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Abstract

Acetylcholinesterase (AChE) at the neuromuscular junction (NMJ) is anchored to the synaptic
basal lamina via a triple helical collagen Q (ColQ) in the form of asymmetric AChE (AChE/
ColQ). The C-terminal domain of ColQ binds to MuSK, the muscle-specific receptor tyrosine
kinase, that mediates a signal for acetylcholine receptor (AChR) clustering at the NMJ. ColQ also
binds to heparan sulfate proteoglycans including perlecan.

Congenital defects of ColQ cause endplate AChE deficiency. A single intravenous administration
of adeno-associated virus serotype 8 (AAV8)-COLQ to Colg—/- mice rescued motor functions,
synaptic transmission, and the ultrastructure of NMJ. We also injected AAV1-COLQ-IRES-EGFP
to the left tibialis anterior and observed colocalization of AChE/ColQ at all the examined NMJs of
the non-injected limbs. Additionally, injection of purified recombinant AChE/ColQ protein
complex into gluteus maximus accumulated AChE in non-injected forelimbs. These observations
suggest that the tissue-targeting signal of ColQ can be exploited to specifically deliver the
transgene product to the target tissue.

MuSK antibody-positive myasthenia gravis (MG) accounts for 5-15% of autoimmune MG. As
AChR deficiency is typically mild and as cholinesterase inhibitors are generally ineffective or
worsen myasthenic symptoms, we asked if the patient's MuSK-1gG interferes with binding of
ColQ to MuSK. In vitro overlay of AChE/ColQ to muscle sections of Colg—/- mice revealed that
MuSK-1gG blocks binding of ColQ to the NMJ. In vitro plate-binding of MuSK to ColQ disclosed
that MuSK-IgG exerts a dose-dependent block of MuSK-ColQ interaction. In addition, passive
transfer of MuSK-I1gG to mice reduced the size and density of ColQ to ~10% of controls and had a
lesser effect on the sizes and densities of AChR and MuSK. Elucidation of molecular mechanisms
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of specific binding of ColQ to the NMJ enabled us to ameliorate devastating myasthenic
symptoms of Colg—/- mice and to reveal bases of anti-MuSK MG.
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1. Introduction

Acetylcholinesterase (AChE) at the neuromuscular junction (NMJ) is anchored to the
synaptic basal lamina via a triple helical collagen Q (ColQ) in the form of asymmetric AChE
(AChE/ColQ). The C-terminal domain of ColQ binds to MuSK. ColQ also binds to heparan
sulfate proteoglycans including perlecan (Fig. 1) [1]. We exploited the specific binding
properties of ColQ to synaptic and postsynaptic molecules to cure a congenital myasthenic
syndrome associated with defective AChE [2] and to explore bases of myasthenia gravis
(MG) associated with anti-MuSK antibody [3].

Congenital defects of ColQ in humans cause endplate AChE deficiency (EAD) [4, 5]. EAD
is an autosomal recessive disorder, which manifests as generalized muscle weakness,
fatigue, amyotrophy, scoliosis, and minor facial abnormalities. There has been no rational
therapy for EAD. We have developed a novel therapeutic strategy, the protein-anchoring
therapy, in which the extracellular protein complex AChE/ColQ is delivered to the target
NMJ using its specific binding affinity for MuSK and perlecan.

MG is an autoimmune disorder, in which autoantibody against AChR, MuSK, and LRP4
compromises the neuromuscular signal transmission. Five to 15 percent of MG patients
carry antibodies against MuSK (MuSK-1gG) [6]. MuSK-MG patients usually do not respond
to, or are even worsened by, cholinesterase inhibitors [7]. Anti-MuSK antibodies are largely
IgG4 that do not activate complements [8]. However, the exact target of MuSK-IgG,
remains elusive. We here examined an effect of MuSK-IgG on an interaction between ColQ
and MuSK by in vitro overlay and plate-binding assays as well as by passive transfer of
MuSK-1gG to wild-type mice, and found that MuSK-IgG blocks the ColQ-MuSK
interaction.

2. Materials and Methods

2.1. Preparation of AAV carrying COLQ
Human COLQ cDNA was cloned into pAAV-MCS (AAV Helper-Free system, Stratagene)
that carries the CMV promoter to obtain pAAV-COLQ. We also inserted internal ribosome
entry site (IRES)-EGFP to make pAAV-COLQ-IRES-EGFP. The AAV8 or AAV1 particles
were concentrated by CsClI gradient ultracentrifugation for 3 hrs and further purified with
the quick dual ion-exchange procedures.
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2.2. Administration of AAV carrying COLQ to Colg—-/- mice

All animal studies were approved by the Animal Care and Use Committee of Nagoya
University. AAV8-COLQ and AAV1-COLQ-IRES-EGFP were injected into the tail vein
and the left anterior tibial muscle of four-week-old Colg—/— mice, respectively.

2.3. Purification and intramuscular injection of recombinant AChE/ColQ protein complex

pTargeT clones carrying human COLQ and human ACHE cDNAs were cotransfected into
HEK?293 cells. The protein extracts were loaded onto HiTrap Heparin HP columns (GE
Healthcare). The concentration of purified recombinant AChE/ColQ was equivalent to ~4
pg/ml Torpedo AChE. We injected 50 pl of the purified AChE/ColQ protein complex in
PBS daily into the gluteus maximus muscles of five-week-old Colg—/— mice for a week.

2.4. MuSK-MG patients

The studies were approved by the ethical review committees of Nagoya University Graduate
School of Medicine and Mayo Clinic. An informed consent was obtained from each subject.
We obtained serum from four MuSK-MG patients (Pts. 1-4) and a patient with limb-girdle
muscular dystrophy as a control (Ct. 1). We also obtained expired fresh frozen plasma (Ct.
2) from Dr. Isao Takahashi at the Aichi Red Cross Blood Center with an institutional
approval. The titers of anti-MuSK antibodies of Pts. 1-3 were 22.0 nM, 11.2 nM, 0.12 nM,
respectively (normal: < 0.01 nM). Pt. 4 was positive for anti-MuSK antibody, but the titer
was not determined. We purified IgG essentially as described elsewhere [9].

2.5. In vitro overlay and in vitro plate-binding assays of MuSK IgG

Human recombinant AChE/ColQ was overlaid on a mouse muscle section in the presence of
the patient or control 1gG, essentially as previously described [10]. For in vitro plate-binding
assay, the extracellular domain (a.a. 1-393) of human MUSK cDNA and the extracellular
domain (a.a. 1-1722) of human LRP4 cDNA were cloned into a mammalian expression
vector to generate hMuSKect-myc and hLRP4N-FLAG, respectively. We coated the Maxi-
Sorp Immuno Plate (Nunc) with 0.15 pg of purified hMuSKect-myc at 4 °C overnight, and
added 1 pg to 100 ug of IgG at 4 °C for 6 hrs. We then added 0.12-Ellman units of AChE/
ColQ, and quantified the bound AChE/ColQ by the Ellman method in the presence of
5x107° M ethopropazine [4].

2.6. Passive transfer of human IgG to mice

We intraperitoneally injected 40 mg IgG of Ct. 2 and Pt. 2 into six-week-old female
C57BL/6J mice every day for 15 days. Signals for AChR, ColQ, and MuSK were quantified
by the BZ-9000 microscope (Keyence).

3. Results — Protein-Anchoring Therapy

3.1. Intravenous administration of AAV8-COLQ normalizes motor functions of Colg-/-
mice
We intravenously administered 1x1011 to 2x1012 viral genome (vg) copies of AAV8-COLQ
into four-week-old Colg—/— mice. These mice exhibit muscle weakness, myasthenia, tremor,
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kyphosis, involuntary vocalization, and a slower growth rate than their wild-type littermates
[11]. A single injection of 2x1012 vg gradually improved their motor function, and
ameliorated abnormal fatigability at six weeks after injection (Fig. 2). In longitudinal studies
of three treated mice, all survived 18 to 20 months. Motor functions of the treated mice were
declined at 48 weeks after injection but to the similar levels as those of wild-type (Fig. 2).
Although the lifetime of the recombinant AChE/ColQ complex at the NMJ has not been
studied, it is likely that AAV8-COLQ stayed in muscle cells episomally [12] and expressed
ColQ for a long time, as has been observed skeletal muscle in other AAVs [13].

3.2. AAV8-COLQ normalizes the neuromuscular synaptic transmission

Electrophysiological studies revealed that AAV8-COLQ reduced decrements of the
compound muscle action potentials in response to repetitive nerve stimulation at 2 Hz,
reduced amplitudes of miniature endplate potentials, shortened the MEPP decay time
constants, and acquired responses to neostigmine.

3.3. Human AChE/ColQ is anchored to the mouse NMJ

Histological studies revealed that ColQ and AChE were colocalized to AChR at the NMJ.
The NMJ ultrastructures of treated mice were also improved. Quantitative analysis of soleus
slow-twitch muscle demonstrated that invagination of Schwann cells was mitigated, which
increased the nerve terminal length. Postsynaptic area and postsynaptic membrane length
were also increased in treated mice.

3.4. AAV8-COLQ restores AChE/ColQ to 89.3% of wild-type

Sucrose density gradient fractionations of AChE exhibited A4, Ag, and A1, peaks of AChE/
ColQ species that were indistinguishable from those of wild-type. AAV8-COLQ restored the
AChE/ColQ protein complex to 89.3 £ 9.6% (mean + SD, n = 4) of wild-type at 6 weeks
after treatment. The amount of AChE/ColQ at 48 weeks was still 81.8 = 21.6% (mean + SD,
n = 2) of the age-matched wild-type mice (n = 3).

3.5. Intramuscular injection of AAV1-COLQ-IRES-EGFP expresses AChE/ColQ at NMJs of
non-injected limbs

We packed COLQ cDNA into the AAV serotype 1 (AAV1) that locally infects the injected
muscle fibers [14]. In addition, we fused COLQ and IRES-EGFP to express EGFP in
infected cells. We injected 2x101 vg of AAV1-COLQ-IRES-EGFP into the left anterior
tibial muscle of Colg—/- mice. We observed colocalization of ColQ and AChE at all the
examined NMJs of the injected and non-injected limb muscles. In contrast, expression of
intracellular EGFP was not observed in non-injected limb muscles.

3.6. AChE/ColQ protein complex binds to remote NMJs

To directly test that AChE/ColQ protein complex moved in the mouse body, the gluteus
maximus muscles of 5-week-old Colg—/- mice (n = 4) were injected daily with 0.2 pg of
purified recombinant human AChE/ColQ for seven days. ColQ and AChE were detected in
all the examined NMJs from triceps muscles (Fig. 3A). Quantitative analysis of ColQ signal
intensities of non-injected triceps revealed that the ColQ-positive areas became similar to
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that of wild-type (Fig. 3B), and that the ColQ signal intensity reached ~41.6% of wild-type
(Fig 3C).

4. Results — Anti-MuSK antibody

4.1. In vitro overlay assay discloses that MuSK-1gG blocks binding of AChE/ColQ to the
NMJ of a muscle section of Colg—-/- mouse

We previously demonstrated that the purified recombinant human AChE/ColQ could bind to
the frog NMJ in vitro [10]. The in vitro overlay assay using Colg—/— mice showed that
MuSK-1gG blocks anchoring of AChE/ColQ to the mouse NMJs (Fig. 4).

4.2. In vitro plate-binding assay shows that MuSK-IgG blocks binding of AChE/ColQ to
MuSK

We next quantified an effect of MuSK-1gG on an interaction of human ColQ and human
MuSK by an in vitro plate-binding assay. In two controls, AChE/ColQ remained bound to
MuSK even in the presence of 100 pg of 1gG, whereas in four MuSK-MG patients the
amounts of bound AChE/ColQ were proportionally decreased with increasing amounts of
the patient’s 1gG (Fig. 5).

4.3. Passive transfer of MuSK-IgG to wild-type mice exhibits reduced ColQ signals at the
NMJs

We injected IgG of Ct. 2 and Pt. 2 for 15 days to C57BL/6J female mice. Quantitative
analysis revealed that signal areas, intensities, and densities of ColQ in mice injected with
patient 1gG were significantly reduced (Fig. 6). On the other hand, those of AChR and
MuSK were only moderately reduced. Thus, MuSK-1gG compromised anchoring of AChE/
ColQ to the NMJs and had a less prominent effect on the expression of MuSK and AChR.

5. Discussion

5.1. Specific binding of ColQ to NMJ

We exploited the specific binding properties of ColQ to MuSK and perlecan to develop the
protein-anchoring therapy for EAD [2] and to prove that MuSK-1gG blocks binding of ColQ
to MuSK [3].

5.2. Protein-anchoring therapy

A single intravenously administration of muscle-tropic AAV8-COLQ led to body-wide
recovery of AChE at the NMJ, and exhibited marked and life-long effects on motor deficits
in Colg—/— mice. The long-distance delivery of AChE/ColQ was proven by intramuscular
injection of AAV1-COLQ-IRES-EGFP, as well as of the AChE/ColQ protein complex,
although efficiencies of anchoring of AChE/ColQ were lower than that of AAV8-COLQ.
Another disadvantage of recombinant AChE/ColQ complex is that it is difficult to make a
large amount of recombinant AChE/ColQ complex that is pure enough to be used for
patients. The present study opens a new therapeutic avenue for treating many inherited
defects of extracellular matrix proteins.
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5.3. MuSK-IgG blocks binding of ColQ and MuSK

We showed that MuSK-1gG blocks binding of ColQ and MuSK by in vitro overlay and
plate-binding assays as well as by passive transfer of MuSK-IgG to wild-type mice. Our
observations are consistent with all the previous reports that cholinesterase inhibitors have
no effect; MEPP decay time constants are prolonged in passive transfer model mice; and
AChE are deficient in passive transfer and active immunization model animals. Our
observations, however, are challenged by the lack of AChE or AChR defects at the NMJs of
biopsied intercostal muscles of MuSK-MG patients. Further studies are required to elucidate
the discordance between animal models and MuSK-MG patients.
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Fig. 1.
Schematic diagram of anchoring of ColQ to NMJ. Twelve catalytic subunits of AChE are

attached to ColQ to form ColQ-tailed AChE. Two heparan sulfate proteoglycan-binding
domains of ColQ are bound to perlecan. C-terminal domain of ColQ is bound to MuSK.
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Motor functions and compound muscle action potentials (CMAP) after intravenous injection
of AAV8-COLQ to the tail vein of Colg—/- mice. (A) Durations on the rotarod that was
linearly accelerated from 0 to 40 rpm in 240 sec. Six mice were studied for each group. (B)
Fatigue test using the rotarod was performed on six mice in each group. (C) Voluntary
movements were quantified by a counter-equipped running wheel for 24 h on 6 mice in each
group. (D) CMAP amplitudes of quadriceps muscles after 2-Hz stimulation of the femoral
nerve. Treatment ameliorated CMAP decrements in 3 mice in each group (P < 0.05 by two-
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way ANOVA). *P < 0.05 and **P < 0.01 by Bonferroni post-hoc test. Mean and SE are
indicated in each panel.
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Fig. 3.
(A) Daily injection of the purified recombinant human AChE/ColQ protein complex into the

gluteus maximus muscles of Colg—/— mice induces expression of AChE/ColQ in the non-
injected triceps muscle. Scale bar = 10 um. (B) The size of ColQ-positive area is normalized
for the size of AChR-positive area at the NMJs of non-injected triceps. (C) Signal intensities
of ColQ at the NMJs of non-injected triceps. Mean and SE are indicated in (B) and (C). *P <
0.001.
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Fig. 4.
In vitro overlay assays. Purified recombinant AChE/ColQ was overlaid on a 10-pym

quadriceps muscle section of Colg—/- mice in the presence of purified 1gG of a control or
patients. ColQ is stained with anti-ColQ antibody and AChR with Alexa594-labeled a-
bungarotoxin. Scale bar = 50 um.
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Fig. 5.
Ingvitro plate-binding assays. Increasing amounts of MuSK-I1gG block binding of the
purified recombinant AChE/ColQ to the extracellular domain of human MuSK that is coated
on a 96-well plate. Mean and SE of 3 experiments are plotted. *P < 0.01 between controls
and patients.
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Passive transfer of MuSK-IgG of Ct. 2 and Pt. 2 to C57BL/6J mice. (A and B) Quadriceps
muscle sections of mice injected with IgG of Ct. 2 or Pt. 2 are stained for AChR by
Alexab94-labeled a-bungarotoxin, ColQ and MuSK by immunostaining, AChE by
cytochemical staining. Scale bar = 40 um. Signal areas (C), intensities (D), and densities
(intensity/area) (E) of the indicted molecules per NMJ are shown in mean and SE. (F)
Densities of ColQ and MuSK are normalized for the density of AChR to estimate the
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number of ColQ and MuSK per AChR. Open and closed bars represent Ct. 2 and Pt. 2,
respectively. *P < 0.05; ***P < 0.001; ns, not significant.
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