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Abstract

During the past five years many patients suffering from congenital myasthenic syndromes (CMS)
have been identified worldwide and novel causative genes and mutations have been discovered.
The disease genes now include those encoding each subunit of the acetylcholine receptor (AChR),
the ColQ part of acetylcholinesterase (AChE), choline acetyltransferase, Nay 1.4, MuSK, and
Dok-7. Moreover, emerging genotype-phenotype correlations are providing clues for targeted
mutation analysis. This review focuses on the recent observations in selected CMS.
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Introduction

The congenital myasthenic syndromes (CMS) have now been traced to an array of molecular
targets at the neuromuscular junction encoded by no fewer than 10 disease genes. The
disease genes were identified by the candidate gene approach, using clues derived from
clinical, electrophysiologic, cytochemical, and ultrastructural features. For example,
electrophysiologic studies in patients suffering from sudden episodes of apnea pointed to a
defect in acetylcholine (ACh) resynthesis and CHA T as the candidate genel; refractoriness
to anticholinesterase medications and partial or complete absence of acetylcholinesterase
(AChE) from the endplates (EPs) has pointed to one of the two genes (COLQ and ACHE7)
encoding AChE, though mutations were observed only in COLQ. After a series of patients
carrying mutations in a disease gene have been identified, the emerging genotype-phenotype
correlations provided clues for targeted mutation analysis in other patients. Mutations in EP-
specific proteins also prompted expression studies that proved pathogenicity, highlighted
important functional domains of the abnormal proteins, and pointed to rational therapy.

Table 1 shows a classification of the 276 CMS kinships investigated at the Mayo Clinic to
date. The table indicates that the postsynaptic CMS are far more frequent than the
presynaptic or synaptic-space-associated CMS, and that most postsynaptic CMS stem from
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defects in the acetylcholine receptor (AChR). This review focuses on selected CMS
investigated in the Mayo patient cohort since 2002 when the last International Conference
on Myasthenia Gravis was held.

Endplate AChE Deficiency Due to Mutations in COLQ

Since 2002, we identified 10 additional patients with EP AChE deficiency caused by 10
mutations in COLQ, of which seven are novel. The main function of ColQ is to anchor the
enzyme in the synaptic basal lamina. In Figure 1A the left image is a schematic diagram of
ColQ; the right image shows the asymmetric enzyme composed of three ColQ strands, each
of which can bind four catalytic subunits (AChET) to produce A4, Ag, and Ay, species of the
asymmetric enzyme, as well as the positions of the ColQ mutations identified in our
patients. Figure 1B shows the consequences of the mutations in different ColQ domains
revealed by density gradient analysis of extracts of COS cells transfected with mutant ColQ
cDNAs along with wild-type AChET cDNA. The proline-rich attachment domain (PRAD)
of ColQ binds the catalytic subunits; mutations in this domain prevent assembly of a
functional asymmetric enzyme. Nonsense mutations in the collagen domain result in
formation of a truncated single-stranded ColQ associated with a single catalytic subunit
tetramer which is insertion incompetent. Interestingly, seven previously recognized
mutations in the globular C-terminal region comprising two nonsense mutations (R315X and
Q371X) and five missense mutations (S312G, D342E, R410Q, R410P, and C444Y) did not
prevent the assembly of the asymmetric enzyme (see Fig. 1B, rightmost panels). This
suggested that some C-terminal mutations act by hindering insertion of ColQ into the
synaptic basal lamina. We tested this notion in collaboration with Richard Rotundo by
transplanting genetically engineered C-terminal mutants of ColQ together with wild-type
AChET on frog EPs. Attachment of the human enzyme to the frog EP was monitored with a
mouse monoclonal antibody that recognizes human but not frog AChE. Five of the seven C-
terminal mutants failed to insert into the frog EP, but two mutants (S312G and C444Y) did.
S312G was on the same allele as R410Q and proved to be a benign mutation. The insertion
competence of the C444Y mutant remains unexplained.? In parallel studies, we also
examined the effects of mutating residues in the heparin sulfate proteoglycan binding
domain (HSPD) of ColQ, which had previously been implicated in anchoring ColQ at the
EP.3 These mutants were also insertion incompetent, indicating that both the C-terminal and
HSPD domains of ColQ are required for anchoring the enzyme in the synaptic basal lamina.

Ephedrine Is Useful in the Treatment of EP AChE Deficiency

In collaboration with Bestue-Cardiel in Spain and Menachem Sadeh in Israel, we found that
seven patients (two North American, one South American, three Spanish, and one Israeli)
suffering from EP AChE deficiency due to mutations in different parts of ColQ responded
favorably to therapy with ephedrine at doses of 150-200 mg per day.*® Patients 1-4
responded dramatically as judged by muscle testing, endurance, and electromyographic
(EMG) criteria. Patients 5 and 6 were also improved in endurance but could not be
reexamined. Patient 7 improved for several years; ephedrine was then discontinued and she
gradually became much weaker. Several years later, ephedrine was restarted but she no
longer responded to it. The findings point to a need for a prospective cooperative clinical
trial to define the long-term safety and efficacy of ephedrine in EP AChE deficiency.

Kinetic Mutations in AChR

Novel Fast-channel Mutations

Fast-channel CMS are caused by recessive loss-of-function mutations usually accompanied
by a low-expressor or null mutation in the second allele, so that the fast-channel mutation
determines the phenotype. The name of the syndrome stems from abnormally rapid decay of
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the synaptic response caused by abnormally brief opening burst of the AChR channel. The
underlying mechanisms include a decreased opening rate (B) or an increased closing rate (a)
of the AChR channel, decreased agonist affinity, or a combination of these factors. A
decrease in B or an increase in a decreases the gating efficiency (6) which is determined by
Bla.

The diagnosis of a fast-channel syndrome depends on /n vitro microelectrode recordings
because there are no clinical, EMG, or anatomic clues to the diagnosis. Accurate diagnosis,
however, is important because this CMS responds well to combined therapy with 3,4-
diaminopyridine, which increases the number of quanta released by nerve impulse, and
pyridostigmine, which increases the number of receptors activated by each quantum,
provided that the kinetic mutation does not significantly curtail AChR expression at the EP.

Fast-channel Mutation in the AChR a Subunit—An aV132L mutation was detected
in the signature cys-loop of the AChR a subunit in a 4-year-old girl who could not speak,
swallow, sit, or stand, and required respiratory support (Fig. 2A).8 EP fine structure and
AChR expression were normal (Fig. 2B), but the amplitude of the synaptic response to ACh
as well as the length of the channel opening events were decreased to 10% of normal.
Single-channel kinetic analysis revealed that aVV132L decreases affinity of the resting closed
state of the receptor 30-fold and the gating efficiency ~two-fold (see right upper panel in
Fig. 3). Mutation of the equivalent Val in the & subunit has little effect on affinity but
impairs gating efficiency ~four-fold. Mutation of the corresponding Val in the p and e
subunits is without effect, indicating that the effects are subunit specific. We attribute the
deleterious consequences of aV132L to an allosteric effect transmitted via p-strand 7 that
links the cys-loop to Trp149 at the center of the ligand binding site (Fig. 2C).

Fast-channel Mutation in the AChR & Subunit—A 25-year-old woman and an
unrelated 12-year-old girl had severe myasthenic symptoms since birth. Each carried an
eN346del fast-channel mutation on one e allele, and a splice site or a frameshift mutation on
the second e allele.” The deleted Asn residue is at the C terminus of the long cytoplasmic
link between the third (M3) and fourth (M4) transmembrane domains of the e subunit (Fig.
4). The deletion shortens the M3-M4 link and shifts a negatively charged Asp residue
against M4. EP studies showed reduced expression of eN346del-AChR and compensatory
accumulation of fetal y-AChR. Single-channel kinetic analysis of eN346del-AChR
expressed in HEK cells revealed that eN346del-AChR decreases the duration of channel
opening bursts 2.7-fold compared to wild-type AChR,; this can be attributed to a 2.3-fold
decrease in gating efficiency and a 2.5-fold decrease in agonist affinity of the diliganded
closed state (see left lower panel in Fig. 3). Mutagenesis studies established that the effects
of eN346del are not due to juxtaposition of a negative charge against M4 but to shortening
of the M3-M4 linker. Deletion of the C-terminal residue of the M3-M4 link in the B and &
subunits also results in fast-channel kinetics, but in the a subunit it dictates slow-channel
kinetics. The overall findings indicate that the M3—-M4 linkers contribute in an asymmetric
manner to optimizing the activation of AChR through allosteric links to the channel and the
agonist binding site.”

Fast-channel Mutation in the AChR & Subunit—A 6§L42P mutation was identified in
a 20-year-old woman with moderately severe to severe myasthenic symptoms since birth.8
The mutated Leu-42 is in a p1 strand at a ligand binding interface with an a subunit, and
positioned in the transitional zone where B strands of the extracellular domain merge with
the a-helices of the transmembrane domain (see Fig. 5). Expression studies in HEK cells
revealed that 8L42P decreases gating efficiency 12-fold, has a modest effect on agonist
affinity, and shortens the channel burst length to 20% of normal (see right lower panel in
Fig. 3). Replacing & Leu-42 with a small flexible Gly, or charged Lys or Asp, or
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substitutions of Pro along the B1 strand around 6 Leu-42 have similar kinetic consequences.
Pro substitution of the corresponding Leu in the e subunit also has similar effects, in the B
subunit it has no kinetic effect, but in the a subunits it markedly prolongs the channel burst
length and results in slow-channel kinetics.

Because & Asn-41 and e Asn-39 were previously shown to be energetically coupled to a
Tyr-127 in effecting rapid and efficient opening of the AChR channel,® we postulated that
8L42P and the corresponding substitution in the e subunit, eL40P, could also hinder
interaction with a'Y127. To examine how mutation of one residue in an AChR subunit
affects the functional property of another residue in the same or another subunit, we
performed mutant cycle experiments.19 Using ~RTIn®, to compute the free energy of
channel gating of each moiety of AChR, we generated a two-dimensional mutant cycle
composed of gating free energies for wild-type, §L42P/eL40P, aY127T, and a Y127T/
8L42P/eL40P AChRs (see Fig. 6). These experiments revealed that 5L42 and £L40 are
energetically coupled to a' Y127 with a free energy of 3.9 kcal/mol. This value approaches
the 5.8 kcal/mol coupling energy of 8N41A and eN39A with aY127T revealed by previous
mutant cycle experiments.®

The overall findings indicate that (1) 6L42 together with £L.40 are functionally coupled to
the proximal a'Y127 and thus essential for efficient gating and (2) the equivalent a L40
residues positioned at nonreceptor binding interfaces of the a-subunits also contribute to
channel gating but in a novel manner.

Silencing a Slow-channel Mutation

The slow-channel syndromes stem from dominant gain-of-function mutations of AChR that
increase agonist affinity, gating efficiency, or both. They can be effectively treated with
quinidinel® 12 or fluoxetine,13 both long-lived open-channel blockers of AChR. Recently,
advances in the use of small interfering RNAs (siRNAs)14 and short hairpin RNAs
(shRNA)15-17 established the feasibility of silencing dominant mutations in model systems.
However, there are a number of problems inherent in the use of these constructs even in
model systems: first, each mutation requires a specific silencer; second, the mutant
nucleotide as well as its neighboring nucleotides affect silencing efficiency; and third, the
silencing construct must selectively inhibit the mutant but not the wild-type allele, but only
about 20% of designed siRNAs or shRNAs silence the mutant allele selectively.18: 19
Fourth, an efficient method is needed to screen for suitable silencing constructs.

In vitrossilencing of the aS226F slow-channel mutation has already been evaluated,” but
the mutant allele was suppressed to only 38% of the control level. We explored the
feasibility of silencing another slow-channel allele at a high efficiency. The mutant allele
harbored a Cys to Trp substitution at codon 418 in the M4 domain of the a subunit
(aC418W). This mutation was observed in a 24-year-old man with eyelid ptosis,
oculoparesis, selectively severe distal limb weakness, a decremental EMG response, and a
repetitive compound muscle action potential. The mutation increases gating efficiency ~26-
fold and prolongs the duration of the channel opening bursts ~seven-fold.20

Quantitative screening for suitable siRNAs was facilitated by the use of check-plasmids
harboring siRNAs flanked by a reporter sequence.?! We placed two rather than one
mismatch in our siRNA at varied positions, and found that one of the eight designed
siRNAs, D6, suppressed transcription of the aC418W-allele to ~5% and of the wild-type
allele to 84% of the control level (Fig. 7). The same siRNA had a comparable effect on
expression of the mutant protein in HEK cells (Fig. 7B) and abolished the activity of nearly
all high-probability channel openings typical of aC418W-receptor (Fig. 8). Thus, the
selected siRNA was effective at the mRNA, protein, and functional level.20 Despite this
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theoretical advance, numerous obstacles need to be overcome before gene therapy with
SiRNA constructs can become feasible in clinical practice. These include design and large-
scale production of highly efficient mutation-specific sSiRNAs or shRNAs and safe repeated
delivery of the specific constructs to the patient at an affordable cost.

DOK-7 Myasthenia

In 2006, Okada and co-workers identified Dok-7 as a muscle-intrinsic activator of MuSK
required for synaptogenesis.22 Dok-7 harbors N-terminal pleck-strin homology and
phosphotyrosine-binding domains and is strongly expressed at the postsynaptic region of
skeletal muscle and in heart. Subsequently, Beeson and co-workers detected recessive
DOK7 mutations in CMS patients whose weakness was mostly in a limbgirdle
distribution.23 The majority of patients were heterozygous or homozygous for a common
1124-1127dupTGCC mutation, but in two patients only a single mutation was detected, and
only the common mutation was functionally characterized. In six patients eventually shown
to carry DOK7 mutations by Beeson, Slater and co-workers described nonfatigable
weakness largely confined to the proximal limb muscles. These patients had small EPs
relative to muscle fiber size with few and simple junctional folds, which the authors
considered a constitutive feature of the disease; AChR counts per EP were also reduced, but
were deemed appropriate for small EPs.24 The amplitude of the miniature EP potentials
(MEPPs) was decreased; this was largely attributed to the decreased input resistance of the
simplified postsynaptic architecture. The quantal content (/77) and the amplitude of the EP
potential (EPP) were decreased but the amplitude of the miniature EP currents (MEPCs) was
not.

After Okada’s discovery, we considered DOK7 a good candidate gene in patients who had
small EPs, or a reduced number of AChRs per EP, but no mutations in AChR or rapsyn.
Using these criteria, we first identified 13%° and then three additional patients who carry
DOK7mutations. Fourteen of these had had intercostal muscle biopsies with detailed /n
vitro electrophysiology and electron microscopy studies of the neuromuscular junction.2>

All 16 patients had a significant EMG decrement, limb-girdle weakness, and short-term
fatigability. In eight patients the disease presented in the neonatal period. Eyelid ptosis was
present in 14 patients; it was frequently asymmetric but was severe only in one patient.
Bulbar symptoms occurred in 11, oculoparesis in six, respiratory muscle involvement in 12
with evidence of ventilatory failure in six. Eleven patients experienced intermittent
worsenings, and 12 had a progressive course with disability ranging from mild to severe at
the time of the last evaluation.

Type-1 fiber preponderance was noted in 13 patients, type-2 fiber atrophy in eight, isolated
necrotic or regenerating fibers in four, and pleomorphic oxidative-enzyme decreases or
target formations in 12. All EPs consisted of one to multiple small synaptic contacts.

The mean MEPP, the MEPC amplitude, and the quantal content of the EPP were reduced by
~25%, but the distribution of patient and control values over-lapped. Electron microscopy of
613 EP regions of 409 EPs revealed disintegrating junctional folds in 33% (Fig. 9B),
denuded postsynaptic regions with nearby nerve sprouts in 18%, and degenerating
subsynaptic organelles in 10% (Fig. 9B). Importantly, however, some EPs in each patient
had a normal postsynaptic architecture (Fig. 10), and the density and distribution of AChR
on the crests of the preserved junctional folds was normal (Fig. 9A); therefore, a simplified
postsynaptic architecture is not a constitutive feature of Dok-7 myasthenia, and the defects
in Dok-7 do not cause a decreased concentration of AChR on the preserved junctional folds
of the innervated human neuromuscular junction.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2012 October 22.
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Each patient harbored hetero-allelic pathogenic mutations: 11 of these were detected in
genomic DNA and six in cDNA isolated from EP-enriched muscle specimens. Four
mutations in genomic DNA were previously reported.23 No consistent phenotype—genotype
correlations emerged.

We conclude that (1) the clinical features of Dok-7 myasthenia are highly variable, (2) the
morphologicfeatures bespeak of ongoing destruction and remodeling of the EPs which likely
contribute importantly to defective neuromuscular transmission, and (3) some mutations are
complex and can only be identified and analyzed in cDNA or cloned cDNA.2
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FIGURE 1.

(A) Schematic diagram of a ColQ strand and of asymmetric AChE (A1) indicating
mutations identified in the Mayo patient cohort. Asterisks indicate seven recently identified
mutations. HSPBD, heparin sulfate proteoglycan binding domain. (B) Consequences of
mutations in different ColQ domains revealed by density gradient analysis. Leftmost panel:
wild-type gradient profile with A12, A8, and A4 peaks corresponding to triple helical ColQ
binding 3, 2, and 1 AChET homotetramer, and G peaks corresponding to monomers and
dimers of free AChET. Second panel from left. PRAD mutations prevent assembly of the
asymmetric enzyme; the gradient profile only shows G peaks. Second panel from right.
Nonsense mutation in the ColQ collagen domain produces a single truncated ColQ strand
that binds one AChE- tetramer reflected by a mutant M peak in the gradient profile.
Rightmost panel. Most C-terminal mutations do not prevent assembly of A,, and may or
may not produce an M peak in the gradient profile. (In color in Annals online.) (Reproduced
by permission from Ref. 26.)
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FIGURE 2.

(A) Patient at age 4. Note eyelid ptosis, facial diplegia, open mouth, gothic palate, and
gastrostomy. (B) Ultrastructural localization of EP AChR with peroxidase-labeled a-
bungarotoxin. The density and distribution of AChR on the junctional folds is normal.
x9500. (C) Structural model of the AChR a subunit (Protein Data Bank code 2BG9) shown
in magenta with the Cys-loop and contiguous p-strand 7 highlighted in green. Ball and stick
representations indicate V132 within the Cys-loop, Cys128 and 142 that form the loop, and
W149 at the center of the a subunit portion of the binding pocket. (In color in Annals
online.) (Reproduced by permission from Ref. 6.)
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FIGURE 3.

Schemes of activation of wild-type AChR and mutant AChRs expressed in HEK cells based
on single-channel closed and open dwell times elicited over a range of ACh concentrations.
Lines indicate reversible transitions between allosteric states. R and R* represent closed and
open states of the receptor; A indicates agonist. K1 and K are equilibrium constants in uM
for the first and second agonist binding steps; K, is defined as agonist dissociation rate k_/
agonist association rate k. 82 is the gating equilibrium constant of the diliganded receptor
and a measure of its gating efficiency; 6 is not shown. 6,,, channel opening rate/channel
closing rate. Transition to the nonconducting blocked state occurring at high ACh
concentration is not indicated. (In color in Annals online.)
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FIGURE 4.

(A) Scheme of the e subunit showing positions of mutations. £911delT and €IVS9-1G—C
are null mutations in patients 1 and 2, respectively. Accordingly, eN436del determines each
patient’s phenotype. (B) and (C), Family analysis in patients 1 and 2. (Reproduced by
permission for Ref. 7.)
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FIGURE 5.

Structural model of the AChR a and & subunits based on Protein Data Bank code 2BG9 and
Ref. 27. The scheme indicates aW149 at the center of the ligand binding site, and a Y127,
8N41, and 6L42 on p strands in the transition zone between the ligand-binding and
transmembrane domains. (In color in Annals online.)
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FIGURE 6.

Mutant cycle experiments to examine interactions of 8L42 and £L.40 with a Y127, and
representative single-channel currents for the indicated AChRs elicited by 100 oM ACh.
Changes in gating free energy are shown along each limb of the cycle. The overall coupling
free energy (AAGip) of 6 Leu-42 and eLeu-40 with a Tyr-127 is expressed in kcal/mol.
This value was computed from =RTIN[(BywOmm)/(OwmOmw)], Where the 8 (B/a) are gating
equilibrium constants for diliganded wild-type (ww), single-mutant (wm, mw), or double-
mutant (mm) AChRs. Horizontal line, 20 ms for wild-type and 100 ms for mutant AChRs;
vertical ling, 5 pA.
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FIGURE 7.

(A) Real-time PCR analysis of the effects of siRNA on the transcription of wild-type and
mutant a subunits by HEK cells relative to transcription of the wild-type e subunit by HEK
cells. The siRNA D6 knocks down transcription of the mutant a subunit allele to 6% and of
the wild-type allele to 86% observed in HEK cells not transfected with siRNA. Bars and
lines indicate mean and SD of five experiments. Black bars, wild-type; gray bars, mutant.
(B) Quantitation of the surface expressions of wild-type AChR and aC418W-AChR with
[1251]a-bgt. HEK cells were cotransfected with indicated siRNA plus wild-type or mutant a
subunit cDNA and complementary wild-type B, &, and e subunit cDNASs. The results are
normalized for [12°1]a-bgt binding by HEK cells transfected with AChR subunit cDNAs
without siRNA. The Renilla luciferase signal was used as an internal control to normalize
for transfection efficiency. siRNA D6 reduces surface expression of mutant AChR to 5%
and of the wild-type AChR to 84% of the surface expression by HEK cells not exposed to
SiRNA. Bars represent mean and SD of three experiments. Black bars, wild-type; gray bars,
mutant. (Reproduced by permission from Ref. 20.)
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FIGURE 8.

SiRNA D6 silences the functional activity of aC418W-AChR. Histograms show distribution
of the open probability (Popen) of clusters of AChR channel openings in the presence of 10
M ACh. Each cluster represents the activity of one channel. (A) Wild-type AChR. (B)
aC418W-AChR. (C) Wild-type AChR coexpressed with aC418W-AChR. (D) Wild-type
AChR coexpressed with aC418W-AChR in presence of SiRNA D6. Note disappearance of
nearly all high-probability channel openings typical of aC418W-AChR. (Reproduced by
permission from Ref. 20.)
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FIGURE 9.

Dok-7 myasthenia. (A) AChR localization at a structurally normal EP region with
peroxidase-labeled a-bungarotoxin. The density and distribution of AChR on the junctional
folds are normal. (B) A structurally abnormal EP region. Several junctional folds are
replaced by globular debris (asterisk) causing widening of the synaptic space and
simplification of the folds. These findings predict a decreased synaptic response to ACh due
to loss of AChR from tips of the destroyed folds, loss of ACh by diffusion from the widened
synaptic space, and decreased input resistance of the remaining simple folds. A large
myeloid structure in the junctional sarcoplasm indicates concomitant destruction of
junctional organelles. Bars, 1 pm.
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FIGURE 10.
Dok-7 myasthenia. A normal EP region displays elongated, narrow, and complex junctional

folds predicting a high input resistance. A number of EP regions with normal postsynaptic
architecture were present in each patient. Bar, 1 pm.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2012 October 22.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Engel et al.

TABLE 1

Site-of-defect classification of the CM S

Index
cases
Presynaptic defects (7%)
Choline acetyltransferase deficiencyb 15
Paucity of synaptic vesicles and reduced quantal release 1
Lambert—Eaton syndrome like 2
Other presynaptic defects 2
Synaptic basal lamina-associated defects (13%)
Endplate AChE deficiencyb 37
Postsynaptic defects (80%)
Kinetic abnormality of AChR with/without AChR 52
deficiencyb (slow- and fast-channel syndromes)
AChR deficiency with/without minor kinetic 107
abnormalityb
Rapsyn deficiencyb 40
Dok-7 myastheniab 18
Na-channel myastheniab !
Plectin deficiency 1
Total (100%) 276
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aCIassification based on cohort of CMS patients investigated at the Mayo Clinic between 1988 and 2007. (One hundred seventeen of the 276

patients also underwent intercostal muscle biopsies)

bGene defects identified.
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