binding to the downstream intron enhances exon inclusion (Fig. 2b).
Interestingly, similar regulation of alternative splicing has been
observed for NOVA, FOX2 and PTB*****, indicating the presence
of a common underlying mechanism shared by these proteins.

In contrast to CUGBP1, MBNLI tags are also enriched in coding
exons. Until now, splicing cis-elements of MBNL1 have been mapped
exclusively to introns, and no exonic cis-element has been reported to
our knowledge?***7%5 Although MBNLI preferentially binds to
exons, MBNLI binding to introns is enriched at alternative rather
than constitutive splice sites (Fig. 2a. This enrichment is diffusely
distributed throughout regions harboring 500 nt upstream or down-
stream of alternative exons, in contrast to the prominent intronic
peaks observed for CUGBP1 tags. This could suggest that MBNL1
needs to bind simultaneously to the target exon and adjacent introns
to regulate splicing. Functional analysis of MBNLI reveals that bind-
ing of MBNL1 close to the 3’ end of the downstream intron facilitates
exon skipping, whereas no characteristic binding pattern is observed
for exons included in response to MBNL1 (Fig. 2c). PTB has also
been reported to regulate alternative splicing through binding close
to the 3" end of the downstream intron®. In contrast to MBNLI,
however, binding of PTB to this region promotes exon inclusion. We
similarly find binding of PTB to this region in our HITS-CLIP data in
MBNLI-regulated exons (Supplementary Fig. S7d). Interestingly,
the MBNLI1-binding motif is enriched in PTB-regulated exons*.
MBNLI1 may thus compete for binding with other splicing factors
like PTB and regulate alternative splicing events.

Post-transcriptional gene expression regulation is crucial to
achieve precise developmental and tissue-specific control of cellular
processes. Our studies reveal that CUGBP1 and MBNLI preferen-
tially bind to the 3’ UTRs of mRNAs encoding RNA-binding pro-
teins and transcription factors, which can regulate cell development.
During development of murine skeletal muscles, the nuclear level of
MBNLI increases, while that of CUGBP1 decreases®'?. Genes with
mRNAs that can be bound both by CUGBP1 and MBNLI are likely
to be down-regulated by CUGBP1 in undifferentiated cells. If these
genes need to be tightly down-regulated also in differentiated cells,
MBNLI can substitute for CUGBP1 in order to achieve continued
destabilization of the target mRNA. We conclude that finely-tuned
expression of CUGBP1 and MBNL1 may be important regulators of
myogenic differentiation through precise regulation of both alterna-
tive splicing and mRNA stability.

Methods

Antibodies. Antibodies to CUGBP1 (3B1), MHC (H300), myogenin (M225) and
PTB (N20) were purchased from Santa Cruz Biotechnology. Anti-GAPDH pAb was
purchased from Sigma. Anti-PITX2 pAb was purchased from Abcam. Anti-MBNL1
rabbit serum (A2764) was a kind gift of Dr. Charles A. Thornton at University of
Rochester. The specificity of antibodies against CUG BP1 and MBNLI is supported
by the data in previous reports 2,3 and also by our siRNA experiments
(Supplementary Fig. S1).

Cell culture. Detailed methods are included in the Supplementary Information.

HITS-CLIP. C2C12 cells were UV-irradiated at 400 m]J and CLIP was performed as
previously described”. High-throughput 36-bp single-end and 40-bp single-end
sequencing was performed using an Illumina Genome Analyzer II. Al HITS-CLIP
data were registered in ArrayExpress with an accession number E-MTAB-414 and in
ENA with an accession number ERP000789. Detailed information is provided in the
Supplementary Information.

Bioinformatics analysis. lllumina reads were first prepared by removing the 4-bp tag
and filtering sequences composed primarily of Illumina adapter. The resulting reads
were mapped to the mouse genome (NCBI Build 37.1/mm9) with default parameters
using the BWA*® mapping software. To extract consensus motifs from the mapped
reads, we considered only uniquely aligned reads and first removed duplicate reads to
avoid potential PCR-mediated deviations in addition to bias from very highly
expressed transcripts. We then extended the reads to 110 nt, the expected mean of the
CLIP fragments and used the SeqMonk software (www.bioinformatics.bbsrc.ac.uk/
projects/seqmonk) to identify binding regions by using the program’s built-in peak
detection algorithm. Peaks were scored using both a reads per peak scoring scheme
and a maximum depth scoring scheme (effectively the height of the peak) in order to
filter out peaks. For the identification of CUGBP1- and MBNLI-binding regions, we

used PTB as a negative control and removed peaks present in the PTB dataset as well.
We then selected CUGBP1 peaks that were present in the two independent CUGBP1
CLIP experiments and MBNLI peaks that were similarly corroborated by the two
MBNLI experiments. PTB binding regions were identified by removing peaks that
were present in either of the four CUGBP1 and MBNL1 experiments. Finally, we
restricted the set of binding regions to only those spanning 70-150 bp since this was
the fragment length used in the CLIP experiments. We analyzed each dataset using a
motif analysis tool, MEME?, using a background Markov model based on the entire
mouse genome.

We analyzed the mapped Illumina reads and binding regions and mapped them to
UCSC knownGene annotations® of the mouse genome (NCBI Build 37.1/mm9) by
writing and running Perl and Excel VBA programs, as well as by running BEDTools
utilities™. Normalized complexity maps of CUGBP1/MBNLI1/PTB-RNA interactions
were generated as previously described™. For the control, normalized complexity map
was similarly generated by analyzing 100 sets of 15 to 50 constitutive exons that were
randomly selected from 118,969 constitutive exons in mm9. To identify enriched
Gene Ontology terms, we used the Database for Annotation, Visualization and
Integrated Discovery (DAVID 6.7)%,

Construction of plasmids. To construct luciferase reporter vectors with the 3’ UTR
of Gapdh and Pitx2, 3’ UTRs of these genes were amplified by PCR. Amplified DNA
was ligated into the Xbal and BamHI sites of the pGL3-promoter vector (Promega) to
substitute for the 3" UTR of the firefly luciferase gene. DNA fragments harboring GT
and CTG repeats were amplified by self-priming PCR using primers terminating in a
Xbal site, and ligated into the Xbal site to make the pGL3P-Gapdh-3’ UTR.

To construct tet-responsive luciferase constructs, the tet-responsive promoter
region was excised from pTRE-Tight vector (Clontech) with Xhol-HindIII site and
cloned into the Xhol-Hindlll site of the pGL3-promoter vector with the 3’ UTR of
Gapdh and Pitx2. To introduce mutations in 3" UTR of Pitx2 in the luciferase con-
struct, we used the QuikChange site-directed mutagenesis kit (Stratagene).

To construct expression vectors for MBNL1 and CUGBP1, the human MBNL1
cDNA and human CUGBP1 ¢DNA (Open Biosystems) were subcloned into the
mammalian bidirectional expression vector pBI-CMV2 (Clontech), which should
constitutively expresses the insert and AcGFP1.

RNA interference and transfection. The siRNA duplexes against CUGBP1 and
MBNLI were synthesized by Sigma. The sense sequences of the siRNAs were as
follows: Cugbp1-1, 5'-GCUUUGGUUUUGUAAGUUA-3’; Cugbpl-2,5'-GGCUU-
AAAGUGCAGCUCAA-3'; Mbnll-1, 5'-CACUGGAAGUAUGUAGAGA-3'; and
Mbnl1-2, 5'-GCACAAUGAUUGAUACCAA-3'. We purchased the AllStar
Negative Control siRNA (1027281) from Qiagen. C2C12 cells were seeded on 24-well
plates, and transfected with siRNA using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. Tet-off advanced HEK293 cells were seeded on
96-well plates, and were transfected with luciferase reporter gene constructs using
FuGENE 6 (Roche) according to the manufacturer’s instructions. At 48 hrs after
transfection, cells were either harvested for RNA extraction or processed for isolation
of total proteins or nuclear extracts.

RT-PCR for splicing analysis. Total RNA was extracted using Trizol (Invitrogen)
according to the manufacturer’s instructions. cDNA was synthesized using an oligo-
dT primer and ReverTra Ace (Toyobo), and PCR amplifications were performed
using GoTaq (Promega) for 30-35 cycles. Sequences of the primers used for PCR are
listed in the Supplementary Table $3. The intensities of PCR-amplified spliced
products were quantified with the Image] 1.42q software (NIH). We then calculated a
percentage of exon inclusion (% inclusion) as the ratio of the intensity of the upper
band divided by the sum of intensities of all the bands.

Real-time RT-PCR for RNA stability analysis. Total RNA was extracted using
RNeasy mini kit (Qiagen) or CellAmp Direct RNA Prep Kit (Takara) according to the
manufacturer’s instructions. cDNA was synthesized as described above and real-time
PCR was performed using the Mx3005P QPCR System (Stratagene) and the SYBR
Premix Ex Taq Il (Takara). Sequences of the primers used for PCR are listed in
Supplementary Table $4.

Microarray analysis. Total RNA was extracted using the RNeasy mini kit according
to the manufacturer’s instructions. We synthesized and labeled cDNA fragments
from 100 ng of total RNA using the GeneChip WT cDNA Synthesis Kit (Ambion).
The labeled cDNAs were hybrized to the Affymetrix Mouse Exon 1.0 ST Arrays for
splicing analysis or the Affymetrix Mouse Gene 1.0 ST Arrays for analyzing temporal
profiles of expression of CUGBP1/MBNLI-targeted genes following the
manufacturer’s protocols. The robust multichip analysis (RMA) algorithm was used
to normalize the array signals across chips with the Affymetrix Expression Console
software 1.1.2. All microarray data were uploaded to the Gene Expression Omnibus
database (accession numbers, GSE29990 for exon arrays and GSE27583 for
expression arrays).

Western blotting. For preparation of total cell lysates, cells were lysed in buffer A
(10 mM HEPES pH 7.8, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 2 ug/ml
Aprotinin, 0.5 mM PMSF, 0.1% NP-40) and incubate on ice for 20 min. After
sonication, samples were centrifuged (15,000 rpm, 5 min) and the supernatants were
stored at —80°C for further experiments. For preparation of nuclear cell lysates, cells
were suspended in 400 pi of buffer A. Nuclei were pelleted, and the cytoplasmic
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proteins were carefully removed. The nuclei were then resuspended in buffer C

(50 mM HEPES pH 7.8, 420 mM KCl, 0.1 mM EDTA, 5 mM MgCl,, 2% Glycerol,
1 mM DTT, 2 pg/ml Aprotinin, and 0.5 mM PMSF). After vortexing and stirring for
20 min at 4°C, the samples were centrifuged, and the supernatants were stored at
—80°C. Samples were analyzed on a 10% SDS polyacrylamide gel, and the proteins
were transferred to Immobilon polyvinylidene difluoride membranes (Millipore).
Membranes were blocked with 1% BSA in Tris-buffered saline containing 0.05%
Tween20 (TBST) for 1 hr, incubated for 1 hr with primary antibodies in TBST,
washed three times with TBST, and incubated for 1 hr with horseradish peroxidase-
conjugated anti-mouse or -rabbit immunoglobulin (GE) diluted 1:5,000 in TBST.
After three washes in TBST, the blot was developed with the enhanced
chemiluminescence system (GE) according to the manufacturer’s instructions.

Luciferase assay. HEK293 cells seeded on a 96 well plate were transfected with 10 ng
of pGL3P-Gapdh-3' UTR with or without GT and CTG repeats, 5 ng of pRL/SV40
(Promega), and 40 ng of pBI-CMV2-based CUGBP1 or MBNLI expression vector
using FuGENE 6. At 48 hrs after the transfection, the luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions.
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Acetylcholinesterase (AChE) at the neuromuscular junc-
tion (NM)) is anchored to the synaptic basal lamina via
a triple helical collagen Q (ColQ). Congenital defects of
ColQ cause endplate AChE deficiency and myasthenic
syndrome. A single intravenous administration of adeno-
associated virus serotype 8 (AAV8)-COLQ to Colg™”- mice
recovered motor functions, synaptic transmission, as
well as the morphology of the NMJ. ColQ-tailed AChE
was specifically anchored to NMJ and its amount was
restored to 89% of the wild type. We next character-
ized the molecular basis of this efficient recovery. We first
confirmed that ColQ-tailed AChE can be specifically tar-
geted to NMJ by an in vitro overlay assay in Colg”/~ mice
muscle sections. We then injected AAV1-COLQ-IRES-
EGFP into the left tibialis anterior and detected AChE in
noninjected limbs. Furthermore, the in vivo injection of
recombinant ColQ-tailed AChE protein complex into the
gluteus maximus muscle of Colg”- mice led to accumula-
tion of AChE in noninjected forelimbs. We demonstrated
for the first time in vivo that the ColQ protein contains
a tissue-targeting signal that is sufficient for anchoring
itself to the NMJ. We propose that the protein-anchoring
strategy is potentially applicable to a broad spectrum of
diseases affecting extracellular matrix molecules.

Received 28 September 2011, accepted 31 January 2012; advance
online publication 28 February 2012. doi:10.1038/mt.2012.34

INTRODUCTION

Acetylcholine (ACh) released from the nerve terminal is rap-
idly hydrolyzed by acetylcholinesterase (AChE) at the vertebrate
neuromuscular junction (NM]J) to terminate cholinergic trans-
mission. Three tetramers of catalytic AChE subunits are linked
by a triple helical collagen Q (ColQ) to constitute a ColQ-tailed
AChE.' The ColQ-tailed AChE is assembled in the endoplasmic
reticulum and the Golgi apparatus.>* ColQ carries three domains:
(i) an N-terminal proline-rich attachment domain that organizes
the catalytic AChE subunits into a tetramer, (ii) a collagenic domain

that forms a triple helix, and (iii) a C-terminal domain enriched
in charged residues and cysteines. ColQ-tailed AChE is organized
in a secretory pathway, excreted, and anchored into the synaptic
basal lamina using two domains of ColQ (Figure 1). First, the col-
lagen domain harbors two heparan sulfate proteoglycan (HSPG)-
binding domains® that bind to heparan sulfate proteoglycan such
as perlecan in the synaptic basal lamina.’ Second, the C-terminal
domain of ColQ binds to MuSK, a muscle-specific receptor
tyrosine kinase, on the postsynaptic membrane.® Human congeni-
tal defects of ColQ cause endplate AChE deficiency, in which the
neuromuscular transmission is compromised.”* Endplate AChE
deficiency is an autosomal recessive disorder, which manifests as
generalized muscle weakness, fatigue, amyotrophy, scoliosis, and
minor facial abnormalities. Thirty-nine mutations of COLQ are
currently registered in the Human Gene Mutation Database at
http://www.hgmd.cf.ac.uk/. Ephedrine is effective for myasthenic
symptoms to some extent,'”!! though the underlying mechanisms
of ephedrine efficacy remain elusive. We have developed a mouse
model deficient in ColQ by deletion of the PRAD domain.' This
strain recapitulates the phenotype of congenital myasthenic syn-
dromes with AChE deficiency.

Gene therapy of endplate AChE deficiency is a complex issue
both in humans and mice because ColQ is encoded by alterna-
tive promoters with a specific expression in subsynaptic nuclei of
slow- and fast-twitch muscles.”? The levels of AChE at the NMJ are
supposed to be precisely controlled by the expression of ColQ and
AChE," as well as by a post-translational mechanism.? To treat end-
plate AChE deficiency in Colg-deficient mice, we delivered COLQ
using adeno-associated virus (AAV) serotype 8, which has a tro-
pism for muscles.”® We used human COLQ instead of mouse Colg
to foresee if the recombinant human COLQ is applicable to clini-
cal practice in the future. Efficient rescue of AChE at the NMJ of
AAV8-COLQ-injected mice prompted us to search for the molecu-
lar basis of these unexpected effects. We found that ColQ carries
tissue-targeting signals that are necessary and sufficient to cluster
ACHhE at the NM]J. This is the first report of a long-distance delivery
of a large extracellular matrix complex over 50nm in length and
weighing over one million kDa in skeletal muscle. The findings of
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Protein-anchoring for AChE Deficiency

Perlecan

Figure 1 Schematic of anchoring of collagen G (ColQ) to neuromus-
cular junction {NM]}). Twelve catalytic subunits of acetylcholinesterase
(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 muscle-specific kinase (MuSK).
Nerve-derived agrin binds to an LRP4-MuSK complex and induces
rapsyn-mediated clustering of acetylcholine receptors (AChR) by phos-
phorylating AChR.

the present study open a new therapeutic avenue for treating many
inherited defects of extracellular matrix proteins.

RESUNLTS

Intravenous administration of AAV8-COLQ normalizes
motor functions of Colg”’- mice

We explored the recovery of the muscular phenotype of Colg™-
mice by viral delivery of a functional ColQ molecule. Therefore,
we constructed a recombinant AAV serotype 8 carrying human
COLQ cDNA. AAV serotype 8 (AAVS) is efficiently delivered
to skeletal muscle after systemic injection.'® We intravenously
administered 1 x 10''-2 x 10'? viral genome (vg) copies of AAVS-
COLQ into 4-week-old Colg”~ mice. These mice exhibit muscle
weakness, myasthenia, tremor, kyphosis, involuntary vocaliza-
tion, and a slower growth rate than their wild-type littermates.'?
However, a single injection of 2 x 10'? vg, gradually improved
their motor function to reach the level of that of wild type
(Figure 2a). Furthermore, there were no signs of fatigue 6 weeks
after the therapeutical injection (Figure 2b). Voluntary exercise
in the treated mice also increased gradually but did not reach the
level of wild type even at 5 weeks after injection (Figure 2c). The
improved motor activities of treated mice are also demonstrated
in Supplementary Video 1. Pairs of treated mice gave birth to
Colg™" pups and reared them to maturity. In longitudinal studies
of three treated mice, all survived 18-20 months. Motor functions
of the treated mice were declined at 48 weeks after injection but to
the similar levels as those of wild type (Figure 2a,c). These obser-
vations clearly indicate the long-term therapeutic potential of a
single viral injection of AAV.

AAV8-COLQ normalizes the neuromuscular synaptic
transmission

To estimate recovery of neuromuscular transmission, we per-
formed electrophysiological studies (Table 1). Treatment with
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Figure 2 Exploration of motor function after intravenocus injection
of AAVE-(0lQ to the tail vein of Cofy~ mice. (@) Motor function on
the rotarod. The rotation was linearly accelerated from 0 to 40 r.p.m. in
240 seconds. Five groups of six mice were studied. Each group consisted
of 4-week old mice and was either injected or not (control group) with
increasing numbers of viral particles. Three weeks after their AAV8-COLQ
injection, only the group of mice treated with 2 x 10'? vg remained on
the rod as long as the wild-type littermates. Importantly, there was a
progressive motor function recovery during the first 3 weeks after injec-
tion of Colg™- mice. Symbols indicate mean and SE of six mice for each
experiment. Mean and SE of the durations on the rotarod of two treated
mice at 48 weeks after treatment is indicated along with that of the
four age-matched wild-type mice. (b) Fatigue test using the rotarod was
performed on three groups of a total of 18 mice. The rotation speed was
fixed at 10 r.p.m. and the mice were immediately placed back on the rod
each time they fell. Mice injected with 2 x 10" vg exhibited no fatigue
at 6 weeks after injection, whereas untreated Colg”- mice fell increas-
ingly more rapidly off the rod. (c) Voluntary movements were quantified
by a counter-equipped running wheel. Plots show mean and SE of the
number of rotations over 24 hours in each group of six mice (wild type,
Colg -, and AAV8-COLQ). Only the group of mice treated with 2 x 10"
vg increased the number of rotations every week but they did not reach
the level of wild-type mice at 5 weeks after injection. Mean and SE of the
number of rotations of two treated mice at 48 weeks after treatment is
indicated along with that of the four age-matched wild-type mice. AAVS,
adeno-associated virus serotype 8; ColQ, collagen Q.

AAV8-COLQ reduced decrements of the compound muscle
action potentials in response to repetitive nerve stimulation at
2 Hz, reduced the amplitudes of miniature endplate potentials
(MEPPs), shortened the miniature endplate potential decay time
constants (Figure 3), and acquired responses to neostigmine.
Endplate potential quantal content, which was decreased in
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Table 1 Repetitive nerve stimulation and microelectrode studies

Protein-anchoring for AChE Deficiency

Wild type with Colg- with Treated Colg”- with
Wild type neostigmine Colg"- neostigmine Treated Colg™”~ neostigmine

Repetitive nerve 0.92 +£0.01* (2) n.a. 0.58 +0.05 (3) n.a. 0.76 £ 0.02* (3) n.a.
stimulation®

EPP quantal content® 39.8 +£2.37* (18) n.a. 28.2 +1.8(19) n.a. 24.1+1.6(18) n.a.

MEPP amplitude (mV)* 0.77 £ 0.04** (31) 1.52 £ 0.12 (18) 1.52£0.11 (19) 1.52 £ 0.07 (10) 0.68 + 0.02** (25) 0.98 £ 0.05** (24)
EPP amplitude (mV)¢ 30.6 n.a. 4.9 n.a. 16.4 n.a.

MEPP decay time (ms)* 1.77 £ 0.06** (31) 2.27 £0.08** (18) 3.07+£0.12 (19) 2.99 £ 0.09 (10) 2.45 £ 0.08** (25) 3.66 £ 0.09** (24)

Abbreviations: AChR, acetylcholine receptors; ColQ, collagen Q; EPP, endplate potential; MEPP, miniature endplate potential; n.a., not applicable.
Values represent mean + SE. T = 29 * 0.5°C for EPP and MEPP recordings. Numbers in parenthesis indicate the number of recordings for repetitive nerve stimulation

and the number of EPs from one or two mice for the other assays.

*Repetitive nerve stimulations were performed at 2 Hz, and the relative areas of compound muscle action potential (CMAP) of the fourth to the first stimulations are
indicated. "Quantal content of EPP at 0.5 Hz stimulation corrected for resting membrane potential of -80 mV, nonlinear summation, and non-Poisson release. As the
quantal contents of EPP are higher than 10, corrected values are indicated according to Cull-Candy et al.* Normalized for resting membrane potential of ~-80 mV and
a mean muscle fiber diameter of 55pm. The actual fiber diameters were 45 + 3.6 um (mean * SD, n = 31) for wild-type mice, 43 + 3.0um (n = 19) for Colg- mice,
and 46 + 4.2um (n = 25) for the treated Colq/~ mice. “Estimated EPP amplitude is the product of the EPP quantal content and the MEPP amplitude. As AChR was partly
blocked with curare for EPP recordings and not for MEPP recordings, we could not directly measure EPP amplitudes. Predicted low EPP amplitudes in treated mice
suggest that the improvement of motor function was likely due to amelioration of depolarization block and/or of endplate myopathy.

*P < 0.05 and **P < 0.001 compared to Colg”~ mice by Student’s t-test.
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Figure 3 Representative miniature endplate potential (MEPP)
recordings of diaphragm musdes of (a) wild type, (b) Colg™, and
{<) AAVE-COLQ-treated mice. (b) Colg”’- mice have higher MEPP ampli-
tude and a longer decay time constant (TC) than (a) wild-type mice.
AAV8-COLQ treatment shortened the decay TC and lowered the MEPP
amplitude. Gray lines represent fitted exponential decay curves. AAVS,
adeno-associated virus serotype 8; ColQ, collagen Q.

Colg™ mice, was further decreased by the treatment, in contrast
to our expectation.

Human ColQ-tailed AChE is anchored to the mouse
NMJ in vivo

To further evaluate that the rescue was due to restitution of AChE
at the NMJ, we used histological methods to visualize ColQ
and AChE on muscle sections (Figure 4a~c). ColQ and AChE
were colocalized to acetylcholine receptors (AChR) at the NMJ,

Molecular Therapy

confirming that ColQ-tailed AChE was specifically clustered to
the target tissue. Although, we failed to observe improvement
of motor functions with 1 x 10" vg or less (Figure 2a), we still
detected ColQ and AChE at NMJs with smaller amounts (data
not shown). This suggests that a certain amount of viral genomes
is required to exhibit improvement of motor deficits.

The ultrastructural morphology of treated mice also improved
compared with age-matched Colg~- mice (Figure 4d-f). The NM]J
ultrastructures were variable from one to another in wild type,
Colg™, and treated mice, and we quantified the electron micro-
graph pictures (Supplementary Table S1). Quantitative analysis
of presynaptic ultrastructures demonstrated that, in soleus slow-
twitch muscle, Schwann cell invagination was mitigated, which
increased the nerve terminal length, but the nerve terminal area
remained essentially the same. Postsynaptic area and postsynaptic
membrane length were also increased in soleus muscle of treated
mice. In the extensor digitorum longus fast-twitch muscle, how-
ever, significant improvement was observed only in the ratio of
enwrapped nerve terminal. Thus, the morphological improve-
ments were more prominent in the soleus rather than in extensor
digitorum longus muscles.

AAVS8-COLQ restores the amount of ColQ-tailed AChE
in the muscle to 89.3% of wild type

To estimate the efficiency of intravenous administration of
AAVS-COLQ, we quantified the amount of the transduced COLQ
mRNA, as well as ColQ-tailed AChE, in the muscle. We estimated
the amount of COLQ mRNA in hindlimbs by a TagMan probe,
and found that the treated mice expressed the transduced COLQ
at 92.5 + 47.8% (mean * SE, n = 4) of wild type. ColQ-tailed
AChE from hindlimbs of the treated mice was fractionated by
sucrose density-gradient ultracentrifugation. Sedimentation anal-
ysis revealed that AAV8-COLQ muscles have similar peaks of
ColQ-tailed AChE species as those of wild type (Figure 5a~c).
We also quantified the amount of globular AChE and ColQ-tailed
AChE in gastrocnemius muscles of treated mice (Figure 5d). As
previously reported, the amount of globular AChE was slightly
lower in Colg™ mice,”? and this was normalized by treatment
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Figure 4 Histologies and ultrastructures of the neuromuscular junctions (NM]s). Localization of acetylcholinesterase {(AChE} activity,
collagen Q (ColQ), and acetylcholine receptors (AChR) in quadriceps muscies of (a) wild type, (b} Colg, and (¢} AAVB-TOLQ mice. Mice
treated with 2 x 10"? vg of intravenous AAV8-COLQ express ColQ-tailed AChE at NMJ. AChE is stained for its activity. ColQ and AChR are detected
by the polycional anti-ColQ antibody and a-bungarotoxin, respectively. Bar = 1T0pm (a—c). Representative stainings of six mice in each group are
indicated. Ultrastructures of soleus muscle NMJ (d-f). (e) Colg”- mice show simplified synaptic clefts (arrow) and widening of the synaptic space
(arrow head), whereas the NM| ultrastructure of AAV8-COLQ mice (f) is indistinguishable from that of wild type (d). AAV8-COLQ mice still have small
nerve terminals and invaginated Schwann cells (*). Bar = 1 um (d-f). Representative ultrastructures of 27-41 electron micrograph (EM) pictures (see
Supplementary Table $1) are indicated. AAV8, adeno-associated virus serotype 8.

with AAV8-COLQ. Treatment with- AAV8-COLQ also restored
ColQ-tailed AChE to 89.3 + 9.6% (mean + SD, n = 4) of wild type
at 6 weeks after treatment. We also quantified ColQ-tailed AChE
at 48 weeks after treatment and found that the amount was still
81.8 + 21.6% (mean * SD, n = 2) of the age-matched wild-type
mice (n = 3). Although soleus slow-twitch muscle exhibited prom-
inent improvement with the ultrastructural analysis, the available
amount of soleus muscle was too small for the biochemical assay.

We also examined whether ColQ-tailed AChE was produced
in the liver because AAVS efficiently transduces hepatocytes.'®
AAV8-COLQ increased the COLQ mRNA level in the liver from
3.4 + 0.34% (mean * SE of five wild-type mice) to 61.3 + 12.6%
(mean * SE of five treated mice) compared to those in the mus-
cle of wild-type mice (n = 5). The Ache mRNA levels in the liver
of wild type, Colg™~, and treated mice, however, were estimated
to be <0.5% of that in wild-type muscle. The Ache mRNA levels
in the liver were too low to be accurately quantified by real-time
reverse transcription-PCR. Sedimentation profiles revealed
no peaks of ColQ-tailed AChE in the liver of either wild type,
Colg™, or treated mice (Supplementary Figure Sla-c). This
was probably due to lack of Ache expréssion. Globular AChE
species observed in the sedimentation analysis was likely to
represent AChE on the erythrocyte cell membrane.”” These data

suggest that AAV8-COLQ did not induce expression of ColQ-
tailed AChE in the liver.

Local intramuscular injection of AAV8-COLQ expresses
ColQ-tailed AChE at NMjs of noninjected limbs
Prominent improvements that we observed in AAV8-COLQ-
treated mice raised a possibility that ColQ-tailed AChE moved
from the transduced muscle cells to other muscle cells. We thus
tested this possibility in the following experiments.

First, we have previously reported that the human recombi-
nant ColQ-tailed AChE can be anchored to the synaptic basal
lamina of the frog NMJ.'® We tested this anchoring using mouse
NM]Js. We purified ColQ-tailed AChE expressed in HEK293 cells
and incubated this with a section of skeletal muscle from Colg™"
mice. As expected, ColQ and AChE were detected at the mouse
NM]J (Supplementary Figure S2), which supports the notion
that ColQ-tailed AChE can be moved and anchored to the target
in vitro.

Next, we tested whether ColQ-tailed AChE moved from the
transduced muscles to the nontransduced muscles. We injected
AAV8-COLQ to the left anterior tibial muscle. As expected, AChE
and ColQ were rescued at the NMJs of the injected muscle. In
addition, AChE and ColQ were also detected at all the examined
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Figure 5 Quantification and biochemical analysis of acetylcholinesterase (AChE) recovery in musdes. Intravenous injection of 2 x 10'? vg
of AAV8-COLQ into (b) Colg”- mice gives rise to a sedimentation profile that is identical to that of (a) wild type, whereas (¢) Colg’~ mice carry no
collagen Q (ColQ)-tailed AChE. A, A, and A,, species carry 4, 8, and 12 AChE catalytic subunits attached to a triple helical ColQ. G,, G,, and G,
species carry 1, 2, and 4 AChE catalytic subunits but without ColQ. A representative profile of three experiments is indicated. (d) Quantification of
globular and ColQ-tailed AChE species (mean and SD, n = 4). The activity of ColQ-tailed AChE in the skeletal muscle of AAV8-COLQ mice is restored
to 89 = 10% of that of wild type. AAV8, adeno-associated virus serotype 8.

NMJs in noninjected muscles (data not shown). These results,
however, could not exclude the possibility that AAV8-COLQ had
been delivered to noninjected muscles in the form of a virus.

Local intramuscular injection of AAV1-COLQ-
IRES-EGFP expresses ColQ-tailed AChE at NMjJs of
noninjected limbs

To reduce systemic delivery of AAVS and to identify infected
cells, we packed COLQ cDNA into the AAV serotype 1 (AAV1)
that is known to transduce the injected muscle fibers locally.” In
addition, we fused COLQ and internal ribosome entry site (IRES)-
EGFP to express green fluorescent protein (GFP) in transduced
cells synthesizing ColQ. We injected 2 x 10" vg of AAV1-COLQ-
IRES-EGFP into the left anterior tibial muscle of Colg”~ mice,
while blocking the blood flow with a tourniquet for 20 minutes
to restrict the distribution of the virus. The transduction efficien-
cies of AAV1-COLQ-IRES-EGFP were as follows: left anterior
tibial muscle, 1.70 + 0.29 viral copies per nucleus; right gastroc-
nemius muscle, 0.00100 + 0.00079 copies; and bilateral brachial
muscles, 0.00126 + 0.00058 copies (mean * SD, n = 3). Although
only a fraction of the injected AAV1-COLQ-IRES-EGFP moved
to noninjected limbs, we observed colocalization of ColQ and
ACHhE at all the examined NM]Js of right gastrocnemius, right tibi-
alis anterior, both triceps, and both biceps in four examined mice
(Figure 6a). We analyzed a total of 200-400 NM]Js per muscle.
In contrast, expression of intracellular enhanced GFP (EGFP)
was not observed in noninjected limb muscles. We also quanti-
fied ColQ-tailed AChE in the noninjected bilateral forelimbs and
right hindlimb, and found that the amounts were 21.5 + 10.2%
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and 28.4 + 10.0% (mean * SD, n = 4), respectively, of those of wild
type (Figure 6b).

ColQ-tailed AChE protein reaches and binds to
remote NMjs

The presence of ColQ in noninjected muscles strongly suggests that
the ColQ-tailed AChE is assembled intracellularly in one muscle
and has moved to noninjected muscles, where it is anchored to
the NMJs. To directly test this possibility, the gluteus maximus
muscles of 5-week-old Colg™~ mice (n = 4) were injected daily
with 2 ug of recombinant human ColQ-tailed AChE for 7 days.
Histological analysis revealed the presence of ColQ and AChE
in all of the examined NM]Js from triceps muscles (Figure 7a).
Quantitative analysis of ColQ signal intensities at the NM]Js of
noninjected triceps demonstrated that the ColQ-positive areas
normalized for the AChR-positive area per NM]J became indis-
tinguishable from that of wild type (Figure 7b). Furthermore, the
ColQ signal intensity normalized for the AChR area per NMJs
reached ~41.6% of that of wild type (Figure 7¢). The Colg™~ mice
could not hang on the wire at all, but the protein-injected mice
acquired the ability to hang on the wire for two or more minutes
from the fourth day of injection.

DISCUSSION

Effective and persistent gene therapy of ColQ with a
single intravenous injection of AAV8-COLQ

We present an efficient and persistent recovery of AChE at the
NMJ after a single intravenous administration of AAV8-COLQ
in a Colg”" mouse model of congenital myasthenic syndrome
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Figure 7 injection of purified recombinant human collagen Q (ColQ)-
tailed acetylcholinesterase (AChE). (a) Daily injection of 0.2ug human
recombinant ColQ-tailed AChE -into the gluteus maximus muscles
of Colg”- mice rescues AChE activity and ColQ in the noninjected tri-
ceps where they are colocalized to acetylcholine receptors- (AChR).
Bar = 10um. (b) The size of ColQ-positive area'is normalized for the size
of AChR-positive area at the neuromuscular junctions (NMs) of nonin-
jected triceps. (¢) Signal intensities of ColQ at the NMJs of noninjected
triceps. Mean and SE are indicated. WT, wild-type mice, number of
NM]Js = 43; Protein injected, mice injected with ColQ-tailed AChE, num-
ber of NMJs =42. *P < 0.001. Signal intensities-are normalized to that
of Colg’- mice. Quantitative analyses were performed with the BZ-9000
~ microscope and the Dynamic Cell Count software BZ-H1C (Keyence).

with deficit in AChE. We observed ColQ-tailed AChE at all of
the NMJs examined and the amount of the anchored AChE
reached 89.3% of the wild-type level. The improved motor func-
tions lasted at least 48 weeks after treatment and the treated
mice survived 18-20 months, which is in contrast to at most
6-month lifespan of Colg™~ mice.'? Although >99.5% of the vector

’

genome stays episomal in mouse muscles even at 57 weeks after
injection,® expression of the transgene in skeletal muscle lasts

“for 1.0-1.5 years without a decline in immunocompetent mice.?*?

Ourstudies also underscore the long-lasting expression of the
transgene delivered by AAV.
~Rat Colg** and human COLQ’ have two distinct promoters

' and'genérate ColQ1 and ColQla transcripts, which respectively
- include exon 1 and exon 1a and encode distinct signal peptides.

A nerve-derived factor, calcitonin gene-related peptide, controls
the expression of ColQla at the NM]Js of fast-twitch muscles.
However, in slow-twitch muscles, expression of ColQl occurs
throughout the muscle fibersand is controlled by Ca?*/calmodulin-
dependent protein kinase IT and myocyte enhancer factor 2.2 As
our viral construct was driven by the cytomegalovirus promoter,
spatial and temporal regulation of ColQ expression should have
been lost. In addition, our construct expressed ColQ! and not
ColQ1a, which was expected to be physiological for slow-twitch
muscle but not for fast-twitch muscles. The prominent ultrastruc-

‘tural improvement in slow-twitch muscles rather than fast-twitch

muscles may be partly because AAV8-COLQ encodes ColQ1 and
not ColQla. This also suggests that the N-termini of ColQ1 and la
have different functions. The pattern of ColQ expression resulting
from our strategy was not physiological in three ways: (i) lack of
subsynaptic nuclei-specific expression of ColQ, (ii) a ubiquitous
cytomegalovirus promoter, and (iii) the exclusive expression of
ColQ1l. Despite these features, the motor and the synaptic func-
tions are improved; AChE is locally accumulated at the NMJ in
our treated mice. This suggests that the precise genetic control of
the expression of ColQ is not the key factor for clustering of AChE
and tissue-targeting signals of ColQ are sufficient to functionally
restore AChE at the NMJ.

The protein-anchoring therapy

Although ColQ-tailed AChE in the serum of either wild type,
Colg™, or treated mice was less than a detection threshold in the
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sedimentation analysis (Supplementary Figure S1d-f), anchor-
ing of ColQ-tailed AChE to remote NM]Js was supported by two
lines of evidence: local intramuscular injections of AAV1-COLQ-
IRES-EGFP (Figure 6) and of the purified recombinant ColQ-
tailed AChE protein complex (Figuire 7). In either case, AChE at
the NM]J of the noninjected muscle originates from ColQ-tailed
AChE arising from another source; not from local secretion and
retention of ColQ-tailed AChE synthesized by subsynaptic nuclei
followed by assembly and maturation in the postsynaptic area as
in wild-type mice. The overlay of recombinant ColQ-tailed AChE
in vitro either on normal muscle tissue sections of frog*'® or of
Colq™ mouse (Supplementary Figure S2) demonstrates that
ColQ harbors a signal that targets AChE to the NM]J. The dual
interactions of ColQ with MuSK® and perlecan,® which are both
required in the overlay experiment,'® are likely to restrict ColQ
to the NMJ. In endplate AChE deficiency, point mutations that
affect the binding of ColQ to MuSK prevent the accumulation of
AChE."® Although no mutation has been reported at the heparan
sulfate proteoglycan-binding domains of ColQ in endplate AChE
deficiency, the reduction of perlecan mimicking Schwartz-Jampel
syndrome reduces the level of AChE and ColQ at the NMJ.%% All
of these observations suggest that the combination of MuSK and
perlecan determines the number of ColQ-tailed AChE anchored
at the NMJ. This notion was previously termed as “molecular
parking lots” by Rotundo and colleagues.”

ColQ-tailed AChE is a nanostructure made of a rigid collagen
of 50-nm length and three AChE tetramers. ColQ-tailed AChE
is apparently able to move from one muscle to another as dem-
onstrated by clustering in the triceps muscle after protein injec-
tion into the gluteus. A similar approach is inherently employed
by nature, as exemplified by fibronectin that is ubiquitously pres-
ent in extracellular matrices and is largely derived from liver.?
Injection of a protein complex is reported with laminin-111. An
intramuscularly or intraperitoneally injected laminin-111 is dis-
tributed to the basal lamina of skeletal and cardiac muscles in an
mdx-mouse model of Duchenne muscular dystrophy. In contrast
to our strategy, laminin-111 is not expressed or accumulated in
normal or dystrophic adult muscles. Their studies exploit an ecto-
pic deposition of laminin-111 to induce expression of a_-integrin
that stabilizes the sarcolemma of dystrophic muscle fibers.

The ColQ must be synthesized in cells that produce a splice
variant T of AChE for obtaining the correct assembly of the com-
plex.> A single muscle fiber harbors hundreds of nuclei that are
functionally compartmentalized, and a molecule expressed in
a single nucleus goes through the muscle fiber only for a short
distance.**? Thus, the multinucleation of muscle fibers is unlikely
to have contributed to the restoration of function in the Colg™-
mice of our study. Similar specific clustering of a muscle-generated
protein to the NM]J has been reported with laminin $2.* When
laminin B2 is expressed throughout muscle fibers by the MCK
promoter in transgenic mice, it is clustered at the NMJ.

The inability to achieve efficient and specific delivery of a
transgene to the target tissue often prevents the application of
gene therapy to model animals and patients.> Here, we propose
the protein-anchoring strategy that provides a new therapeutic
approach for congenital defects of extracellular matrix proteins.*
The potential candidate molecules of the protein-anchoring
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therapy include laminin o2 causing laminin-a2-deficient con-
genital muscular dystrophy,® perlecan causing Schwartz-Jampel
syndrome,®¥ and collagen VI causing Ullrich syndrome.® It
should be emphasized that this strategy can be potentially used for
a huge number of diseases caused by mutations of genes encoding
proteins of the extracellular matrices in general.

MATERIALS AND METHODS

Preparation of AAV carrying COLQ. Human COLQ cDNA? was cloned into
PAAV-MCS (AAV Helper-Free system; Stratagene, Santa Clara, CA) that
carries the cytomegalovirus promoter to obtain a pAAV-COLQ. We also
inserted IRES-EGFP to make pAAV-COLQ-IRES-EGFP. To make AAVS-
COLQ, HEK293 cells were cotransfected with the following plasmids: the
proviral vector plasmid pAAV-COLQ, the AAV8 chimeric helper plasmid
PRC8, and the adenoviral helper plasmid pHelper (Stratagene) using calcium
phosphate coprecipitation method.” To make AAV1-COLQ-IRES-EGFP, we
transfected HEK293 cells with pAAV-COLQ-IRES-EGFP, the AAV1 chi-
meric helper plasmid pRep2Capl, and pHelper. The AAV particles were
concentrated by CsCl gradient ultracentrifugation for 3 hours® and further
purified with the quick dual jon-exchange procedures.!! The viral titer was
estimated by quantitative PCR in real-time using MX3000p (Stratagene).”

Administration of AAV carrying COLQ to Colg~ mice. All animal stud-
ies were approved by the Animal Care and Use Committee of the Nagoya
University Graduate School of Medicine. For intravenous administration,
1 x 10"-2 x 10" vg of AAV8-COLQ were injected into the tail vein of
4-week-old Colg~~ mice.”? For intramuscular administration, 2 x 10" vg of
AAV1-COLQ-IRES-EGFP were injected into the left anterior tibial muscle
of 4-week-old Colg™~ mice. The left proximal thigh was tightly ligated with
a tourniquet for 20 minutes during intramuscular injection to prevent vas-
cular delivery of viral particles throughout the body.

Motor activity tests. Muscle weakness and fatigability were measured with
a rotarod apparatus (Ugo, Basile, Italy). Mice were first trained three times
to be accommodated to the task. Mice were consecutively examined three
times and were allowed to take a rest for 1 hour between individual tasks.

Running-wheel activity was used to quantify voluntary exercises. Each
mouse was placed in a standard cage equipped with a counter-equipped
running wheel (diameter, 14.7 cm, width, 5.2 cm; Ohara Medical, Tokyo, Japan).
The running distances were recorded using the counter every 24 hours.

Histology. We raised a polyclonal ColQ antibody by injecting a synthetic
peptide of SAALPSLDQKKRGGHKAC, corresponding to codons 34-51
in human ColQ, into rabbits. We confirmed that the raised antibody recog-
nized ColQ by western blotting (Supplementary Figure $3) and that no sig-
nal was present in a section of Colg™"~ mice (Figure 4b and Supplementary
Figure $2). Mice were sacrificed at 6 weeks after treatment. Skeletal muscles
of mice were frozen in the liquid nitrogen-cooled isopentane and sectioned
at 8-pm thick with a Leica CW3050-4 cryostat at —20°C. Muscle sections
were blocked with 5% horse serum in phosphate-buffered saline for 20 min-
utes and incubated with the primary antibody (1:100) for 2 hours. Sections
were then incubated with a secondary antibody (1:100) for 1 hour, along
with Alexa-594-conjugated a-bungarotoxin (2.5ug/ml) (Sigma, St Louis,
MO) for visualizing AChR. Anti-rabbit and anti-mouse secondary anti-
bodies were both FITC-labeled (Vector Lab, Burlingame, CA). For AAV1-
COLQ-IRES-EGFP, we detected ColQ using anti-rabbit secondary antibody
labeled with rhodamine (1:40; Santa Cruz, Santa Cruz, CA) and localized
AChHR by Alexa-647-conjugated a-bungarotoxin (2.5 ug/ml; Sigma). Signals
of ColQ, AChE, AChR, and EGFP were examined with BX60 (Olympus,
Tokyo, Japan) or BZ-9000 (Keyence, Osaka, Japan).

Mouse AChE activity was detected by the histochemical method at
6 weeks after treatment. Muscle sections were incubated for 20 minutes
at 37°C in the reaction mixture containing 1.73 mmol/l acetylthiocholine
iodide, 38 mmol/l sodium acetate, 51 mmol/l acetic acid, 6 mmol/l sodium
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citrate, 4.7mmol/l copper sulfate, 0.5mmol/l potassium ferricyanide,
and 5 x 107 mol/l ethopropazine (Sigma), which is an inhibitor of
butyrylcholinesterase.

Sedimentation biochemical analyses. Mice were sacrificed at 6 weeks after
treatment. Sedimentation analysis was performed as previously described.”
Proteins were extracted from the muscle and liver in a detergent buffer
[10mmol/l HEPES (pH 7.2), 1% CHAPS, 10mmol/l EDTA, 2mmol/l
benzamidine, leupeptin (20 ug/ml) and pepstatin (10 pg/ml)] containing
0.8 mol/l NaCl. The eluate was applied on a 5-20% sucrose density gradi-
ent, which was made in the detergent buffer containing 0.8 mol/l NaCl,
along with B-galactosidase (16S) and alkaline phosphatase (6.1S) as inter-
nal sedimentation standards. Centrifugation was performed in a Beckman
SWA41Ti rotor at 4°C for 21 hours at 38,000 r.p.m. AChE activity was
assayed by the colorimetric method of Ellman in the presence of 5 x 10-
mol/l ethopropazine.

For biochemical analysis, skeletal muscle was shattered by the Cool
Mill (Toyobo, Osaka, Japan) in liquid nitrogen. We extracted globular
forms of AChE into the NaCl-free detergent buffer, and ColQ-tailed AChE
into detergent buffer containing 0.8 mol/l NaCl as previously described.”
AChE activity was assayed using AChE-Specific Assay kit (Dojindo,
Kumamoto, Japan) or the Ellman method and normalized by Torpedo
ACRhE activity (Sigma).

Microelectrode studies. Phrenic nerve-diaphragm preparations were
obtained from three wild type, three Colg™-, and three AAV8-COLQ-
treated mice at 8 weeks of age, which corresponds to 4 weeks after treat-
ment. We stimulated the sciatic nerve at 2 Hz and recorded compound
muscle action potentials of gastrocnemius muscles using a needle elec-
trode under deep anesthesia. For technical reasons, we could not analyze
the limb muscles that we used in the other assays. After mice were sac-
rificed, miniature endplate potentials and evoked EPPs were recorded as
described elsewhere.”” Neostigmine methylsufate (Elkins-Sinn, Cherry
Hill, NJ) was used at a concentration of 10~ g/ml in the bath to block cho-
linesterases. We employed the AxoGraph x 1.1.6 (AxoGraph Scientific,
Sydney, Australia) for data analysis.

Electron microscopy. For electron microscopy, extensor digitorum lon-
gus and soleus muscles were fixed in ice-cold 3% glutaraldehyde buffered
with 0.1 mol/l cacodylate buffer (pH 7.3) at 4 weeks after treatment. The
endplate-rich region of the muscle was refixed in 2% OsO, in cacodylate
buffer, dehydrated, and embedded in Epon812.

All thin sections were cut transversely, stained with lead citrate, and
photographed in a JEM 1,200 EX electron microscopy. Morphometric
analysis of the motor endplate was performed following the procedure of
Engel and Santa," and included the following: (i) presynaptic membrane
length, inpum; (ii) nerve terminal area, inyum? (iii) number of synaptic
vesicles per unit area, in numbers perpm? (iv) length of processes
of Schwann cells on presynaptic membrane, inpm; (v) percentage of
totally enwrapped nerve terminal by processes of Schwann cells; (vi)
postsynaptic area of folds and clefts associated with a given nerve
terminal, inum? (vii) postsynaptic membrane length associated with a
given nerve terminal, inpm; (viii) postsynaptic membrane length per
unit postsynaptic area (postsynaptic membrane density), derived by
dividing the value of (vii) by that of (vi), in um per um? (ix) postsynaptic
to presynaptic membrane ratio. Endplates were localized and analyzed by
established methods, and peroxidase-labeled a-bungarotoxin was used
for the ultrastructural localization of AChR.** The images were quantified
using the NIH Image 1.62 software (National Institutes of Health).

Expression and purification of recombinant ColQ. The plasmids that
previously introduced human COLQ and human ACHE cDNAs into a
pTargeT (Promega, Madison, WI)” were cotransfected into HEK293 cells.
Proteins were extracted from the cells in Tris-HCI buffer [50 mmol/l Tris—
HCI (pH 7.0), 0.5% Triton X-100, 0.2 mmol/l EDTA, leupeptin (2 pug/ml),
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and pepstatin (1 ug/ml)] containing 1 mol/l NaCl. The extracts were loaded
onto HiTrap Heparin HP columns (GE Healthcare, Buckinghamshire, UK).
The concentration of purified recombinant ColQ-tailed AChE was equiva-
lent to ~4 pg/ml Torpedo AChE. We injected 50l of the purified ColQ-
tailed AChE in phosphate-buffered saline daily into the gluteus maximus
muscles of 5-week-old Colg™~ mice for a week. Mice were given a single
intraperitoneal injection of 300 mg/kg cyclophosphamide monohydrate
(10mg/ml in saline) at 24 hours after the first ColQ-tailed AChE injection
to suppress immunoreaction against the recombinant human protein.*
After 7 days, mice were sacrificed and brachial muscles were stained for
ColQ molecule and AChE activity as described above.

Real-time PCR/reverse transcription-PCR. For expression analysis, total
RNAs from skeletal muscle and liver cells were extracted using the RNeasy
Mini kit (Qiagen, Hilden, Germany) with DNasel and proteinase K treat-
ment according to the manufacturer’s instructions. First-stranded cDNA
was synthesized using the ReverTra Ace reverse transcriptase (Toyobo).
Expressions of human COLQ, mouse Colg, and mouse Ache were analyzed
using the TagMan (Applied Biosystems, Foster city, CA) probes and prim-
ers in LightCycler 480 (Roche, Mannheim, Germany). We also quantified
18S rRNA for normalization.

To quantify the transduction efficiency, total DNA was extracted
from skeletal muscle and liver using the QlAamp DNA Mini Kit
(Qiagen). The amount of viral genome was quantified by real-time PCR
using a TagMan probe targeting to human COLQ, as well as to mouse
Tert encoding telomerase reverse transcriptase to normalize for the cell
numbers.

SUPPLEMENTARY MATERIAL

Figure $1. Sedimentation analyses of AChE in the liver and serum.
Figure $2. Binding of human ColQ-tailed AChE proteins to the NMJ in
muscle section of Colg”- mice.

Figure $3. Western blot of a newly raised rabbit polyclonal anti-ColQ
antibody (1:1,000).

Table $1. Morphometric analysis of endplate ultrastructures.

Video 1. First part: Two Colg”~ mice treated with an intravenous
administration of 2 x 10'? vg of AAV8-COLQ (right cage) move around
actively.
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Four parameters increase the sensitivity and specificity
of the exon array analysis and disclose 25 novel
aberrantly spliced exons in myotonic dystrophy

Yoshihiro Yamashita!®, Tohru Matsuura>®, Jun Shinmi', Yoshinobu Amakusa!, Akio Masuda!, Mikako Ito!,
Masanobu Kinoshita®, Hirokazu Furuya?, Koji Abe?, Tohru Ibi®, Koo Sahashi® and Kinji Ohno!

Myotonic dystrophy type 1 (DM1) is an RNA gain-of-function disorder in which abnormally expanded CTG repeats of DMPK
sequestrate a splicing frans-factor MBNL1 and upregulate another splicing trans-factor CUGBP1. To identify a diverse array of
aberrantly spliced genes, we performed the exon array analysis of DM1 muscles. We analyzed 72 exons by RT-PCR and found
that 27 were aberrantly spliced, whereas 45 were not. Among these, 25 were novel and especially splicing aberrations of LDB3
exon 4 and TTN exon 45 were unique to DM1. Retrospective analysis revealed that four parameters efficiently detect aberrantly
spliced exons: (i) the signal intensity is high; (ii) the ratio of probe sets with reliable signal intensities (that is, detection above

background P-value =0.000) is high within a gene; (iii) the splice index (S)) is high; and (iv) S/ is deviated from S/s of the
other exons that can be estimated by calculating the deviation value (DV). Application of the four parameters gave rise to a
sensitivity of 77.8% and a specificity of 95.6% in our data set. We propose that calculation of DV, which is unique to our
analysis, is of particular importance in analyzing the exon array data.

Journal of Human Genetics advance online publication, 19 April 2012; doi:10.1038/jhg.2012.37

Keywords: CUGBP1; Exon array; MBNL1; myotonic dystrophy

INTRODUCTION
Alternative splicing regulates developmental stage-specific and tissue-
specific gene expressions and markedly expands the proteome
diversity with a limited number of genes. High-throughput sequen-
cing of total mRNAs expressed in cells has revealed that 98% or more
of multiexon genes are alternatively spliced,! with an average of seven
alternative splicing per multiexon gene? Alternative splicing is
achieved by exonic/intronic splicing enhancers/silencers (ESE, ISE,
ESS, ISS) in combination with spatial and temporal expression of
trans-acting splicing factors, such as serine/arginine-rich (SR) proteins
and heterogeneous nuclear ribonucleoproteins.>® Aberrations of
alternative splicing are mediated by either mutations disrupting
splicing cis-elements or dysregulation of splicing trans-factors.>®
Mpyotonic dystrophy is an autosomal dominant multisystem dis-
order affecting the skeletal muscles, eye, heart, endocrine system and
central nervous system. The clinical symptoms include muscle
weakness and wasting, myotonia, cataract, insulin resistance, hypo-
gonadism, cardiac conduction defects, frontal balding and intellectual
disabilities.” Myotonic dystrophy is caused by abnormally expanded

CTG repeats in the 3’ untranslated region of the DMPK gene
encoding the dystrophia myotonica protein kinase on chromosome
19q13 (myotonic dystrophy type 1, DM1)*0 or by abnormally
expanded CCTG repeats in intron 1 of the ZNF9 gene encoding the
zinc finger protein 9 on chromosome 3q21 (myotonic dystrophy type
2, DM2).! In DM1, normal individuals have 5-30 repeats; mildly
affected individuals have 50-80 repeats; and severely affected
individuals have 2000 or more repeats of CTG.1>!*> In DM2, the
size of expanded repeats is extremely variable, ranging from 75 to
11000 repeats, with a mean of 5000 CCTG repeats.'!-14

In DM1 and DM2, expanded CTG or CCTG repeats in the non-
coding regions sequestrate a splicing trans-factor muscleblind encoded
by MBNLI to intranuclear RNA foci harboring mutant RNA.! In
addition, in DM1 cells, another splicing trans-factor CUG-binding
protein encoded by CUGBPI is hyperphosphorylated by protein
kinase C and is stabilized.'!8 Dysregulation of the two splicing
trans-factors then causes aberrant splicing of their target genes. A total
of 28 exons/introns of 22 genes have been identified to date in the
skeletal and cardiac muscles in myotonic dystrophy (Table 1).
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Table 1 A total of 28 aberrantly spliced exons and introns identified
to date in skeletal and cardiac muscles in myotonic dystrophy

Gene® Affected exon/intron®
ATP2A1 Exon 22
(SERCA1)21:31

ATP2A2 (SERCAZ)3! Intron 19

BIN132 Exon 11

CAPN3?1 Exon 16

CLCNI33 intron 2
CLCNI3435 Exons 6b/7a

DMD36 Exon 71

DMD36 Exon 78

DTNA3? Exons 11A and 12
FHOD1 (FHOS)2} Exon 1la

FN138 Exon 33

GFPTI (GFATI)?! Exon 10

INSR39 Exon 11
KCNAB140 Exons 2b/2¢

LDB3 (ZASP)?} Exon 11 (189-nt exon 7)
MBNLI?! Exon 7 (54-nt exon 6)
MBNL22! Exon 7 (54 nt, no exonic annotation)
MEF2¢4 Exons 4 and 5

MTMR 142 Exons 2.1 and 2.2
MYOMI43 Exon 17a
MYH14% Exon6

NRAF21 Exon 12

PDLIM3 (ALP)2! Exons 5a/5b

RYRI3! Exon 70

TNNT245 Exon 5

TNNT346 Fetal exon

TTN2L Exons Zr4 and Zr5 (138-nt exon 11 and 138-nt exon 12)
TTN?1 Exon Mex5 (303-nt exon 315)

2Gene symbols by the HUGO Gene Nomenclature Committee. Symbols in parentheses represent
alternative symbols that are used in the reference.
bExon numbers in parentheses represent annotations of the NCBI Build 36.3.

The Affymetrix GeneChip Human Exon 1.0 ST array contains
~ 1.4 million probe sets comprised of ~ 5.4 million probes. The exon
array is designed to measure the expression level of each exon and to
enable quantitative analysis of alternative splicing. In designing the
exon array, probe selection region(s) (PSR) are placed within each
exon throughout the genome. Each PSR has a unique probe set ID and
carries four probes. A group of PSRs placed on a single exon is given a
unique exon cluster ID. In most instances, each exon cluster ID, which
represents an individual exon, carries a single PSR. A group of exon
clusters spanning a single gene has a unique transcript cluster ID. The
exon array thus carries 3040 probes along the entire length of each
gene. Data analysis of the exon array, however, is more complicated
than that of the expression array as in the HuEx1.0 ST exon array,
(i) each probe set is comprised of only four probes, (ii) each probe
does not have a corresponding mismatched probe and (iii) each probe
cannot be optimally designed due to a short span of the PSR.

In an effort to elucidate a diverse array of alternatively spliced genes
in myotonic dystrophy, we performed the exon array analysis with
skeletal muscles of three DM1 patients and three normal controls. In
the course of the analysis, we tested alternative splicing of 72 exons by
RT-PCR and found that 27 were alternatively spliced, whereas 45 were
not. We sought for parameters that best discriminate true and false
positives, and found that four parameters discriminate the true and
false positives with a sensitivity of 77.8% and a specificity of 95.6%.

Journal of Human Genetics

MATERIALS AND METHODS

Patient samples

Skeletal muscles were previously biopsied for diagnostic purposes. Clinical
features of the patients are summarized in Supplementary Table S1. Two
control muscles were biopsied muscle specimens that showed no pathological
abnormalities. One control muscle RNA was the Human Skeletal Muscle PCR-
Ready cDNA from Life Technologies (Carlsbad, CA, USA). All experiments
were performed under the IRB approvals of the Nagoya University Graduate
School of Medicine and the Aichi Medical University. The samples were used
for the current studies after appropriate informed consents were given. High-
molecular weight DNA was extracted by the conventional proteinase K and
phenol chloroform method. We determined the CTG repeat numbers at the
3" UTR of the DMPK gene by Southern blotting and found that skeletal
muscles of patients 1, 2 and white blood cells of patient 3 carried 3430, 4500
and 1500 CTG repeats, respectively. Our analysis underscored a notion that
skeletal muscles have larger numbers of repeats compared to leukocytes.!?

RNA preparation and array hybridization

Total RNA was extracted by the RNeasy Mini Kit (Qiagen, Hilden, Germany).
We confirmed that the RNA integrity numbers were all above 7.0. Hybridiza-
tion and signal acquisition of the HuEx1.0 ST exon array (Affymetrix, Santa
Clara, CA, USA) were performed according to the manufacturer’s instructions.
The signal intensities were normalized by the RMA method using the

Expression Console 1.1 (Affymetrix).

Exclusion of genes with undependable signals using four criteria
Before we analyzed our exon array data, we excluded genes and probe sets with
undependable signals using the following criteria. First, the gene must be
comprised of four or more exons. Second, the smaller detection above
background (DABG) P-value in either controls or DM1 muscles is <0.01 for
a probe set to be analyzed. DABG is a detection metric generated by comparing
perfectly matched probes to a distribution of background probes. Affymetrix
expression arrays used a mismatched probe to measure the background signal
for a specific probe, whereas Affymetrix exon arrays use shared background
probes to estimate the background signals. As exon skipping results in low
signals that give rise to high DABG P-values, we did not discard probe sets with
unreliable signals in either controls or DM1, but not in both. Third, three or
more dependable probe sets with DABG P-value <0.01 should be included in a
gene to be analyzed, and such probe sets should comprise 15% or more of all the
probe sets on the gene. Fourth, the average signal intensities of either the
controls or DM1 should be no less than 150. Among the 336293 exonic probe
sets in our data set, 103543 probe sets met these criteria.

Unique exon cluster IDs and unique transcript cluster IDs

In order to provide our unique exon cluster IDs and unique transcript cluster
IDs, we analyzed annotations of the NCBI human gene database build 36.3 by
writing and running Perl programs on the PrimePower HPC2500/Solaris 9
supercomputer (Fujitsu Ltd, Tokyo, Japan). We analyzed the exon array signals
on Microsoft Excel by making VBA programs. Partitioning of parameters to
distinguish true and false positives was performed by the JMP statistical
software Ver. 8.0.1 (SAS Institute, Cary, NC, USA) with its default settings.

RESULTS

We provided our unique transcript cluster IDs and exon cluster
IDs for the exon array based on the NCBI RefSeq database

We analyzed muscle specimens of three DM1 and three controls using
the HuEx1.0 ST exon array. In the course of the analysis, we noticed
that the exon array annotations provided by the manufacturer are
based on comprehensive collation of several different gene databases
and do not match to any single annotation database. We thus
exploited the NCBI RefSeq annotation and provided our unique
exon cluster IDs (Supplementary data). We also provided our unique
transcript cluster IDs because in the manufacturer’s annotations some
exon clusters either upstream or downstream of the RefSeq-defined
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gene region are given the same transcript cluster ID as intragenic exon
clusters. An example of the MBNLI annotations is shown in Figure 1.
Our data set was comprised of 336 293 probe sets that were grouped
into 218622 exonic clusters on 27208 transcript clusters. For 1766
probe sets, we assigned duplicated exonic and transcript clusters, as
two genes shared the same exonic regions. Our data set thus utilized
23.5% (336293/1 432 144) of probe sets placed on the array.

The Affymetrix HuEx-1.0-st-v2 annotations release 32 carries
284805 ‘core’ probe sets. The ‘core’ probe sets represent the RefSeq
transcripts and the full-length GenBank mRNAs. The ‘core’ probe sets
are grouped into 192 554 exonic clusters on 19231 transcript clusters.
When the Affymetrix ‘core’ annotations are compared with the NCBI
Build 36.3 database that we utilized, 17372 (6.1%) of the 284805
‘core’ probe sets are on non-exonic regions according to NCBL
Conversely, 69278 (6.0%) of the 1147338 ‘non-core’ probe sets are
on exonic regions according to NCBL

Deviation values (DVs) of splice indices (SIs) provide essential
information to distinguish true and false positives

According to the manufacturer’s suggestions, we first calculated the
normalized intensity (NI) of each exon cluster by dividing the signal

intensity of a given exon cluster by a sum of all the exonic signals
throughout the gene. We next calculated the SI by dividing NIpy; by
NIonrot?® We also calculated #-test P-values of SIs between three
controls and three patients.

NI (exoncluster;) = signal intensity of exon cluster;/

expression level of a gene

SI (exoncluster;) = NI (exon cluster;) /NI (exon cluster;) ..

Validation by RT-PCR of ~20 exons, however, revealed that only
about a quarter of candidate exons were aberrantly spliced, whereas
three quarters were not. In the course of analysis, we noticed that, in
most cases, the SIs of the truly positive gene were all close to 1.0
throughout the gene, whereas those of the falsely positive gene were
variable from probe set to probe set (Figure 2). In order to quantify
how much the normalized SI of a particular exon is deviated from
those of the other exons, we calculated the mean and standard
deviation (s.d.) of SIs of the other exons. We then calculated the DV of
the SI of an exon cluster of our interest.

DV (exon cluster;) = [SI (exon cluster;) — meang;)/SDs;
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Figure 1 Comparison of Affymetrix annotations and our annotations. Seven alternative transcripts of MBNL1 according to the NCB! Build 36.3 are drawn to
individual exonic and intronic scales indicated at the top. The PSR bars represent the ‘core’ probe sets by Affymetrix. Each probe set is comprised of four
probes (not shown). Each exon cluster corresponds to a single exon and carries one or more probe sets. A transcript cluster is comprised of exon clusters on
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throughout the genome are in the Supplementary data. Arrows indicate aberrant exons 6 and 10 identified in the current studies, and daggers indicate the

corresponding probe sets. Shaded areas represent non-coding regions.
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Figure 2 Falsely predicted skipping of ABCC5 exon 17, and correctly predicted skipping of UBEZD3 exon 7. (a) RT-PCR analysis of three DM1 muscles
and three control muscles. (b) Splice index (an exonic signals divided by a sum of all the exonic signals throughout a gene) of each probe set on ABCC5 in
DM1 is normalized for that in controls. The normalized splice indices in DM1 are variable from probe set to probe set, giving rise to the mean and s.d. of
1.00£0.20 (bold symbols). An arrow points to exon 17. The deviation value of probe set ID 2708314 on exon 17 is —3.7 s.d. (c) Normalized splice
indices of UBE2D3 in DM1 are less variable compared with those of ABCC5, which gives rise to the mean and s.d. of 1.00+0.08 (bold symbols). An arrow
points to exon 7. The deviation value of probe set ID 2780003 on exon 7 is —9.7 s.d.
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We indeed found that SIs of the truly positive genes were all close
to 1.0 and alternative exons tend to give rise to high DV values as
explained in Figure 4a and the relevant statements below.

We analyzed 72 exons and identified 27 aberrant exons in DMl

In order to seek for aberrantly spliced exons/introns in DM1, we
arbitrarily set three thresholds of DV > 3.0, SI > 1.5 and t-test P-value
<0.1. The three criteria were satisfied in 256 exons. Among these, we
arbitrarily chose 72 exons. As we started our analysis without
knowing which parameters were efficiently able to predict
true positives, there were no strict objective criteria how we chose
these exons. We, however, looked into the following features when we
chose candidate exons: (i) a conspicuous value in one or more of
the three parameters; (ii) alternative spliced exons annotated in the
NCBI database; or (iii) a possible pathogenic gene that can be causally
associated with DM1. We also avoided previously known aberrant
splicing except for LDB3 exon 7 and MBNLI exon 6, as the two exons
were of special interest to us. RT-PCR analysis of the 72 exons
revealed that 27 exons were indeed aberrantly spliced (Supplementary
Figure S1; Table 2), whereas 45 exons were not (Supplementary Table
S2), which gave rise to a positive predictive value of 27/72 =37.5%
(Figure 3b). Most aberrant fragments were observed in normal and
disease controls to variable extents, and we defined ‘aberrant’ splicing
when the ratios of aberrant fragments in DM1 were more than those

Table 2 A total of 27 aberrantly spliced exons in DM1 identified in
the current studies

Exon Deviation value Splice index  t-test
Gene (size in bp)  Probe set 1D (DV) (S) P-value
AKAP13 16 (62)° 3606402 3.8 2.48 0.0132
ATP5G2 1 (273) 3456337 108.2 2.6 0.0065
FGD6 2 (2425)¢ 3466416 16.5 2.0 0.0144
ILF3 18 (1352)° 3820705 16.1 2.5 0.0048
LDB3 4 (368)° 3255989 36.0 6.9 0.0889
LDB3 7 (189)%° 3256033 34.4 6.6 0.0000
MAP4K4 17 (231 2496832 16.5 3.1 0.0063
MBNL1 6 (54)2, > 2648184 16.5 3.1 0.0063
MBNL1 10 (64)° 2648200 5.4 4,08 0.0041
MBNL2 8 (95)° 3497646 10.2 2.7 0.0008
MSsi2 14 (73) 3728314 24.3 2.5 0.0550
MXRA7 4(81)P° 3771753 13.6 35 0.0464
MYBPC1 23 (54)° 3428645 46.9 4.8 0.0060
MYBPC1 31 (59)° 3428661 104 1.8 0.0808
NCOR2 10 (225)¢ 3476468 7.2 1.7 0.0163
NDUFV3 3 (1095) 3922938 6.2 3.4¢ 0.0034
NEB 116 (105)¢ 2581073 32.7 2.8 0.0004
NEDDAL 13 (132)¢ 3790056 3.5 3.0¢ 0.0267
NEDDA4L 14 (120)¢ 3790058 3.6 3.2¢ 0.0184
NEXN 2 (42)° 2343241 12.9 1.9 0.0169
NFIX 7 (123)¢ 3822162 18.3 2.3 0.0087
NR4A1 4 (1642)° 3415256 12.1 2.9¢ 0.0012
PPHLN1 7 (57)9 3412039 8.1 3.0¢ 0.0001
S0S1 21 (45)¢ 2549106 5.0 2.0° 0.0334
TBCID15 7 (1) 3422345 49 3.8¢ 0.0149
TN 45 (375)° 2589787 62.7 4.9 0.0484
UBE2D3 11 (50)° 2780003 89 3.3¢ 0.0087

Exon numbers are according to the NCBI Build 36.3.

2Aberrant splicing in DM1 has been previously reported.

bExons are known to be alternatively spliced according to (i) NCBI and ENSEMBL release 50.
C(ii) ENSEMBL release 50.

dor (iii) dbEST alone.

Signals in DM1 are weaker than those in controls, and the S/ values are inversed.
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in any normal controls. In 11 of the 27 exons, intensities of aberrant
fragments in DM1 exceeded those of normal controls but not all of
disease controls, indicating that the splicing aberrations are not
specific to DML1. In the remaining 16 ‘specific’ exons (asterisks in
Supplementary Figure S1), the ratios of aberrant fragments in DM1
were more than those in any disease controls. Especially, splicing
aberrations in LDB3 exon 4 and TTN exon 45 were almost exclusively
observed in DM1, and were ‘unique’ to DM1. To summarize, among
the 27 aberrantly spliced exons that we identified in the current
studies, 25 were novel, 16 were ‘specific’ to DM1 and 2 were ‘unique’
to DM1 (LDB3 exon 4 and TTN exon 45).

In an effort to understand the rarity of ‘specific’ and ‘unique’
aberrant splicing, we examined the disease specificity of four previously
reported aberrant splicing in DM1.2! Limited availability of biopsied
muscles hindered us from analyzing all the 28 previously reported
splicing aberrations shown in Table 1. We found that aberrant splicing
of PDLIM3 exon 5 was ‘specific’; that of CAPN3 exon 16 was ‘unique’s
and those of GFPTI exon 10 and NRAP exon 12 were observed in
normal and disease controls (Supplementary Figure S2). Thus, some of
the previously reported splicing aberrations in DM1 (Table 1) are likely
to represent muscle degeneration and/or regeneration.??

Four parameters increased the sensitivity of exon array analysis
Using the 72 analyzed exons, we next asked which parameters were
able to discriminate the true and false positives. We analyzed 10
parameters and found that DV were most discriminative and SI
followed (Figure 4). Additionally, we observed significant differences
in average signal intensities and in ratios of probe sets with DABG
P-value =0.000. A DABG P-value is attached to a signal intensity of
each probe set and represents reliability of the signal intensity. The
t-test P-values were lower in true positives, but without statistical
significance.

Comparison of the true (Table 2) and false (Supplementary Table
S2) positives using the recursive partitioning functionality of the JMP
8.0.1 statistical software indicated four thresholds. The partitioning
functionality of JMP seeks for the best splitting point of the best
factor, X;, among a group of factors that best discriminate the
response Y. The 10 factors indicated Figure 4a were analyzed to
discriminate the true and false positives. First, the signal intensities of
either controls or DM1 should be more than 270. Second, the ratio of
probe sets with DABG P-value =0.000 either in controls or DMl
should be more than 0.05. Third, DV should be more than 10.0 or SI
should be more than 2.6. Application of the four thresholds excluded
6 out of 27 true positives and 43 out of 45 false positives, and gave rise
to a sensitivity of 21/27=77.8% and a specificity of 43/45 = 95.6%
(Figure 3b). If we exclude the threshold for the DV and include the
threshold for t-test P-value of less than 0.05, which are commonly
used in the analysis of exon arrays, the sensitivity becomes as low as
15/27 = 55.6%, whereas the specificity rather becomes 45/45 = 100%.
Thus, the inclusion of DVs in the analysis increases a chance of
identifying aberrantly spliced exons by 22.2%, although a chance of
detecting false positives is rather increased by 4.4%.

Although the significance of four parameters is demonstrated in
our data set (Figure 4a), the thresholds should be unique to our data
set and different thresholds need to be applied to different data sets.
To prove this, we analyzed four human exon arrays of GSE21795,
GSE28672,* GSE24581%° and GSE21840%° in the Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/). Each data set was
comprised of a pair of three to five samples, and aberrant
and alternative splicing events of a total of 23 exons were validated
by RT-PCR in the original papers. Although SIs and DVs of the 23
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256 exons met the arbitrary criteria
Fold-change > 1.5
t-test p-value < 0.10
Deivation value > 3.0

72 exons were validated by RT-PCR

b

Best discriminative criteria indicated by JMP
Signal intensities > 270
Ratio of probesets with reliable DABG
p-value > 0.05
Splice index (S/) > 2.6
Deviation value (DV) > 10.0

Criteria Aberrant Normal Total
Positive 27 45 72
Negative n.a. n.a. n.a.

Positive predictive value = 37.5% (27/72)

Criteria Aberrant Normal Total
Positive 21 2 23
Negative 6 43 49
Total 27 45 72

Sensitivity = 77.8% (21/27)
Specificity = 95.6% (43/45)

Figure 3 (a) Arbitrary criteria to search for aberrant splicing (left panel) and their results (right panel). (b) Four discriminative criteria indicated by JMP-IN

(left panel) and their results (right panel).
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Figure 4 (a) Parameters that differentiate the true and false positives.
Values are normalized to those of false positives, and the mean and s.e. are
indicated. The true and false positives are indicated by solid and gray
symbols, respectively. For S/, an inverse of the S/ value is taken when the
signal is decreased in DM1. Four parameters exhibit statistical significance
with the Student's t-test. (b) Deviation values of 27 true and 45 false
positives are plotted on a logarithmic scale. Gray lines indicate means and
95% confidence intervals.
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exons were as high as 2.58+ 1.05 and 8.3+ 12.8 (mean and s.d.),
respectively, 9 exons did not meet the criteria indicated in Figure 3b,
which gave rise to a sensitivity of 14/23 =60.9%. As no false positive
results were documented in these papers, we could not calculate the
specificity, and we could not estimate if calculation of four parameters
indeed increases the sensitivity and specificity of the exon array
analysis for these data sets.

DISCUSSION

A total of 25 novel aberrantly spliced exons in DM1

We identified 25 novel aberrantly spliced exons in DMI. Among
these, aberrant splicing events of LDB3 exon 4 and TTN exon 45 are
‘unique’ to DM1. Aberrations of the other 23 exons are observed in
other muscle diseases with variable degrees. MBNL1 normally
translocates from cytoplasm to nucleus in the postnatal period to
induce adult-type splicing, and lack of muscleblind due to sequestra-
tion to RNA foci in myotonic dystrophy recapitulates fetal splicing
patterns.??’ Downregulation of MBNL1 and upregulation of
CUGBP1 is likely to occur in rejuvenating muscle fibers, and is
likely to result in altered splicing patterns that we observe in disease
controls. Not all aberrantly spliced exons in DM1, however, are
observed in disease controls. Pathological significance of aberrant
splicing in disease controls thus remains to be elucidated.

Exon array analysis

In expression arrays, fold-changes and t-test P-values have been
successfully employed to detect altered gene expressions. On the other
hand, these parameters are not sufficient to detect aberrant splicing in
the exon array data. We thus sought for additional parameters and
found that four parameters are informative to discriminate true and false
positives: (i) the DV; (ii) the normalized splice index, (iii) the signal
intensity and (iv) the ratio of probe sets with DABG P-value = 0.000.
Application of these four parameters has enabled us to achieve a
sensitivity of 77.8% and a specificity of 95.6%. On the other hand, the
t-test P-values are not significantly lower in true positives. This represents
that the threshold of #-test P-value <0.10 is likely to be sufficient to
exclude a large amount of false positives and that further stringent
P-values would not help discriminate true and false positives.

In addition, our unique annotations of exon cluster IDs and
transcript cluster IDs also make the DVs more dependable. This is
because probe sets on rare transcripts or probe sets outside of the
NCBI-defined gene region sometimes give rise to falsely strong signals
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with dependable DABG P-values. Inclusion of these probe sets
increases the standard deviation and decreases the DV of the
aberrantly spliced exon.

Potential roles of novel aberrant splicing events in DM1

In this study, we identified 27 DMI-specific aberrant splicing, in
which 25 have not been published yet. Among the 25 exons, aberrant
splicing events of two exons were ‘uniquely’ observed in DM1: one is
inclusion of the LIM domain binding 3 (LDB3) exon 4 and the other
is inclusion of titin (TTN) exon 45. Interestingly, both encode
structural proteins of muscle fiber.

LDB3, also known as Cypher/ZASP (Z-band alternatively spliced
PDZ-motif protein), contains a PDZ domain at the N-terminus and
one or three LIM domains at the C-terminus. LDB3 is localized to the
Z-line and interacts with g-actinin 2 through its PDZ-domain and
with protein kinase C via its C-terminal LIM domains.?® LDB3 is
likely to have an essential role in supporting Z-line structure and
muscle function during contraction.?? LDB3 has several isoforms. As
inclusion of exon 4 is preferentially observed in the fetal heart,3° the
aberrant inclusion of exon 4 in the skeletal muscles in DM1 would
lead to dysfunction or morphological abnormalities of muscle fiber.
Recently, phosphoglucomutase 1 (PGM1), an enzyme involved in
glycolysis and gluconeogenesis, has been known to bind to the domain
encoded by exon 4 of LDB3. LDB3 mutations in exon 4 reduce the
binding to PGM1 and develop dilated cardiomyopathy.>! On the other
hand, the increased binding of PGM1 and LDB3 through aberrant
inclusion of exon 4 might be involved in the pathogenesis of muscle
atrophy, weakness and histological abnormalities in DM1.

TTN encodes the largest protein in mammals and the third most
abundant protein in muscle.>? An N-terminal Z-disc region and a
C-terminal M-line region bind to the Z-line and M-line of the
sarcomere, respectively, so that a single molecule extends half the
length of a sarcomere. Titin is critically important for myofibril
elasticity and structural integrity. Its elasticity lies specifically in the
I-band region and contains two elements in series with different
properties: the tandem immunoglobulin (Ig) and PEVK domains.?
Different TTN isoforms contribute to differences in elasticity of
different muscle types.>* As exon 45 is located at the tandem Ig
domains, aberrant inclusion of exon 45 in DM1 might lead to
defective myofibril assembly and function.
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Refractory neonatal epilepsy with a de novo duplication
of chromosome 2q24.2q24.3
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SUMMARY

There are only two reports on epileptic patients associ-
ated with microduplication of 2q. We found a de novo
duplication of chromosome 2q24.2q24.3 in another infant
with neonatal epilepsy. The patient had refractory focal
seizures since the third day of life. Her seizures were
refractory against phenobarbital and levetiracetam, but

were controlled by valproate. Array comparative genomic
hybridization revealed a 5.3-Mb duplication of 2q24.
2q24.3, where at least 22 genes including a cluster of volt-
age-gated sodium channel genes (SCNIA, SCN2A, SCN3A,
SCN7A, and SCN9A) and one noncoding RNA are located.
KEY WORDS: Neonatal epilepsy, Voltage-gated sodium
channels, 2q duplication, Array comparative genomic hybri-
dization.

Chromosomal deletions of 2q21-g31 have been known to
be closely related to seizures and epilepsies, and the band
2q24 is the smallest commonly deleted segment in these
patients (Davidsson et al., 2008). Several authors including
us have reported that deletions of the voltage-gated sodium
channel (SCN) cluster at 2q24 are associated with several
epilepsy syndromes (Takatsuki et al., 2010). The deletions
of the locus, including SCNIA, were found in patients with
Dravet syndrome (Marini et al., 2009; Suls et al., 2010).
The chromosomal deletions of 2q including SCNI/A and
SCNZ2A were reported in some patients with severe epilepsy
of infantile onset, developmental delay, and dysmorphic
features (Pereira et al., 2004; Langer et al., 2006; Pereira
et al., 2006). A small deletion between the locus of SCN2A
and SCN3A was seen in a patient with infantile seizures,
mental retardation, and behavioral and psychiatric
abnormalities (Bartnik et al., 2010). Compared to that, the
duplications of this region have been identified in only two
families (Heron et al., 2010; Raymond et al., 2011).
Recently, we identified a chromosomal duplication of
2q24.2924.3, in which SCN gene cluster is located, in an
infant with refractory neonatal epilepsy and severe develop-
mental delay. We report on this patient and discuss the
genotype—phenotype correlation.
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PATIENT REPORT

A female infant was born spontaneously at 40 weeks of
gestation following an uncomplicated pregnancy. She was
the first product of unrelated healthy parents. Her birth
weight was 2,796 g and head circumference was 33 cm. No
dysmorphic features were recognized.

Her mother had noticed mild convulsive movement and
staring lasting for 10-20 s since the third day of life. The
frequency of paroxysmal events gradually increased and she
was admitted to the neonatal intensive care unit of Iwaki
Kyoritsu Hospital at 9 days of age. Physical examinations
were unremarkable other than for mild hypotonia. Head
magnetic resonance imaging (MRI) and blood examination
including metabolic screening of amino acids and organic
acid analyses revealed no abnormalities. Interictal electro-
encephalography (EEG) showed markedly abnormal back-
ground activities with spiky transients. She was diagnosed
as having neonatal seizures and treated with phenobarbital
and midazolam. Although her seizures were refractory
against these antiepileptic drugs, seizures were transiently
controlled by 20 mg/kg of oral phenobarbital after 23 days
of age.

Her seizures recurred at 2 months of age and she was
referred to Juntendo University Hospital. She had 5-20
seizures every day. Although the dose of phenobarbital was
increased to reach the serum level of 61.0 ug/ml, her sei-
zures could not be stopped. Next, levetiracetam was added
up to the dose of 40 mg/kg. However, the frequency of
seizures did not decrease.
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