations were confirmed by Sanger

sequencing (Figure 1B). Individual 2 had a homozygous

splice-acceptor-site mutation (c.3076�2A>C). Individual

3 had a homozygous nonsensemutation (c.1129C>T) lead-

ing to p.Arg377*. Individual 4 had compound-heterozygous

nonsense mutations c.[3169C>T];[3214C>T], resulting in

p.[Arg1057*];[Arg1072*]. Compound heterozygosity was

confirmed through DNA analyses of the parents. All muta-

tions except for c.1129C>T were absent from publicly

available human variation resources (the Human Genetic

Variation Database [HGVD], which holds exome data

from 1,208 normal Japanese control individuals,22 the

NHLBI Exome Sequencing Project Exome Variant Server

[ESP6500], and the Exome Aggregation Consortium

[ExAC] Browser). The c.1129C>T variant was present only

in the ExAC Browser with extremely low frequency

(0.000008246), such that it was in a heterozygous state (Ta-

ble S3) in only 1 of 66,674 alleles registered from a non-

Finnish European population. No pathogenic mutation in

known NM-associated genes was found in these three indi-

viduals. Therefore, we concluded that 3 of the 54 families

(5.6%) in our NM cohort had mutations inMYPN.
The Americ
Because individual 2 had a homozygous splice-acceptor-

site mutation (c.3076�2A>C), we analyzed cDNA by using

total RNA extracted from the biopsied muscle. Four

aberrant transcripts were identified: complete inclu-

sion of intron 14 with substitution of r.3076�2A>C

(r.[3076�2A>C;3075_3076ins3075þ1_3076�1]), deletion

of the first five bases of exon 15 (r.3076_3080del), deletion

of the first 11 bases of exon 15 (r.3076_3086del), and

skipping of exon 15 after the deletion of the first

73 bases of exon 16 (r.3076_3231del). The first three tran-

scripts resulted in a truncated MYPN (p.Gly1026Valfs*21,

p.Gly1026Asnfs*59, and p.Gly1026Leufs*57), which

might undergo nonsense-mediated mRNA decay (NMD).

The fourth transcript, which was observed scarcely, re-

sulted in the deletion of 52 amino acids of MYPN

(p.Gly1026_Gln1077del), which might disrupt Ig domains

3 and 4 and remove the a-actinin binding region, thus

probably leading to functional impairment (Figure S5).

We undertook further protein analyses on frozen bio-

psied biceps brachii muscles, which we obtained from indi-

viduals 2–4. Because the biopsied muscle sample was

depleted in individual 1, we converted skin fibroblasts

into myotubes by using adenovirus-mediated MYOD1

(MIM: 159970) expression as previously described.23–25

Immunohistochemistry of muscles from individuals 2–4

with the use of anti-MYPN antibody (HPA036298, Atlas

Antibodies) and anti-a-actinin (EA-53, Sigma-Aldrich) re-

vealed that MYPN was not stained in the affected myofib-

ers, whereas MYPN colocalized with a-actinin at the Z-line

in control muscle (Figure 3A). Western blotting performed

with anti-MYPN antibody and anti-a-tubulin (DM1A,

Sigma-Aldrich) showed that full-length MYPN was unde-

tectable in transdifferentiated myotubes of individual

1 and the muscles of individuals 2–4 (Figures 3B and 3C).

These findings suggest that the nonsense and splice-site

mutations markedly decrease MYPN levels. Given its inter-

action with sarcomeric components, the absence of MYPN

might affect the maintenance of sarcomeric structure and

lead to NM (Figure S4). Considering the interaction be-

tween MYPN and nebulin, we performed nebulin immu-

nohistochemical analysis by using skeletal muscles from

individuals 3 and 4 and anti-nebulin (N-9891, Sigma-

Aldrich) and anti-a-actinin (ab137346, Abcam). Nebulin

retained its normal localization between the Z-lines

(a-actinin staining), and we did not see any alteration in

comparison to that in control tissues (Figure S6). Further-

more, wemeasured the actin filament length of individuals

2 and 3 and control individuals by phalloidin staining

and/or EM. Actin filament length did not show any

obvious alteration in individual 2 or 3 (Figure S7).

To date, 24 monoallelic heterozygous mutations in

MYPN have been reported to cause hypertrophic cardiomy-

opathy (MIM: 615248), dilated cardiomyopathy (DCM

[MIM: 615248]), restrictive cardiomyopathy (RCM [MIM:

615248]), sudden arrhythmic death syndrome, or sudden

unexpected death in infancy with incomplete penetrance

(as of October 2, 2016) (Figure S8).19,26–28 These include
an Journal of Human Genetics 100, 169–178, January 5, 2017 173



Figure 3. Immunohistological and Pro-
tein Analyses of the Studied Individuals
(A) Immunohistochemical staining was
performed on 10-mm-thick frozen sections
of muscles with a rabbit polyclonal
anti-MYPN antibody, mouse monoclonal
anti-a-actinin (EA-53; Sigma-Aldrich), and
DAPI (Wako). Each section was observed
under a fluorescence microscope, LSM710
(Zeiss), with Zen software (Zeiss). Immuno-
histochemical staining showed colocaliza-
tion of MYPN and a-actinin in control
skeletal muscle. In individuals 2–4,
MYPN was not stained, whereas a-actinin
showed a normal striated staining pattern.
Scale bars represent 10 mm.
(B) Eachmuscle sample was lysed with SDS
sample buffer (125 mM Tris-HCl [pH 6.8],
5% 3-mercapto-1,2-propanediol, 2%
SDS, and 10% glycerol) and then sub-
jected to western blotting on a NuPAGE
3%–8% Tris–acetate gel (Thermo Fisher
Scientific).15 The primary antibodies
used were rabbit polyclonal anti-MYPN
(HPA036298; Atlas Antibodies) and mouse
monoclonal anti-a-tubulin (DM1A; Sigma-
Aldrich). After incubation with secondary
antibody, polyvinylidene difluoride mem-
brane was developed with Amersham
ECL Western Blotting Detection Reagents
(GE Healthcare Life Sciences). Full-length
MYPN was not detected in biopsied
skeletal muscle from individuals 2–4.
a-Tubulin was used as a loading control.
Abbreviations are as follows: C1, control
1; C2, control 2; P2, individual 2; P3, indi-
vidual 3; and P4, individual 4.
(C) Western blotting of transdifferentiated
myotubes with adenoviral-mediated

MYOD1 expression detected MYPN in control cells. A myoblast from individual 1 did not show MYPN. Myosin heavy chain
7 (MYH7) was used as a skeletal muscle differentiationmarker, and a-tubulin was used as a loading control. Abbreviations are as follows:
C, control; and P1, individual 1.
21 missense mutations,19,26,29–31 two nonsense muta-

tions,19 and one 1-bp deletion,26 and most of them were

suspected to have dominant-negative effects (Figures S8

and S9, row 2).19,26,32 Among the three possible truncating

mutations, two (c.1585C>T [p.Gln529*] and c.2653C>T

[p.Arg885*]) are located within the 50-bp region upstream

of each exon junction, implying the possible escape from

NMD, and the truncated MYPD might cause the domi-

nant-negative effect. Only one individual with DCM and

c.248delT (p.Ile83Thrfs*23) in MYPN has been reported,

and haploinsufficiency was suspected as a possible causa-

tive mechanism according to expression analysis.26

Considering the incomplete penetrance of the mutation

in the family (two asymptomatic subjects with the muta-

tion),26 it is difficult to draw definitive conclusions on its

pathogenicity in cardiomyopathy.

In the case of heterozygous c.1585C>T (p.Gln529*) in

MYPN, it was experimentally confirmed that it escapes

NMD and produces a truncated 65-kDa MYPN by acting

as a ‘‘poison peptide’’ to disrupt Z-band organization.19,32

The phenotype of knockin mutant mice harboring a het-

erozygous MYPN p.Gln526* variant (MYPNWT/Gln526*),
174 The American Journal of Human Genetics 100, 169–178, January
equivalent to human heterozygous c.1585C>T in MYPN,

was associated with RCM.32 Mutant mice with a homozy-

gous MYPN p.Gln526* variant (MYPNGln526*) displayed

impaired Mypn transcription in heart and skeletal mus-

cle.32 Thus, assuming that the MYPNGln526* mice can be

considered a Mypn-null model, we analyzed the skeletal

muscle samples of 3-month-old MYPNGln526* mice as a

model of human NM. MYPNWT/Gln526* mice and wild-

type (WT) littermates of the same age were used as con-

trols. We confirmed by western blotting that truncated

MYPN was not detected in skeletal muscle from homozy-

gous mice (data not shown). As previously reported, no

apparent abnormalities were recognized in skeletal mus-

cles from either homozygous mutants or WT mice on he-

matoxylin and eosin and modified Gomori staining

(Figure 4A).32 Western blotting revealed the presence of

full-length MYPN in WT and heterozygous mutants, but

not in homozygous ones (Figure 4B). On EM, Z-streaming

and small nemaline-like bodies were observed in homozy-

gousmice, whereas well-organized sarcomeres were seen in

heterozygous and WTones, implying the presence of mild

NM in the homozygotes (Figure 4C). Although EM showed
5, 2017



Figure 4. Skeletal Muscle Studies of
Knockin Mice with Heterozygous and Ho-
mozygous Nonsense Mutations in Mypn
(A) No apparent abnormality was observed
in skeletal muscles of wild-type (WT) mice
or mutant mice carrying a homozygous
MYPN p.Gln526* variant (MYPNGln526*)
on H&E and mGT. Scale bar represents
50 mm.
(B)Western blotting ofMYPN for wild-type
(WT), heterozygous (MYPNWT/Gln526*), and
homozygous (MYPNGln526*) mice. In ho-
mozygous mice, full-length or truncated
MYPN was not detected. a-Tubulin was
used as a loading control.
(C) EM of heterozygous (MYPNWT/Gln526*)
and homozygous (MYPNGln526*) mice. In
heterozygous mice, no abnormality in the
Z-line was seen. In homozygous mice,
Z-line streaming (c) and thickening (d)
were observed. In addition, there was a
tiny nemaline-like structure that con-
tinued from the Z-line (e, inset). Scale bars
represent 0.5 mm (a), 1 mm (b), 0.5 mm (c),
0.2 mm (d), 1 mm (e), and 0.2 mm (f).
mild Z-line abnormality in homozygous mice, muscle

weakness was not detected in them, perhaps replicating

NM compatible with the mild NM phenotype in hu-

mans.32 However, we do not rule out the possibility that

muscle weakness appears in homozygous mice at a later

stage.

Given that individual 1 has presented with cardiac hy-

pertrophy since 12 years of age and individual 4 exhibits

a hypokinetic heart, we assumed that these mutations

might also be associated with mild cardiomyopathy.

Thus, parents of individual 4 underwent a chest X-ray,

electrocardiogram, and echocardiogram. These examina-

tions revealed no cardiac involvement, implying that hap-

loinsufficiency of theseMYPNmutations might not be suf-

ficiently detrimental to disrupt the maintenance of cardiac

muscle sarcomeres. In addition, pathological changes in

cardiac muscle might differ between those carrying a het-

erozygous dominant-negative MYPN mutation and those

with biallelic loss-of-function MYPN mutations, depend-

ing on the different molecular mechanisms between

them. To clarify this concept, we propose a possible model

based on mutation types, zygosity, phenotype, and pene-

trance as follows: (1) heterozygous dominant-negative

MYPN mutations might be associated with cardiomyopa-

thy with incomplete penetrance (Figure S9, row 2), (2) bial-

lelic loss-of-function mutations might be associated with
The American Journal of Human Ge
NMwith full penetrance but mild car-

diomyopathy with low penetrance

(Figure S9, row 3), and (3) heterozy-

gous loss-of-function mutations

might be generally associated with

no phenotypic disruption in either

skeletal or cardiac muscle. We could

not completely rule out the possible
association between a heterozygous loss-of-function muta-

tion and cardiomyopathy because of one previously re-

ported family (Figure S9, row 4).

This study identified biallelic loss-of-functionMYPNmu-

tations in 3 of 54 families with undiagnosed NM as one

cohort. NM was classified into six categories according to

age of onset and clinical severity,33 and congenital, child-

hood, and adult onsets constitute 82%, 13%, and 4% of

NM, respectively.13 Our cohort includes individuals with

differing onset ages of histologically diagnosed NM for

which the genetic cause had not been previously resolved.

Consequently, our cohort could include more individuals

with childhood or adult onset than other previously re-

ported cohorts,13 leading us to identify MYPN mutations

at a relatively high rate. Thus, biallelic MYPN mutations

could be relatively common in later-onset NM. In the

ExAC Browser, 14 truncating variants with high

sequencing quality have been registered. The allele fre-

quency in each ethnicity from which each variant was

found ranged from ~1.5 3 10�5 (c.3158þ1G>A; 1/66,678

alleles in non-Finnish Europeans) to ~2.3 3 10�4

(c.3796C>T [p.Gln1266*]; 2/8,654 alleles in East Asians)

without any homozygotes. If we assume the incidence of

NM to be 1:50,000 live births,2 approximately 1.8% of all

individuals with NM might be explained by the biallelic

MYPN truncating mutations given their allele frequencies
netics 100, 169–178, January 5, 2017 175



(Table S4). However, larger studies are needed to confirm

this estimation.

Common NM features associated with these biallelic

MYPN mutations seemed to include a relatively mild

form and relatively small and round nemaline bodies in

biopsied muscle in comparison with those in other genet-

ically confirmed forms of NM. In addition, EM did not

show disorganized myofibrils in the affected individuals,

which is compatible with a mild phenotype. One possible

hypothesis for this mild phenotype is that it might be asso-

ciated with the compensation for the absence of MYPN by

another protein that is highly homologous to it, namely,

palladin, which is ubiquitously localized, especially in stri-

ated and smoothmuscles.18 In striatedmuscle, palladin co-

localizes with a-actinin at the Z-line and is required for

normal organization of the actin cytoskeleton.34 It was

also predicted that palladin’s three Ig domains interact

with a-actinin at the C terminus.18 Whereas high

(62.7%) sequence identity between MYPN and palladin

has been identified in the a-actinin-nebulin-binding re-

gion, relatively low sequence homology has been noted

within the CARP-binding region at the N terminus

(Figure S10). In contrast to palladin, MYPN has a dual

role as a component of the sarcomere localizing at the

Z- and I-bands and as a regulator of gene expression by in-

teracting with CARP, which localizes in the nucleus. Thus,

palladin might provide only partial compensation for

MYPN, potentially leading to the mild phenotype seen in

NM. In knockin mutant mice harboring either the hetero-

zygous or homozygous MYPN-p.Gln526* variant, palladin

was found to be present in the heart of both mutants.32

Using western blotting, we examined the level of palladin

in skeletal muscles available from individuals 3 and 4. We

confirmed that the level of palladin in biopsied muscles

did not differ between affected and control individuals

(Figure S11).

Another explanation for the mild phenotype of MYPN-

associated NM could be related to different expression

timelines of the two genes PALLD (MIM: 608092; encoding

palladin) and MYPN. Palladin, not MYPN, was detected in

the earliest I-Z-I bodies as a Z-line precursor, and then it

might be partially replaced by MYPN during myofibril as-

sembly.18 Recently, it was also reported that palladin pro-

motes correct myoblast proliferation at an early develop-

mental stage and later allows myoblasts to differentiate

into mature myofibers.35 We assume that palladin in the

developmental stage of the initial formation of myofibers

might functionally complement biallelic MYPN muta-

tions, whereas symptoms appear after the replacement of

palladin by MYPN.

Recently, part of the diseasemechanism for NMhas been

revealed through studies on skeletal muscle development

and its force generation in humans.2 It was reported that

lower force generation was observed in muscles from

NM associated with all eight known genes tested (NEB,

ACTA1, TPM3, TPM2, TNNT1, KBTBD13, KLHL40, and

KLHL41),36 implying that this could be a commonly
176 The American Journal of Human Genetics 100, 169–178, January
observed finding in NM. Among them, abnormally shorter

thin filament lengths were associated with reduced force

generation in NEB- and ACTA1-related NM.36 In another

report, some of the mutations in TPM2 (encoding tropo-

myosin) changed the protein conformation and the affin-

ity for thin filament or affected calcium activation for

contractility, all of which might lead to muscle weak-

ness.37 Our protein studies suggest that there might be a

mechanism for possible lower force generation other

than shorter thin filaments, impaired nebulin, or a-actinin

localization. Further functional studies are needed to eluci-

date decreased force generation regarding contractile dy-

namics and calcium handling in MYPN-related NM.

In conclusion, we have shown that biallelic loss-of-func-

tionmutations inMYPN in four families are associatedwith

childhood- to adult-onset, slowly progressive NM, which

extends our knowledge of the genetic heterogeneity of

NM. We emphasize that unique characteristics of MYPN-

related NM, such as mild, slowly progressive motor symp-

toms, possible cardiac problems, and intranuclear rods in

biopsied skeletal muscle samples, could be used as clinical

markers of this disease and indications forMYPN screening.
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