Quantitative real-time PCR analysis

RNA was isolated using TRlzol reagent (Invitrogen,
15596026). cDNA was prepared using the Superscripe 11
firse scrand synthesis kit (Invitrogen, 18080-044) according
to the manufacturer’s protocol. For mtDNA copy number
quantification, genomic DNA was prepared. Quantitative real-
time PCR was performed using the Fast SYBR Green Master
Mix (Applied Biosystems, 4385612). The primers used for gene
expression analysis are listed in Table S1 and those used for
meDNA copy number analysis are listed in Table S2.

Measurement of proteasomal activity

Proteasome activities in soleus muscle extracts were measured
using a fluorescent substrate, Suc-LLVY-MCA, as described
previously. ¢

Statistics

All data are expressed as means + s.d. Differences between
groups were examined for statistical significance using one-way
ANOVA, followed by Tukey-Kramer post hoc test or Student ¢
test. A P value < 0.05 was considered statistically significant.
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lar physiology. The extracellular matrix in the vascular

Introduction . .

wall has recently attracted attention, as it not only pro-
Vascular endothelial cells and vascular smooth muscle vides structural support, but also modulates several cellu-
cells are two major research targets in the field of vascu- lar functions, including cellular adhesion, proliferation,
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differentiation, and development (Pillarisetti 2000; Jiang
and Couchman 2003; Iozzo 2005). The basement mem-
brane is a thin sheet of the extracellular matrix that
underlies the wvascular endothelium and surrounds
smooth muscle cells. Some of the key constituents of the
subendothelial extracellular matrix are heparan sulfate
proteoglycans (HSPGs). Perlecan (HSPG2) is a major
HSPG in the basement membrane, with a molecular
weight of over 400 kDa and a protein core consisting of
five domains. It interacts with a number of extracellular
matrix molecules, including laminin, collagen IV, fibro-
nectin, fibrillin, and several growth factors, such as vas-
cular endothelial growth factor (VEGF), fibroblast
growth factors (FGFs), and platelet-derived growth factor
(PDGF) (lozzo 2005). Perlecan also interacts with plasma
lipoprotein very low density lipoprotein (VLDL) (Hum-
mel et al. 2004) and integrin cell surface receptor (Hum-
mel et al. 2004). It also plays a role in a number of
processes in the vasculature, including atherosclerosis,
tumor angiogenesis, smooth muscle cell activity modula-
tion, endothelial proliferation, and vascular development
(Segev et al. 2004).

Others and we have previously reported that the
homozygous deletion of HSPG2 (HSPG2™”) in mice
results in lethal chondrodysplasia and in cardiovascular
abnormalities, such as transposition of the great arteries
(Arikawa-Hirasawa et al. 1999; Costell et al. 1999, 2002).
Perlecan deficiency (HSPG2™/~) also causes perinatal
lethal chondrodysplasia in humans (Costell et al. 1999;
Arikawa-Hirasawa et al. 2001), suggesting a crucial role
for perlecan in the development of cartilage and in the
cardiovascular system. Mutations in the perlecan gene
(HSPG2) have been identified in patients with Sch-
wartz—Jampel syndrome, a nonlethal condition character-
ized by myotonia and mild chondrodysplasia (Nicole
et al. 2000; Arikawa-Hirasawa et al. 2002; Stum et al.
2006). We investigated the role of perlecan in adult
organs using a lethality rescued perlecan-null mouse
model expressing recombinant perlecan specifically in
cartilage (HSPG2™ T-Tg) (Xu et al. 2010; Inomata et al.
2012; Ishijima et al. 2012; Kaneko et al. 2013). In addi-
tion to our lethality rescued HSPG2™'~-Tg mouse
model, studies employing mutant mice, such as hetero-
zygous perlecan knockout (HSPG2'~) mice (Vikrama-
dithyan et al. 2004) or heparan sulfate (HS)-deficient
perlecan expressing mice (Tran-Lundmark et al. 2008),
have provided further insights into the in vivo function
of perlecan in adult tissues.

Endothelial dysfunction is considered to be a key var-
iable in the pathogenesis of atherosclerosis and in its
complications (Bonetti et al. 2002). The dysfunctional
condition includes reduction in nitric oxide (NO) bio-
availability, which may result in reduced vasorelaxation,
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thrombus formation, deposition of serum lipids, and
the migration and proliferation of vascular smooth mus-
cle cells (VSMCs), which leads to the formation of ste-
notic lesions in blood vessels (Cai and Harrison 2000).
The regulation of vascular tone is the most widely stud-
ied aspect of the endothelial function, and NO is the
major contributor to endothelium-dependent relaxation
in large arteries. In the present study, we investigated
the effects of perlecan deletion on endothelium-depen-
dent vascular relaxation during the normal growth pro-
cess and explored the mechanisms underlying the
effects.

Materials and Methods

Animals

Perlecan-null (HSPG2™'~) mice die perinatally due to
premature cartilage development (Arikawa-Hirasawa et al.
1999; Costell et al. 1999). We previously created a perlec-
an transgenic mouse line (WT-Tg, HSPG2"""; COL2A1-
HSPG2™¥~), which expresses recombinant perlecan in
cartilage, using a cartilage-specific COL2Al promoter/
enhancer (Tsumaki et al. 1999) to restore cartilage abnor-
malities. Subsequently, we created lethality-rescued mice
(HSPG2™~ -Tg, HSPG2™'~;COL2A1-HSPG2™'~), by mat-
ing the transgenic mice with heterozygous HSPG2"™ mice
(Xu et al. 2010). We maintained these mice on a mixed
genetic background of C57BL/6 and 129Sv]. In the present
study, we used HSPG2™/~ -Tg mice for the experimental
group and WT-Tg (HSPG2*"; COL2A1-HSPG2™~), mice
(10 weeks of age) for the control group. All experimental
procedures were performed in accordance with the guide-
lines for the care and use of animals at Juntendo University,
Tokyo, Japan.

Measurement of changes in force in the
mice aorta

The mice were sacrificed under anesthesia (Pentobarbital;
50 mg/kg, intraperitoneal administration). The descend-
ing thoracic aorta was isolated and cut into transverse
rings (~2 mm in length), which were used to measure the
changes in force. Care was taken not to touch the endo-
thelial surface in order to preserve the functional endo-
thelium. The techniques used to measure the changes in
force were adapted from previously described methods
(Tesaki et al. 1999; Sumiyoshi et al. 2008). Briefly, aortic
rings were mounted on wire hooks attached to force dis-
placement transducers (Nihon Kohden, Tokyo, Japan)
and changes in the isometric force were recorded on a
thermal recorder (Rika Denki, Tokyo, Japan). The rings

were incubated in individually thermostated (37°C)
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10-mL baths filled with oxygenated Krebs bicarbonate
buffer (118 mmol/L NaCl, 4.7 mmol/L KCI, 1.5 mmol/L
CaCl,, 25 mmol/l. NaHCO;, 1.1 mmol/L. MgSO,, 1.2
mmol/L KH,PO,, and 5.6 mmol/L glucose at pH 7.4). An
optimal passive tension of 0.5 g was applied to the rings
throughout the experiment. The vascular rings were ini-
tially exposed to high-K” Krebs bicarbonate buffer, con-
taining 60 mmol/L KCl in place of NaCl to produce
maximal force and to enhance the reproducibility of sub-
sequent contractions. After a wash out of high-K" buffer,
the vessels were submaximally contracted with 1 gmol/L
phenylephrine. Once a steady-state level of contraction
was achieved, endothelial-dependent relaxation and endo-
thelial-independent relaxation were elicited by the admin-
istration of increasing concentrations of acetylcholine
(ACh) and sodium nitroprusside (SNP), respectively.
Relaxation was expressed as the percent change in the
steady-state  level of  contraction.  Comparisons
between groups were made with two-way reported measure
ANOVA.

Quantitative real-time polymerase chain
reaction

Total RNA was isolated from mouse thoracic aortic tissue
or human aortic endothelial cells (HAECs; LONZA, Walk-
ersville, MD) using TRIzol reagent (Life Technologies,
Carlsbad, CA), according to the manufacturer’s instruc-
tions. cDNA was generated from 1 pug of total RNA with
M-MLYV reverse transcriptase (Promega, Madison, WI) and
a random primer (TAKARA, Siga, Japan). SYBR Green was
used for detection, and RNA expression was normalized to
that of the housekeeping gene ff-actin for mouse, GAPDH
for human. In the graph, the eNOS, von Willebrand factor,
and perlecan (HSPG2) expression levels are indicated as
relative to f~actin or GAPDH. The PCR reaction was car-
ried out in an ABI Prism® 7500 Fast Sequence Detection
System (Life Technologies). The primer sequences were as
follows: For the mouse tissue, mouse eNOS forward 5'-
CTGGCAGCCCAAGACCTA-3', mouse eNOS reverse 5'-
GTGACATCGCCGCAGACAA-3', mouse von Willebrand
factor  forward 5-GATGCCCCAGTCAGCTCTAC-3,
mouse von Willebrand factor reverse 5'- TCAGCCTCGG-
ACAACATAGA-3/, mouse f-actin forward 5-TGGAATC
CTGTGGCATCCATGAAAC-3, mouse [-actin reverse
5-TAAAACGCAGCTCAGTAACAGTCCG-3'. For the
HAECs, human HSPG2 forward 5-GGCTGAGGGCATAC-
GATGGCT-3, human HSPG2 reverse 5-CCCACTGC
CCAGGTCGTCTCC-3', human eNOS forward 5-CCCTT
CAGTGGCTGGTACAT-3’, human eNOS reverse 5'-CAC-
GATGGTGACTTTGGCTA-3, human GAPDH forward 5'-
ACCACAGTCCATGCCATCAC-3', human GAPDH reverse
5'-TCCACCACCCTGTTGCTGTA-3

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Western blotting

Thoracic aortic tissue was isolated and then homoge-
nized in cold lysis buffer, and the lysate was centrifuged
at 16,000 ¢ for 15 min at 4°C. The lysis buffer contained
50 mmol/L Tris-HCl (pH 7.2), 150 mmol/L. NaCl, 1%
Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS con-
taining protease, and phosphatase inhibitor cocktails
(Complete Protease Inhibitor Cocktail and PhosSTOP;
Roche, Rotkreuz, Switzerland). The protein concentration
was determined using a BCA protein assay kit (Thermo
Scientific, Rockford, IL) and then solubilized in
NuPAGE® LDS sample buffer (Life Technologies) con-
taining dithiothreitol. The samples (15 pg/lane) were
resolved via electrophoresis on 4-12% SDS-PAGE gels,
and then transferred to a PVDF membrane (Life Tech-
nologies, Carlsbad, CA). After blocking with PVDF
blocking reagent (TOYOBO, Osaka, Japan), the mem-
brane was incubated with primary antibodies in blocking
reagent overnight. After washing, the membrane was
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies in blocking reagent and visualized
with SuperSignal®West Dura Extended Duration Sub-
strate (Thermo Scientific, Rockford, IL). Specific bands
were quantitated using the Image] software program. In
the graph, the eNOS protein level is indicated as relative
to f-actin. The experiments were performed at least
three times using different sibling pairs of animals. The
antibodies were prepared as follows: the primary anti-
bodies, mouse anti-eNOS/NOS type III antibodies (BD
Biosciences, Franklin Lakes, NJ) or mouse anti-f-actin
antibody (Santa Cruz Biotechnology, Inc., Dallas, TX)
were diluted at 1:1000 or 1:5000 in blocking reagent.
The secondary antibodies, anti-mouse IgG HRP-conju-
gated secondary antibodies (GE Healthcare, Little Chal-
font, UK) were diluted at 1:5000 in blocking solution.

Cell culture and small interfering RNA
{siRNA)

Human aortic endothelial cells (HAECs) were grown
using the Endothelial Cell Growth Media Kit (EGM-2
BulletKit; LONZA), and plated at a density of 2 x 10°
cells on 6-well plates. Perlecan siRNA and control siR-
NA were purchased from Santa Cruz Biotechnology.
HAECs were transfected with either perlecan or control
siRNA, according to the manufacturer’s recommenda-
tions. Forty-eight hours after transfection, knockdown
efficiency was assessed using quantitative RT-PCR
(qPCR), as described above. For perlecan rescue experi-
ments, we used the recombinant perlecan protein (rPerl-
ecan) kindly provided by Dr. Sasaki. The recombinant
perlecan was purified from the condition media of 293
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cells transfected with a perlecan ¢cDNA expression vector
(Noonan et al. 1991; Costell et al. 1997; Xu et al. 2010).
The full-length perlecan c¢DNA (Ishijima et al. 2012)
was cloned into the PCEP4-Mul-PURD expression vec-
tor (Hozumi et al. 2006), which contains sequences for
the CMV promoter, multiple cloning sites, BM40 signal
peptide (Hozumi et al. 2006). A twenty-four well tissue
culture plate was coated with rPerlecan (20 pug/mL) in
PBS, including ! mmol/L CaCl, and 0.5 mmol/L MgCl,
at 4°C for 48 h. After the plate was washed twice with
PBS, HAECs treated with Perlecan siRNA or Control
siRNA, as described above, were plated at density of
3 x 10> cells on the Perlecan or a control plate and
cultured for 36 h. The eNOS RNA expression was ana-
lyzed using qPCR.

Heparinase 1l digestion of HAECs

Cell surface heparan sulfate chains of HAECs were
digested by heparinase III as described method (Kerever
et al. 2007) with some modifications. HAECs were incu-
bated with 5 mU/mL of heparinase III (Sigma-Aldrich,
St. Louis, MO) in 50 mmol/L HEPES buffer (pH 7.0),
containing 100 mmol/L NaCl and 1 mmol/L CaCl, at
37°C for 1 h. After the incubation, the heparinase III
solution was removed and the cells were cultured with
the growth media. We confirmed successful heparinase III
digestion using immunostaining. A time course of the
eNOS RNA expression was performed using qPCR as
described above.

Immunostaining

HAECs were plated at density of 3 x 10° cells on Type-1
collagen-coated 8 well chambers and cultured for 48 h.
After heparinase III digestion for 1 h, the cells were fixed
immediately (time point 0) or 24 h later (time point
24 h) with 4% paraformaldehyde at room temperature.
Nonspecific binding was blocked with 0.2% gelatin/PBS
for 10 min and cells were incubated with anti-heparan
sulfate antibody (10E4 epitope) antibody or anti-Ahepa-
ran sulfate (3G10 epitope) antibody (Seikagaku Corpora-
tion, Tokyo, Japan) at 1:400, and anti-perlecan (clone
A7L6) (Chemicon, Temecula, CA) antibody at 1:400 in
0.2% gelatin/PBS at 4°C overnight. Following a wash with
PBS, the cells were incubated with goat anti-mouse IgM
alexafluor 488 and goat anti-rat IgG alexafluor 546
(Molecular Probes, Invitrogen Corporation, Carlsbad,
CA) at 1:400 in 0.2% gelatin/PBS for 1 h. The cells were
washed and then incubated for 10 min in bis-benzimide
(1:5000, Molecular Probes, Invitrogen Corporation). After
extensive washes, cells were mounted in fluoro-gel with
Tris buffer (Electron Microscopy Sciences, Hatfield, PA).
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Images were taken using a Leica TCS-SP5 LSM confocal
microscope.

Statistical analysis

The data are presented as the mean = SEM. Comparisons
between groups were made with two-way reported mea-
sure ANOVA and with the unpaired #-test. A P value of
<0.05 was considered to be statistically significant.

Results

H5PG2 deletion decreases the relaxation of
mouse aorta

An endothelium-dependent relaxation of the mouse aorta
was elicited by ACh. Aortic relaxation in response to ACh
was significantly reduced in the HSPG2™'~-Tg aortas
compared to that of the control aortas, resulting in the
downward shift of the concentration-response curve
(Fig. 1A). On the other hand, the endothelium-indepen-
dent relaxation elicited by exogenous nitric oxide donor

A -
100 —o- Control (1= 10)
~ 80 - —&~ HSPG27--Tg (n=8)
O\O :|-**P<0.0]
N’
E 60
=
S
= 401
L
=1
20 1
0 i : . . . .
-9 -8 -1 -6 -5
ACh [log M]
B 120 1 —o- Control (1 = 6)

100 { —& HSPG27--Tg (n=5)

Relaxation (%)
2

T T T T d

-10 -9 -8 -7 -6 -5
SNP [log M]

Figure 1. HSPG2~/~1Tg aortas have a reduced relaxation‘in
response to ACh or SNP. The aortic rings were precontracted with -
1 umol/L phenylephrine (PE), and increasing concentrations of (A)
acetylcholine (ACh) or (B) sodium nitroprusside (SNP) were added.
The degree of reIaXatidn is expressed as the percent re!axatidn of
the PEsinduced tone (The bars indicate the mean =+ SEM, n = 5-10).
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SNP was not affected by the deletion of HSPG2, as shown
in Figure 1B, indicating that the sensitivity of vascular
smooth muscle to exogenous nitric oxide donors is well
preserved, even in HSPG.?M/M-Tg aortas,

HSPG2 deletion decreases the expression
level of eNOS in mouse aortas

We explored the mechanisms underlying the reduction
of endothelium-dependent relaxation by measuring RNA
expression levels of both eNOS and von Willebrand fac-
tor (YWF), an endothelial cell specific gene, using qPCR.
RNA was extracted from aortic tissue from control and
from HSPG2™/"-Tg animals. The VWE expression level
in the control and in the HSPG2™/"-Tg aortas was not
significantly different (Fig. 2A). However, qPCR analysis
revealed that eNOS mRNA expression was significantly
reduced in the HSPG2™/~-Tg aortas (Fig. 2B). We also
measured protein expression levels of eNOS in the con-
trol and in the HSPG2™/~-Tg aortas by Western blot-
ting. The protein level of eNOS was significantly
decreased in the HSPG2~/ -Tg aortas compared with
that of the control aortas (Fig. 2C). These results indi-
cated that eNOS expression was decreased in the perlec-
an-deficient aortas.
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eMNOS expression was decreased in HAECs by
Perlecan siRNA treatment

We examined the relationship between eNOS expression
and perlecan expression by creating perlecan knockdown
HAECs in culture using Perlecan siRNA treatment. We
measured the RNA expression levels by qPCR using RNA
extracted from HAECs treated with control or Perlecan
siRNA. We confirmed that perlecan mRNA expression
levels in HAECs were significantly decreased by approxi-
mately 90% following treatment with both 20 and
40 nmol of Perlecan siRNA (Fig. 3A). The eNOS mRNA
expression was significantly decreased by approximately
50% following Perlecan siRNA treatment (Fig. 3B). These
results indicated that reduced perlecan expression decreases
eNOS expression in HAECs.

Depletion of heparan sulfate chains does
not affect the eNOS expression

We performed enzymatic depletion of the heparan sulfate
chains of perlecan on HAECs to explore whether heparan
sulfate chains are critical for eNOS expression. The time
course of the experimental protocol is shown in Fig-
ure 4A. First, we confirmed the depletion of heparan

eNOS mRNA

0.8 4
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0.2
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eNOS protein
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0.6
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‘,Flgure 2 Expressmn of endothellal mtnc oxude synthase (eNOS) in the HSPGZ’”’~~ —Tg aorta RNA express:on Ievels of von W|Ilebrand factor and, ',
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Figure 3. RNA ekxpr’eyssyioyn of eNOS in human aortic endothelial
cells (HAECs) treated with HSPG2 siRNA.-Analyses of perlecan and
eNOS RNA e'xpreSSi:Oﬂ levels in the HAECs treated with or without
control siRNA and 20-or 40 nmol of Perlecan siRNA using gPCR.
RNA expressions were normalized to that of ‘GAPDH and are
|nd|cated as relative to GAPDH. (A) Perlecan expressuon in: HAECs
was 5|gnn‘" ntly decreased by approxnmately 90% followmg .

sulfate chains in HAECs by immunostaining using 10E4
and 3GI10 antibodies. After heparinase III treatment for
1 h (time point 0), the staining by 10E4 antbody (green),
which is directed against heparan sulfate chains, was not
detected (Fig. 4Ba and Bc) and the staining by 3G10 anti-
body (green), which is directed against heparinase-gener-
ated HS stubs, was detected in the treated but not
untreated HAECs (Fig. 4Bb and Bd). Similar results were
obtained after 24 h (time point 24 h) (Fig. 4Be-Bh). In
these conditions, we analyzed eNOS expression by qPCR
at 1, 12, and 24 h after heparinase III treatment for 1 h.
The eNOS expression levels in the heparinase treated
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HAECs were not different compared with that of the
non-treated HAECs at any time point (Fig. 4C). These
results suggest that the decrease of eNOS expression in
perlecan-deficient aortas is not due to the heparan sulfate
chains.

Perlecan protein is necessary for eNOS
expression

In order to explore whether perlecan protein is critical for
eNOS expression, we performed perlecan rescue experi-
ments using recombinant perlecan protein (rPerlecan).
HAECs treated with Perlecan siRNA or Control siRNA
were seeded on plates coated with or without rPerlecan.
After 36 h, the eNOS expression level was analyzed by
qPCR. First, we confirmed that the eNOS expression level
in HAECs treated with Perlecan siRNA was significantly
decreased compared with that of Control siRNA. How-
ever, the eNOS expression level in HAECs treated with
Perlecan siRNA was restored to the level almost similar to
that in HAECs treated with Control siRNA by rPerlecan
(Fig. 5). These results suggest that perlecan is responsible
for the decrease in eNOS expression in perlecan-deficient
aortas.

Discussion

In the present study, we showed that a deficiency of
perlecan results in the impairment of endothelium-
dependent vascular relaxation in mice aorta, whereas
endothelium-independent relaxation in response to the
nitric oxide donor SNP remained well preserved. We
investigated the mechanism(s) underlying the reduction
in endothelium-dependent relaxation by examining the
eNOS expression levels in aortic tissue and found that
both eNOS mRNA and protein levels were decreased in
the perlecan-null aortas. We further examined the rela-
tionship between perlecan deficiency and a decreased
eNOS expression by treating HAECs with perlecan siR-
NA and found that a reduction in the perlecan gene
expression induced a decrease in eNOS gene expression.
This is the first report to show that perlecan deficiency
results in a reduction in endothelium-dependent relaxa-
tion due, at least partly, to a decrease in eNOS expres-
sion. Although perlecan has been implicated in vascular
development, the function of VSMCs with respect to
relaxation is not affected by the deletion of the perlecan
gene, suggesting a lesser contribution of perlecan in
VSMCs than in endothelial cells.

NO is a gaseous lipophilic free radical generated by
constitutively expressed eNOS in vascular endothelial cells
(Braam and Verhaar 2007). The expression levels of eNOS
are altered in patients with various pathophysiological
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relative to GAPDH ‘The eNOS expression: level in' HAECs treated
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|nd|cate the mean i SEM (n =4) ***P <0. 001 ‘versus Control
SIRNA treated HAECs without rPerlecan, ##p < 0.001 versus
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conditions, such as cardiovascular disease, atherosclerosis,
diabetes mellitus, and hypertension (Chatterjee et al.
2008). The transcriptional activation of the eNOS gene
is stimulated by shear stress (Papapetropoulos et al.
1999), exercise (Sessa et al. 1994), and the action of
lysophosphatidylcholine (Zembowicz et al. 1995) and sev-
eral growth factors, including VEGF (Bouloumie et al.
1999), bEGF, and epidermal growth factor (EGF) (Braam
and Verhaar 2007). Conversely, eNOS expression is
down-regulated by tumor necrosis factor-alpha (TNF-a)
(Nishida et al. 1992), hypoxia (McQuillan et al. 1994),
and high concentrations of low-density lipoprotein (LDL)
(Laufs et al. 1998). eNOS activity at the post-translational
level is regulated by several mechanisms, including inter-
actions with other proteins, acylation, phosphorylation,
and cellular localization (Braam and Verhaar 2007). In
the present study, we demonstrated that perlecan plays a
role in endothelium-dependent vascular relaxation, acting
in part through maintenance of the eNOS expression
levels.

Proliferation of endothelial cells requires multiple
growth factors, including VEGF and FGF-2 (Carmeliet
2000; Iozzo and San Antonio 2001), which elicit their
activities by binding to HSPGs in the vascular wall (Iozzo
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and San Antonio 2001). These growth factors must bind
to HSPGs in the vascular wall in order to function stably
(Iozzo and San Antonio 2001). These growth factors also
upregulate eNOS expression (Braam and Verhaar 2007),
therefore it is conceivable that perlecan deficiency results
in reduced binding of growth factors to the vessel wall,
thereby reducing eNOS expression. The expression of
vWF, another marker of endothelial cells, was not affected
by perlecan deficiency in this study, suggesting that the
reduction in eNOS expression is rather specific to perlec-
an deficiency. Perlecan binds to several growth factors,
including VEGF and FGF-2, via its HS chains (Zoeller
et al. 2009). Perlecan from endothelial cells and the
recombinant endorepellin protein, a C-terminal fragment
of perlecan, binds to VEGFR-1 and -2, and modulate the
VEGF-VEGEFR signaling pathway in endothelial cells (Go-
yal et al. 2011; Ishijima et al. 2012). In this study, we
showed that the depletion of heparan sulfate chains did
not affect the eNOS expression level in HAECs. On the
other hand, the eNOS expression level of HAECs treated
with Perlecan siRNA was restored to the similar level of
Control siRNA in the presence of recombinant perlecan
protein. These results suggest that the decrease in the
eNOS expression level in perlecan knockout aorta is due
to the deficiency of the perlecan core protein. The precise
mechanisms that underlie this reduced eNOS expression
induced by perlecan deficiency remain to be elucidated.
However, this study is the first, to our knowledge, to
show a direct relationship between perlecan deficiency
and a reduction in eNOS mRNA expression.

We previously reported that heterozygous deficiency of
perlecan results in a reduced rate of atherosclerosis in
apoE null mice (Vikramadithyan et al. 2004), suggesting
that perlecan possesses pro-atherosclerotic properties. In
addition, perlecan heparan sulfate (HS) chains promote
atherosclerosis, as the depletion of endogenous perlecan
HS was associated with a reduced frequency of athero-
sclerosis in apoE null mice (Tran-Lundmark et al. 2008),
again suggesting that perlecan is pro-atherosclerotic. In
contrary, our results suggest that the perlecan protein
plays an atheroprotective role by activating the expres-
sion of eNOS during the normal growth process. The
discrepancy in these results may be due to the differ-
ences in the animal models used and the time points of
observation in each study, as the formation of athero-
sclerotic lesions is a chronic process that includes
multiple steps of progression over several weeks. In the
present study, we examined the role of perlecan in
normal growth, not in animals exposed to atherosclerotic
stimuli.

We previously investigated the effects of perlecan dele-
tion on several adult organs in mice, including skeletal
muscle (Xu et al. 2010), corneal epithelial tissues (Inomata
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et al. 2012), endochondral bone formation (Ishijima et al.
2012), and synovial joints in the setting of knee osteoar-
thritis (Kaneko et al. 2013). Taken together, the results
suggested that perlecan plays diverse roles in supporting
tissues and homeostasis of tissue functions. In the present
study, we found that the deletion of perlecan resulted in
endothelial dysfunction, which is a new and rather unex-
pected finding, despite previous reports indicating that
perlecan plays a role in the development of the cardiovas-
cular system (Costell et al. 2002). This finding may indi-
cate a potential cardiovascular risk in patients with
Schwartz—Jampel syndrome, a disease caused by mutations
in the perlecan gene in humans (Nicole et al. 2000; Arika-
wa-Hirasawa et al. 2002; Stum et al. 2006).

In conclusion, we showed that deficiency of perlecan
led to endothelial dysfunction, as represented by a reduc-
tion in endothelium-dependent relaxation, which is
thought to constitute the very early phase of atherosclero-
sis (Vanhoutte 2009). This dysfunction was due, at least
partly, to a reduction in eNOS expression, indicating that
perlecan plays a role in the activation of eNOS gene
expression during normal growth.
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Abstract

Congenital myasthenic syndromes (CMS) are caused by mutations in genes expressed at the neuromuscular junction. Most CMS patients have
been reported in Western and Middle Eastern countries, and only four patients with COLQ mutations have been reported in Japan. We here report
six mutations in acetylcholine receptor (AChR) subunit genes in five Japanese patients. Five mutations are novel, and one mutation is shared with
a European American patient but with a different haplotype. Among the observed mutations, p.Thr284Pro (p. Thr264Pro according to the legacy
annotation) in the epsilon subunit causes a slow-channel CMS. Five other mutations in the delta and epsilon subunits are splice site, frameshift, null,
or missense mutations causing endplate AChR deficiency. We also found a heteroallelic p.Met465Thr in the beta subunit in another patient.
p-Met465Thr, however, was likely to be polymorphism, because single channel recordings showed mild shortening of channel openings without
affecting cell surface expression of AChR, and the minor allelic frequency of p.Met465Thr was 5.1% in the Japanese population. Lack of shared
mutant alleles between the Japanese and the other patients suggests that most mutations described here are ethnically unique or de novo in each family.
© 2014 Elsevier B.V. All rights reserved.

Keywords: Congenital myasthenic syndromes; Acetylcholine receptor; Slow channel syndrome; Fast channel syndrome; Endplate acetylcholine receptor
deficiency

1. Introduction subunit is substituted for the y subunit, generating 0,pde-
AChR.

Congenital myasthenic syndromes (CMS) are heterogeneous
disorders caused by mutations in genes expressed at the NMJ
[5]. They are characterized by fatigable muscle weakness,

Acetylcholine released from the nerve terminal binds to
muscle nicotinic acetylcholine receptor (AChR) at the motor
endplate. AChR is clustered at the neuromuscular junction
(NMJ) by binding to rapsyn with a St,o lCthmetI:y of rapsyn to variable muscle atrophy, and sometimes dysmorphic features.
AChR of 1:1 to 2:1 [1]. AChR clustering is mediated by neural CMS mutations have been reported in 19 genes, with most
agrin that is released from the nerve terminal [2]. In early mutations in CHRNAI. CHRNBI. CHNRD al,‘l d CHNRE
embrypnic development, AC.hR ClLlstelTing is also mediated by encoding the AChR a, ﬁj d,and ¢ su,bunits, 1'es£)ectively. These
Wat 11gand§ [3’4.]‘ Embr.yor}lc ACHR is composed O.f @, B, 3, mutations fall into three subsets: i) slow-channel CMS
and 7 subunits with a stoichiometry of 0.B8y. After birth, the € (SCCMS), in which the open time of AChR is abnormally

prolonged; ii) fast-channel CMS (FCCMS), in which the open

—— time of AChR is abnormally brief; and iii) endplate AChR

* Corresponding author. Division of Neurogenetics, Center for Neurological deficiency. SCCMS is caused by a gain-of-function mutation
Disease and Cancer, Nagoya University Graduate School of Medicine, 65 dis d T Iy inherited with iabl 61 1

Tsurumai, Showa-ku, Nagoya 466-8550, Japan. Tel: +81 52 744 2446; fax: +g1  @nd is dominantly inherited with variable penetrance [6]. In

52 744 2449. contrast, FCCMS and endplate AChR deficiency are caused by

E-mail address: ohnok@med.nagoya-u.ac.jp (K. Ohno). loss-of-function mutations on both alleles, and are recessively
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0960-8966/© 2014 Elsevier B.V. All rights reserved.
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inherited. Low-expressor mutations of the AChR € subunit are
partly compensated for by expression of the embryonic AChR y
subunit, whereas the other AChR subunits have no substituting
subunits. Accordingly, null and frameshift mutations are
frequently detected in CHRNE, but not in the other subunit
genes.

More than 500 patients with CMS have been reported in
Western and Middle Eastern countries, whereas only four
Japanese CMS patients carrying five mutations in COLQ
encoding collagen Q that anchors acetylcholinesterase (AChE)
at the NMJ have been reported by us [7,8]. Among the more
than 450 CMS mutations in 19 disease genes registered in the
Human Gene Mutation Database (http://www.hgmd.org), two
likely have founder effects: p.Asn88Lys in RAPSN [9-11] and
¢.1124_1127dupTGCC in DOK7 [12], whereas the others are
private mutations occurring in a single or a small number of
unrelated families. We here report five Japanese CMS patients
with six mutations in the AChR subunit genes. We show that all
the ten mutations in COLQ, CHRND, and CHRNE in Japanese
patients are ethnically unique, which indicates that most CMS
mutations arose de novo in recent human history or in each
family.

2. Materials and methods
2.1. Ethical approval

All the human studies were approved by the institutional
review boards of Nagoya University Graduate School of
Medicine, Mayo Clinic, Segawa Neurological Clinic for
Children, Nagoya City University, and Tokyo Women’s
Medical University. Appropriate written informed consent was
obtained from all the patients and family members.

2.2. Mutation analysis and splicing analysis

Genomic DNA was isolated from peripheral blood with
QIAamp Blood Kit (QIAGEN). We directly sequenced all
exons with their flanking noncoding regions of CHRNE,
CHRNAI, CHRNBI1, and CHRND in this order with CEQ 8000
(Beckman Coulter). To look for large-scale DNA
rearrangements in patient (Pt.) 4, we performed mate-pair
sequencing of the whole genome using SOLiD4 (Life
Technologies). The mate-pair library was made to span ~2 kb
genomic segments according to the manufacturer’s protocols. A
total of 14.9 Gb of reads were mapped to human genome
GRCh37/hgl9 with the mapping efficiency of 89% using CLC
Genomics Workbench (CLC Bio). All the reads mapped to
CHRNE were visually scrutinized using Integrative Genome
Browser (Broad Institute). Total RNA was isolated from
biopsied muscle that was obtained for histopathological
diagnostic purposes using RNeasy mini kit (QIAGEN). cDNA
was synthesized with ReverTra Ace (Toyobo) and Oligo(dT)
Primer (Life Technologies).

2.3. Expression of AChR subunit genes in HEK293 cells

Human o, B, 8, and € subunit cDNAs were cloned into the
CMV-based vector pRBG4 for expression in HEK293 cells
[13]. The identified mutations were engineered into wild-type

AChHR subunit ¢cDNAs in pRBG4 using the QuikChange site-
directed mutagenesis kit (Stratagene). Presence of each
mutation and absence of unwanted artifacts were confirmed by
sequencing the entire inserts. HEK293 cells were transfected
with pRBG4-a, -B, -6, -€, and pcDNA3.1-EGFP at a ratio of
2:1:1:1:1 using FuGENE 6 transfection reagent (Promega).
After 48 hrs, cells were incubated with o-bungarotoxin Alexa
Flour 647 (Life Technologies) (1:200) in PBS for 1 hr. Signals
were observed under an Olympus BX60 fluorescence
microscope. The cells were trypsinized, washed with PBS, and
resuspended in PBS. The total number of o-bungarotoxin-
binding sites on the cell surface and EGFP was determined by
the FACSCalibur system (BD Biosciences).

2.4. Single channel recordings

HEK?293 cells were transfected with pRBG4-0,, -B, -8, and
-g, and pEGFP-N1 at a ratio of 2:1:1:1:1, using FuGENE 6.
Recordings were obtained at 24 hrs after transfection in the
cell-attached configuration at a membrane potential of -80 mV
at 22 °C and with bath and pipette solutions containing (in
mM): KCl, 142; NaCl, 5.4; CaCl2, 1.8; MgCl2, 1.7; HEPES,
10, pH 7.4. Single-channel currents were recorded using an
Axopatch 200B amplifier (Axon Instruments) at a bandwidth of
50 kHz, digitized at 5-uis intervals using Digidata 1322A (Axon
Instruments) and recorded to a hard disk using the program
Clampex 8.2 (Axon Instruments). Recordings obtained with
ACh at 1 uM or less were analyzed at a uniform bandwidth of
10-11.7kHz with dead time of 15.3-17.9 us imposed.
Recordings obtained with ACh at 10 uM or more were analyzed
with dead time at 25 us at 10 kHz with TAC software (Ver.
x4.0.9, Bruxton). Dwell-time histograms were plotted on a
logarithmic abscissa and fitted by the sum of exponentials by
maximum likelihood, as previously reported [14].

3. Results
3.1. Clinical features

All Pts. had an abnormal decremental response to repetitive
nerve stimulation, and no anti-AChR and anti-MuSK
antibodies. Clinical features and repetitive nerve stimulation
results are summarized in Table 1.

Pt. 1 (13 y.0., male) had eyelid ptosis since age six months
and a positive edrophonium test. Clinical features were
previously reported in a local journal [15]. Steroid pulse
therapy at ages four and five years and thymectomy at age six
years had no effect. Combined use of distigmine 3 mg/day and
pyridostigmine 180 mg/day enabled him to sit in a chair without
assistance at age 13 years. Biopsy of deltoid muscle at age
eleven years showed marked AChR deficiency by fluorescent
staining with o-bungarotoxin and simplified endplates by
electron microscopy.

Pt. 2 (26 y.0., female) had nasal obstruction since birth and
eyelid ptosis since age one month. She had a positive
edrophonium test and was thought to have myasthenia gravis.
Cholinesterase inhibitors were mildly effective. She has
ophthamoparesis, and is able to walk but is unable to run.
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Table 1

Clinical features of six patients.

Pt. Sex Age Onset Consanguinity Repetitive N. stimulation® Drug”

1 M 13y 6m - Accessory N., 60%; Ulnar N., 53% Distigmine 3 mg + pyridostigmine 180 mg, effective;
34-DAP 40 mg, mildly effective

2 F 26y Im + Ulnar N., 80% Pyridostigmine 150-180 mg, mildly effective

3 F 38y 1y - Ulnar N., 81% Pyridostigmine 90-160 mg, moderately effective

4 F 6y 2y - Median N., 60%: Ulnar N., 68% Pyridostigmine 90 mg + 3,4-DAP 30 mg, mildly
effective; ephedrine 25 mg, effective

5 M 26y I'm + Ulnar N., 76% Pyridostigmine 135 mg, moderately effective

6 M 11y Birth - Median N., 35%; Ulnar N., 31% Prednisolone 35 mg dieb. alt., effective

* Repetitive N. stimulation, repetitive nerve stimulation at 2-3 Hz. Relative amplitudes of the Sth CMAP are indicated. * Simultaneous prescription is indicated

by “+".

Pt. 3 (38 y.0., female) had ptosis at age one year and was
diagnosed to have myasthenia gravis at age seven years. Since
then, she has been taking cholinesterase inhibitors and
prednisolone, which seemed to help but could not climb steps
after age 19 years.

Pt. 4 (6 y.o0., female) walked alone at age 18 months, but
since age two years she had repeated episodes of generalized
muscle weakness that lasted about a week, especially when
having a common cold. She could walk alone but was positive
for a Gowers’ sign. Cholinesterase inhibitors were moderately
effective. Neurological examination of the mother detected no
abnormality. The father was asymptomatic according to the
mother, but was not examined by us. Clinical features were
previously reported as patient 4 in a local journal [16].

Pt. 5 (26 y.0., male) had feeding difficulty at age one month
and had eyelid ptosis since age five months. He has weak facial
muscles and is unable to run. At age seven years, he had
generalized muscle weakness during an upper respiratory
infection. The edrophonium test was positive.

Pt. 6 (11 y.0., male) had repeated respiratory distress and
respiratory infection during infancy. He walked alone at age
one year, but was noticed to walk slowly at age five years with
frequent falling episodes. Rest for a short time improved his
walking, but there was no diurnal fluctuation of the symptoms.
Intravenous  administration of  edrophonium  chloride
ameliorated walking difficulty, but long-acting cholinesterase
inhibitors had no effect.

Table 2
Six mutations and one polymorphism identified in AChR subunit genes.

3.2. Mutation analysis

We directly sequenced AChR subunit genes in Pts. 1-6, and
identified six mutations in CHRND and CHRNE, as well as a
polymorphism in CHRNBI (Table 2). In this study, approved
nucleotide and amino acid positions are used instead of the
legacy annotation, in which nucleotide and amino
acid positions start from the initiation sites of mature peptides.

Pt. 1 was compound heterozygous for ¢.1372-1G>A at the 37
end of intron 11 of CHRND and c¢.127C>T predicting
p.ArgddTrp at the extracellular domain of the & subunit
(Fig. 1A). ¢cDNA extracted from biopsied muscle revealed that
a newly generated ‘ag’ dinucleotide that was one nucleotide
downstream of the native ‘ag’ was used as a splice acceptor site
(Fig. 1B), which predicted p.Glu458Argfs*20 in the long
cytoplasmic loop of the & subunit (Fig. 1A). Pt. 2 was
homozygous for c.655_665del predicting p.Gly219Argfs*7 in
the extracellular domain of the € subunit (Fig. 1A). Pt. 3 was
heterozygous for p.Tyr262Ter in the M1 transmembrane
domain of the € subunit (Fig. 1A). Pt. 4 was heterozygous for
p.Thr284Pro in the M2 transmembrane domain of the € subunit
(Fig. 1A). Pt. 5 was homozygous for p.Leu304Arg in the short
extracellular link between the M2 and M3 transmembrane
domains of the € subunit (Fig. 1A). Pt. 6 was heterozygous for
p-Metd65Thr close to the C-terminal end of the long
cytoplasmic loop connecting the M3 and M4 transmembrane
domains of AChR B subunit (Fig. 1A).

Pt. Gene Nucleotide change®

Amino-acid change®

Legacy annotation? Phenotypic consequence
gacy yp q

1 CHRND c.1372-1G>A 8p.Glud58Argfs*20 SE437fs AChR deficiency
CHRND c.127C>T 8p.Argd4Trp SR23W AChHR deficiency
2 CHRNE ¢.655_665del ep.Gly219Argfs*7 eG199fs AChR deficiency
3b CHRNE. ¢.786C>G ep. Tyr262Ter £Y242X AChR deficiency
4 CHRNE ¢.850A>C ep.Thr284Pro £T264P SCCMS
5 CHRNE cIIT>G ep.Leu304Arg eL.284R ACHR deficiency
6 CHRNBI ¢.1394T>C £p.Met465Thr fM442T ~50% shortening of AChR openings

“ Patient is homozygous for the mutation.
> A mutation on another allele remains unidentified.
¢ Nucleotide and amino acid positions start from the translational start sites.

4 Tn legacy annotation, nucleotide and amino acid positions start from the initiation sites of mature peptides, which are 69 nt. (23 amino acids), 63 nt. (21 amino
acids), and 60 nt. (20 amino acids) downstream of the translational start sites of CHRNBI, CHRND, and CHRNE, respectively.

- 208 -



Y. Azuma et al./Neuromuscular Disorders 25 (2015) 60-69 63
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Fig. 1. Six mutations and a single polymorphism in AChR subunit genes identified in six CMS patients. (A) Positions of six mutations and a polymorphism. M1-M4,
the first to fourth transmembrane domains. The M2 domains form a channel pore of AChR. (B) RT-PCR of biopsied muscle of Pt. 1 reveals that c.1372-1G>A
(underlined) shifts a splice acceptor site (arrowheads) one nucleotide downstream, which predicts a shift in the reading frame (3p.Glu458Argfs*20). (C) Pedigree
analyses of the mutations. Patients are indicated by arrows. Full and half shaded symbols represent homozygous and heterozygous mutations, respectively. Gray half
shaded symbols represent that the individuals are predicted to carry a heterozygous mutation, the identity of which, however, has not been identified. Small symbols

indicate that DNA is not available. (D) Haplotype analysis of ep.Thr284Pro in Pt. 4 and the previously reported European American Pt [7]. Both patients carry
discordant nucleotides at rs12942540, which is 82 nt. downstream of the mutation.

8p.Argd4Trp (1s55868108) in Pt. 1 was previously reported human gene variation database (HGVD), which collates SNPs
in one of five healthy controls, but its ethnic origin was not in a large cohort of Japanese individuals (http:/
documented [17]. dp.Argd4Trp, however, is not observed in the www.genome.med.kyoto-u.ac.jp/SnpDB/) [18]. As indicated
1000 genome project (http://www.1000genomes.org/) or in the below, functional analysis disclosed that Op.Argd4Trp
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Table 3
Open intervals and bursts of wild-type and mutant AChR expressed on HEK cells.

Open intervals Bursts

Wild-type Bp.Metd65Thy Wild-type Bp.Metd65Thr
T (ms) 0.037 £ 0.0033" 0.022° 0.036 £ 0.0017¢ 0.039 £ 0.006"
(a1) (0.17 £ 0.022) (0.18) (0.24 £0.021) (0.18 £0.034)
T (ns) 0.31 £0.050 0.16 £ 0.017 0.47 £ 0.059 0.16 + 0.037'
(az) (0.27 £0.038) (0.23£0.031) (0.21 £0.027) (023 £0.010)
T3 (ms) 1.35+£0.051 0.98 + 0.034 331£0.12 1.93 £ 0.085
(a3) (0.67 £0.042) (0.78 £0.028) (0.58 £ 0.038) (0.82 +£0.034)

Twenty-one wild-type and seven mutant patches were analyzed. Time constants, T, and fractional areas, a,, for cach component are presented with mean £ SEM.

ACh concentration was 50100 nM.
“ Not detected at 12, 6, 3, 5, 1, and 3 patches, respectively.

Final band widths were 11.7 and 10 kHz for wild-type and mutant AChRs, respectively.

significantly reduces cell surface expression of AChR and is
unlikely to be polymorphism.

p-Met465Thr (rs201776800) in Pt. 6 was observed in eight
alleles in eight Japanese individuals in the 1000 genome project
with a minor allelic frequency (MAF) of 0.004, as well as in
119 alleles in a cohort of 1170 Japanese individuals in HGVD
with a MAF of 0.051. Although p.Met465Thr was likely to be
a polymorphism according to the high MAFs in the Japanese,
we scrutinized functional consequences of p.Met465Thr in this
study.

3.3. ep.Gly2194rgfs*7, ep. Tyor262Ter, and
Op.Glud58Argfs*20 are predicted to compromise AChR
expression

Among the six mutations, €p.Gly219Argfs*7 in Pt. 2 and
ep.Tyr262Ter in Pt. 3 were predicted to produce truncated €
subunits. We previously reported that truncation mutations in
the esubunit lead to expression of the embryonic 0,36y-AChR
at the patient’s endplates and the patients have endplate AChR
deficiency [19-21]. The € mutations in Pts. 2 and 3 were thus
predicted to cause AChR deficiency.

Op.Glud58Argfs*20 in Pt. 1 was predicted to generate a
truncated & subunit that cannot be incorporated into mature
AChR. The phenotype of Pt. 1 is thus determined by
8p.Arg44Trp on the other allele, which causes AChR deficiency
as indicated below.

3.4. ep.Thr284Pro is an established slow-channel mutation
without shared haplotype with a European American patient

ep.Thr284Pro in the M2 domain of the € subunit was
identical to the first characterized slow-channel mutation
reported in a patient of Swiss and Turkish descent [22]. We
asked if the mutation in Pt. 4 derived from the same founder
allele as the first reported patient. Therefore we sequenced exon
8 and its flanking intronic regions where nine SNPs were
located (Fig. 1C). This revealed that the mutant allele in the
Japanese patient had ‘C’, whereas the mutant allele in the
European American patient had ‘G’ at rs12942540 in intron 8,
which was located 82 nt. downstream of ep.Thr284Pro.
Accordingly, ep.Thr284Pro in both patients is likely to have
occurred independently in two ethnic groups.

3.5. Op.Arg44Trp and ep.Leu304Arg, but not Bp.Met465Thr,
decrease cell surface expression of AChR in transfected
HEK293 cells

We next analyzed the effects of AChR expression of the
remaining three mutations of 8p.Argd4Trp, ep.Leu304Arg and
Bp.Met465Thr. We introduced wild-type or mutant o, B, 3, and
¢ subunit cDNAs along with EGFP ¢cDNA into HEK293 cells
(Fig. 2A), and measured cell surface expression of AChR
detected by Alexa 647-labeled o-bungarotoxin using FACS.
Expression of Bp.Met465Thr-AChR was similar to that of wild-
type AChR, whereas dp.Argd4Trp and ep.Leu304 Arg markedly
attenuated the cell surface expression of AChR (Figs. 2B and
C). Accordingly, Op.Argd44Trp and ep.Leu304Arg cause
endplate AChR deficiency.

3.6. Bp.Metd65Thr mildly shortens channel opening events,
but not as much as the other established fast channel
mutations

As PBp.Met465Thr-AChR  was efficiently expressed on
HEK293 cells, we next recorded opening and closing of single
AChR channels at limiting low concentrations of ACh by the
patch clamp method (Fig. 3A). We found that the major burst
duration (t;) was decreased from 3.31 ms to 1.93 ms (58.3%) in
Bp.Metd65Thr-AChR (Table 3), while the conductance of
Bp.Metd65Thr-AChR was normal. Distributions of opening
probabilities of the clusters generated by 10 UM or greater
concentrations of ACh made single peaks for both wild-type
and mutant AChRs. Thus, BMet465Thr mildly shortens the
channel openings but does not cause a mode switching in the
kinetics of the receptor activation, which is seen in other
FCCMS mutations {23,24].

3.7. A recessive mutation on the other allele in Pt. 3 remains
unidentified

Functional prediction and characterization of the six
mutations indicated that ep.Thr284Pro in Pt. 4 was a dominant
slow-channel mutation [22], whereas the other five mutations in
Pts. 1, 2, 3, and 5 were recessive loss-of-function mutations.
The mutations in Pts. 1, 2, and 5 were biallelic, whereas a
mutation was detected only on a single allele in Pt. 3 (Fig. 1C).

- 210 -



Y. Azuma et al. /Neuromuscular Disorders 25 (2015) 60~-69 65

B 104

>

EGFP AChR (or-bgt)

Merge

Wild-Type

Wild-type

Bp.Metd65Thr

(=
[....
<
<
2
<
Q.
w
2
<
<
O
™
3
5]
-
Q
w 10 =
] Sp.Argd4Trp
8-
.
«~ 3]
O 4]
< ]
D
&
©
=
7
3
10
<1>> ] ep.Leu304Arg
=1 ]
& 87
i
0 ‘ 6]
a - + + + + + + g
2
B - + Mut  + + + + 3 4]
s - + + Mut + + + ]
g - + + + Mut Mut -
£ 2 2 e
5 5 $ $
© 3 3 D , ‘
b o 3 e ™
o < ® = 0 1 2 3 4
= g - %
& © g @ EGFP (log scale)

Fig. 2. Quantification of cell surface expression of wild-type and mutant AChRs on HEK293 cells. (A) HEK293 cells are transfected with wild-type or mutant AChR
subunit cDNAs along with EGFP ¢cDNA. Only transfected cells have EGFP signals and AChRs that are visualized with Alexa 647-labeled o-bungarotoxin (bgt).
¢p.Leu304Arg-AChR has less signals for AChRs compared to wild-type and Bp.Met465Thr-AChRs. (B) Representative FACS profiles of EGFP and Alexa
647-labeled o-bgt. Both axes are shown in arbitrary units. The number of cells fractioned into the upper right quadrant is counted as AChR-positive cells. (C) Ratios
of AChR-positive cells (the upper right quadrant) divided by EGFP-positive cells (the lower right quadrant). Sp.Argd4Trp and ep.Leu304Arg markedly decrease
AChR expression, whereas Bp.Met465Thr and ep.Thr284Pro have no effect on AChR expression. e-deficient 038,-AChR are expressed at ~70% of wild-type, as
we reported previously [21]. Mut, a mutant AChR subunit. Mean and SE are indicated (n = 12). '
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Fig. 3. Single channel currents of wild-type and mutant AChRs on HEK293 cells. (A) Left: Representative channel openings shown as upward deflections. Right:
Burst duration histograms fitted to the sum of exponentials. Arrows indicate mean durations of dominant burst components. (B) Distribution of open probabilities
from individual clusters obtained at the indicated ACh concentrations. Note that both wild-type and mutant AChRs make a single peak.

We scrutinized all exonic nucleotides in CHRNE in Pt. 3 by
bidirectional sequencing, but detected none. We therefore
hypothesized that a mutation on the other alleles was either a
promoter mutation, a splice-site mutation disrupting a deep
intronic  splicing cis-element, or a large-scale DNA
rearrangement. Sequencing of ~1 kb upstream of the translation
initiation sites, however, revealed no mutation. We further
analyzed genomic DNA by mate-pair sequencing of the whole
genome. A total of 57 reads were mapped to CHRNE. Visual

inspection of these reads, however, failed to detect any large-
scale DNA rearrangements or any mutations. A recessive
mutation on the other allele in CHRNE in Pt. 3 thus remains
unidentified. We also analyzed 18 other CMS-causing genes
using the mate-pair sequencing data in Pt. 3. As the mate-pair
sequencing was for detecting a large-scale DNA
rearrangement, the 18 genes were covered by only 10,116
reads. Although the coverage was not high enough for detecting
SNVs, no candidate mutations were detected in Pt. 3.
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Table 4
Fifteen previously reported FCCMS mutations and the currently analyzed Bp.Met462Thr polymorphism.
Mutation Burst duration (ms) Expression Domain Reference
Wild-type Mutant (%)
ap.Vall52Leu (V132L) 3.31 0.50 135 Extracellular domain of o [25]
op.Val208Met (tV188M) 331 0.68 0.205 90 Extracellular domain of o 26}
op.Phe276Leu (tF256L) 3.62 0.30 0.083 102 M2 domain of o 27
op.Val3051le (0tV2851) 2.99 0.34 0.114 116 M3 domain of o [28]
8p.Leu63Pro (8L42P) 3.31 0.18 0.054 37 Extracellular domain of & [14]
8p.Glu80Lys (SE59K) 5.06 2.75 0.543 62 Extracellular domain of § [29]
8p.Pro271GIn (3P250Q) 3.31 1.54 0.465 60 M1 domain of & [30]
ep.Thr58Lys (eT38K) 5.86 0.06 0.010 78 Extracellular domain of € [31]
ep. Trp75Arg (EW55R) 3.31 0.37 0.112 86 Extracellular domain of € 132}
ep.Prol41Leu (eP121L) 2.99 0.45 102 Extracellular domain of € [13)
ep.Aspl95Asn (eD175N) 2.13 0.49 0.230 17* Extracellular domain of € [33]
ep.Asn202Tyr (eN182Y) 2.13 0.65 0.305 17 Extracellular domain of € [33]
ep.Serd33_Glud38dup (e1254ins18) 2.80 1.01 47 Long cytoplasmic loop of € [23]
ep.Ala431Pro (EA411P) n.a.t n.a.’ 31 Long cytoplasmic loop of € [24]
ep.Asn456del (eN436del) 331 1.24 0.375 51 Long cytoplasmic loop of € [34]
Bp.Met462Thr (BM442T) 3.31 1.93 0.583 99 Long cytoplasmic loop of Current study

A major component of burst durations of wild-type and mutant AChRs expressed in HEK293 cells is indicated. Cell surface expression in HEK293 cells is
normalized to that of wild-type. Channel openings are elicited by 50-100 nM ACh. Mutations in parentheses are legacy annotations used in original reports.

@ Detailed ion channel kinetics are analyzed using a hidden Markov model, but burst durations are not indicated.

b Cell surface expression of recombinant AChR is not indicated, and the expression ratio is calculated from a-bungarotoxin binding sites of control and patient

endplates.

4. Discussion

We identified six mutations in AChR subunit genes in five
Japanese patients with CMS. We initially assumed that
Bp-Met465Thr in Pt. 6 was a mild fast-channel mutation.
However, expansion of the SNP database later disclosed that
Bp.Met465Thr is a polymorphism that is frequently observed in
the Japanese population. Fifteen previously reported FCCMS
mutations shorten burst durations to 22.6 £ 16.1% of wild-type
(mean and SD; range 1.0%-54.3%) (Table 4). A FCCMS
mutation, 8p.Glu80Lys (SE59K), decreases burst durations to
54.3% of wild-type [29], which is similar to 58.3% observed in
the current Bp.Met465Thr polymorphism. However, in contrast
to Bp.Met465Thr, 8p.Glu80Lys reduces cell surface expression
of AChR to 62% of wild-type [29]. Similarly, p.Pro271GlIn
(8P250Q) mildly reduces burst durations to 46.5% of wild-type,
but again, unlike Pp.Met465Thr, this mutation reduces cell
surface expression of AChR to 60% of wild-type [30]. A plot of
normalized burst durations and normalized cell surface
expressions suggests that a mean burst duration of less than
~30% causes FCCMS even when it does not affect the cell
surface expression of AChR (Fig. 4). In contrast, a mean burst
duration of between ~30% and ~60% causes FCCMS when the
mutation reduces the cell surface expression of AChR to ~60%
or less (Fig. 4). However, as no individual is homozygous for
Bp.-Metd65Thr or carries a null mutation on the other allele,
pathogenicity of Bp.Met465Thr in the absence of a normal
CHRND on the other allele still remains unknown.

Op.ArgddTrp is close to the N-terminal end of the
extracellular region (Fig. 5). We previously reported that a
similar ep.Argd0Trp also causes AChR deficiency [35]. The
specific function of this region, however, is not well dissected.
ep.Leu304Arg is in the short extracellular link between the M2

and M3 transmembrane domains (Fig. 5). The functions of this
link are not well characterized. In this link, only op.Ser2891le
(0iS2691) is reported in SCCMS [38]. Bp.Met465Thr is located
close to the C-terminal end of the long cytoplasmic loop that
links the M3 and M4 transmembrane domains (Fig. 3).
Interestingly, three FCCMS mutations in the long cytoplasmic
loop are clustered close to the C-terminal end of the € subunit
[23,24,34,36,37], and similarly destabilize the channel open
state. Two FCCMS  mutations in this region,
ep.Serd33_Glud38dup (e1254ins18) [23] and ep.Alad31Pro
(eA411P) [24], disrupt the fidelity of gating and result in
unstable channel kinetics. In addition, another FCCMS
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Fig. 4. Normalized burst durations and normalized cell surface expressions of
previously reported FCCMS mutations and the currently analyzed
Bp.Met462Thr polymorphism shown in Table 4. Arrows point to mutations and
a polymorphism that are addressed in the discussion.
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