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Figure 7. Expression patterns of fibrosis-related molecules within increased
mononuclear interstitial cells in denervated muscle. as RT-PCR analysis of
fibrosis-related molecules of increased mononuclear interstitial cells in de-
nervated muscle fractionated by FACS. Mononuclear interstitial cells were
isolated from gastrocnemius muscle from either four mice 28 days after the
denervation or intact mice. After appropriate immunostaining, approximately
1 X 10 cells in each fraction of GFP positive (lanes 1 and 4), GFP
negative/CD44 positive (Jlanes 2 and 3), and GFP negative/CD44 negative
(lanes 3 and 6) were collected by flow cytometry (corresponding to upper
right, upper left, and lower left fractions in Figure Gc, respectively). After
mRNA extraction from collected cells, RT-PCR was performed. Denervated
mice (lanes 1 to 3), intact mice (lanes 4 to 6). b to d: Immunohistochemical
detection of TGF-B1 protein-in day 28 denervated gastrocnemius muscle. A
portion of GFP-positive cells (b; green) co-stained with TGF-B1 at their
cytoplasm (c¢; red) and therefore revealed a merged expression pattern (d;
merged into yellow). Scale bars = 40 pm.

of substrates including gelatin, was expressed in the
denervated muscle. MMP-3 is known to activate morpho-
genesis,®° epithelial-to-mesenchymal conversion,®’ and
carcinogenesis® of the mammary gland. MMP-3 was
clearly detected in the denervated side especially in
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CD44-negative fraction (Figure 7a, lane 3). Although
MMP-14 is reported to interact with CD44 on migrating
cells,?” less amplification of MMP-14 was detected in
denervated muscle than in intact muscle. Further para-
doxically, MMP-14 tended to be expressed in CD44-
negative fraction (Figure 7a, lanes 3 and 6).

in MT-DCs of intact muscle, a-SMA was mainly ex-
pressed by CD44-negative fraction, probably reflecting
vascular wall cells (Figure 7a, lane 6). In denervated
muscle, both CD44-positive and -negative fractions
showed up-regulation of a-SMA. This result may indicate
an enhanced myofibroblastic phenotype in MT-DCs due
to denervation, although «-SMA was not detected well
among them immunohistochemically (Figure 7a, fanes 2
and 3). In denervated muscle, BM-DCs did not express
a-SMA (Figure 7a, lane 1). Interestingly, BM-DCs did
express «-SMA in intact muscle (Figure 7a, lane 4). Be-
cause BM cells were injected intravenously when estab-
lishing BM chimera, some of them, especially those that
potentially express «-SMA, might have inappropriately
homed into skeletal muscle. Therefore, such a-SMA-pos-
itive cells might, if small in number, occupy considerable
proportion of BM-DCs in intact muscle, whereas a-SMA-
negative migrant monocytes/macrophages might ac-
count for the majority of BM-DCs in denervated muscle.
Thus, a-SMA may have been detected from BM-DCs in
intact muscle and not in denervated muscle by analyzing
the equal number of cells.

On the innervated side, very slight amplification of
TGF-B1 expressed by BM-DCs was observed (Figure 73,
lane 4). Slight to moderate amplifications of type | colla-
gen and tenascin-C were also observed in CD44-positive
and -negative populations (Figure 7a, lanes 5 and 6).
These signals may in generat reflect the baseline or nor-
mal expressions of these genes.

Discussion

In this study, we proved that a great number of BM-DCs
accounted for the increased number of interstitial cells in
denervated skeletal muscle, in contrast to a previous
study,® which concluded that the increased interstitial
cells were derived from muscle tissue. In the experiment,
white blood cell precursors were pre-labeled by repeated
injection of titrated thymidine ([*H]TdR) into subcutis of
7-to 10-week-old male albino mice 6 or 2 days before
denervation. Determination of the presence of labeled
leukocytes in denervated and control muscles was made
3 or 4 days after denervation by scintillation counting of
muscle homogenates. As a consequence, incorporation
of circulating-in cells into denervated extensor digitorum
longus seemed unlikely in their study, although one of
their time points of sampling was similar to one of those in
our present study (day 4), on which an increased number
of BM-DCs was observed. In contrast, bone marrow-
chimeric animal enabled us to directly label bone marrow
cells including mesenchymal stem cells and hematopoi-
elic stem cells, to label peripheral leukocytes sufficiently,
and to identify individual labeled cells. Thus, the negative
result in the previous study for incorporation of BM-DCs
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into denervated muscle may be due to technical limita-
tions in labeling peripheral blood cells by radicisotopes
or in detecting them.

Although the increased interstitial cells in dener-
vated muscle have been currently identified as fibro-
blasts by electron microscopy, further intensive com-
parison of electron-microscopic images with that of the
serial GFP fluorescent sections or immuno-electron mi-
croscopic study might enable observation of a distinc-
tion between BM-DCs and MT-DCs, bringing a novel
morphological identification of these populations.

Evidence is emerging that BM-DCs play significant
roles in fibrosis of other organs after progressive inflam-
mation or injury. In pulmonary fibrosis, the majority of
collagen-producing fibroblasts turned out to be bone
marrow derived.'®33 |n renal fibrosis, about 14% to 15%
of fibroblasts were bone marrow-derived,'? in addition to
the bone marrow monocytes that contribute to the grow-
ing process of fibrosis by facilitating the epithelial-
mesenchymal transition.®* In liver fibrosis, BM-DCs ac-
counted for up to 22.2% of myofibroblasts: cells positive
for a-SMA and vimentin and negative for CD45.%°

In contrast, our results suggested that BM-DCs in
denervated skeletal muscle were of a monocyte/mac-
rophage lineage and therefore were not fibroblasts by
definition of lineage-specific cell surface antigen,
whereas that MT-DCs might contain fibroblasts. Thus,
BM-DCs in denervated muscle were revealed not to
differentiate into fibroblasts, as reported in fibrosis of
some vital organs, but instead to maintain their mono-
cyte/macrophage lineage. This inconsistency in the
role of BM-DCs can be explained by the possibility that
the pathology of denervated skeletal muscle is differ-
ent from that of progressive inflammation in response
to tissue injury. The increased interstitial cells in dener-
vated muscle exhibited an anatomically characteristic
distribution: they accumulated in perisynaptic regions
of the denervated muscle. Interestingly, not only this
accumulation but also the increase of interstitial cells
itself is absent when the muscle is only immobilized by
blocking the motor nerve with tetrodotoxin.®® In addi-
tion, expression of tenascin-C or fibronectin is also
undetected in such immobilized muscles.*® These ob-
servations suggest that some signals related to dener-
vation itself trigger the chemotaxis of macrophages to
perisynaptic regions. These alterations may include
axon degeneration, morphological alterations of
Schwann cells around nerve terminals (terminal
Schwann cells), and the lack of any substance usually
supplied to the NMJ by axonal transport (Figure 8).
One of the candidates for the signal factor may be
monocyte chemoattractant protein-1 (MCP-1), a proto-
type of the CC chemokine. Mitigation of fibrosis by
inhibiting monocyte infiltration with an MCP-1-blocking
antibody or recently, by genetic intervention in the
MCP-1 gene have been described in kidney,*’ lung,*®
and blood vessel.®® Furthermore , MCP-1 is known to
be produced by Schwann cells of denervated periph-
eral nerves and to induce infiltration by macro-
phages.®® In denervated muscle, MCP-1 may be re-
strictedly expressed by terminal Schwann cells around
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Figure 8. The cellular and molecular mechanisms of fibrosis in denervated
skeletal muscle. Denervation-related signals (axon degeneration or cessation
of axonal transport, for example) trigger release of chemokines such as
MCP-1 from terminal Schwann cells. Circulating cells of macrophage/mono-
cyte lineage originating from bone marrow (BM-DCs) are attracted by them
and migrate to the perisynaptic region. The BM-DC release TGF-B1 to
stimulate local (muscle tissue-derived) cells including fibroblasts or terminal
Schwann cells to produce ECMs including type 1 collagen or tenascin-C.
These ECMs might essentially support preservation of the position of each
NMJ or induction of regenerating axons when reinnervated, although an
excess of ECMs lead to fibrosis.

the perisynaptic region and may attract BM-DCs of
macrophage/monocyte lineage (Figure 8).

We also showed for the first time the gene expression
patterns of increased mononuclear interstitial cells in de-
nervated skeletal muscle after dividing them into BM-DCs
and MT-DCs by flow cytometric analysis. In contrast to
fibrotic changes in some vital organs, BM-DCs never
expressed components of ECMs, including type | colla-
gen, in denervated muscie, whereas MT-DCs can be a
main source of these ECMs. Instead, BM-DCs dominantly
expressed TGF-B1, suggesting the regulatory role of BM-
DCs in the fibrotic process (Figure 8). Although cultured
fioroblasts isolated from denervated muscle were re-
ported to express tenascin-C, those fibroblasts acquired
the potential to produce it.° In addition, those “fibro-
blasts” might have contained other kinds of cells, includ-
ing BM-DCs.

To determine functions of MT-DCs, we tried to clarify
gene expression patterns of mononuclear interstitial cells
by analyzing CD44-positive MT-DCs. Although all visible
nerves and vessels, as shown in Figure 8, g and k, were
removed before the samples were processed, immuno-
histochemical analysis suggested that the CD44-positive
fraction possibly contained Schwann cells. One possible
function of CD44 on Schwann cells is regulation of with-
drawal of the myelin sheath from degenerated axons. The
other possibility is that CD44 may support the connection
of Schwann cells, especially perisynaptic ones {terminal
Schwann cells), to muscle fibers at the position of the
NMJ before denervation. This possibility may include the
idea that Schwann cells also express type | collagen or
tenascin-C themselves to hold their positions when de-
nervated (Figure 8).

In the denervated side, not only the CD44-positive
population but also the CD44-negative population ex-
pressed both type | collagen and tenascin-C, although
these components of ECMs ware more clearly detected
in the CD44-positive population than in the CD44-nega-



tive population. Thus, the CD44-negative population may
contain populations reactive to denervation. These may
include muscle spindle cells, smooth muscle cells, vas-
cular pericytes, perineural cells, and satellite cells. Some
of these cells may express those components of ECMs or
specifically express MMP-3 when denervated.

In conclusion, bone marrow-derived cells are sug-
gested to regulate the pathogenetic process of fibrosis in
denervated skeletal muscle. We believe that further in-
vestigation of the nature of BM-DCs will provide a novel
approach that may lead to establishment of therapeutic
amelioration of excessive fibrosis not only of denervated
skeletal muscle but also of fatal neuromuscular disorders
including amyotrophic lateral sclerosis as well as the
latest investigations of fibrosis in other vital organs.
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Myotonic Dystrophy (DM), the most common form of
adult-onset muscular dystrophy, comprises at least 2 sub-
types, DM1 and DM2. DM1 is caused by the expansion
of a CTG repeat located in the 3’ untranslated region of
the DM protein kinase (DMPK) gene. Recently, the expan-
sion of a CCTG tetranucleotide repeat located in the first
iniron of the ZNF9 gene was identified as the mutation
responsible for DM2. Since both DM1 and DM2 are caused
by the expansion of repetitive sequences, some common
factors that interact with these sequences might be
involved in the pathogenesis of DM. MBNL1 is a candi-
date for such factors and is thought to be sequestered by
the expanded forms of DM transcripts.

Key words: myotonic dystrophy, RNA repeat, MBNL1

Myotonic dystrophy is the most common form
of adult-onset muscular dystrophy [1]. It is inher-
ited by autosomal dominant fashion. Myotonic

~ dystrophy causes a consistent constellation of unre-
lated clinical features, including myotonia, car-
diac conduction defects, cataracts, and specific set
of endocrine changes, and so on. The underlying
genetic mutation causing myotonic dystrophy is
unstable expanded CTG repeat in the 3’-untrans-
lated region of a gene on chromosome 19 encoding
a DM protein kinase (DMPK) of unknown func-
tion [2]. The mutation is transcribed into RNA but
not translated into protein. Recently, myotonic dys-
trophy type 2 (DM2) was found to be caused by
a CCTG tetranucleotide expansion in intron 1 of
the Zn-finger protein ZNF-9 gene on chromosome
3 [3]. DM2 is also caused by a transcribed but
untranslated repeat expansion. Although DM2 is
generally a milder disease than DM1, the DM2
CCTG expansions is much larger than DM1 CTG
expansions.

Reddy et al. showed that DMPK knockout
mice did not fully recapitulate DM. This means

that loss of DMPK function is not the main cause
of DM [4]. RNA inclusions of CUG/CCUG repeats
are observed as foci in the nuclei of DM patients.
Transgenic mice expressing CUG repeats under
the skeletal muscle actin promoter showed
myotonia and abnormal muscle histology [5]. In
this case, the severity of phenotype was correlated
with the expression level of CUG repeat RNA.
These results suggest that abnormality in RNA
metabolism is involved in DM [1].

The clinical features common to both DMI1
and DM2 may be caused by a gain-of-function
RNA mechanism in which the CUG and CCUG
repeats alter cellular function by sequestering
repeat RNA-binding proteins.

Two families of RNA-binding
proteins

Two families of RNA repeat-binding proteins
have been implicated in DM pathogenesis: CELF
(CUG-BP11 and ETR-3-like factors) and
MBNL(muscleblind-like) proteins. Six CELF
genes have been identified in human genome and
they have been shown to be involved in alterna-
tive- splicing [6]. Among these, CUG-BP1 regu-
lates alternative splicing of cardiac troponin T
(cTnT), insulin receptor (IR) and chloride channel
1 (CIC-1) that are misregulated in DM muscle
[7,8]. MBNL is a homologue of Drosophila mus-
cleblind which is involved in the differentiation
of skeletal muscle and photoreceptor [9]. Three
genes (MBNLI, 2 and 3) are identified in humans.
A mouse knockout reproduced myotonia and
cataract, and misregulation of splicing was
observed [10].

We investigated the in vivo binding-sequence
specificity of these proteins using a yeast 3 hybrid
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system [11,12]. In this assay, the association of
an RNA-binding protein Y with its cognate RNA
X binding site leads to the transcriptional activa-
tion of a reporter gene, such as His3 and 3-galac-
tosidase, in yeast. We generated a variety of repet-
itive RNA sequences and examined them.

The results are shown in Table 1. CUG-BPI
(this protein is first identified as a CUG triplet
repeat-binding protein) strongly interacted with
UG dinucleotide repeat [11]. Neither PKR (pro-
tein kinase R), a double stranded nucleotide-
binding protein, nor CUG-BP1 interacted strongly
with CUG/CCUG repeats. By contrast, MBNL1
showed apparent interactions with both CUG and
CCUG repeats.

Table 1. RNA-binding specificity of candidate proteins.

Repeat CUG-BP1 MBNL1 PKR
uG24 R s

CA24

CUG7 - -

CUG16 - 4

cuG21 - 4t -
CuGs7 - m R
CUG70 - m +
CCUG7 + - -
CCuG22 - P

CCUGS50 - 44

CAGG22 - -

CAGGS0 + .

CGGG20 - .

CCCG21 +4 Py

UAUGT7+CAUA7 - - FRERTRC
CAG16+CUG16 - - PIEREACANR

The transformation of yeast cells and reporter gene assays were per-
formed as previously described (11,12). We classified the binding activ-
ity as (+++++), (++++), (+++) and (++), when yeast grown was observed
on the plates containing 1, 0.5, 0.1 and OmM 3-AT, respectively. (+) yeast
grew in the absence of 3-AT after more than 1 week, {-) no growth of yeast
transformants was observed even after prolonged incubation.

We confirmed these results by surface plasmon
resonance technique. Surface Plasmon Resonance
(SPR) is a powerful technique to measure bio-
molecular interactions in real-time in a label free
environment. Protein is immobilized to the sensor
surface, and the repeat RNA is passed over the
surface. Association and dissociation is measured
and displayed in a graph called the sensor-gram.
CUG-BP1 strongly interacted with UG-repeat but
not CUG repeat, while MBNL1 interacted with

CCUG repeat (data not shown). These results indi-
cate that loss of function of MBNLI, not CUG-
BP1, may be important for DM pathogenesis.
Sequestration of MBNL1 by the long CUG/CCUG
repeat may disrupt normal cellular function of
MBNLI1, which leads to abnormal phenotype of
myotonic dystrophy.

Table 1 also shows that MBNLI interacted
strongly with CCCG, modestly with CUUG and
CAUGQG, but not at all with CGGG and so on. On
the other hand, PKR strongly interacted with
double-stranded RNAs. All these results suggest
MBNL/1 binds to repeats with incomplete double
strand, but not to the complete one. The deduced
target sequence of MBNL1 could be CHHG or
CHG repeat, where H is the nucleotide other than
G. Secondary structure of CHHG repeat can be
calculated as a long hairpin with mismatches.
Since MBNL1 does not bind to CUG/CAG double
strand repeat without mismatch, the presence of
mismatch is necessary for the binding of MBNL1
to the target sequences.

To confirm the results of the three-hybrid
analyses, we performed gel retardation analysis
[12]. First, we fused MBNL1 with glutathione S-
transferase (GST) in the N-terminus and a His-
tag in the C-terminus. GST-MBNL1 was expressed
in E.Coli and purified. GST-MBNLI1 bound to a
32p-labeled CCUG probe, and supershift was
observed when an anti-GST antibody was added.
The extent of band shift was reduced by adding
non-labeled CCUG RNA. We also examined the
dependence of the binding between CCUG repeats
and MBNL1 on the repeat length. Free probes of
CCUG27 and CCUG35 disappeared at the highest
dose of MBNL1. The number of shifted bands
represents the variety of RNA-protein complexes,
mainly reflecting the number of proteins binding
to a single probe.

Structure of MBRNL1
and homologues

MBNL1 has at least nine splice variants.
MBNLL1 has four Zn finger motifs at the N-ter-
minal half of the molecule, which may be involved
in the RNA-binding. There is a nuclear localiza-
tion signal at the C-terminus. Some of the iso-
forms of MBNL1 was localized at the nucleus.
The others were in the cytosol. Therefore, MBNLI1
might have many cellular functions. Furthermore,
not only MBNL1 but also MBNL2 and 3 are
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reported to be colocalized with RNA foci of
CUG/CCUG repeats. We have determined the
binding specificity of these MBNL families to
various RNA repeats. MBNL2 and MBNL3 had
almost similar specificity to MBNL1 (data not
shown). These MBNL isoforms also showed dif-
ferent localization. Therefore we have to be
careful for analyzing the data, because three
MBNL proteins have many isoforms and these
isoforms may have diverse functions in various
tissues.

Regulation of allernative splicing
by BNA repeat-binding proteins

Myotonic dystrophy is an example of a dis-
ease that alters the function of RNA-binding pro-
teins to cause misregulated alternative splicing [1].
Many misregulated alternative splicing events have
been demonstrated for eight pre mRNAs. In all
cases, normal mRNA splice variants are produced,
but the normal developmental splicing pattern is
disrupted, resulting in the expression of fetal pro-
tein isoforms.

The insulin resistance and myotonia observed
in DM1 correlate with the disruption of splicing
of targets, IR and CIC-1. The counter regulation
of mRNA splicing by the two proteins, CUG-BP1
and MBNL1 is demonstrated [9]. When c¢TNT
mini-gene was expressed with CUG-BPI, a fetal
isoform including exon 5 was predominantly
expressed, while coexpression with MNBL1 sup-
pressed the formation of the fetal isoform. In the
case of insulin receptor mini-gene, MBNLI1
enhanced the formation of long form with exon
11, while CUG-BP1 was not. These results sug-
gest that these two RNA-binding proteins coun-
teracted in vivo.

However, in the case of alpha-actinin, MBNL1
may not always act antagonistically against CUG-
BPls. Alpha-actinin has two exons, nonmuscle
type and skeletal muscle type. These are exclu-
sively expressed in vivo. However, in our assay
system, MBNL! does not act antagonistically
against CUG-BP1. Both enhanced the production
of non-muscle type (Fig.1). These data also pre-
dict that change in expression of these alternative
splicing regulators would result in the splicing
alterations that have been shown to be character-
istic of the myotonic dystrophy. However, all tar-
gets of these proteins have never been clarified.

In addition, these regulators appear to express
independently.

There have been many reports that excess
oxidative stress occurs in the muscle with
expanded CTG repeats [13-15]. The stress accel-
erates an apoptotic process, leading to cell death.
The increase in oxidative stress in response to
expended RNA repeats is likely to involve yet
unidentified signaling event that remain to be
determined. Misregulation of splicing may also be
evoked by the cellular signaling processes.
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Abstract

Many human proteins have homopolymeric amino acid (HPAA) tracts, although the physiological significance or cellular effects of their
presence is poorly understood. We previously reported that 20 kinds of HPAAs show characteristic intracellular localization and that among
those, hydrophobic HPAASs aggregate strongly and form high molecular weight proteins when expressed in cultured cells, In this study, we
investigated the cytotoxicity of 20 kinds of HPAAs. HPAA tracts of ~30 residues fused to the C-terminus of YFP were expressed in COS-7
cells. Cells expressing homopolymeric-Cys, -Ile, -Leu, and -Val showed low viability in Trypan Blue assay. Caspase-3 activity, which is
usually upregulated in dying cells, was determined by measuring the cleavage of the peptide substrate Ac-DEVD-MCA and by detecting the
cleaved active form of the caspase-3 by Western blotting. The activity of caspase-3 was drastically elevated in cells expressing those HPAAs
which showed low viability in Trypan Blue assay. Interestingly, it was found that there is a correlation between the hydrophobicity of a single
amino acid and the cytotoxicity of the corresponding HPAA as a homopolymer. These results indicate that the hydrophobicity of HPAAs may

cause cytotoxicity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Higher organisms contain thousands of protein species,
whose functional diversity is based on the diversity of their
components, amino acids, and their numerous combina-
tions. Homopolymeric amino acids (HPAAs) are distinct
tracts of amino acids comprising consecutive sequences of
the same amino acid, some of which are often found in
natural proteins [1]; HPAA tracts may either play some
roles in or have effect on cells. Each HPAA has
characteristic properties reflecting the diversity of amino
acids. Indeed, we recently reported differential patterns of
intracellular localization of HPAAs fused to YFP [2].
Moreover, several genetic diseases associated with the

Polyglutamine expansions cause several genetically
inherited diseases including Huntington’s disease. It has

* Corresponding author. Fax: +81 3 5454 6739,
E-mail address: cishiura@mail.ecc.u-tokyo.ac.jp (S. Ishiura).

1570-9639/% - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/1.bbapap.2004.12.017

been observed that expanded polyglutamine forms neuro-
nal intranuclear inclusions in animal models of polyglut-
amine diseases and in the central nervous system of
patients with these diseases [7,8]. Expanded polyglutamine
is thought to confer toxic properties on the disease proteins
with a dominant gain-of-function that causes cell death or
dysfunction. However, the role of the aggregate formation
in disease pathology is not clarified yet [9-11]. Besides
expanded polyglutamine, intranuclear aggregation of the
causative protein with expanded polyalanine in skeletal
muscle fibers is the morphological hallmark of oculophar-
yngeal muscular dystrophy (OPMD), one of the poly-
alanine diseases [12,13], suggesting a possible common
mechanism between OPMD and polyglutamine diseases.
Huntington’s disease-like 2, a novel disease with similar
symptoms to Huntington’s disease, has been described as
being caused by the expansion of CTG repeats, which are
translated into either polyalanine or polyleucine stretches
[14].

Even outside a disease-related protein context, poly-
glutamine or polyalanine tracts themselves have been



Y, Oma et al. / Biochimica et Biophysica Acta 1748 (2005) 174-179 175

studied and their expansion has been shown to confer
aggregative and cytotoxic properties. For example, when
GFP-fused polyglutamine tracts of 19, 35, 56, and 80
residues were expressed in primary neurons, 35, 56, and
80 residues formed aggregate(s) and 80 residues upregu-
lated caspase activity [15]. Similarly, the expression of
GFP-fused polyalanine tracts of 19, and 37 residues in
COS-7 cells results in formation of aggregates with higher
rates of cell death for cells containing the 19 or 37
residue constructs compared with cells containing the 0 or
7 residue constructs [16]. COS-7 cells, which we used in
this study, are often used as a good cellular model of
polyglutamine and polyalanine diseases since they mimic
many of features of the diseases including length depend-
ent aggregation and cell death. Polyalanine peptides 14
residues in length have been shown to form beta-sheets in
vitro [17], and extended polyglutamine repeats have also
been shown to form such structures in vitro and in vivo
[18,19]. Apart from polyglutamine and polyalanine,
polyleucine tracts of 291 residues in length have been
reported to possess even stronger cytotoxicity compared
to polyghutamine tracts of the same length [20]. These
results suggest that the length and species of homopoly-
meric amino acids may produce varying cytotoxic effects.

To understand the properties of HPAAs comparatively,
we previously reported the specific localizations of 20
kinds of HPAAs, and showed that hydrophobic HPAAs
aggregate strongly and form high molecular weight
complexes [2]. Though intracellular aggregation is limited
in polyglutamine and polyalanine diseases, as mentioned
above, some HPAAs other than polyglutamine or poly-
alanine might have cytotoxic effects. In this report, we
compared the cytotoxicity of 20 kinds of HPAAs

composed of 30 residues under the same experimental .

conditions.

2. Materials and methods
2.1. Fluorescence microscopy analysis

COS-7 cells were grown in DMEM with 10% fetal
bovine serum (Sigma-Aldrich, Tokyo, Japan). Transient
transfection was performed using FuGENE 6 Transfection
reagent (Roche Diagnostics, Tokyo, Japan) following the
manufacturer’s instructions. The cells were treated with
Hoechst33342 (Sigma-Aldrich, Tokyo, Japan) at 37 °C for
30 min, and the medium was removed and replaced with
PBS. The fluorescence of YFP was visualized by
fluorescence microscopy IX70 (Olympus, Tokyo, Japan).

2.2. Transfection efficiency
COS-7 cells were transiently transfected with the YFP-

HPAA plasmid. After incubation for 48 h, the cells were
harvested and dissolved in PBS. The percentage of

transfected cells was determined as fluorescent positive
cells by flow cytometry (EPICS® XL™, Beckman
Coulter).

2.3. Trypan Blue assay

COS-7 cells were seeded at 1.2x10* per well in 24-well
plates and were transiently transfected with 0.3 ug of YFP-
HPAA plasmid after incubation for 19 h. The cells were
harvested and treated with Trypan Blue (Sigma-Aldrich,
Tokyo, Japan) 48 h after transfection. In each experiment,
about 150 cells were examined under a microscope to
determine the number of dead cells (stained) and living cells
(unstained).

2.4. Caspase-3 assay

COS-7 cells were seeded at 2.0x10° per 35 mm dish
and were transiently transfected with 0.75 pg of YFP-
HPAA plasmids after incubation for 24 h. The cells were
harvested and dissolved in extraction buffer (50 mM Tris—
HCI, pH7.5, 10 mM 2-mercaptoethanol, 1 mM EDTA) 48
hours after transfection. The samples were subjected to
three rounds of freezing in liquid nitrogen for 60 s and
thawing in a 30 °C water bath for 90 s, after which the
samples were centrifuged at 10,000 xg for 5 min. The
total protein (7.4 ng) in the supernatant was dissolved in
200 ul of assay buffer (25 mM Tris-HCl, pH7.5, 10 mM
2-mercaptoethanol, 1 mM EDTA). A fluorescent substrate
for caspase-3, Ac-Asp-Glu-Val-Asp-MCA (Peptide Insti-
tute, Tokyo, Japan), was added to a final concentration of
5 uM, and the mixtures were incubated at 37 °C for 30
min. The reactions were stopped by the addition of 100
ul of 10% SDS, 1 ml of 0.1 M NaOAc, and the
fluorescence was measured with a JASCO FP-777
fluorescence spectrometer (excitation, 380 nm; emission,
460 nm).

2.5. Western blot analysis

COS-7 cells were seeded at 1.5%10° per 60 mm dish
and were transiently transfected with 2.0 pg of YFP-
HPAA plasmids after incubation for 24 h. After incubation
for 48 h, the cells were harvested and sonicated in PBS
with 1% Triton X-100 and 0.1% protease inhibitor mix
(Wako, Osaka, Japan). The protein concentration was
measured with a DC protein Assay Kit (Bio-Rad labo-
ratories, Tokyo, Japan). Equal amounts of protein, 41 ng
for each sample, were subjected to SDS-polyacrylamide
gel electrophoresis on 15% gels and ftransferred onto
PVDF membranes (Finetrap NT-32; Nihon Eido, Tokyo,
Japan). The membranes were incubated with Caspase 3
(8G10) rabbit monoclonal antibody (1:1000; Cell Signaling
Thechnology, U.S.A.) at 4 °C for overnight, and then with
anti-rabbit IgG anitibody at 37 °C for 30 min. The
resulting menbranes were visualized with Enhanced
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Fig. 1. The intraceliular localization of YFP and YFP-fused homopolymeric-1le32. The nuclei were stained by Hoechst. Homopolymeric-1le32 formed one
large aggregate in the perinuclear region of each cell. The nuclei of the cells expressing homopolymeric-1le32 showed distorted morphology around the
aggregates {arrow) and become aberrant (arrow head) at 48 h after transfection. Scale bar, 20 pm.

Chemiluminescence kit (Amersham Bioscience, Tokyo,
Japan).

3. Results
3.1. Cell viability assay

We have previously shown that hydrophobic HPAAs
aggregate strongly in COS-7 cells [2]. Fig. 1 shows the

intracellular localization of YFP-fused homopolymeric-
lle32, one of the typical aggregate-forming HPAAs. The

nuclei of the cells expressing homopolymeric-Ile32 were -

stained by Hoechst, and showed distorted morphology
around the aggregates (arrow) and became aberrant (arrow-
head) at 48 h after transfection. We observed many floating
cells expressing Ile32, but not YFP only, suggesting that cell
death is caused by the expression of this HPAA.

To study the effects of HPAAs on cells, we performed
cell viability assays by staining dead cells with Trypan Blue.
Twenty HPAAs, each comprising approximately 30 residues

(26~32) fused to the C-terminus of YFP, were expressed in
COS-7 cells. Forty-eight hours after transfection, we treated
cells with Trypan Blue and determined the ratio of stained
(dead) cells to unstained (living) cells. The transfection
efficiency was examined and there was no significant
difference among all constructs on analysis of variance
(ANOVA) tests (data not shown). Compared to cells
expressing only YFP, cells expressing YFP-fused homo-
polymeric-Ile, -Cys, -Val, and -Leu showed significantly
low viability followed by cells expressing homopolymeric-
Phe, -Trp, -Met, and -Ala (Fig. 2).

3.2. Caspase-3 assay

Caspase-3 activity is known to rise at the very down-
stream point of apoptotic cell death [21]. Forty-eight hours
after transfection we assessed the caspase-3 activity by
measuring the cleavage of the peptide substrate Ac-DEVD-
MCA. Longer HPAAs (Ala70, GInl150) induced higher
caspase-3 activities than their shorter counterparts (Fig. 3A),
which is consistent with the previous reports that long

Celt viability (%)

Fig. 2. Cell viability assay. Cell viability was measured 48 h after transfection by Trypan Blue assay. Compared to cells expressing only YFP, cells expressing
YFP-fused homopolymeric-Ala, -Cys, -lle, -Leu, -Met, -Phe, -Trp, and -Val showed low viability. Student’s ¢ Test was performed with the control (only YFP),

*p<0.05; **p<0.01; ***p<0.001; Mean£S.D.; n=10.
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Fig. 3. Caspase-3 assay. Caspase-3 activity was measured 48 h after transfection. (A) Caspase-3 activity was upregulated when longer stretches of
polyglutamine (150 residues) or polyalanine (70 residues) were expressed compared to shorter stretches (30 residues). (B) Compared to cells expressing only
YFP, cells expressing YFP-fused homopolymeric-Leu, -Val, -lle, -Cys, followed by -Phe, -Lys and -Met, showed high caspase-3 activities. Student’s ¢ Test was
performed with the control (only YFP). *p<0.05; **p<0.01; ***p<0.001; Mean+S.D.; n=9 (C) The cleaved active fragment of caspase-3 was detected by

Western blot analysis with anti-caspase-3 antibody.

polyglutamine and polyalanine tracts have cytotoxic effects
[15,16]. Among the 20 HPAAs comprising 30 residues, a
drastic upregulation of caspase-3 occurred in cells express-
ing homopolymeric-Leu, -Val, -lle, and -Cys compared with
control cells expressing only YFP, suggesting that these
HPAAs have strong cytotoxic effects (Fig. 3B). Homopoly-
meric-Leu produced the highest upregultion of caspase-3,
followed by -Val, -lle, and -Cys. Some other HPAAs,
homopolymeric-Ala, -Asn, -Asp, -Glu, -His, -Lys, -Met, -
Phe, -Thr, and -Trp, also produced significantly elevated
caspase-3 activities. Next, the cleaved active fragment of the
caspase-3 (17/19 kDa) was measured by Western blotting
with an anti-caspase 3 antibody (Fig. 3C). Cells expressing
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homopolymeric-Asn, -Asp, -Cys, -Ile, -Leu, -Met, -Phe, -
Trp, and -Val showed an increased amount of cleaved active
fragment of caspase-3, which is approximately consistent
with our caspase-3 assay shown in Fig. 3B. The same
experiment was repeated three times and similar results
were observed each time (data not shown).

The results of the cell viability assay and the caspase-3
assay declared cytotoxicity of several HPAAs, especially
homopolymeric-Cys, -lle, -Leu and -Val. HPAAs which
showed cytotoxicity in these assays seem to be hydrophobic
HPAAs. We plotted the cytotoxicity of each HPAA as
measured in these experiments, the hydrophobicity of each
amino acid [22] versus cell viability and caspase-3 activity
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Fig. 4. Cytotoxicity and hydrophobicity. There is a correlation between the level of cytotoxicity of an HPAA and the hydrophobicity of its amino acid.
Hydrophobicity of each amino acid as calculated in ref.22 was plotted versus the cytotoxicities of HPAAs measured by (A) the cell viability assay and, (B) the

caspase-3 activity assay.
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(Fig. 4A and B, respectively). As shown in the plot, there is
a significant correlation between the cytotoxicity of an
HPAA and the hydrophobicity of its amino acid, indicating
that the higher hydrophobic properties of a protein might
induce more severe toxicity in cells.

4. Discussion

There are many proteins containing various kinds of
HPAAs, and several diseases are caused by the expansions
of such -amino acid repeats, including polyglutamine and
polyalanine. This is the first report which investigated
cytotoxicity of not only polyglutamine, polyalanine, or
polyleucine but also other HPAAs, all 20 kinds of HPAAs
comparatively. ,

To investigate the effect of all 20 HPAAs in cells, we
performed two assays, cell viability assay and caspase-3
activity assay, to detect the cytotoxicity of HPAAs
expressed in cells. Our results suggest that among all
HPAAs, homopolymeric-Cys and hydrophobic HPAAs such
as homopolymeric-Ile, -Leu, and -Val, tend to have highly
toxic effects in cells. And there was a correlation between
the cytotoxicity of an HPAA and the hydrophobicity of its
amino acid, indicating that the higher hydrophobic proper-
ties of a protein might induce more severe toxicity in cells.
Interestingly, we previously showed that these hydrophobic
HPAAs aggregate strongly and form high molecular weight
proteins [2]. Therefore, our results suggest that aggregation-
prone proteins may have cytotoxicity. Importantly, there is a
bias in the distribution of HPAA species, so that hydro-
phobic HPAAs are rare in natural proteins. In the previous
report, we predicted that the scarcity of these HPAAs might
derive from their cytotoxicity since those HPAAs aggregate
strongly in cells. In this report, we demonstrated the
plausibleness of the prediction that HPAAs which aggregate
in cells have cytotoxicic effect and might be less abundant
in natural proteins. Fig. 5 depicts a diagram of 20 amino
acids situated according to their properties with the red
circle showing cytotoxicity as revealed in our study.
Aliphatic hydrophobic HPAAs and homopolymeric-Cys
showed the most significant toxicity in our assays.

The accumulation of altered proteins is a common
pathogenic mechanism in several neurodegenerative disor-
ders including polyglutamine diseases, Alzheimer’s disease,
and Parkinson’s disease [9,23]. Although there must be
specific mechanisms for each disease according to the
responsible protein, aggregate formation itself might have
significant relation with toxicity {24]. It has been suggested
that the soluble oligomers of these proteins are crucial to the
toxic mechanism rather than the subsequent aggregates or
fibrils [25]. The role of aggregation or oligomerization is a
very important issue for solving the mechanism of the
cytoxicity of these proteins. It has been reported that protein
aggregation directly impairs the function of the ubiquitin-
proteasome system [26] or causes an unfolded protein

hydrophobic

Fig. 5. Properties of single amino acids and the cytotoxicity of their
homopolymers. The diagram shows the relationship among 20 amino acids
in terms of their properties. Cytotoxic HPAAs are within the red circle.

response [27]. Recently, it has also been reported that
endoplasmic reticulum (ER) stress is caused by the
accumulation of unfolded and malfolded proteins, including
amyloid beta peptide in Alzheimer’s diseases [28], polyglut-
amine-containing proteins [29,30] and prion protein [31].

Here, we show the cytotoxicities of hydrophobic HPAAs
in cultured cells, thus confirmed the previous prediction that
hydrophobicity of HPAAs might be an important determi-
nant of cytotoxicity as well as aggregation. Furthermore, our
system using various kinds of HPAAs not only reveals the
specific properties of each HPAA, but also can be used as a
model of aggregation-prone proteins with various levels of
solubility to clarify the mechanism of aggregation and
toxicity.
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SHPS-1 (Src homology 2 domain containing protein tyrosine phosphatase substrate 1)
is a transmembrane glycoprotein containing three immunoglobulin-like motifs in its
extracellular domain and immunoreceptor tyrosine~based inhibitory motifs (ITIM)
that interact with SHP-2 (Src homology 2 domain containing protein tyrosine phos-
phatase-2) in its cytoplasmic region. SHPS-1 is highly expressed in brain, but at much
lower levels in skeletal muscle. In this study, we found that the level of the SHPS-1
mRNA increases in rat skeletal muscle after denervation. Western blot analysis also
confirmed the increase of SHPS-1 in denervated muscle. Moreover, it was found that
the glycosylation of SHPS-1 is N-linked in a muscle-specific manner, and that this is
altered upon innervation or denervation. Immunohistochemistry revealed SHPS-1
immunoreactivity at neuromuscular junctions (NMdJs) under innervation, whereas
immunoreactivity was observed extrasynaptically in muscle fibers after denervation.
Our results indicate that the expression, glycosylation, and localization of SHPS-1 are
strongly regulated by the nervous system, and that SHPS-1 may play an important
role in denervated skeletal muscle.

Key words: denervation, glycosylation, neuromuscular junction, SHPS-1, skeletal muscle.

Abbreviations: AchRa, acetylcholine receptor a-subunit; ARPP16/19, cAMP-regulated phosphoprotein 16/19; BIT,
brain immunoglobulin-like molecule with tyrosine-based activation motifs; o-BTX, a-bungarotoxin; ConA, Conca-
navalin A; Den, denervation; EDL, extensor digitorum longus; EGF, epidermal growth factor; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; IGF-], insulin-like growth factor-I; Inn, innervation; MAP kinase, mitogen-
activated protein kinase; MFR, macrophage fusion receptor; NCAM, neural cell adhesion molecule; NMJs, neu-
romuscular junctions; PBS, phosphate-buffered saline; PVDF, polyvinylidene difluoride; SH2, Src homology 2;
SHP-1/2, Src homology 2 domain containing protein tyrosine phosphatase-1/2; SHPS-1, Src homology 2 domain

containing protein tyrosine phosphatase substrate 1; SIRP, signal-regulatory protein.

The differentiation of skeletal muscle is regulated by the
nervous system. Neural innervation sends myotubes into
myofibers. Skeletal muscle size, phenotype, and composi-
tion are also regulated, in part, by neural factors. Elimi-
nating neural stimuli to muscle vie peripheral nerve
axotomy (denervation) impairs the highly differentiated
state of skeletal muscle, leading to muscle atrophy. In
addition, denervation results in changes in the expres-
sions of muscle-specific genes, notably myogenic regula-
tory factors (MRFs) (1-6), the type II myosin heavy chain
(MHC) isoform (7, 8), and the acetylcholine receptor o
subunit (AchRa) (1, 6). For example, AchR is composed of
five subunits including the s-subunit (aaBde), and is
restricted to neuromuscular junctions (NMdJs) under
innervation. But following denervation, the expressions
of all AchR subunit genes increase, and the fetal type
receptor, including a y-subunit (aaf&y), localizes through-
out the sarcolemma. This implies that skeletal muscle
after denervation reverts to a fetal, undifferentiated
state both structurally and functionally. The identifica-
tion and characterization of genes that are activated in
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denervated muscles might provide clues to the molecular
mechanisms of muscle atrophy and differentiation.
SHPS-1 (Src homology 2 domain—containing protein
tyrosine phosphatase substrate 1) (9), also known as
SIRPa (10), BIT (11), MFR (12), and p84 neural adhesion
molecule (13), is a transmembrane glycoprotein member
of the immunoglobulin superfamily. SHPS-1 is abundant
in certain neuronal and hematopoietic cells (13-15). The
tissue distribution of SHPS-1 shows that it is abundant
in the brain and spleen, and much less abundant in skel-
etal muscle (9, 16). SHPS-1 has three immunoglobulin-
like domains with multiple N-linked glycosylation sites
in the extracellular region, and four YXX(L/V/I) motifs,
which are putative tyrosine phosphorylation sites and
binding sites for the Src homology 2 (SH2) domains of the
protein-tyrosine phosphatases SHP-2 and SHP-1 (9, 10),
in the cytoplasmic region. Since the binding of SHP-2
to the tyrosine-phosphorylated cytoplasmic domain of
SHPS-1 increases the protein tyrosine phosphatase
activity of SHP-2 in vitro (11, 17), it is thought that
SHPS-1 regulates intracellular signaling by recruiting
and activating SHP-2 near the plasma membrane. For
example, overexpression of SIRPal, the human homolog
of SHPS-1, inhibits the insulin- or EGF-induced activa-
tion of MAP kinases and cell growth (18). Furthermore,
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expression of SHPS-1 has been shown to be down-regu-
lated in fibroblasts transformed by various oncogene
products (19). Thus SHPS-1 may be involved in growth
factor-induced mitogenesis. In addition, Maile and Clem-
mons demonstrated that SHPS-1 recruits SHP-2 at the
plasma membrane, leading to the dephosphorylation of
insulin-like growth factor-I (IGF-I) receptor by SHP-2 in
porcine aortic smooth muscle cells (20). Timms et al.
(1999) reported that SHPS-1 acts as a scaffold for the
assembly of multiprotein complexs (21). These observa-
tions suggest a role for SHPS-1 as a signal transducer in
various cell types.

The extracellular region of SHPS-1 mediates cell-cell
adhesion through the immunoglobulin-like domains. Tt
has been reported that SHPS-1 contributes to macro-
phage multinucleation (22), T-cell activation (23), and the
tethering of apoptotic cells to phagocytes (24) through
cell adhesion. Recently, it was shown that SHPS-1 may
be involved in the formation of filopodia between neurob-
lastoma cells (25). Thus, SHPS-1 may play a role in the
modulation of signal transduction through cell-cell com-
munication. However, its function in vivo, especially in
skeletal muscle, is not fully understood.

To find genes involved in muscle atrophy or differenti-
ation, we investigated differentiaily expressed genes in
rat extensor digitorum longus (EDL) and soleus muscles
after denervation by DNA microarray analysis followed
by Northern blot analysis. The results revealed that
SHPS-1 is remarkably up-regulated by denervation. In
addition, we found that the degree of glycosylation and
the localization of SHPS-1 are altered in denervated
muscles. SHPS-1 does not interact with SHP-2 in dener-
vated muscles. Taken together, SHPS-1 in skeletal mus-
- cle is modulated depending on neural influences, and
could play an important role in denervated muscles. This
is the first report on the characterization of SHPS-1 in
skeletal muscle.

MATERIALS AND METHODS

Animals and Surgical Procedures—Adult male Wistar
rats, 8 weeks of age and weighing approximately 250 g,
were used in all experiments. Animals were anesthetized
with nembutal (50 mg/kg), and the sciatic nerve on the
right hindlimb was exposed. To maintain the denervated
state for at least 2 weeks, a 1 cm segment of the sciatic
nerve was surgically removed. At various time points,
rats were deeply anesthetized and killed by decapitation.
Extensor digitorum longus (EDL) and soleus muscles
from both denervated (right) and innervated (left) legs
were immediately removed, frozen in liquid nitrogen, and
stored at -80°C

RNA Extraction and Northern Blot Analysis—Total
RNA was extracted from frozen EDL and soleus with
guanidium thiocyanate as described by Chomezynski and
Sacchi (28). The total RNA in each sample (10-20 ug) was
electrophoresed in a 1.0% agarose gel containing formal-
dehyde and then transferred to a nylon membrane (Bio-
dyne B, KPL). The membranes were hybridized in
hybridization solution (ULTRAhyb, Ambion) according to
the manufacturer’s instructions with 32P-labeled ¢cDNA
fragments encoding mouse SHPS-1 (NCBI Genbank
#D87967, 1626--1993), mouse SHP-2 (NCBI Genbank
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#NM_011202, 1261-1849), human AchRa(NCBI Gen-
bank #NM_000079, 375-887), and human glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (NCBI Gen-
bank #BC023632, 369-717). Autoradiographic signals
were analyzed and quantified by a Bioimaging Analyzer
System (BAS, Fujifilm).

DNA Microarray Analysis—DNA microarray analysis
was performed with Atlas Glass Array Rat 1.0 (CLON-
TECH) containing 1,090 kinds of gene-specific 80 bp oligo-
nucleotides.

Western Blot Analysis and Deglycosylation—Anti-SHPS-
1 rabbit polyclonal antibodies were purchased from
Upstate Biotechnology Lake Placid, NY, USA). Anti-
SHP-2 mouse monoclonal antibodies were purchased
from Transduction Laboratories (Lexington, KY, USA).

Innervated and denervated muscles and brain from
rats were homogenized on ice in 2 ml of homogenization
buffer [50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 150 mM
NaCl, 1% Nonidet P-40 containing 50 mM sodium fluo-
ride, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium
orthovanadate and 0.1% inhibitor mix (WAKO)] with a
polytron homogenizer (HITACHI KOUKI). The homoge-
nates were centrifuged at 1,000 x g for 2 min at 4°C, and
the supernatants were collected. The supernatants were
solubilized by rotation for 1 h at 4°C, and centrifuged at
10,000 x g for 15 min at 4°C. The resulting supernatants
were subjected to immunoblot analysis. Protein concen-
tration was determined using a DC protein assay kit
(BIO-RAD). Approximately 20 ug of total homogenates
were subjected to 7.5% SDS-PAGE and then transferred
to PVDF membranes (finetrap NT-32, Nihon Eido) using
a semi-dry electroblotting apparatus. The membranes
were blocked for 1 h with 5% non-fat dry milk in phos-
phate-buffered saline (PBS) containing 0.05% Tween-20
at room temperature. The membranes were incubated
with primary antibodies (anti-SHPS-1 at 1:1,000; anti—
SHP-2 at 1:5,000) for 30 min at 837°C or overnight at 4°C.
The primary antibodies were detected with anti-rabbit
IgG horseradish peroxidase—conjugated antibodies (1:
5,000) or anti-mouse IgG horseradish peroxidase—conju-
gated antibodies (1:5,000) for 30 min at 37°C, and then
the membranes were incubated in freshly prepared
chemiluminescence buffer [100 mM Tris-HCl (pH 8.5),
1.25 mM luminal, 0.2 mM p-coumaric acid, 0.009% H,0,]
for 1 min at room temperature, and exposed to film
(hyperfilm™ ECL, Amersham Biosciences).

To examine the glycosylation of SHPS-1, homogenates
were boiled in the presence of 1% SDS and 1% 2-
mercaptoethanol for 3 min and then subjected to deglyco-
sylation with 2 U/ml of N-glycosidase F (Roche) in 50 mM
Tris-HCl (pH 7.5) containing 50 mM EDTA, 1% 2-
mercaptoethanol, and 1% TritonX-100 for 20 h at 37°C.

Concanavalin A Sepharose Precipitation—Innervated
and denervated muscles were homogenized on ice in 2.5
ml of homogenization buffer [50 mM Tris-HCI (pH 7.5),
5 mM EDTA, 5 mM EGTA, 50 mM NaCl, containing
50 mM sodium fluoride, 1 mM phenylmethylsulfony!
fluoride, 1 mM sodium orthovanadate and 0.1% inhibitor
mix (WAKOQO)] with a polytron homogenizer (HITACHI
KOUKI). The homogenates were centrifuged at 1,000 x g
for 2 min at 4°C, and the supernatants were collected.
The supernatants were solubilized by rotation for 1 h at
4°C, and centrifuged at 100,000 x g for 60 min at 4°C. The
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Fig. 1. Time course of weight loss of rat EDL and soleus mus-
cles after denervation. Values are means + SE; n = 7.

resulting supernatants were removed, and the pellets
were suspended in 0.8 ml membrane solubilization buffer
[20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 150 mM
NaCl, 1 mM MgCl, containing 50 mM sodium fluoride,
1 mM phenylmethylsulfonyl fluoride, 1 mM sodium
orthovanadate and 0.1% inhibitor mix (WAKO)]. The sus-
pensions were centrifuged at 100,000 x g for 60 min at
4°C, and the resulting supernatants were referred to as
the solubilized membrane fractions. The amount of total
protein in the solubilized membrane fractions was stand-
ardized using a DC protein assay kit (BIO-RAD) before
Concanavalin A (ConA) Sepharose precipitation, and the
solubilized membrane fractions were incubated with 50
pl ConA Sepharose beads (Amersham Biosciences) over-
night at 4°C. The beads were then washed three times
with 0.5 ml membrane solubilization buffer, resuspended
in SDS sample buffer [50 mM Tris-HCI (pH 6.8), 2% SDS,
6% 2-mercaptoethanol, 1% glycerol (v/v), 0.1% bromo-
phenol blue], and boiled for 3 min at 100°C.

Immunohistochemistry—Tissues were excised, frozen
in cold iso-pentane, and sectioned with a cryostat (6 pm).
The sections were fixed in 4% paraformaldehyde in PBS
for 15 min at 4°C. After pre-incubation with PBS contain-
ing 2% bovine serum albumin and 5% heat-inactivated
normal goat serum, the sections were incubated with
anti-SHPS-1 antibody at 1:250 or anti—-SHP-2 antibody,
C-18, at 1:250 (Santa Cruz Biotechnology) overnight at
4°C, and then incubated with anti-rabbit IgG antibody—
conjugated Oregon green (Molecular Probes) at 1:500
and 2 pg/ml o-bungarotoxin—conjugated rhodamine
(Molecular Probes) for 30 min at room temperature.
Sections were observed under a fluorescence microscope
(OLYMPUS IX70, OLYMPUS).

Statistical Analysis—All values are expressed as mean
+ SE. Statistical analysis was performed by Student’s ¢-
test.

RESULTS

Weight Loss of Rat EDL and Soleus Muscles after Den-
ervation—The decreases in the wet weights of the EDL
and soleus muscles with time after denervation are
shown in Fig. 1. The wet weights of both muscles were
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Fig. 2. Northern blot analysis of SHPS-1, AchRa, and SHP-2.
(A) Bands are the signals of SHPS-1, AchRa and SHP-2 mRNA in
innervated (Inn) and 7-day denervated (Den) EDL and soleus mus-
cles. The ratios of mRNA expression of three genes to GAPDH in
EDL (B) and soleus (C) muscles 1, 2, 4, and 7 days after denervation
are shown, Values are means + SE; n = 3.

unchanged 1 day after denervation and started to decrease
constantly after 2 days. Soleus muscles decreased in wet
weight at a faster rate than EDL muscles after 4 days.
Finally, soleus muscles decreased to 37.4 + 1.5% (n = 7) of
their initial weight and EDL muscles to 59.1 £ 1.9% (n =
7) of their initial weight 2 weeks after denervation.

Expression of SHPS-1 mRNA in Denervated Muscles—
To identify novel genes involved in the changes in mus-
cles after denervation, we compared mRNA expression in
EDL and soleus muscles 7 days after denervation with
that in control muscles using DNA microarrays (data not
shown). The expressions of several genes were shown to
be increased in denervated muscles, and Northern blot
analysis was performed for these genes. We found SHPS-
1 to be remarkably up-regulated in both EDL and soleus
muscles 7 days after denervation (Fig. 2A). We also found
that AchRo was dramatically up-regulated after dener-
vation.

To further analyze the expression of these genes, we
quantitated the expressions of SHPS-1, SHP-2 and
AchRa using mRNA prepared from denervated muscles 1
to 7 days after denervation (Fig. 2, B and C). In EDL
muscles, the expressions of SHPS-1 and AchRa increased
constantly after denervation, reaching 12-fold (SHPS-1)
and 8.5-fold (AchRa) elevations, respectively, after 7
days. The expression of SHP-2, which is known to inter-
act with SHPS-1, did not change after denervation. In
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Fig. 3. Western blot analysis of SHPS-1 and SHP-2 in rat skel-
etal muscles. (A) Lysates were prepared from innervated (Inn) and
7-day denervated (Den) muscles, and immunoblotted with anti-
SHPS-1 antibody. N-glycosidase F treatment was performed as
described in “MATERIALS AND METHODS.” (B) Solubilized membrane
fractions of innervated (Inn) and denervated (Den) muscles were
incubated with Con A-Sepharose beads. The proteins bound to Con
A-Sepharose were separated by SDS-PAGE and immunoblotted
with anti-SHPS-1 antibody. Two major bands were detected,
“upper” (open arrowhead) and “lower” (filled arrowhead) SHPS-1.
(C) Lysates from innervated (Inn) and 7-day denervated (Den) mus-
cles were immunoblotted with anti~-SHP-2 antibody.

soleus muscles, the expression of SHPS-1 increased con-
stantly from 1 to 4 days after denervation, and remained
elevated thereafter (a 7-fold increase after 7 days). The
expression of AchRo increased rapidly to a 5-fold higher
level after 2 days, and then remained high (a 4-fold eleva-
tion after 7days). The expression of SHP-2 was also
unchanged in soleus muscles.

Glycosylation of SHPS-1 in Innervated and Denervated
Muscles—To confirm that the level of the SHPS-1 protein
increases in denervated muscles, Western blot analysis
was performed with anti—-SHPS-1 antibody. As shown in
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Fig. 3A (left), specific bands with molecular sizes of about
94 kDa were detected in denervated muscles, but not in
innervated muscles. In rat brain, the antibody detected a
band of about 90 kDa. Because it was thought that these
differences in molecular size result from differential glyc-
osylation, we examined shifts in the bands after deglyco-
gylation with N-glycosidase F. Deglycosylation converted
the molecular sizes of the bands in both denervated mus-
cle and brain samples to about 65 kDa (Fig. 3A, right).
Furthermore, we precipitated SHPS-1 with Concanava-
lin A (Con A) Sepharose. Con A precipitation revealed
that a small amount of SHPS-1 protein exists in inner-
vated muscles. Another SHPS-1 species with a molecular
mass greater than 94 kDa (“upper” SHPS-1) was detected
in both innervated and denervated muscles (Fig. 3B). It
was thought that this is the more glycosylated form of
SHPS-1. These results indicate that the SHPS-1 protein
is expressed in both innervated and denervated muscles
and modified in two distinct manners, and that the
expression of a form of about 94 kDa (“lower” SHPS-1)
increases after denervation, as in the case of the SHPS-1
mRNA. SHP-2 did not undergo any change in denervated
muscles (Fig. 3C).

Localization of SHPS-1 in Innervated and Denervated
Muscles—To examine whether SHPS-1 is expressed in
muscle fibers, we observed EDL and soleus muscle sec-
tions immunostained with anti-SHPS-1 antibody. Immu-
noreactivity was observed as a few small dots in inner-
vated muscles, but diffusely in the plasma membranes of
muscle fibers after denervation (Fig. 4). While most fibers
were immunoreactive in EDL muscles after denervation
(Fig. 4B), only some fibers were immunoreactive in soleus
muscles, showing patch-like staining (Fig. 4F). Moreover,
anti-SHPS-1 immunoreactivity was also observed at
neuromuscular junctions under innervation (Fig. 5A).
This localization was confirmed by double-staining with
anti-SHPS-1 antibody and rhodamine-conjugated a-bun-
garotoxin (a-BTX) (Fig. 5C). Since anti-SHPS-1 antibody
and o-BTX stainings colocalized in denervated muscles,
it was confirmed that anti-SHPS-1 immunoreactivity,
like AchRs, localizes on plasma membranes in muscle fib-
ers (Fig. 5, B and D).

We also stained muscle sections with anti-SHP-2 anti-
body. Immunoreactivity was observed in the cytoplasm in
both innervated and denervated muscles (Fig. 6). SHP-2
was not localized at neuromuscular junctions. These ob-
servations imply that SHP-2 is not regulated by innervation.

DISCUSSION

Previously, we found by DNA microarray analysis that
another gene, ARPP16/19, is highly up-regulated in den-
ervated rat muscle (27). However, this protein is a cyto-
plasmic adaptor and no physiological role was impli-
cated. In this report, we provide the first demonstration
that SHPS-1 is highly expressed in rat denervated skele-
tal muscles. We also show that the expression, glycosyla-
tion, and localization of SHPS-1 are altered after dener-
vation. In contrast, SHP-2 does not change its expression
or localization after denervation. These results suggest
that SHP-2 is not involved in SHPS-1 function in dener-
vated muscles. Taken together, SHPS-1 and SHP-2 may
be regulated in different pathways in rat skeletal muscles.

J. Biochem.
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We have demonstrated that the expression of SHPS-1,
although very low in innervated muscles, increases in
denervated muscle in a manner similar to that of AchRa.
AchR is one of the most important cation channels for
neuromuscular transmission. It is concentrated at NMdJs,
and is remarkably up-regulated after denervation (28). It
is thought that this is a compensation mechanism for a
loss of acetylcholine. Often, other proteins induced by
denervation are up-regulated at far lower rates than the
AchRa, but the SHPS-1 mRNA increases remarkably
(Fig. 2). This implies that the increase in the expression
of SHPS-1 may compensate for a loss of neural stimuli,
and that SHPS-1 may play a role in innervation.

The levels of SHPS-1 and AChRamRNA are relatively
low under innervation and rise rapidly following dener-
vation. In addition, we have observed that SHPS-1
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Fig. 4. Localization of SHPS-1 in rat
skeletal muscles. Cross-sections of
innervated (A, E) and 7-day denervated
(B, F) muscles stained with anti~-SHPS-
1 antibody. A series of sections was
stained without a primary antibody as a
control (C, D, G, H). (A-D) EDL, (E~-H)
soleus ; Bar = 30 um

Den

immunoreactivity localizes at NMdJs in innervated mus-
cles and throughout the plasma membrane in denervated
muscles. Although AchR and its interacting proteins,
MuSK and rapsyn, are expressed at low levels and are
restricted to NMJs under innervation, denervation
induces increases in their expressions, and their localiza-
tion becomes extrasynaptic (29-31). NCAM and BEN/
SC1/DM-GRASP, members of the immunoglobulin super-
family, also show these alterations (32-36). NCAM is
thought to play an important role in neurogenesis
through cell-cell contacts (37, 38). In recent studies, it
was reported that SHPS-1 binds to CD47 via its extra-
cellular domain, and this interaction is implicated in syn-
apse formation or maintenance (39). Taken together, it is
possible that SHPS-1 is involved in nerve-muscle cell
interaction.
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The rates of increase of SHPS-1 expression and
immunoreactivity with the anti-SHPS-1 antibody differ
slightly between EDL and soleus muscles. These differ-
ences may be due to the difference in fiber types. Muscle
atrophy progresses at different rates in EDL and soleus
muscles. Thus, differences in the nature of the muscle fib-
ers might account for the small difference in SHPS-1
expression.
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Fig. 5. Co-localization of SHPS-1
and AchR in innervated and den-
ervated muscles. Cross-sections of
innervated and 7-day denervated EDL
muscle were double-stained with anti-
SHPS-1 antibedy (A, B) and rhoda-
mine-conjugated o-bungarotoxin (BTX)
(C, D). (A, C) innervated (B, D) dener-
vated; Bar = 30 pm.

Den

Fig. 6. Immunohistochemistry of
SHP-2 in EDL muscle. Cross-sections
of innervated and 7-day denervated
EDL muscle were stained with anti-
SHP-2 antibody (A, B). A series of sec-
tions was stained without a primary
antibody as a control (C, D). (A,
C)innervated (B, D)denervated ; Bar =
30 pm.
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The glycosylation of SHPS-1 is regulated in tissue-spe-
cific manner, and the isoform in skeletal muscle is differ-
ent from that in brain. Moreover, two distinct isoforms
with different affinities for Con A exist in skeletal mus-
cle, and the expression of only one form increases after
denervation. Generally, glycosylation modulates the
adhesion activity of glycoproteins, and it is reported that
the aberrant N-glycosylation of SHPS-1 impairs its abil-
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