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Fig. 5. Interaction of NEP with various lipids. Lipid-attached membranc was trcated with sucrose
density fractions of SH-SY5Y neuronal cells. After incubation and washing, the membrane was
incubated with anti-NEP monoclonal antibody as described in Materdals and Mcthods. The bound
NEP was detected by ECL advance. A: ECL results. B: Lipids attached to the membranc.

_ Direct Inteaction of NEP With Lipids

The results described above suggest that NEP is
localized in lipid rafts, possibly by its direct association
with cholesterol. Finally, interaction of NEP with lipids
was investigated by using lipid-spotted P-6002 mem-
brane. Fractionated rafts (fraction 2 in Fig. 1A) and non-
rafts fractions (fraction 5 in Fig. 1A) were concentrated
by ultracentrifugation and incubated with lipids. After
washing of the P-6002 membrane, lipid-bound NEP
was detected by the specific antibody. Unexpectedly,
NEP both in lipid rafts and in nonrafts fractions inter-
acted with phosphatidylserine and cardiolipin but not
with cholesterol (Fig. 5).

DISCUSSION

In this study, we found that only the mature form
of NEP, glycosylated in the Golgi, and not the imma-
ture form, residing in the ER, was localized in lipid rafts
(Fig. 1A,B). This indicates that complete glycosylation is
required for the association of NEP with lipid rafts. Two
possible explanations for this were considered. One is
that maturation may be necessary for NEP to bind to a
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carrier protein such as a glycosylphosphatidylinositol
(GPI)-anchored protein. The other is that a small con-
formational change caused by maturation increases the
affinity of NEP for molecules found in lipid rafts, such
as sphingolipids and cholesterol. With regard to the for-
mer, there have been several reports conceming carrier
proteins. One study found that, when the transmem-
brane and C-terminal domains of BACE1 were replaced
with a GPI anchor signal sequence, it was translocated
to lipid rafts (Cordy et al., 2003). Another study found
that the addition of the N-terminal domain of growth-
associated protein 43 (GAP43) to the N-terminus of
NEP increased the amount of NEP present in lipid rafts
by 1.3-fold (Hama et al., 2004). With regard to the lat-
ter possible explanation, we found evidence that the
localization of the mature form of NEP in lipid rafts was
dependent on the content of cholesterol (Figs. 2, 3).
Interestingly, although NEP was completely delocalized
by cholesterol depletion, flotillin-1, a lipid raft marker,
was not delocalized from lipid rafts by treatment with
MBCD (Fig. 2). In this regard, flotillin~1 has been
reported to be enriched in detergent-resistant microdo-
mains that are MBCD resistant, although the mechanism
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remains to be investigated (Rajendran et al,, 2003).
Moreover, to examine whether the delocalization of
NEP from lipid rafts was caused by its direct association
with cholesterol, we extracted lipid raft membranes and
treated them with MBCD in vitro (Fig. 3). Consistently
with the results presented in Figure 2, NEP was delocal-
ized from lipid rafts membrane by cholesterol depletion,
although. not completely so (Fig. 3). The difference in
the efficiency of NEP delocalization between cell and
cell-free systems may be caused by the different condi-
tions used (reaction temperature, membrane state, effects
of ultracentrifugation). We conclude that the localization
of mature NEP in lipid rafts depends on their cholesterol
content.

We investigated the direct association of NEP with
pure phospholipids and cholesterol (Fig. 5). Both NEP
in rafts and nonrafts directly interacted with phosphati-
dylserine and cardiolipin. Cardiolipin is a major phos-
pholipid of inner membrane of mammalian mitochon-
dria, so phosphatidylserine might be the major interactor
of NEP in lipid rafts. Moreover, immunocytochemical
analysis showed that the clustered localization of endoge-
nous NEP in SH-SYSY cells became dispersed after
MBCD treatment (Supp. Info. Fig. 1). Therefore, we
conclude that NEP directly associated with phosphandyl—
serine in cholesterol-rich lipid rafts and MBCD-induced
cholesterol depletion triggers the. destruction of lipid
composition and releases the NEP from rafts. However,
the protease activities of mature NEP ‘were unexpectedly
comparable in lipid raft and nonlipid raft fractions, as
assessed by p-NA peptide assay. It is possible that the
fractionated lipid rafts did not reflect intracellular condi-
tions (Pike, 2004). However, this result suggests that the
association with lipid rafts does not itself modify the pro-
tease activity of NEP.

Considering the localization of AP in lipid rafts
through association with cholesterol (Kakio et al., 2002),
we hypothesized that the localization of mature NEP in
lipid rafts facilitated its association with AB and thereby
altered AP degradation. Recent studies have shown that
lipid raft—dependent endocytosis is the predominant AR
uptake mechanism (Lai and McLaurin, 2011), that there
‘ate correlations between memory deﬁcxts and intracellu-
lar AR levels in several mouse AD models (Billings
et al., 2005; Knobloch et al., 2007; Bayer and Wirths,
2008), and that intracellular AB level correlates with
extracellular amyloid deposition (Yang et al, 2011).
Thus, it seems reasonable to conclude that NEP is local-
ized and active in lipid rafts. Indeed, NEP is detected
primarily in presynapses and on or around axons in the
hippocampal formation (Fukami et al., 2002), and pre-
synaptic NEP efficiently degrades AR (Iwata et al,
2004). Considering these findings, together with the fact
that the €4 allele of apolipoprotein E (apoE) is a risk fac-
tor in nonfamilial AD (Kim et al, 2009), we suggest
that cholesterol, overloaded by aging or a high-fat diet,

enlarges the area occupied by lipid rafts, thereby decreas-
ing the likelihood of NEP and AP coming into contact
with each other. As a result, AR becomes more abun-
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dant, oligomerizes, and causes memory deficits. How-
ever, it should be noted that cholesterol itself is a crucial
contributor to synaptic structure and function. It has
been reported that brain-derived neurotrophic factor
(BDNF)-dependent cholesterol biosynthesis plays an im-
portant role in synapse development (Suzuki et al.,
2007). It would therefore be important to maintain nor-
mal cholesterol metabolism during AD therapy.

We further investigated the effects of dimerization
on the localization of NEP in lipid rafts. We introduced
the E403C mutation into human NEP for the first time.
The mutation was originally discovered in rabbit NEP,
in which it causes the formation of a covalent homo-
dimer (rabbit NEP normally exists as a monomer). Our
results show that human NEP E403C, like rabbit NEP
E403C, forms a covalent homodimer. In contrast,
human NEP WT, like porcine NEP WT (Kenny et al.,
1983), forms a noncovalent homodimer (Fig. 4A,B).
Moreover, the noncovalent human NEP WT homo-
dimer, though not resistant to NP-40 or Triton X-100,
was resistant to DDM and digitonin. DDM and digito-
nin dissolve proteins modestly, so the complex remained
intact after treatment with these detergents. Interestingly,
the localization of mature NEP to lipid rafts was .
enhanced by its homodimerization (Fig. 4D). With
regard to the endopeptidase activity of NEP E403C,
Vmax/Km for this mutant was decreased by 50% com-
pared with that for wild-type by using either [D -Ala?,
Leu’] enkephalin or Suc-Ala-Ala-Leu-NH-Np as a sub-
strate (Hoang et al.,, 1997). Although the NEP E403C
mutant seems to be artificial and to have no physiologi-
cal significance, these results imply that the protease ac-
tivity of NEP might be modulated by its dimerization.

In conclusion, we have shown that cholesterol reg-
ulates the localization of mature NEP in lipid rafts,
where its. substrate, AB, accumulates. Cholesterol does
not, however, modulate the protease activity of NEP.
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Myofibrillar myopathy (MEM) is a group of disorders
that are pathologically defined by the disorganization
. of the myofibrillar alignment associated with the in-
tracellular accumulation of Z-disk-associated pro-
teins. MFM is caused by mutations in genes encoding
Z-disk-associated proteins, including myotilin. Al-
though a number of MFM mutations have been iden-
tified, it has been difficult to elucidate the precise
roles of the mutant proteins. Here, we present a use-
ful method for the characterization of mutant pro-
teins associated with MFM. Expression of mutant
myotilins in mouse tibialis anterior muscle by in vivo
electroporation recapitulated both the pathological
changes and the biochemical characteristics observed
in patients with myotilinopathy. In mutant myotilin-

expressing muscle fibers, myotilin aggregates and is
costained with polyubiquitin, and Z-disk-associated
proteins and myofibrillar disorganization were com-
monly seen. In addition, the expressed S60C mutant
myotilin protein displayed marked detergent insol-
ubility. in electroporated mouse muscle, similar to
that observed in human MFM muscle with the same
mutation. Thus, in vivo electroporation can be a
useful method for evaluating the pathogenicity of
mutations identified in MFM. (4mJ Patbol 2012, 180
1570-1580; DOI: 10.1016/.ajpath.2011.12.040)

. Myofibrillar myopathy (MFM) is a group of neuromuscular
diseases with common morphological features such as
disorganized myofibrillar alignment and accumulation of
Z-disk-associated proteins.! Mutations in genes encod-
ing Z-disk-associated proteins are known to cause MFM.
Disease-associated mutations have been identified in six
genes, including myotilin, desmin, aB-crystallin, ZASP,

1570
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fitamin C, and BAG3.2 Elucidation of their pathogenicity,
however, is sometimes difficult.

Myotilin (myofibrillar protein with titin-like immunoglob-
ulin domains) is a 57-kDa protein with 10 exons encoded
by the myotilin gene (MYOT) on chromosome 5g31. Myo-
tilin consists of a unique serine-rich domain at the N-ter-
minus and two lg-like domains at the C-terminus.*~* Myo-
tilin is highly expressed in skeletal and cardlac ‘muscle,
and localizes to the Z-disk,* Wthh plays important roles
in sarcomere’ assembly, act|n~f|lament stablhzatlon and

gase.’ 1 Myo’ulm a\so interacts wnth actin monomers'and
filaments through its Ig- Hlike domalns which also mediate
homodmenzatnon 4 Previous studies’ havé shown that

myotmn can bundle actin fﬂamehts inv Q acting alone or
in collaboration with a-actir in C.415Thys,
myotmn is thought to ptay a role in an honng and stabi-
lizing ‘actin filamenis at the' Z-disk and- mvolved in the
orgamzatlon and maintenahnce of Z-disk m'teghty;12 Mis-
sense mutations in MYOTVhave been associated with
MFM, =18 {imb, girdle ‘muscular, dystrophy type
1A, 171920 and distal myopathy. 2122 We have previously
nden’ufled a mutation p. Arg405Lys (R405K) in exon 9 in
the second |g-hke ‘domain of myotllm The R405K mutant
myotmn exhﬂ:nted defectlve homodxmenzanon and de—

alt and Wetfare (208—12 20843) wa from the Mm|stry of

: Health Labor and Welfaré; a Research on Ihtractable Diseases award

] 'nlstry _of Health Labor a

Tokyo 187-8502 Japan E-mail: hay



the disease mechanism involved remain poorly under-
stood. '

Model animals, such as transgenic mice, have contrib-
uted to understanding of the critical pathogenic events in
MFM.25-27 Some MFMs, including myotilinopathies, are
late-onset and slowly progressive diseases.’ To repro-

binding 575 755
Filamin C binding 3 53
Actin binding & bupdhng 55 758"
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duce clinical and pathological features in model animals
for such late-onset mild myopathy is both labor intensive
and time consuming. Among the 10 missense mutations
identified to date in patients with myotilinopathy,'* 6~
18.23,24 only the Thr57lle (T571) mutation reproduces the
pathological changes in transgenic mice after 12 months
of age.?® To screen for candidate mutations in MFM, a
new method is required for demonstrating the pathoge-
nicity of mutations. In the present study, we expressed
mutant myotilin in mouse muscle by in vivo electropora-
tion and were able to easily reproduce pathological
changes similar to those observed in skeletal muscle
from patients with MYOT mutations.

Materials and Methods
Clinical Materials

All clinical materials used in this study were obtained for
diagnostic purposes with written informed consent. The
studies were approved by the Ethical Committee of the
National Center of Neurology and Psychiatry.

Genetic Analysis

Genomic DNA was isolated from peripheral lymphocytes
or muscle specimens of patients, using standard tech-

niques. Sequencing and mutation analysis of MYOT were
performed as described previously.?3

Plasmid Construction

We cloned full-length human myotilin cDNA and gener-
ated mutant myotilin (MMYOT) by site-directed mutagen-
esis, as described previously.?® A C—G substitution at
nucleotide position 179 and a G—A substitution at nucle-
otide 1214 were introduced to obtain p.S60C and
p.R405K, respectively. A schematic of the location of
these mutations in the structure of the myotilin protein is
given in Figure 1A. For expression in mammalian cells,
cDNAs of wild-type myotitin (WtMYQOT) or mMYOT (S60C
or R405K) were subcloned into pCMV-Myc vector (Ta-

Figure 1. Myotilin mutations and histopathological findings in myotilinopa-
thy patients. A: Myotilin structure and disease-related mutations. p.SerG0Cys
(S60C) is located in the serine-rich domain and p.Arg405Lys (R405K) is
located in the second immunoglobulin (Ig)-like domain of myotilin. B-T:
Pathological changes in muscles from patient 1 with MYOTS60C (B, D, F, and
H) and from patient 2 with MYOTR405K (C, E, G, and D). B: Modified Gméri
trichrome (mGT) staining of biopsied skeletal muscle from patient 1 revealed
markedly degenerated fibers with many spheroid protein inclusions (ar-
rows). Some fibers had rimmed vacuoles (arrowhead). C: mGT staining of
biopsied skeletal muscle from patient 2 revealed scattered fibers with rimmed
vacuoles (arrowhead). D: NADH tetrazolium reductasé (NADH-TR) staining
of the serial section shown in B revealed markedly disorganized intermyo-
fibrillar networks (arrows). E: NADH-TR staining of the serial section shown
in C revealed disorganized intermyofibrillar networks (arrow). F~I: Coim-
munostaining of muscles from patients using anti-myotilin (green) and anti-
polyubiquitin (red) antibodies. F: Large accumulations of myotilin were
observed in many fibers in patient 1. G: Small accumulations of myotilin were
seen in some fibers in patient 2. Myotilin aggregates were positive for
polyubiquitin in both patient 1 (H) and patient 2 (I). Scale bars: 50 pm (B-E);
20 um (F-Y).
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kara Bio, Shiga, Japan). All constructs were verified by
sequencing. Primer sequences are available on request.

Cell Culture, Transfection, and
" Immunocytochemical Analysis

C2C12 murine myoblast cells (American Type Culture
Collection, Manassas, VA) were cultured in Dulbecco’s
modified Eagle's medium (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA) at 37°C in a humidified atmosphere of 5%
carbon dioxide. The cells were transiently transfected
using FUGENE HD transfection reagent (Roche Diagnos-
tics, Indianapolis, IN), according to the manufacturer's
instructions. Forty-eight hours after transfection, the cells
were fixed in 4% paraformaldehyde, permeabilized with
0.5% Triton-X 100, and costained with anti-Myc antibody
(Sigma-Aldrich) and rhodamine-labeled phalloidin (Wako
Pure Chemical Industries, Osaka, Japan) to detect trans-

fected myotilin and actin filaments, respectrvely, accord-
ing to standard protocol.?®

In Vivo Electroporation

ICR mice were purchased from CLEA Japan (Fuji, Shi-
zuoka, Japan). Animals were handled in accordance with
the guidelines established by the Ethical Review Com-
mittee on the Care and Use of Rodents in the National
Institute of Neuroscience, National Center of Neurology
and Psychiatry. All mouse experiments were approved
by the Committee. Five-week-old male ICR mice were
anesthetized with diethyl ether, and the tibialis anterior
(TA) muscles of mice were injected with 80 p.g of purified
Myc-tagged myotilin plasmid DNA. wtMYOT was injected
to one side of TA muscle and mMYQT (S60C or R405K)
was injected to the other side of TA muscle. In vivo trans-
fection was performed using a square-wave electropora-
tor (CUY-21SC; Nepa Gene, Ichikawa, Japan). A pair of
electrode needles was inserted into the muscle to a
depth of 3 mm to encompass the DNA injection sites.
Each injected site was administered with three consecu-
tive 50 ms-long pulses at the required voltage (50 to 90 V)
to yield a current of 150 mA. After a 1-second interval,
three consecutive pulses of the opposite polarity were
administered. At 7 or 14 days after electroporation, mice

were sacrificed by cervical dislocation, and TA muscles
were isolated.

Histochemical and Immunohistochemical
Analyses

Biopsied human muscles or electroporated mouse TA
muscles were frozen in isopentane cooled in liquid nitro-
gen. Serial 10-um cryosections were stained with modi-
fied Gomdri trichrome (MGT) and NADH-tetrazolium re-
ductase (NADH-TR) and were subjected to a battery of
histochemical methods. Immunohistochemistry was

performed on serial 8-um cryosections, as described
previously.2®
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Antibodies

The primary antibodies used in this study were as follows:
actin (Kantoukagaku, Tokyo, Japan), a-actinin (Sigma-
Aldrich), BAG3 (Abcam, Tokyo, Japan), «B-crystallin
(StressGen Biotechnologies, Victoria, BC, Canada),
desmin (PROGEN Biotechnik, Heidelberg, Germany), fi-
amin C (kindly provided by AH. Beggs),*° ¢c-Myc (Sigma-
Aldrich), c-Myc (PROGEN Biotechnik), myotilin (Protein-
tech Group, Chicago, IL), polyubiquitinated protein
(Biomol International-Enzo Life Sciences, Plymouth Meet-
ing, PA), GAPDH (Advanced ImmunoChemical, Long
Beach, CA), and horseradish peroxidase-iabeled anti-c-
Myc antibody (Santa Cruz Biotechnology, Santa Cruz, CA).

Evaluation of Aggregates

Histochemical and immunohistochemical analyses were
performed on cryosections of electroporated muscles
sectioned at 500-pm intervals. The section containing the
highest number of Myc-positive fibers (>100 fibers) was
used. MycAposmve granules >1 um in diameter were
defined as aggregates. The Myc-positive fibers contain-
ing Myc-positive aggregates were counted among all
Myc-positive fibers. Five mice each from the wtMYOT-,
mMYOT S60C-, and mMYOT R405K-expressing groups
were examined. To compare the number and size of
Myc-positive aggregates per fiber, we measured the
number and area of Myc-positive aggregates in 30 myo-
fibers from each specimen using Imaged software ver-
sion 1.43 (NIH, Bethesda, MD). The results are presented
as bar graphs (£SD) and histograms. Fifteen serial sec-
tions were immunoblotted to measure the amounts of
electroporated Myc-tagged myotilin protein.’

Electron Microscopy

For electron microscopy, cryosections (25 pum thick) of
biopsied muscle with the SBQC mutation (patient 1) were
fixed with 2% glutaraldehyde in 100 mmol/L cacodylate
buffer for 15 minutes on ice. After a shaking with a mixture
of 4% osmium tetroxide, 1.5% lanthanum nitrate, and 200
mmol/L s-collidine for 1 to 2 hours, samples were embed-
ded in epoxy resin, TA muscles of 5-week-old ICR mice
were coelectroporated with pEGFP-C1 plasmid (Clon-
tech, Tokyo, Japan), which encodes enhanced green
fluorescent protein (EGFP), and with either Myc-wiMYOT
or Myc-mMYOT (S60C or R405K) plasmid (40 pg each).
As a control, pEGFP-C1 plasmid was electroporated
alone. TA muscles were isolated 7 and 14 days after
electroporation. EGFP-positive regions were trimmed un-
der a fluorescence microscope and fixed with 2% glutar-
aldehyde in 100 mmol/L cacodylate buffer for 3 hours.
After a shaking with a mixture of 4% osmium tetroxide,
1.5% lanthanum nitrate, and 200 mmol/L s-collidine for 2
to 3 hours, samples were embedded in epoxy resin.
Semithin sections (1 um thick) were stained with Toluid-
ine Blue. Ultrathin sections (100.nm thick) were stained
with uranyl acetate and lead citrate, and were analyzed at
120 kV using a Tecnai Spirit transmission electron micro-
scope (FEl, Hillsboro, OR).



Solubility and Immunoblot Assay

To examine solubility of mutant myotilin, we used frozen
biopsied muscles from human control subjects and from
the two myotilinopathy patients, as well as TA muscles of
six mice each from the wtMYOT-, mMYOT S60C-, and
mMYOT R405K-expressing groups, at 14 days after elec-
troporation. The 1.25-mm® specimens of muscle were
lysed and homogenized in 150 ul of radioimmunopre-
cipitation assay buffer containing 50 mmol/L Tris-HCI (pH
7.5), 150 mmol/L. NaCl, 1 mmol/L EDTA (pH.8.0), 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
and Roche complete protease inhibitor cocktail (Roche
Diagnostics). The lysates were incubated at 4°C for 20
minutes with gentle rotation, and then centrifuged at
15,000 X g at 4°C for 20 minutes. The supernatants and
precipitates were collected, and the protein concentra-
fions of the supernatants were determined using a protein
assay kit (Bio-Rad Laboratories, Hercules, CA). immuno-
blotting of the supernatant (detergent-soluble) and pre-
cipitate (detergent-insoluble) fractions was performed, as
described previously.?® Glyceraldehyde. 3-phosphate
dehydrogenase (GAPDH) was used as an internal stan-
dard. Immunoreactive complexes on the membranes
were detected using enhanced chemiluminescence ECL
Plus detection reagent (GE Healthcare, Chalfont St Giles,
UK). Insolubility index was calculated as the ratio of the
quantity of insoluble protein to the total quantity of pro-
teins (the sum of soluble and insoluble proteins).

Immunoprecipitation

The 5-mm3 specimens of frozen electroporated mouse
muscles isolated at 14 days after electroporation were
lysed and homogenized in 0.6 mL of radioimmunopre-
cipitation assay buffer. The lysates were incubated at 4°C
for 20 minutes with gentle rotation, and then centrifuged

at 15,000 X g at 4°C for 20 minutes. The supernatants -

were collected, and their protein concentrations were
adjusted using a protein assay kit (Bio-Rad Laboratories).
Immunoprecipitation was performed as described previ-
ously,?® with agarose-conjugated anti-Myc antibody
(Santa Cruz Biotechnology).

Statistical Analysis

Differences between wtMYOT-, mMYOT S60C-, and
mMYOT R405K-expressing mice were analyzed with
GraphPad Prism version 5 (GraphPad Software, La Jolla,
CA). Comparisons among groups were performed by
one-way analysis of variance with post hoc Tukey's anal-
ysis. Data are expressed as means = SD.

Results

Mutation Screening and Histochemical Analyses
of Muscles from Patients s

We performed MYOT mutation screening in MFM patients
and identified two patients with mutations. Patient 1, har-
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boring a MYOT ¢.179C->G (p.S60C) mutation in exon 2,
was a 63-year-old woman with a 6-year-long history of
slowly progressive limb muscle weakness. Her mother
(deceased) had had muscle weakness. The patient had
difficulty in climbing stairs without support, and could
not walk for long distances. Her serum creatine kinase
level was elevated to 734 IU/L (reference, <200 IU/L).
A biopsied specimen from the rectus femoris muscle
showed marked variation in fiber size, with some ne-
crotic fibers. Clusters of degenerated fibers with ab-
normal cytoplasmic inclusions were observed; some
fibers with rimmed vacuoles were also seen (Figure
1B). Intermyofibrillar networks were markedly disorga-
nized (Figure 1D). Under electron microscopy, elec-
tron-dense materials and cytoplasmic amorphous in-
clusions of various sizes were seen in some fibers (see
Supplemental Figure S1 at http://ajp.amjpathol.org).

- Patient 2 was a 57-year-old woman harboring a MYOT

c.1214G—A (p.R405K) mutation in exon 9. Detailed
clinical symptoms have been described previously.?3
In brief, this patient had a 16-year-long history of slowly -
progressive proximal limb muscle weakness. Her se-
rum creatine kinase level was mildly elevated (385
IUMl). A specimen from the vastus lateralis muscle
showed marked variation in fiber size, scattered fibers
with internal nuclei, and small angular fibers. Some
fibers with rimmed vacuoles were seen (Figure 1C),

. and intermyofibrillar networks were disorganized (Fig-

ure 1E). Immunohistochemical analysis of muscle
specimens from both patients revealed scattered fi-
bers with strong immunoreactive accumulations of
myotilin (Figure 1, F and G), which costained with
polyubiquitin (Figure 1, H and 1), «-B crystallin, BAGS,
actin, desmin, and filamin C (see Supplemental Figure
S2 at http://ajp.amjpathol.org).

| Mutant Myotilin Does Not Aggregate in Cultured

Cells

To examine the aggregation of mutant myotilins in cul-
tured cells, C2C12 murine myoblasts were transfected
with Myc-tagged wtMYOT (Myc-wtMYQOT) or Myc-tagged
mMYOT (Myc-mMYOT S60C or R405K). After 48 hours,
immunostaining with anti-Myc antibody and rhodamine-
labeled phalloidin revealed that the expressed Myc-wt-
MYQOT, Myc-mMYOT S60C, and Myc-mMYQOT R405K did
not form abnormal protein aggregations, and they local-
ized at actin stress fibers (Figure 2). Expression of
mMYOT did not affect differentiation of C2C12 cells (data
not shown).

Accumulation of Myotilin after Electrdporation

To investigate the roles of mutant myotilin, we performed
in vivo electroporation to express Myc-wtMYOT or Myc-
mMYOT (S60C or R405K) in mouse TA muscles. At 7 and
14 days after electroporation, Myc-positive granuies with
diameters >1 um were observed in Myc-tagged myatilin-
expressing myofibers (Figure 3A). Compared with wt-
MYOT-expressing myofibers, mMYQOT-expressing myofi-
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bers contamed more granular aggregates that were"
larger in size. At 7. days after electroporation, Myc~posr- ;

tive aggregates ‘of WtMYOT mMYOT S60C, and mMYOT
R405K were observed in 14 * 5% 44 £ 7%, and 21 £
4% of muscle frbers respeotlvely (Fsgure 3B). At 14 days
after electroporatlon the number ofthe fibers with aggre-
gates increased to 22 4%"

mMYQT S60C, ahd 37 & 3% in mMYOT R405K (Fxgure

3C). The number and size of Myc posmve aggregates -

in 30 randomly selected Myc-positive muscle fibers
were much higher in mMYOT S60C and slightly higher
in mMMYOT R405K at 14 days after electroporation than
at 7 days (see Supplemental Figure S3 at http://ajp.
amijpathol.org). These data indicate that the expressed
mutant myotilins, and mMYOT S60C in.particular, are
prone to aggregate in skeletal muscles. The amounts
of expressed Myc-tagged myotilin proteins were ap-

proximately equal, as measured by immunoblotting
(Figure 3D). '

Myofibril Disorganization and Z-Disk Streaming
in Muscles Expressing Mutant Myotilins

‘To investigate the ultrastructural characteristics of mutant
myaotilin-electroporated muscles, we performed electron
microscopy at 7 and 14 days after electroporation. In
Toluidine Blue-stained longitudinal semithin sections,
partial disorganization of the Z-disk was observed in both
mMYOT S60C-expressing and mMYOT R405K-express-
ing TA muscles, but not in control or wtMYOT electropo-
rated muscles (data not shown). Electron microscopy
also revedled myofibril disorganization with disrupted Z-
disk, such as Z-disk streaming and broadening, in
mMYOT-expressing muscles (Figure 4, A and D). Vari-
able-sized (1 to 8 um in diameter) electron-dense mate-
rial, with electron densities similar to that of the Z-disk,
were also seen in mMYOT-expressing mouse muscles
(Figure 4, B and E). The inclusions were occasionally
associated with autophagic vacuoles (Figure 4, C and F).
These ultrastructural findings were commonly observed

in both mMYQOT S60C- and mMYOT R405K-expressing
mouse muscles.

— 109 —

i wiMYOT, 50:% 2% in

YOT $60C (B). and
i $tress fibers (red), and-
the mutant myotilin

Mutant Myotilin Aggregates Colocalize with
Polyubiquitin and Other Z~Dlsk—ASSOCIated
Proteins

.To compare ‘the’ protem aocumulatrons in human and
‘mousé muscles, we pen‘ormed immunohistochemical

analysis. At 14. days after electroporatlon some cyto-
plasmic inclusions were obsérved in mGT-stained sec-
tions of mMYOT—expressrng muscles (Figure 5, A and B).
Imimunostaining of serial sections revealed that the inclu-
sions were immunopositive for the Myc tag (Figure 5, A
and B). The aggregates of Myc-mMYOT (S60C and
R405K) strongly colocalized with polyubiquitin and «B-
crystallin. Accumulations of other Z-disk-associated pro-
teiris were also observed, including BAG3, actin, desmin,
and filamin C (Figure 5). These findings are similar to the
observations made in the patients’ muscles (Figure 1, F-I;
see also Supplemental Figure S2 at http:/ajp.
amjpathol.org). In the electroporated muscles, Myc-
wtMYOT aggregates also colocalized with Z-disk-as-
sociated proteins, including aB-crystallin, BAGS, actin,
desmin, and filamin C (data not shown), whereas only
few wWtMYOT aggregates were immunopositive for
polyubiquitin (Figure 6A).

Mutant Myotilin Proteins Display Marked

Detergent Insolubility with Polyubiquitinated
Proteins

In the muscle specimens of the two myotilinopathy pa-
tients, myotilin aggregates exhibited positive staining for
polyubiquitin (Figure 1; see also Supplemental Figure S3
at http://ajp.amjpathol.org). Similarly, in electroporated
mouse muscles, mMYOT aggregates were positive for
polyubiguitin, and polyubiquitin-positive aggregates
were more prominently observed in mMYOT S60C-ex-
pressing muscles at 14 days after electroporation. On
the other hand, only few aggregates of Myc-wtMYOT
were positive for polyubiquitin (Figure 6A). This result
suggests that mutant myotilin was ubiquitinated or that
the expressed mutant myotilin induced the deposition
of polyubiquitinated proteins in the muscles of patients -
and electroporated mice. To characterize these aggre-
gates, we performed a solubility assay. The muscle
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Figure 3. Enhanced z\ggregation of mutant myotilins in mouse skeletl muscle. A: Immunohistochemical staining of Myc-wtMYOT (WT)-electroporated or
Myc-mMYOT (S60C or R405K)-electroporated mouse TA muscles. At 7 and 14 days after electroporation, S60C and R405K formed many Mye-positive granular
aggregates (arrows) in myofibers, compared with WT. More prominent protein aggregates were observed in the S60C-electroporated muscle. At 14 days after -
electroporation, $60C-expressing myofibers exhibited larger aggregates. Scale bars: 20 um. B and C: The percentage of myofibers with Myc-positive aggregates
in the electroporated fibers of the WT, $60C, and R405K expression groups (# = S mice per group). *P < 0.03; **P < 0.001. D: Immunoblotting analysis of
transfected Myc-tagged myotilin in 15 serial sections taken after the sections used for immunohistochemistry. GAPDH was used as a loading control

specimen with the SB60C mutation (patient 1) exhibited
increased amounts of myotilin in the detergent-insolu-
ble fraction, compared with the control specimens
(Figure 6, B and D). Increasing amounts of polyubig-
uitinated proteins and aB-crystallin were also detected
in the insoluble fraction. On the other hand, the solu-

bilities of myotilin and other proteins, including polyu--

biquitin, in the muscle specimen with the R405K muta-
tion (patient 2) were similar to those of controls (Figure
6B). Consistently, in the mouse muscles isolated at 14
days after electroporation, markedly increasing
amounts of insoluble mMYOT S60C were observed
(Figure 6C). In the PBS-injected control muscle, insol-
ubility of endogenous myotilin was 31 * 12%, whereas
in the wtMYOT-, mMYOT S60C-, and mMYOT R405K-

injected muscles, the Myc-tagged myotilin amounts in the
insoluble fraction were 34 + 10%, 69 = 5%, and 48 +
9%, respectively (Figure 6E). insolubility of Myc-wt-
MYOT was similar to that of endogenous myotilin, but
mMYOT, and S60C in pamcular exhibited higher in-
solubility (Figure 6E).

These results are consistent with the number of intra-
cellular aggregates observed after electroporation. The
amount of polyubiquitinated proteins was markedly in-
creased in the insoluble fraction of mMYQOT S60C-elec-
troporated muscles, similar to that of the muscle with the
S60C mutation (patient 1) (Figure 6, B and C). A slight
increase in the amount of detergent-insoluble polyubig-
uitinated proteins was observed in mMYOT R405K-elec-
troporated muscles (Figure 6C). The amounts of other
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Z-disk—-associated proteins, moludlng aB- crysta\hn inthe
insoluble fraction did not exhibit an‘increase, .even in
- mMYOT S60C- electroporated muscles (anure 6C; see

also Suppleméntal Figure: S4, A and B, at http//ajp'

mijpathol.org). We also pc-nfo,rrned ar mmwnprecw*

L
tnon assay to examine whether miyoti lin was polyublqmtl-

nated. Myc~tagged ‘myotilin proteins were. :mmunopre—
otpntated fromihe detergent—soluble fractlon of the' mouse
muscles isolated at 14 days after e!ectroporat\on "Polyu-
biguitin immunoreactivity was not ‘detected in the immu-
noprecipitated proteins (see Supplemental Figure S4C at
http://ajp.amjpathol.org), indicating that neither the wt-
MYOT nor the mMYQOT proteins in the soluble fraction
were polyubiquitinated.

Discussion

Patients with MFM, including myotilinopathy, exhibit vari-
able clinical features. Some patients exhibit progressive
weakness in proximal muscles, whereas others exhibit
distal dominant muscle involvement. Cardiomyopathy,
peripheral neuropathy, and respiratory insufficiency
may be observed.? The diagnosis of MFM is generi-
cally based on characteristic pathological findings in
biopsied muscles, namely, myofibrillar degradation
and protein aggregation.’ Histochemically, the most re-
markable pathological changes were observed with mGT
staining (Figure 1). Abnormal protein aggregates were
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observed, including amorphous, granular, or hyaline de-
posits of various sizes, shapes, and colors (dark blue,
blue red, or dark green). The presence of rimmed and
nonrimmed vacuoles was also a charactéristic observa-
tion.. Furthermore, ’\lADH TR btanmg fevealed intermyo-
fibrillar network dlsorgamzatlon Attenuatlon or absence
of NADH-TR activity in focal areas of myoflbers is also |
observed in MFM.31

Here, we have presented fmdmgs for myotmnopathy
patients with similar clinical features but different patho-
logical changes. Fibers with cytoplasmic inclusions and
disorganized myofibrils were prominent in the patient with
S60C mutation, and these inclusions were strongly immu-

~noreactive for myotilin (Figure 1).

Although transfected cuitured cells did not show ag-
gregations, our in vivo expression studies in mice were
able to reproduce the pathological changes observed
in myotilinopathy patients. Mutant myotilin caused en-
hanced protein aggregation in TA muscles within 110 2
weeks (Figure 3). The dark blue or dark green inclusions
stained by mGT in mutant-expressing fibers (Figure 4) were
similar to those observed in the myotilinopathy patients.
Furthermore, mMYOT S60C-expressing myofibers ex-
hibited a greater number of aggregates, which is con-
sistent with the pathology of the patient with that mu-
tation (patient 1). Of note, the size of mMYOT S60C
aggregates markedly increased over time, suggesting
that mutant myotilin may be resistant to protein degra-
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. Desmin

Filamin C

Figure 5. Mutant myotilin aggregates colocalize with polyubiquitin and other Z-disk-associated proteins in electroporated mouse muscle, mGT and immuno-
histochemical staining of mouse muscle expressing Myc-mMYOT S60C (A) or mMYOT R405K (B) at 14 days after electroporation. On mGT-stained sections of
mMYOT-expressing muscles, cytoplasmic inclusions (arrows) were seen. The inclusions were immunopositive for the Myc tag in serial sections. The Myc-positive
aggregates of S60C and R405K strongly colocalized with polyubiquitin (poly-Ub) and eB-crystallin (aBC). The aggregates were also immunopositive for BAG3,

actin, desmin, and filamin C. Scale bars: 20 um (A and B).

dation, as described previously for MFM-associated
mutant desmin, $2-33

Focal disorganization of myofibrils, Z-disk streaming,
and accumulation of electron-dense material near the
Z-disk are characteristic electron microscopic findings in
the muscles of MFM patients. 73435 |n thé myotilinopathy
patient, Z-disk streaming, numerous autophagic vacu-
oles'? and cytoplasmic amorphous inclusions were ob-
served (see Supplemental Figure S2 at http://ajp.
amjpathol.org). In the present study, expression of

mMYOT by electroporation elicited myofibril disorganiza-

tion and accumulation of electron-dense material, which
are ultrastructural hallmarks of MFM (Figure 5). Au-

tophagic vacuoles associated with inclusions were also
obsérved in electroporated muscles. Disorganization of
myofibrils starting from the Z-disk and material appearing
to originate from the Z-disk are commonly observed in
MFM patients,®*3% and these features were also ob-
served in the mMYQOT-electroporated muscles. These
morphological findings imply that the presence of mutant
myotilin can induce characteristic pathological features
by affecting Z-disk structure.

‘Ectopic accumulations of multiple proteins, including
Z-disk-associated proteins, are typical pathological fea-
tures of MFM.38:37 This study and previous reports?28
showed that myotilin-positive protein aggregates colocal-
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Figure 6. Mutant myotilin displays marked detergent insolubility, along with pc)lyubxqumn‘\ted proteins. A: At-14 days after electroporation of Myc-
WIMYOT (WT) or Mye-mMYOT ($60C or R405K), Myc-mMYOT aggregates, particularly those of $60C, colocalized with polyubiquitin (polyUb) (arrows).
The WT aggregates rarely costained with polyubiguitin. B-E Solubilities of myotilin, polyubiquitinated proteins, and other sarcoimeric proteins in muscles
from myotilinopathy patients (B and D) and from electroporated mice (C and “E). GAPDH was used as a loading control. B: Immunobloting of
detergent-soluble and detergent-insoluble fractions of muscles from control subjects (C1 and €2) or myotilinopathy patients (P1 (patient 1) and P2 (patient
2)]. In the muscles from P1 with S60C, markedly increasing amounts of myotilin, polyubiquitinated proteins, and aB-crystallin were detected in the insoluble
fraction, compared with muscles from control subjects. D: Quantification of myotilin insolubilities revealed highest insolubility in P1. C: Immunoblotting
of detergent-soluble and detergent-insoluble fractions of WT, $G0C, or R405K-expressing muscles at 14 days afier electroporation. Increasing amounts of
insoluble Myc-tagged myotilin proteins and polyubiquitinated proteins were observed in mMYOT-electroporated muscles, compared with WT, Particularly
in %Oc-electropomted muscles, the amounts of insoluble proteins were notably increased. E: Quantification of the insolubilities of electroporated
Myc-tagged myotilin in the WT, $60C, and R405K expression groups (7 = 6 mice per group). Insolubility of endogenous myotilin was measured using

PBS-treated mouse muscles. Compared with WT, insolubilities of electroporated Myc-tagged myotilin were sngmﬂcamly increased in $60C and R405K.
*P < 0.05; **P < 0.01; **P < 0.001. Scale bar = 20 pm.

ize with ubiquitin and Z-disk—associated proteins (ie, aB-
crystallin, BAG3, actin, desmin, and filamin C) in the
muscles of myotilinopathy patients (Figure 1; see also
Supplemental Figure S2 at http://ajp.amjoathol.org). It has
been reported that the myotilin T571 transgenic mice de-
velop progressive myofibrillar changes, including Z-disk
streaming and accumulation of mutant myatilin with ubig-
uitin and Z-disk-associated proteins, similar to those ob-
served in myotilinopathy patients.®® Expression of
mMYOT elicited similar cytoplasmic aggregations in
mouse skeletal muscle, and within 2 weeks the aggre-
gates colocalized with polyubiquitin and other Z-disk-
associated proteins. Our results indicate that mutant
myotilin is able to nucleate aggregations of Z-disk-asso-
ciated proteins in skeletal muscle.

MFM is a proteinopathy (ie, a protein accumulation
disease). In these diseases, protein aggregates are op-
erationally defined by poor solubility in aqueous or deter-
gent solvents.®%49 Such insoluble protein aggregations
are characteristic of many neurodegenerative dis-
eases.*’ In the present study, we discovered that the
mutant myotilin S60C protein, along with polyubiquiti-
nated proteins, exhibited marked detergent insolubility in
muscles from both the patient and electroporated mice.
Mutant myotilin R405K protein showed increased, but
lower, detergent insolubility in mice (Figure 6), which may
be consistent with the observation that the muscle from
the patient with the R405K mutation exhibited only mild

protein aggregation (Figure 1). The different detergent
insolubilities exhibited by the two MYOT mutations may
closely correlate with the amounts of protein aggregation.
Here, we confirmed the aggregation-prone property of
mutant myotilin, which participates in the pathogenesis of
myotilinopathy. Using an immunoprecipitation assay, we
also showed that electroporated mMYOT was not ubig-
uitinated in the detergent-soluble fraction (see Supple-
mental Figure S4 at http://ajp.amjpathol.org). A previous
study showed that transfected myotilin is degraded by
the proteasome system in cultured cells.*? Our present
findings show that ubiquitinated mutant myotilin can form
insoluble aggregates. It is also possible that aggregation
of insoluble ubiquitinated proteins is induced by the ex-
pression of mutant myotilin.

Several causative genes have been identified for MFM;
however, in previous studies no mutations were found in
nearly half of the MFM patients.? To identify the unknown
causative genes, easy methods are required for deter-
mining the pathogenicity of novel mutations. Some mu-
tant proteins exhibit protein aggregation®®*% or biologi-
cal dysfunction, including protein-protein interaction in
vitro 2348-48 However, we could not detect any protein
aggregation in mMMYQOT-expressing cultured cells (Figure
2). The difficulty of in vitro investigation may be respon-
sible for the inability to identify Z-disk-associated pro-
teins or mature Z-disk structures. Indeed, myotilin is ex-
pressed in later differentiated C2C12 myotubes with
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sarcomere-like structures.*® This suggests that mutant
myotilin requires mature Z-disk and/or other sarcomeric
proteins to cause aggregations. in such cases, in vivo

examination is important for evaluating the pathogenicity

of mutations. Because in vivo electroporation can repro-

duce the pathological changes observed in MFM pa-

tients within a'short time, it is a useful and powerful tool for
_ evaluating the pathogenicity of mutations in MFM.
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Myotonic dystrophy type 1 (DM1) is a multi-systemic disease with no established treatment to date.
Small, cell-permeable molecules hold the potential to treat DM1. In this study, we investigated the asso-
ciation between protein kinase C (PKC) signaling and splicing of sarcoplasmic reticulum Ca**-ATPasel
(SERCA1). Our aim was to clarify the mechanisms underlying the regulation of ailternative splicing, in
order to explore new therapeutic strategies for DM1. By assessing the splicing pattern of the endogenous
SERCA1 gene in HEK293 cells, we found that treatment with phorbol 12~-myristate 13-acetate (PMA) reg-
ulated SERCA1 splicing. Interestingly, treatment with PMA for 48 h normalized SERCA1 splicing, while
treatment for 1.5 h promoted aberrant splicing. These two responses showed dose dependency and were

PKC completely abolished by the PKC inhibitor Ro 31-8220. Furthermore, repression of PKCBII and PKCo by

Phorbol 12-myristate 13-acetate (PMA)
CUG-binding protein 1 (CUGBP1)

RNAi mimicked prolonged PMA treatment. These results indicate that PKC sxgnalmg is mvolved in the
splicing of SERCAT and provide new evidence for a link between alternative sphcmg nd PI(C s:gnahng

1. Introduction

Myotonic dystrophy type 1 (DM1)is an inherited multi-systemic
disorder caused by the aberrant expansion of CTG repeats in the
myotonic dystrophy protein kinase (DMPK) 3’-untranslated region
(3'-UTR). The clinical presentation of DM1 is highly variable,
involving multiple organs, with symptoms including myotonia,
cataracts, cardiac conduction defects, progressive muscle wasting
and weakness, insulin resistance, and mental retardation. DM1 is
a progressive disease; its symptoms become severe with age and
across generations.

One reason why aberrantly expanded CTG repeats cause such di-
verse symptoms is explained by the RNA gain-of-function theory
[1]. Expanded CTG repeats are transcribed into RNA with expanded
CUG repeats, which possess muscleblind-like protein 1 (MBNL1)
binding motifs. MBNL1 is a splicing factor that regulates alternative
splicing in several genes (Clen1, IR, cTNT2, and SERCAT) to normalize
DM1 splicing abnormalities [2-4]. Ablation of MBNL1 function
leads to mis-splicing of several genes. In addition, MBNL1-knockout
mice show DM1-like splicing abnormalities and myotonia in their

Abbreviations: SERCA1, sarcoplasmic reticulum Ca*'-ATPasel; PMA, phorbol 12-
myristate-13-acetate; DMl myotonic-dystrophy type 1;- DMPK, myotonic.dystrophy
protein kinase; MBNL1, muscleblind-like protein 1; CUGBP1, CUG-binding proteit.
1: CELF, CUG-BP and ETR-3-like (embryonic lethal abmxmal vision-type RNA-
binding protein 3-like) factor. '
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E-mail address: cishiura@mail.ecc.u-tokyo.acjp (S, Ishiura).
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tion by MBNL1, the alternative splicir I
abnormal. Abnormally spliced transcrip E!
sense- medxated mRNA decay (NMD,

its treatment has been hmlte_
has been developed. One p
sense nucleotldes to alte

of antx~
that are

{9], or dissolve [10] However how to deliver antisense nucleotldes
into living cells and achieve continual administration remains to be
resolved. The other strategy is pharmacological therapy using small
molecules. This method can resolve cell permeabilization problems.
TGOO3 has been identified as a compound that improves normal
splicingin Duchenne muscular dysttoph;,LLDMD).[JJ_]Jn_DMLSJm-
ilarly effective treatment is expected [12,13].

SERCAT is an aberrantly spliced gene in DM1. SERCAl protein
regulates intracellular Ca®* homeostasis in skeletal muscle cells.
The switching of SERCA1 from a fetal isoform, SERCA1b (lacking
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exon 22), to a mature isoform, SERCA1a (which contains exon 22)
is thotight to pIay a central role iri muscle development. Since exon

22 contains a stop codon, SERCA1b is six amino acid residues long- -

er than SERCAla No specific protein structure has been identified
in this sxx-ammo acid residue region [14]. However, in normal
skeletal mu Le tlssues the expression of SERCAla is strictly regu-
lated [4];. SERCATb is only detected in DM1 patients. Other studies
. have reported that extended, injured, and fetal muscles express
SERCA1b [15,16]. Determining the differences between the two iso-
forms of SERCA1 and their functions is important to our under-
standing of the DM1 pathogenesis. Expression of SERCAIb in
DM1 patients indicates that there is some deficiency in this pat-
tern-shift point or in myogenesis. MBNL1 has been identified as a
splicing factor that regulates the alternative splicing of SERCAT
and promotes the production of SERCAla [4]. In this report, we at-
tempted to clarify the mechanisms underlying SERCAT splicing to
determine the pathogenesis of DM1.

Approximately 500 kinds of protein kinases are involved in sig-
nal transduction. Collectively, they regulate diverse cell events,
including apoptosis, mitosis, and responses to exogenous stimula-
tors. In the present study, we found that prolonged treatment with
phorbol 12-myristate 13-acetate (PMA) normalized SERCA1 splic-
ing. PMA is a well-known protein kinase C (PKC) activator that imi-
tates diacylglycerol (DAG) and binds to the C1A and C1B domains
of PKC isozymes. However, prolonged stimulation with PMA down-
regulates PKC, thereby inhibiting PKC activation.

PKC regulates various cellular processes including apoptosis,

cell division, and cell proliferation. This class of serine/threonine-

specific protein kinases can be divided into three groups according
to basic structure: conventional PKCs (cPKCs), novel PKCs (nPKCs),
‘and atypical PKCs (aPKCs). The cPKCs (PKCa, PKCI, PKCBII, and
PKCy contain C1A and C1B domains (DAG binding site) and a C2
domain (Ca?* binding site). The nPKCs (PKC3, PKCe, PKCr), PKC6,
PKCy, and PKCv) contain only C1A and C1B domains. The aPKCs
(PKCE and PKC1) have no special DAG or Ca** binding domains. In
the normal state, PKC isozymes are usually inactivated by self-
inhibitory effects. cPKC isozymes require Ca®*, DAG, and phospha-
tidyl serine {PS) for activation, while nPKCs are Ca**-independent
and aPKCs can be activated by PS alone.

The association between DM1 pathogenesis and PKC has been
described in two feports. CUG-binding protein 1.(CUGBP1) belongs
to the CUG-BP and ETR-3-like (embryonic lethal abnormal vision-
type RNA-binding protein 3-like) factor (CELF) family and is one
of the key factors inducing aberrant splicing in DM1 (CLCT, cTNT
[17] and Ca(V)1.1 [18]). It is hyperphosphorylated by CUG repeats
and promotes an increase in the steady-state level of CUGBP1. In
addition, PKC activation is requxred for this hyperphosphorylation.
Specifically, PKCo and PKCBII have been shown to directly activate
CUGBP1 in vitro [19]. Furthermore, administration of the PKC
inhibitor Ro 31-8220 to DM1 model mice ameliorated cardiac con-
duction defects in DM1 [20].

In this report, we describe a series of experiments that explored
the properties of PKC-mediated alternative splicing using the PKC
activator PMA and the PKC inhibitor Ro 31-8220. By exploring
the mechanisms regulating the splicing of SERCAI, we found that
PKCBIl and PKC8 were involved in the regulation of SERCAT splic-
ing. This report identifies a new regulator of SERCAT splicing and
a therapeutic strategy for DM1. -

2. Materials and methods
2.1. PMA treatment and RT-PCR

HEK293 cells were cultured in Dulbecco’s modified Eagie’s med-

ium (DMEM) containing 10% fetal bovine serum (FBS) and incu- .

. bated in an'atmosphere containing 5% CO, at 37°C. PMA (final .

concentration, 5-500 nM) was applied for between 5min and
48 h. Concentrations of PMA higher than 500 nM mduced cell
deathat 48h.

Cells were washed with 1 x PBS before cultivation. Total cellu-
lar RNA was purified using a GenElute Mammalian Total RNA Mini-
prep kit (Sigma-Aldrich, MO, USA). Next, 2.5 pg of total RNA was
reverse transcribed using a PrimeScript 1st Strand cDNA Synthesis
kit (TAKARA BIO, Shiga, Japan) and oligo(dT) primers. SERCAT was
used to assess the compound’s-ability to alter splicing patterns.
Exons 21 to 23 of endogenous SERCA1 were amplified by PCR using
the following primers: forward, 5'-ATC TTC AAG CTC CGG GCC CT-
3’; reverse, 5'-CAG CTC TGC CTG AAG ATG TG) [4]. The annealing
temperature was 63.5 °C and there were 30 amplification cycles.
PCR products were separated by electrophoresis in an 8% poly-

‘acrylamide gel, stained with ethidium bromide, and analyzed using

an LAS-3000 luminescence image analyzer (Fujifilm, Tokyo, Japan).
Band intensities were digitized and quantified using Multi-gauge
(Fujifilm, Tokyo, Japan). Exon 22 inclusion rate (SERCAla percent-
age) was represented as normal band percentage. Statistical analy-

sis was performed using GraphPad Prism 4 (Graphpad Software,
CA, USA).

2.2.RNA interference

For RNAI, siRNAs specific for PKC isozymes except PKCo were
designed using BLOCK-iT™ RNAIi Designer (Invitrogen, CA, USA).
PKCé specific siRNA (SIGMA Genosys, Tokyo, Japan) was designed

. according to [21]. All siRNA (see sense-strand siRNA sequences in

Supplementary Table S1) and negative control RNAi (Stealth™
RNAi Negative Control Low GC Duplex #2) were purchased from
Invitrogen and transfected with RNAi MAX (Invitrogen, CA, USA)
according to the manufacturer's procedure. Cells were cultured
for 48 h after transfection. In the case of PMA treatment, PMA
(500 nM) was added to the medium 4 h after transfection.

To verify RNA interference, gene-specific primer sets [22-24]
were used to amplify endogenous mRNA. Semi-quantitative RT-
PCR or quantitative PCR (see primers and amplification conditions
in Supplementary Table S2-5S4) was performed. Quantitive PCR
was performed with Power SYBR Green PCR Master Mix (Applied
BioSystems) using a StepOnePlus™ Real Time PCR System (Applied
Biosystems, CA, USA) according to the manufacturer’s protocol.

3. Results
3.1. PMA regulates SERCA1 exon 22 splicing

To explore the relationship between PKC and SERCA1 splicing,
we first conducted reverse transcription polymerase chain reaction
(RT-PCR) analysis to detect changes in splicing induced by PMA.
PMA activates PKC when applied for a short period of time and acts

"as a PKC downregulator when applied for longer periods of time. As

PKC is usually in an inactivated (dephosphorylated) state in cells
[25}, PMA was considered as an idle compound to explore the reg-

‘ulation of alternative splicing by PKC signaling. We assessed the

splicing pattern of endogenous SERCAI. SERCA1a (3570 bp), which

isa normal spliced variant, contains exon 22, while the abnormally

spllced variant SERCA1b- (3528 bp) lacks it. Exons 21-23 of SERCA1
mRNA were amplified (SERCAlq, 240 bp; SERCA1b, 198 bp)
(Fig. 1A). SERCA1 is aberrantly spliced in DM1 patients and its splic-
ing pattern is strictly regulated in individuals without DM1. This
suggests that regulation of the alternative splicing of SERCA1 may
play a central role in the pathogenesis of DM1. However, the mech-
anism of SERCAT sphcmg remains to be elucxdated
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Fig. 1. PMA affects SERCAT splicing. (A) Schematic diagram showing two SERCAT splicing patterns. (B) RT-PCR analysis of the effects of treatment with 500 nM PMA for 48 h
on endogenous SERCAT splicing as compared with DMSO (control). Significant differences: ***P < 0.001 (Student's t-test; mean  SE; n=3).

Applying 500 nM PMA for 48 h to downregulate PKC in HEK293
cells significantly improved SERCA1la splicing (Fig. 1B). [t was pre-
viously shown that the PKC inhibitor Ro 31-8220 normalized
DM1 abnormalities [20], suggesting that downregulation of PKC
by PMA led to a change in the SERCAT splicing pattern.

3.2. Time-course and dose-curve of PMA effects on SERCA1 exon 22
splicing

To further investigate the signaling pathway involved in the
regulation of splicing by PMA, we conducted time-course and
dose-curve PMA treatment experiments. Since PKC activation by
PMA begins within 5 min [26-29], the time points were set to be-
tween 5 min and 72 h (5 min and 0.5, 1.5, 3, 10, 24, 48, and 72 h).
After 48 h, normal splicing was increased (Fig. 2A). Promotion of
normal splicing continued after 72 h. However, aberrant SERCA1

splicing was significantly increased after 1.5 h (Fig. 2B). These re-
sults indicate dual regulation of alternative splicing of SERCAT by
PMA.

In the dose-curve analysis, the effects of 5, 50, and 500 PMA
were compared with a control (no PMA). The effects of PMA on
SERCA1 splicing at both 1.5 and 48h were dose-dependent
(Fig. 2C and D), supporting the idea that PMA regulates SERCA1
splicing at both time points. In addition, as 500 nM PMA had the
strongest effects on SERCA1 splicing at both 1.5 and 48 h, subse-
quent PMA experiments were all conducted with a PMA concentra-
tion of 500 nM. '

Based on these results, we predicted that PKC plays a critical
role in SERCAT1 splicing. We hypothesized that PKC signaling regu-
lates alternative splicing, its activation promotes aberrant splicing
of SERCA1, and its inhibition or downregulation improves normal
splicing of SERCAI.
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Fig. 2. Regulation of SERCAT splicing by PMA. RT-PCR analysis of endogenous SERCA? splicing. (A) Time-course of SERCAT splicing after stimulation with PMA (500 nM). (B)
Data for the first 5 h of the time-course. Controls were treated with DMSO alone. Significant differences: *P < 0.05,**P < 0.01 (Student's t test; mean + SE; n = 3), Dose-curve for

the effect of PMA on SERCAT splicing (C and D). RT-PCR analysis of normally spliced endogenous SERCAT levels in HEK293 cells treated with 0 nM PMA (control) or 5, 50, or
500 nM PMA for 1.5 h {C) or 48 h (D). Significant differences: **P <0.01 (Dunnett's test; mean + SE; n=3).
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3.3. PKC regulates SERCA1 exon 22 splicing

To confirm the involvement of PKC signaling in the response to
PMA treatment, the effects of co-treatment with PMA and the PKC
inhibitor Ro 31-8220 were examined. Concurrent treatment with
Ro 31-8220 (1 pM) completely abolished the effect of PMA treat-
ment (500 nM) for 1.5h; the level of normally spliced SERCAT
was upregulated to the same level as in the control (Fig. 3A). Treat-
ment with Ro 31-8220 alone promoted fxormal SERCA1 splicing.
The effect of PMA (500 nM) at 48 h was completely blocked by
Ro 31-8220 (1 uM) (Fig. 3B). Based on these results, we conclude
that downregulation of PKC leads to the promotion of SERCAla
- splicing at 48 h, As 12 PKC isozymes with different functions in dif-
ferent signal transduction pathways have been identified to date,
we hypothesized that one or more specific PKC isozymes are in-
volved in the regulation of SERCAT splicing.

3.4. Suppression of PKCBIl and PKC6 improves SERCA1la splicing

PMA normalizes SERCA1 splicing, but multiple PKCs (cPKCs and
nPKCs) with DAG binding motifs (C1A and C1B sites) can be acti-
vated or downregulated (after prolonged stimulation) by PMA.
Hence, conventional and novel PKC isozymes may be involved in
the regulatory effect of PMA on SERCAT splicing. Since aPKCs do
not respond to DAG, they can be excluded as candidates. We
sought to determine which of the cPKC or nPKC isozymes respend
to treatment with PMA for 48 h and improve the production of nor-
mal SERCAI transcripts. Using RNA interference, we selectively
suppréessed PKC isozymes and determined whether knockdown
of specific isozymes could mimic prolonged PMA stimulation
(Fig. 4). Suppression of PKCBII and PKC8 increased normal SERCA]

1.5 hr PMA

>
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normal band percentage
o B
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splicing, similar to stimulation with PMA for 48 h, while suppres~
sion of other PKC isozymes did not affect SERCA? splicing. Based
on these results, we conclude that depletxon of PKCBII and PKCe
improves SERCA1a splicing in HEK293 cells.

4. Discussion

In this study, we clarified the mechanism underlying PKC-med-
iated regulation of SERCAT splicing abnormalities in DM1. First, we
identified PMA, a widely-used PKC activator and downregulator of
PKC during prolonged stimulation, as a compound that effectively
normalizes SERCA1 splicing in HEK293 cells. By examining the
properties of PMA’s regulatory effects on SERCA1 splicing, we found
that PMA improved normal splicing during treatment for 48 h,
while it increased aberrant splicing at 1.5 h. Two peaks for the ef-
fects of PMA on SERCAT splicing were confirmed to be dose-depen-
dent. We then attempted to determine whether PKC is involved in
PMA stimulation using the PKC inhibitor Ro 31-8220. Ro 31-8220
abolished the effects of PMA at both 1.5 and 48 h, However, treat-
ment with Ro 31-8220 alone for 48 h did not affect splicing at all.
This may be due to self-inhibition of PKC, meaning that Ro 31-8220
could not inhibit PKC, leaving SERCA1 splicing unchanged. We thus
confirmed the involvement of PKC in the regulation of SERCAI
splicing by PMA.

The alternative splicing of several genes, including Bcl-x, Axl
[30], and CD45 [31], has have been reported to be affected by
PKC-mediated phosphorylation. In addition, the connection be-
tween PKC and splicing-related factors (PSF, hnRNP A3, p68 RNA
helicase, and hnRNP L) supports the idea that PKC regulates alter-
native splicing [32]. However, no specific PKC isozyme has been
identified as a splicing regulator. :
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Fig. 3. PMA regulates SERCA] splicing via a PKC pathway. RT-PCR énalysis of endogenous SERCAT splicing in HEK293 cells. PMA and the PKC inhibitor Ro 31-8220 were co-
administered for 1.5h (A) or 48 h (B). Contmls were treated with DMSO alone. P=PMA (500 nM); R, Ro = Ro 31-8220 (1 uM). Significant differences: *"P < 0.01 (Dunnett's

test; mean £ SE; n=3).

&

404

3R 88

b
i

normal band percentage
b
3

[~ ]
i

Ctrl  PKCa PKCpIPKCBH

Cy PKCs PKCe PKCn PKCa PKCyu PKCv

Fig. 4. RNA interference of PKC isozymes mimicked PMA regulation of SERCAT splicing. RT-PCR analysis of normally spliced endogenous SERCAT in HEK293 cells' RNAi specific
for PKC isozymes (PKCe, PKCBI, PKCBII, PKCy, PKC3, PKCe, PKCn, PKC8, PKCu, or PKCv) as compared with control siRNA. Significant dxfferences **P<0.01 (Dunnett's test;

mean+SE; n=3). -

— 120 —



216

PKC is known to be involved in many diseases, including cancer,
Alzheimer's disease, autoimmune diseases, and cardiovascular dis-
- eases. The association between the pathogenesis of DM1 and PKC
was mentioned in previous reports [19,20], and CUGBP1 is the
key to this association. Hyperphosphorylation of CUGBP1 has been
confirmed in DM1 tissues, cells, and model mice and promotes an
increase in the steady-state levels of CUGBP1. PKC activation is re-
quired for this hyperphosphorylation. Specifically, PKCa and
PKCBIl have been shown to directly activate CUGBP1 in vitro [19].
Furthermore, administration of the PKC inhibitor Ro 31-8220 to
DM1.model mice ameliorated cardiac conduction defects [20].
These reports are consistent with our finding that PMA regulates
the alternative splicing of SERCA1T via a PKC pathway.

By selectively reducing the expression of PKC isozymes with
siRNA, we identified PKCBII and PKC6 as isozymes that mimic
48 h PMA treatment. These two PKC isozymes promote production
of the aberrant isoform SERCA1b. PKC@ is mainly expressed in skel-

etal muscle and T cells, which suggests that it plays crucial roles in .

myogenesis and the immune system {33,34]. Very recently, abol-
ishing PKC6 in mdx (DMD model) mice was shown to prevent mus-
cle wasting and improve muscle regeneration, maintenance, and
performance {35]. DMD and DM1 are both progressive muscular
dystrophies that have multiple symptoms in common (muscle
weakness and muscular atrophy). Similar to DMD, our results
showing that reductions in endogenous PKC6 levels in HEK293
cells induced normal SERCAT splicing in DM1 suggest that PKCo
is a candidate pharmacological therapeutic target in DM1. PKCIL,
a Ca**-dependent isozyme, was shown to be involved in PMA-med-
iated CUGBP1 hyperphosphorylation, which induced DM1-like
splicing abnormalities in a previous study|[20]. So, we hypothesize
that CUGBP1 may respond to PMA-induced PKC signaling. Interest-
ingly, however, there were two discrepancies in the response of
CUGBP1 to PKC signaling in the regulation of SERCA1 splicing. First,
CUGBP1 was previously shown to have no direct effect on SERCAT
splicing [4], as demonstrated by overexpression of CUGBP1 in
HEK293 cells and deduced from the observation of altered splicing
of the SERCA1 minigene and of endogenous SERCAT in C2C12 pri-
mary murine myoblast cells. The other difference is that CUGBP1
hyperphosphorylation peaks 3 h after PMA treatment [19]. This is
1.5 h after our SERCAT splicing pattern. We are going to check this
issue by multiple methods: silencing endogenous CUGBP1 expres-
sion and overexpress recombinant CUGBP1, or other CELF families.
Unfortunately, the slight but significant effect of stimulation with
PMA for 1.5 h prevented us from identifying the PKC isozymes that
respond to treatment with PMA for 1.5 h using siRNA,

To summarize, this is the first report to show that PKCBII and
PKC# are involved in the regulation of SERCA1 alternative splicing.
Note that PKC8 has not been reported to be involved in the regula-
tion of alternative splicing. These findings suggest the existence of
a neo-alternative splicing regulation pathway that operates via
PKC. In conclusion, we not only identified novel potential thera-
peutic targets for DM1-treatment, but also showed the existence
of a new alternative splicing regulatory mechanism.
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