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Defective Myotilin Homodimerization Caused by a Novel
Mutation in MYOT Exon 9 in the First Japanese Limb Girdle
Muscular Dystrophy 1A Patient

Sherine Shalaby, MD, Hiroaki Mitsuhashi, PhD, Chie Matsuda, PhD, Narihiro Minami, MS,
Satoru Noguchi, PhD, Ikuya Nonaka, MD, PhD, Ichizo Nishino, MD, PhD,
and Yukiko K. Hayashi, MD, PhD

Abstract

Myotilin is a muscle-specific Z disk protein. Several missense
mutations in the myotilin gene (MYOT) have been identified in limb
girdle muscular dystrophy (LGMD), myofibrillar myopathy, and
distal myopathy patients. All previously reported pathogenic A/YOT
mutations have been identified only in Exon 2. We sequenced AMYOT
in 138 patients diagnosed as having LGMD, myofibrillar myopathy,
or distal myopathy, and identified a novel MYOT mutation in Exon 9
encoding the second immunoglobulin-like domain in 1 patient with
clinically typical LGMD. By light microscopy, there were scattered
fibers with rimmed vacuoles and myofibrillary disorganization in the
patient’s muscle biopsy; accumulation of Z disk proteins was ob-
served by immunohistochemistry. Inununoblot analysis demonstrated
that the amount of myotilin monomer was increased in the patient
muscle, but that the myotilin homodimeric band was decreased.
Functional analysis of the myotilin mutation using a yeast 2-hybrid
system revealed defective homodimerization of the mutant myotilin
and decreased interaction between mutant myotilin and c-actinin, The
homodimerization defect was further demonstrated by immunopreci-
pitation. This is the first MYOT mutation outside of Exon 2 in an
LGMD type 1A patient and the first MYOT mutation identified in the
Japanese population. This mutation in the second immunoglobulin-
like domain impairs myotilin dimerization and alters the binding be-
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tween myotilin and «-actinin, which is known to be important for
actin bundling,

Key Words: Distal myopathy, Homodimer, Immunoglobulin-like
domain, Limb girdle muscular dystrophy, Myofibrillar myopathy,
Myotilin, Myotilinopathy.

INTRODUCTION

Myotilin (myofibrillar protein with titin-like imniuno-
globulin domains) is a sarcomeric Z disk protein encoded by
the myotilin gene (MYOT or TTID) on chromosome 5¢31 (1),
Myotilin is composed of a unique serine-rich N-terminus and
2 immunoglobulin-like domains at the C-terminus (1-4).
Myotilin forms a homodimer and interacts with a-actinin (1),
actin (5), and filamin C (FLNC) (6, 7) at the Z disk through
these immunoglobulin-like domains (Fig. 1A). Myotilin is
highly expressed in skeletal muscle, cardiac muscle, and pe-
ripheral nerves (1). Myotilin plays a significant role in sar-
comere assembly by acting together with a-actinin and
FLNC to cross-link actin filaments into tightly packed bun-
dles (1, 5, 8). The resulting structures support the integrity of
the contracting muscle cell (6).

Missense mutations in MYOT cause myofibrillar
myopathy (MFM) (9-11), limb girdle muscular dystrophy
type 1A (LGMDIA) (11-13) and late-onset distal myopathy
(14, 15). These myotilinopathies are usually associated with
cardiac involvement and peripheral neuropathy and rarely
with respiratory involvement. Currently, there are only § known
MYOT mutations associated with myopathy (i.e. K36E, S39F,
S55F, T571, S60C, S60F, Q74K. and S951) (8-11); all are
located in Exon 2 encoding the serine-rich amino-terminal
(Fig. 1A).

Here, we report the first Japanese LGMD1A patient asso-
ciated with a novel mutation in the second immunoglobulin-like
domain of myotilin and provide data suggesting the pathobi-
ologic significance of this mutation.

MATERIALS AND METHODS

Clinical Materials
All clinical materials used in this study were obtained
for diagnostic purposes with informed consent. We searched
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FIGURE 1. Myotilin structure, interacting partners, and reported mutations. (A) All previously reported mutations are located in
the serine-rich domain; the novel mutation p.R405K identified in this study is located in the second immunoglobulin (Ig)-like
domain of myotilin. Immunoglobulin domains of myotilin are regions of most myotilin interactions with other proteins. (B) The
second lg domain is highly conserved through species including the mutated residue p.R405 in the patient (arrow) (6-8). FLNC,

filamin C.

for MYOT mutations in a total of 138 Japanese patients who
had been diagnosed pathologically or clinically as MFM
(n = 48), LGMD (n = 40), or distal myopathy (n = 50).

Genetic Analysis

Genomic DNA was isolated from peripheral lympho-
cytes or muscle specimens using standard techniques. Nine
sets of primers were used to amplify genomic fragments of
MYOT. ANl exons and their flanking intronic regions of
MYOT were sequenced directly in all 138 patients using an
ABI PRISM 3100 automated sequencer (PE Applied Bio-
systems, Foster City, CA). Nearly all of the patients with the
different diagnoses were screened for ZASP, DES, and CRY4R
mutations. Distal myopathy patients were also screened for
GNE mutations. Primer sequences are available on request.

Histochemical Analysis

Biopsied muscle specimens were frozen in isopentane
coaled in liquid nitrogen. Serial 10-pm cryosections were
stained with hematoxylin and eosin, modified Gomori tri-
chrome, nicotinamide adenine dinucleotide dehydrogenase-
tetrazoliam reductase, myosin ATPase phosphatase, and a
battery of histochemical methods.

702

immunohistochemistry and Immunoblotting

Immunohistochemistry and immunoblotting were per-
formed as previously described (13, 16, 17). Antibodies used
in this study are to: myotitin (kindly provided by Dr Carpén,
University of Helsinki) (13), desmin (Abcam, Tokyo, Japan),
Z-band alternatively spliced PDZ motif protein (ZASP)
{Abcamy), skeletal muscle actin (Nichirei, Tokyo, Japan), and
o B-crystallin (Stressgen, Victoria, British Columbia, Canada).

Antibodies te dystrophin (Novocastra Laboratories,
Neweastle upon Tyne, UK), sarcoglycans (Novocastra), o-
dystroglycan (Upstate Biotechnology, Lake Placid, NY),
dysferlin (Novocastra), caveolin-3 (BD Transduction Labo-
ratories, Lexington, KY), calpain-3 (Movocastra), merosin
{Chemicon International, Temecula, CA), collagen VI (ICN
Biomedicals, Inc, Cleveland, OH), and emerin (Novocastra)
were also used in the LGMD patients to exclude other diag-
nosable causes of muscular dystrophy.

Plasmid Construction

Total RNA was extracted from conirol human skeletal
mwscle using standard techniques; cDNA was syathesized by
reverse transeription polymerase chain reaction with random
hexamers. Full-length myotilin (wtMYOT). skeletal muscle

2009 American Association of Newropaihologists, Inc.
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actin (ACTAI), w-actinin 2 (ACTN2), and the C-terminal
portion (i.e. amino acids from 1967 to 2699) of FLNC were
amplified using the following primers: MYOT, 5-GGAATT
CAGTAATAATTTGCCTTCA TCTTCCA-3" and 5
CGGGATCCACAAATCCATATACCCAGATTTCCT-3
ACTAl, 5-GGAATTCCAGAAACTAGACACAATGTG
CGA-3" and 5-CGGGATCCAGTTGTTACAAAGAAAGT
GACTGCG-3"; ACTN2, 5-CCGGAATTCGCGGCCAC
CATGGATTACAAGGATGACGACGACGATAAGAAC
CAGATAGAGCCCGGCGT-3" and 5-CCGCTCGAGTCA
CAGATCGCTCTCCCCGTA-3"; and FLNC, 5-GGAATT
CAAGATCACCGAGAGTGATCTGAGC-3" and 5™
GTCGACCTCCTTGACAGTGTAGGTGACATTG-3'. The
polymerase chain reaction products were cloned into the
pGEM-T-easy vector (Promega, Madison, WI), and their se-
quences were confirmed. For expression in yeast, the cDNAs
inserted in pGEM-T-easy were digesied and ligated into the
vectors pGBKT7 containing G4L4 DNA-binding domain
and pGADT7 containing G4L4 activating domain (Takara
Bio, Shiga, Japan). Mutant myotilin (mMYOT) (c.1214G>A)
was generated by site-directed mutagenesis using the pri-
mers 5-GATAACACTGGAAAAGTTACTTTACTG-3" and
5-CAGTAAAGTAACTTTTCCAGTGTTATC-3,

Yeast 2-Hybrid Experiment

Yeast 2-hybrid (Y2H) assays aimed at testing specific
interaction pairs were carried out as previously described
(18-20). Succharomyces cerevisiae AH109 was double trans-
formed with pGBKT7 constructs and pGADT7 constructs
and selected on minimal medium lacking leucine and wypto-
phan and containing histidine (SD/-Leu/-Trp/+His) plates
(low-stringency plate). The transformants were picked up and
spotted onto selective medium lacking histidine (SD/-Lew/-
Trp/-His) plates with 0.2, 0.5, 1.0, 2.0, or 5.0 mmol/L 3-
amino-1,2. 4-triazole (3-AT), a competitive inhibitor of the
HIS3 reporter gene (high-stringency plate) and plates without
3-AT (medium-stringency plate). The plates were then incu-
bated at 30°C for 4 days, and the growth of the transformants
was analyzed.

Immunoprecipitation and Immunoblot Analysis

For expression in mammalian cells, wiMYOT or
mMYOT inserted in pGADT7 were digested by EcoRI
and BamHI, and ligated into FLAG-tag-inserted pcDNA3. 1/
V5-HisA (kindly gifted by Dr [shiura, University of
Tokyo). The c¢DNAs inserted in pGADT7 were also di-
gested by SAT and Vol and ligated into pCMYVY-Myce vector
(Takara Bio).

COS-7 cells were cultured in Dulbecco modified Eagle
medium (Sigma, St Louis, MO) supplemented with 10% fetal
bovine serum (Invitrogen, Carlsbad, CA) at 37°C in a hu-
midified atmosphere of 5% carbon dioxide. The cells were
transiently transfected using FuGENE HD tansfection re-
agent (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s instructions. Mouse horseradish peroxidase-
conjugated anti-Myc antibody (9E10) was purchased from
santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-
FLAG pelycional antibody was purchased frem Sigma.

L2000 shinevican Associaiion of Neuropathologisis, I

COS8-7 cells were cotransfected with 5 pg of each
plasmid. Forty-eight hours after transfection, the cells were
then lysed in 1.0 mL of lysis buffer containing 20 mmol/L
Tris-HCI (pH 7.5), 150 mmol/L. NaCl, 10 mmol/L. EDTA
(pH 8.0), 10% glycerol, 1% Nonidet P-40, and Complete
Protease Inhibitor Cocktail (Roche Diagnostics). The lysates
were incubated at 4°C for 30 minutes with gentle rotation and
then centrifuged at 15,000 x ¢ at 4°C for 30 minutes. The
supernatants were collected, and their protein concentrations
were determined using the protein assay kit (Bio-Rad,
Hercules, CA).

For immunoprecipitation, the protein concentration of
the cleared lysates was adjusted to 1.5 pg/pL, and anti-
FLAG M2 affinity gel (Sigma) was added. The mixtures
were incubated at 4°C overnight. The resulting imnume
complexes were washed once with lysis buffer and 3 times
with Tris buffered saline. The proteins were eluted by boiling
at 95°C for 5 minutes in the sample buffer without reducing
agent (50 mmoVL Tris-HCl [pH 6.8}, 2% sodium dodecyl
sulfate, 1% glycerol [vol/vol], 0.1% bromophenol blue), and
resolved by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. The polyacrylamide gel electrophoresis--
separated proteins were transferred to lmmobilonP mem-
branes (Millipore, Bedford, MA), and the membranes were
blocked with blocking buffer (5% nonfat dry milk in PBS
containing 0.05% Tween-20) at room temperature for | hour,
The blocked membranes were incubated with a primary anti-
body at room temperature for 1 hour. Anti-Myc-horseradish
peroxidase antibody was diluted in Can Get Signal solution
2 (Toyobo, Osaka, Japan) at 1:1000. Anti-FLAG polyclonal
antibody was diluted in blocking buffer at 1:4000) Ant-
FLAG was followed with horseradish peroxidase-conjugated
anti-rabbit immunoglobulin G antibody at 1:4000 at reom
temperature for 30 minutes. lmmunoreactive complexes on
the membranes were visnalized using enhanced chemyilumi-
nescence or enhanced chemiluminescence-plus detection
reagent {GE Healthcare UK Lid, Buckinghamshire, UK).

RESULTS

Genetic Analysis

We identified a novel heterozygous missense mutation
c.1214G>A (p.R405K) in Exon 9 of MYOT in | LGMD
patient (Fig. 1B). This mutation was not identified in a panel
of 100 healthy Japanese controls.

Clinical Data

The 57-year-old female patient presented with gait
disturbance. She started experiencing difficully i standing
up and climbing the stairs by age 41 vears, Her condition
gradually progressed, and by age 50 years, she could not
walk long distances and could not stand up or climb stairs
without support. Her deceased father and elder sister had a
similar condition. Her sister was previously diagnosed as
having sporadic inclusion body myositis, but further infor-
mation could not be obtained. On examination, the patient
had proximal dominant muscle weakness, especially in neck
flexors. iliopseas, hamsiring, and guadriceps muscles (3/5 by
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manual muscle test), but no facial muscle weakness. She
also showed a waddling gait and decreased deep tendon
reflexes. Serum creatine kinase was mildly elevated (385 TU/L;
normal, <200 1U/L).

Histochemical and Immunohistochemical
Analyses

Muscle tissue from the patient’s vastus lateralis muscle
showed marked variation in fiber size, scattered fibers
with internally placed nuclei, and small angular fibers. There
were scattered fibers with rimmed vacuoles (Fig. 2A).
No obvious protein aggregates were seen. The intermyofi-
brillar networks were disorganized (Fig. 2B). Myosin
ATPase staining showed an increase in the percentage of
type 2C fibers (7%).

By immunohistochemistry, strongly immunoreac-
tive aggregates of myotilin, aB-crystallin, ZASP, desmin
(Figs. 2C-F), and actin (data not shown) were observed in a
few fibers. Immunohistochemical and immunoblotting stud-
ies excluded other diagnosable causes of LGMD.

Immunoblotting Analysis of Myotilin
The patient’s muscle specimen showed an increased
intensity of the 57-kd band corresponding to the amount of

myotilin monomers compared with the band intensity in a
control sample. On the other hand, the 110-kd band corre-
sponding to myotilin dimer was fainter in the patient’s sam-
ple than in the control muscle (Fig. 2G).

Y2H Analysis for the MYOT Mutation

To determine the effect of the p.R405K mutation on
protein-protein interactions, we used a Y2H system. We first
tested the homodimerization capacity of wild and mutant
myotilin. We generated GAL4 DNA-binding domain or acti-
vation domain constructs containing wtMYOT or mMYOT
and cotransformed them to yeast. All MYOT double trans-
formants grew on low-stringency plates, indicating that no
MYOT constructs were intrinsically lethal to the yeast cells.
Only wtMYOT double transformant grew on medium- and
high-stringency plates; the wiMYOT and mMYOT trans-
formant and the mMYOT double transformant did not grow.
These results indicate defective dimerization of mutant myo-
tilin with both wild-type and mutant myotilin.

We next tested the interaction between myotilin and its
known binding protein partners ACTA I, ACTN2, and FLNC.
We cotransformed yeast with wtMYOT or mMYOT with each
of ACTA1, ACTN2, and FLNC. The wtMYOT and ACTAL,
mMYOT and ACTAL, wtMYOT and ACTN2, and wtMYOT

-

Actin

FIGURE 2. Histopathology and immunoblot of muscle from patient with p.R405K mutation. (A) Modified Gomori trichrome stain
shows scattered fibers with rimmed vacuoles. (B) Nicotinamide adenine dinucleotide dehydrogenase-tetrazolium reductase stain
shows myofibrillar disorganization. (C€-F) Immunostaining reveals abnormal accumulation of myotilin (C), desmin (D), Z band
alternatively spliced PDZ motif protein (E), and «B-crystallin (F). (G) immunoblot analysis of myotilin in muscle from the patient
shows an increased intensity of the 57-kd band that corresponds to monomeric myotilin and a decrease in intensity of the 110-kd
band that corresponds to myotilin dimer compared with the control muscle sample. Scale bars = (A, B) 100 pm; (C-F) 20 um. C,

control; P, patient.

704

© 2009 American Association of Neuropathologists, Inc.



J Neuropathol Exp Neurol ¢ Volume 68, Number 6, june 2009

Defective Myotilin Homodimerization in LGMDI1A

A

Binding domain

Vector \
wiMYOT
mMYOT

n
3
-
S
»

Vector
wimvot |k - ] %
mMYOT %

ACTN2

Activation
domain

wtMYOT

mMYOT
wtMYOT
mMYOT j

Vector

Low stringency Medium stringency High stringency
plate (control) plate plate (0.5mM)
B lysate 1P
Mye: W M - WM - W WM - WM - W .
FLAG: W W W MM M - WWWMMM . - &b
75
anti-Mye | S . o - 5
s
50

FIGURE 3. Defective homodimerization of mutant myotilin. (A) Yeast cells were cotransformed with expression plasmids
containing Gal4 DNA-binding or activation domains alone (vector) or fused in frame to full-length human wild-type myotilin
(WIMYOT), mutant myotilin (mMYOT), or a-actinin (ACTN2). Double transformants were first selected on low-stringency plates
(used as control) and then spotted onto medium- and high-stringency plates. There is a lack of growth of cells coexpressing
mMYOT and the corresponding constructs containing mMYOT and wtMYOT on medium- and high-stringency plates (0.5 mmol/L
3-amino-1,2,4-triazole [3-AT]). Cells cotransformed with mMYOT and ACTN2 did not grow on high-stringency plates (0.5 mmol/L
3-AT). (B) Myc-tagged myotilin and FLAG-tagged myotilin were coexpressed in COS-7 cells. The cell lysates were subjected to
immunoprecipitation with an anti-FLAG M2 affinity gel. The immunoprecipitates (IP) were detected with anti-Myc (upper) or anti-
FLAG (lower) antibodies. The mMYOT shows reduced interaction with both wild-type (W) and mutant (M) myoetilin. -, empty

vector transfected as a control.

and FLNC transformants grew on medium- and high-
stringency plates (0.2-2 mmol/L 3-AT). By contrast, mMYOT
and ACTN2 wansformants grew on medium-stringency and
high-stringency plates with 0.2 mmol/L 3-AT but did not
grow on high-stringency plates with 0.5, 1, or 2 mmol/L 3-AT
(Fig. 3A). This result indicates a decreased binding ability
of mutant myotilin to w-actinin. In addition, mMYOT and
FINC transformants did not grow on medium- or high-
stringency mediuny, but FLNC and mMYOT transformants
grew on high-stringency medium when Gal4 DNA-binding
domain construct containing FLNC was used as the bait {(data
not shown).

Immunoprecipitation Analysis
of Homodimerization

We next used coimmunoprecipitation analysis to
confirm the homodimerization defect of mutant myotilin.
Myc-tagged wild-type myotilin (Myc-wtMYOT) coimmuno-
precipitated with FLAG-tagged wild-type myotilin (FLAG-
wiMYOT); this indicates that wild-type myotilin forms a
homodimer. On the other hand, other combinations of
FLAG-wtMYOT and Myc-tagged mutant myotilin (Myc-

© 2009 American Association of Neuropathologists. Inc.

mMYOT), FLAG- mMYOT and Myc-wiMYOT, and FLAG-
mMYOT and Myc-mMYOT showed decreased interaction
(Fig. 3B). These results suggest that the p.R405K mutation
in the second immunoglobulin-like domain of myotilin can
affect the homodimerization ability of myotilin protein.

DISCUSSION

Limb girdle muscular dystrophy type 1A is an
auntosomal-dominant muscular dystrophy characterized by
progressive proximal muscle weakness and wasting. Distal
muscle weakness may occur later (12, 13). The MYOT muta-
tions are known to cause LGMDIA, but only a few gene-
tically confirmed LGMDIA patients have been reported to
date. Here, we report the tirst MYOT mutation in the Japanese
population, The patient had a clinical severity similar to that
in other reported LGMDIA patients, and there was also
disorganization of myofibrils and rimmed vacuoles in the
muscle blopsy tissue. Immunochistochemical analysis re-
vealed accumulation of Z disk proteins (i.e. myotilin, «B-
crystalling ZASP, desmin, and actin) as seen in MPFM, thus
highlighting the similarities in the pathology of LGMDIA
and MFM (21).
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Myotilin has 2 immunoglobulin domains in the C
terminus of the molecule. Several cytoskeletal proteins have
been shown to contain imimunoglobulin domains, and most
of these proteins are specitically expressed in striated muscle,
suggesting a special function for the immunoglobulin do-
mains in this tissue (13, 22). Inimunoglobulin domains are
known to mediate protein-protein interactions and to serve as
dimerization sites and regulators for molecular elasticity and
act as modular “spacers” that place an interacting module in
the correct position for performing its function (1, 7, 22, 23).
The functional importance of the immunoglobulin domains
in myotilin was demonstrated by introducing myotilin with
mutant immunoglobulin domains in yeast cells that do not
express endogenous myotilin (5); these immunoglobulin
domains are the site for homodimerization necessary for the
actin bundling (8). Our data indicate that the immunoglobulin
domuains in the C terminus are responsible for the actin bind-
ing and bundling ability of myotilin (Fig. 3B).

All previously reported disease-related mutations in
MYOT are located in the serine-rich amino-terminus of myo-
tilin. The novel p.R405K mutation we identified is located in
the second immunoglobulin domain of myotilin, which is
important for homodimeric formation and interaction with
other proteins (Fig. 1A) (1, 5, 6); this region is highly con-
served in vertebrate species, including the mutated residue
(Fig. IB). We found that the 110-kd myotilin dimer band was
faint in the patient’s muscle sample by Immunoblotting,
although, as in a previous report (24), the amount of myotilin
in the patient’s muscle sample was increased. Furthermore,
the decreased homodimerization ability of mutant (p.R405K)
myotilin was confirmed by the Y2H and immunoprecipi-
tation studies in which interactions of mutant myotilin with
both wild-type and mutant myotilin were greatly reduced
(Figs. 3A, B). These results suggest that the disturbance of
homodimerization caused by the mutated allele may affect
the actin-bundling ability of myotilin at the Z disks, re-
sulting in decreased filament stability and gradual disrup-
tion in the Z disk in vivo.

Myotilin interacts with 2 important actin-bundling
(cross-linker) proteins (i.e. a-actinin and FLNC), forming a
complex of 3 actin bundlers at the Z disk. Previous experi-
ments have shown that myotilin enhances the binding of «-
actinin to actin (8). The decreased binding ability of mutated
myotilin to «-actinin we observed suggests that this altered
interaction may loosen the complex formed by these actin
bundler proteins leading 1o a decrease in strength and ability
of the Z disk to resist mechanical stress during muscle con-
traction. On the other hand, mutant myotilin showed no
apparent defect in interaction with actin but questionable
defective interaction with FLNC by Y2H assay; this issue
requires further analysis.

Several hypotheses have been proposed regarding the
pathogenesis of the previously reported MYOT mutations in
Exon 2, including the fact that the serine-rich domain con-
tains a hydrophobic stretch that mediates the localization of
small amounts of myotilin to the sarcolemmal membrane,
MYOT mutations may elongate this hydrophabic stretch,
possibly disturbing its interactions with the sarcolemmal
membrane (12). It has also been suggested that these mu-
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tations may disrupt the binding of myotilin with w-actinin,
FLNC, or a novel protein-binding partner (12). None of these
hypotheses have been proven. Disease-associated substitu-
tions in myotilin did not affect the localization or actin-
bundling ability of myotilin, suggesting that the pathogenic
mechanism of the myotilin mutations examined may be inde-
pendent of its actin-modulating effects (5). In contrast to the
previously reported mutations (5. 13), ours is the first report
to demonsirate a functional abnormality caused by mutat-
ed myotilin. Our data suggest that the p.R405K missense
mutation disrupts myotilin homodimerization and decreases
the interaction between myotilin and o-actinin, which sub-
sequently may affect its actin-bundling ability.
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Autophagic degradation of nuclear components in mammalian cells
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Autophagy is an evolutionarily conserved intracellular mecha-
nism for the degradation of organelles and proteins. Here
we demonstrate the presence of perinuclear autophagosomes/
autolysosomes containing nuclear components in nuclear envel-
opathies caused by mutations in the genes encoding A-type
lamins (LMNA) and emerin (EMD). These autophagosomes/
autolysosomes were sometimes bigger than a nudeus. The
autophagic nature is further supported by upregulation of
LC3-H in Limnnat222PH2220 g eoblasts. In addition, inhibition
of autophagy led to the accumulation of nuclear abnormalities
and reduced cell viability, strongly suggesting a beneficial role of
autophagy, at least in these cells. Similar giant autophagosomes/
autolysosomes were seen even in wild-type cells, albeit rarely,
implying that this “nucleophagy” is not confined to the diseased
condition, but may be seen even in physiolegic conditions to
clean up nudlear wastes produced by nuclear damage.

Introduction

Nuclear envelopathies refer to disorders caused by mutations
in the genes encoding nuclear envelope proteins. such as A-type
lamins (LMNA) and emerin (EMD). LMNA mutations are
known to cause a heterogeneous group of disorders collectively
called as laminopathies, which encompass autosomal dominant
and recessive forms of Emery-Dreifuss muscular dyserophy (AD
and AR-EDMD), limb girdle muscular dystrophy type 1B
(LGMDIB),

cardiomyopathy with conduction defects, partial
lipodysirophy, Charcot-Marie-Tooth disease type 2, and premature
aging syndrome.” EAD muations are causative for emerinopa-
thies, 2 group of disorders that include X-linked EDMD, LGMD,
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cardiomyopathy with conduction defects, and familial atrial
fibritlation. 10-13

Because lamins form a protein meshwork of nuclear lamina ar
the nucleoplasmic side of inner nuclear membrane and have an
important role in the maintenance of nuclear architecture, muta-
tions in LAINA are thought to cause nuclear membrane fragitity.
This phenomenon is expected especially in skeletal and cardiac
muscle cells which are constantly subjected to repeated mechanical
stress. Loss of A-type lamins has been implicated o impair nuclear
mechanics and increase nuclear fmgiliry."i'H Loss of emerin, an
inner nuclear membrane protein, could also lead 10 stucrural
instability of nuclear membrane; emerin binds to several stuctural
proteins in nucleus such as lamins, nesprins and nuclear actin, and
can promote actin polymerization in vitgo, ¢

In skeletal and cardiac muscles from patients with laminop-
athy and emerinopathy, various nuclear abnormalities have been
observed, which are mainly compaosed of alteration in nuclear
shape and emphasizing the role of lamins in the maintenance
of nuclear imcgri[y.l( W recently demonstrated the presence
of unique perinuclear vacuolar structures in the skeletal andfor
cardiac muscles from laminopathy patients and emerin-null mice
under electron microscopy,”’2% but neither the nature of these
structures nor their role in disease pathomechanisim have ever been
clarified. As most of these vacuolar siructures contained amorphous
and electron-dense materials resemibling myelinated marerials, we
suspected that these are acrually autophagic in nature.

Macroautophagy is a well-conserved molecular mechanism

for the bulk degradation of organelles and proteins, 202 During

o
autophagic process a double-membraned siructure, the so-called
phagophore or preautophagosome, randomly engulfs eytosolic
components and cellular organelles. It is enclosed 0 form the
so-called aurophagosome. which is then fused with lysosome
enabling inta-antophagosomal componenss 10 be degraded by

.

lvsosomal hydrolases

Recendy it has been alluded o that the autophagic process

is also responsible for selective degradation of specific cellutar
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components; for instance, pexophagy works to
decrease the number of peroxisome adapting to
environmental changes in yeast, while mitophagy
and ER-phagy have been suggested to degrade
damaged mitochondria and overstressed endo-
plasmic reticulum, respectively,??-3!

In this study, we show that the perinuclear
vacuolar structures are actually giant autophago-
somes/autolysosomes involved in the degradacion
of damaged nuclear components, extending the
concept of macroautophagy in various cellular
organelles to include the nucleus.

Results

Perinuclear vacuolar siructures observed in
skeletal and cardiac muscles of human and
mouse nuclear envelopathy. Electron micro-
scopic observation of skeletal muscles from
patients with laminopathy revealed perinuclear
vacuolar structures in - 10% of myonuclei.”!
Most of these structures were consistently found
in close proximity to the irregularly-shaped
nuclei which also contained disorganized chro-
matin  structures.  These vacuolar structures
varied in size from 1.5 to0 5 pum in diameter, and
were observed to contain either diffuse granular,
honeycomb-like or dense amorphous materials
within multiple layered and folded membranes
(Fig. 1A and B). Similar structures were also
observed near the nuclei of nonmuscle cells from
muscle specimens (Fig. 1C).

Perinuclear vacuolar structures were also
detecred in skeletal and cardiac muscles from
different mouse models of nuclear envelopathies
including emerin lacking Emd’~ (89 weeks of
age),” A-type lamin-deficient Limna™ (10 weeks),
and homozygous knock-in L 2221710222P (34
weeks) mouse models (Fig. S1), and also in skin
fibroblasts from 10-week-old  Zinna"2220112220
mouse (Iig. 1D).

Electron microscopic observation of Luna
For further characterization of nuclear changes, we used mouse
embryonic fibroblasts (MEF) obtained from  Lpna!?2217H2220
mice. In these cells, nuclei had markedly irregular shape, and in
addition small particles with similar electron density to nucleus
were seen (Fig. 2A, arrow). In some areas, there was blurring of the
nuclear membrane, probably suggesting the disruption of nuclear
mernbrane, where small circular structures were accumulated (Fig.
2A, arrowheads). Vacuolar structures from 3 to 7 wm in diameter

11222P/11222P MEE

were frequently found in the cytoplasm, especially near the blurred
nuclear membrane, and appeared 1o fuse with one another (Fig.
2B). These vacuolar structures were mostly single- or double-
membraned although in some cases it was difficulr o recognize
clear membranous stuctures (Fig. 2B and C). Smaller electron-
dense vesicles were also much increased over the eytoplasm but

796 Autophagy

Figure 1. Eleciron microscopic observation of perinuclear vacuolar siructures in skeletal
muscles from patients (A-C) and skin from Lmnat222P/H222F oyse (D). (A-C) Perinuclear vacu-
olar structures of variable diameter usually coniain myelinated (arrows) and dense amorphous
materials (arrowhead) in muscle (A and B] and nonmuscle cells in skelelal muscle specimens
(C) of patients with AD-EDMD/LGMD1B. (D) In the skin obiained from 10-week-old Lmnati?22P/
H222P mouse, similar perinuclear vacuolar siructures are observed. Bars, 0.5 um.

more highlighted around large vacuolar srructures (Fig. 2C and
D). The contents of vacuolar structures were variable from gran-
ular substances to picces of amorphous materials, but a few were
empty (Fig. 2E-H).

Nuclear shape of cultured Lunina™22PH2220 MEE Ty char-
acterize perinuclear vacuolar siructures by in vito analysis, we
performed immunocytochemistry on £’ 2227H2220 \ R using
antibodics against nuclear envelope proteins (e.g.. famins A, C and
B, emerin and LAP2). The nuclei had markedly irregular shape
and, in addition, single or multiple blebs and nuclear herniation
were seen in 21+ 1.8% of Linna™22PH222P cells (Fig, S2), similar
to previous reports on fibroblasts from patients with LA/NA muta-
tions. % Nuclear envelope proteins were intensely stined at bleb
sites (Lig. S2, arowheads). Morcover. various-sized DAPI positive
particles were often ideniified in the cvioplasm around nuclei

2009; Vol. 5 Issue 6
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Figure 2. Eleciron microscopic findings of perinuclear vacuolar structures in Lmnat222F/H222P MEF. (A) A
particle with similar electron densily to the nucleus is detected near the nucleus (arrow). A part of nuclear
membrane is blurred suggesting the disruption of nuclear membrane, where small circular siructures are
present (arrowheads). Vacuolar siructures are identified near the nucleus, especially around the ruptured
nuclear membrane. (B-D) Some cells contained multiple double- or single-membraned vacuolar structures
together with eleclron dense smaller vesicles. (E-H) The contents of vacuolar slructures are variable
showing granular substances that fills the whole vacuole, or pieces of amarphous particles. A few are

emply. Bars, 0.5 um.

(Fig. 82, arrows). On the other hand, most of the wild-type cells
displayed clearly round shape of nuclei; small blebs were identified
only in less than 1% of the cells, and DAPI-positive particles were
rarely seen outside nuclei.

Round-shaped LC3-positive signals close to the nuclei in
Linna™222P/H222P MEE As we have insinuated that the vacuolar
structures near the nuclei observed under electron microscope
could be autophagic in nature, we performed immunocytochem-
ical analysis of microtubule-associated protein 1/light chain 3
(LC3) in Linna2?I"H222F fibpoblasts. LC3 is a homologue of
yeast Atg8 and is commonly used as a marker of autophagy because
it decorates inner and ourer membranes of :ulroplmgosumc.5"
In about 10% of Limnna22IH2220 cells, characteristically round
LC3-positive signals were detected near or attached o the nucleus.
The part of nuclear membrane interfacing with LC3-staining
was sometimes strongly stained with lamins and emerin (Fig. 3A,
arrow). Similar findings were also observed in Limnna ’ fibroblasts.

Large-sized, round-shaped GFP staining close to nuclei in
Linna™222PMH222P/GEp 13 MEE To further characterize the
autophagic nature of these perinuclear structures, we produced
Lmna'1222MH222 /G Ep 1 (03 transgenic mice. Green  fluorescent
protein-tagged-LC3 (GFP-LC3) transgenic mouse model has been
developed for in vivo analysis of aurophag,\f.'ﬁ On immunocy-
tochemistry, MEF from Luna"™2221H222T /G EP-LC3 mice showed
similar frequency of abnormally-shaped nuclei o L2227
#2228 cells. In addition, perinuclear round GEP-positive staining,
sometimes bigger than the nuclei, were detected in abour 10% of
observed cells whereas it was rarely seen in wild-type/ GFP-LC3
cells under similar standard culture condition. In addition, these
GEP-positive perinuclear signals were almost completely colocal-
ized with LC3 in Linna™222PH222P)GEP_[ 3 cells (Fig. 3B). being

diffusely distributed over or outlining GFP signal.

wwyeJondeshioscience.com

As the activation of autophagy is
induced by the upregulation of certain
molecules, we examined the expres-
sion of other known autophagy-related
proteins in Linna222PH222T/GEP-[C3
fibroblasts to know whether similar
machinery to macroautophagy is
working in these cells. In a consider-
able number of cells, the perinuclear
GFP-positive signals colocalized with
Atgd and Argl6L (Fig. 4A), which are
known to participate in the initiation
of phagophore (or preautophagosome)
formarion in  mammalian cells.3®
Along the border of the perinuclear
GFP-positive signals, we observed posi-
tive immunoreaction to Atg9 (Fig.
4B), which is associated with phago-
phore expansion.’” The GEP signals
also colocalized with Rab7 (Iig. 4C),
which is known as a small GTPase
protein associated with antophagosome
maturation.”® We also checked the
involvement of lysosomes, and found that LAMP2, a lysosomal
membrane protein, was identified around and inside GFP-positive
staining (Fig. 4D); this finding was confirmed by the colocaliza-
tion of GEP signals with Lyso-Tracker® which marks Iysosmes
(Fig. 4E). With these findings, we can consider that the large peri-
nuclear GFP signals are giant autophagosomes/autolysosomes.

Intriguingly, GFP-positive autophagosomes/autolysosomes
contained extranuclear DAP] with variable staining intensity from
intense to blurred or faine (Figs. 3-5). These DAPI signals were
colocalized with histone H1 (Fig. 5A), but were rarely co-stained
with nuclear envelope proteins such as lamin A and B (Fig. 5B
and C), indicating that these are actually extranuclear and may
indicate damaged DNA. We therefore immunostained with anti-
YH2AX, a marker of DNA double-strand breaks caused by various
insults which is known to have certain roles in the recognition
and repair of damaged DNA.3 Some of the extranuclear DAPI
signal was colocalized with YH2AX and contained in GEP-positive
autophagosomes/autolysosomes (Fig. 5D, arrowhead). YH2AX was
detected also in intranuclear portions, mainly in bleb sites (dara not
shown). These resulis suggest that extranuclear damaged DNA is
destined for aurophagic degradation. On the other hand, we could
not find any overlap staining of LC3 and DAPI in rarely observed
markedly fragmented nuclei with YH2AX staining, although 1.C3
positive signals can be seen in the cytoplasm (Fig. SE).

Notably, in wild-type/ GFP-LC3 cells, similar autophagosomes/
autolysosomes containing extranuclear DAPI signals were likewise
observed, but with rare frequency of less than 0.1%.

Both LC3-11 protein amount and transcriptional level of
Maple3b were increased in Lumna222PH222P NEE On immu-
noblotting analysis, the protein amount of LC3-11, which is a
lipidated form of LC3 and a marker of autophagosome Forma-
H222PIH222D

ton, was significantdy increased in Lt compared
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Lyso-Tracker
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Figure 3. Perinuclear LC3 staining in Lmnat?22P/H222P and [mngH222P/H222F/ GFPLC3 MEFs. (A) In Lmna222P/H222P MEF,  largessized and round-
shaped LC3-positive vacuolar siruclure is seen with sironger marginal dotlike slaining. DAPlpositive materials are included within. Emerin is more
strongly stained in the pari of nuclear membrane interfacing with the LC3 positive struclures (arrow). (B) In lmnat222P/H222P /GFP.IC3 MEF, LC3 signal

is detected with the GFP.

with wild-type cells (Fig. 6A). Because an increased amount of
LC3-11 could be interpreted either as increased autophagy influx or
blocked autophagosome maturation,*” we quantified the amount
of LC3-11 with or without lysosomal protease inhibitors (pepstatin
A and E64d). LC3-11 in Linna222PH222P ol was much increased
with lysosomal inhibitors (Fig. 6A), implying that the increased
LC3-11 amount is due to enhanced autophagy influx and not due
o impedance of autophagosome maturation.

This increase in LC3-11 protein might be also due to transcrip-
donal upregulation of Maple3h encoding a major form of LC3.
By quantitative real-time PCR of Maple3b, we observed that the
cranscriptional level of LC3 was significantly higher in Lz
H222P compared with wild-type MEF (Fig. 6B, p = 0.0141);

798 Autophugy

relative copy number of LC3 mRNA in Lmnal1222PH2220 NEF
was 1.36 times when standardized by G3PDH transcriptional
level.

Inhibition of autophagy increased the frequency of nuclear
abnormalities and decreased cell viability in Lmnq'1222P/H222P
H222PIH222D

MEE To elucidate the role of autophagy in Lmna cells,

we inhibited auntophagy by using 3-methyladenine (3-MA) and
wortmannin. Autophagy was efficiently inhibited as the amount of
LC3-1T was notably decreased both in wild-type and Lmna/'222
P cells (Fig. 7A).

H222
The number of LC3-positive autophagosomes was significantly

. eciisl el
decreased in the treated Lina!220"H222]

cells compared with the

nntreated cells (Fig. 7B, p < 0.0001). Morcover, LC3 staining was
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Figure 4. Involvement of avlophagy-related proleins and LAMP2, and lyso-Tracker® probe slaining in Lmna'222FP/H222F /GFPLC3 MEF. Atg5 (A), Alg?
(B), Rab7 (C) and LAMP2 (D} are all remarkably stained in/around the GFP-positive struclures. (E) Llyso-Tracker® is highlighted and localized with the

GFP-positive structures near nucleus.

virtually absent in the weated cells, even in nuclei with markedly
irregular shape and with extranuclear DAPI signals, whereas it was

7C, upper). In addition,

often presented in untreated cells (Fig.
the number of cells with markedly iregular nuclei and/or extra-
nuclear DAPL, as represented in Figure 7C, was much increased
when autophagy was inhibited: the percentage of cells with nuclear
SD), and cells

0.9 and 14.9

3
+ L5 in untreated and treated cells, respectively (Fig. 7D). The

deformation was 6.7 + 1.2 and 9.8 ¢ 1.6 (mean
with single or multiple extranuclear DAPI was 8.3

difference between the two groups was statistically significant (p =
0.0008) after trearment.

We also checked mean survival rate by smining viable and
dead cells in untreated wild-type (0.88), treated wild-type (0.83)

www.landeshioscience.com

untreated Linnal 222012220 () 87) and treated  Lmna®2220H222P

(0.72) cells (Fig. 7E). When autophagy was inhibited, the survival
rate of Lmnal22H222P (ells was significant decreased (p =
0.0029) as compared ro wild-type cells. This result implies that

autophagy could have a beneficial effect on cell survival.

Discussion

Here we provide evidence that a part of the nucleus is degraded
by autophagy when nuclei are damaged and/or partially exrruded
into the cytoplasm as frequently observed in nuclear envelopathy.

In Lmna!2220H222P/GEp 1 (03 MEE, GFP-positive signals
were presented near nuclei, which were proved o be identical

o LC3-positive antophagosomes, The difference in staining

Autophagy 799



Figure 5. Characterization of nuclear components
coniained in the GFP-positive autophagosomes on
immunocytochemisiry. (A-C) GFP-positive autophago-
somes wilh variable sized are seen close to ihe nuclei,
and most of which are partially colocalized with DAPI
signals outside of nucleus. Extranuclear DAPI signals
in the GFP-posilive autophagosomes are positive for
histone H1 (A}, but not for nuclear envelope proteins
such as lamin A and B (B and C). (D) Exiranuclear
DAPI signals with GFP staining are positive for yH2AX
(arrowhead). (E) Nuclear fragments wiith scaitered
¥H2AX staining are negative for LC3.

pattern between GFP and LC3 despite their
essential identity is probably due to the accu-
mulation of GFP that is resistant to lysosomal
hydrolase. Further immunostaining of other
autophagy-related proteins (i.e., Awg5, 161, 9
and Rab7) and LAMP2 confirmed that the
GEP-positive signals are ultimarely autophago-
somes and autolysosomes. Our findings indicate
that the autophagosomes appear to degrade the
extruded nuclear components since most of them
contained extranuclear DAPI and major histone
protein H1 within. Irregularly blurred or faint
DAPI or H1 signals inside the autophagosomes/
autolysosomes substantiate that nuclear compo-
nents are being degraded by autophagic process.
The rarget of autophagy is probably the damaged
portons of nuclei as demonstrated by yH2AX
immunostaining,

Electron  microscopic  observations  of
Linna®¥222PH222P cells  demonstrated  that
autophagosomes were clustered and lysosomes
fused to form giant autophagosomes, which were
sometimes bigger than nuclei. Giant autophago-
somes are quite anusual and are rarely seen in
starvation-induced autophagy, where the size is
about 1 tm.*> Similar large-sized (5 to 10 pm)
autophagosomes has been reported to encircle
bacteria in Hela cells under group A strepto-
coccus infection although the mechanism 1o
form such giant autophagosomes was not clari-
fied.! From our findings it can be suggested that
the formation of giant autophagosomes may be
required for the degradation of large molecules,
such as a part of nucleus.

We propose that Lmna™#2PH2220 pyclei,
having incomplere laminastructureand frequendy
subjected o mechanical stress, subsequently
become damaged and would apparently require
(giant) autophagosome for degradation by lyso-
somal enzymes. Thus, it seems that this nuclear
autophagy is consistent with macroautophagy
in terms of its morphology and machinery
used. On the other hand. piecemeal microau-
wophagy of nudeus (PMN) has been recently
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