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Myotonic dystrophy type 1 and type 2 (DM1 and DM2) are genetic diseases in which mutant transcripts con-
taining expanded CUG or CCUG repeats cause cellular dysfunction by altering the processing or metabolism
of specific mRNAs and miRNAs. The toxic effects of mutant RNA are mediated partly through effects on pro-
teins that regulate alternative splicing. Here we show that alternative splicing of exon 29 (E29) of Cay1.1, a
calcium channel that controls skeletal muscle excitation—contraction coupling, is markedly repressed in
DM1 and DM2. The extent of E29 skipping correlated with severity of weakness in tibialis anterior muscle
of DM1 patients. Two splicing factors previously implicated in DM1, MBNL1 and CUGBP1, participated in
the regulation of E29 splicing. In muscle fibers of wild-type mice, the Cay1.1 channel conductance and volt-
age sensitivity were increased by splice-shifting oligonucleotides that induce E29 skipping. In contrast to
human DM1, expression of CUG-expanded RNA caused only a modest increase in E29 skipping in mice.
However, forced skipping of E29 in these mice, to levels approaching those observed in human DM1, aggra-
vated the muscle pathology as evidenced by increased central nucleation. Together, these results indicate
that DM-associated splicing defects alter Cay1.1 function, with potential for exacerbation of myopathy.

INTRODUCTION

Myotonic dystrophy (DM) is an autosomal dominant disorder
characterized by skeletal myopathy, cardiac arrhythmia, catar-
acts, hypogonadism, hypersomnolence, insulin resistance and
other symptoms (1). The most conspicuous features are myo-
tonia and muscle weakness. Although the true prevalence of
DM is unknown, it is one of the most common forms of mus-
cular dystrophy (2). There are two types of DM, both resulting
from expansions of simple tandem repeats in non-coding
regions of the genome. DM type 1 (DM1) is caused by an ex-
pansion of CTG repeats in the 3’-untranslated region of DMPK
(dystrophia myotonica protein kinase) (3), whereas DM type 2
(DM2) is caused by an expansion of CCTG repeats within the
first intron of ZNF9 (zinc finger 9) (4).

The disease mechanism in DM involves a toxic
gain-of-function by RNAs expressed from the mutant DMPK

or ZNF9 alleles. The RNAs with expanded CUG (CUG®*P)
or CCUG (CCUG®*®) repeats bind to Muscleblind-like 1
(MBNL1) protein with high affinity, resulting in sequestration
of MBNLI in nuclear foci and a corresponding loss of its ac-
tivity as a regulator of splicing and miRNA processing (5-38).
In DM1, the CUG®*® RNA has the additional effect of upregu-
lating CUG-binding protein 1 (CUGBP1) (9-14), but evi-
dence that this also occurs in DM2 is conflicting (15—17).
These effects on RNA-binding proteins lead to misregulated
alternative splicing and other changes of the muscle transcrip-
tome (18—21). Although an exact animal model of DM1 does
not exist, mouse models with ablation of Mbnll, overexpres-
sion of CUGBP1 or expression of CUG™ RNA partially re-
produce the transcriptomic and clinical features of the
disease (20-24).

DM is associated with misregulated alternative splicing but
for most of the affected transcripts the physiological
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consequences are unknown. There is evidence that myotonia
results from misregulated alternative splicing of the CLCN1
chloride ion channel, causing a loss of channel function and
involuntary runs of muscle action potentials (25—29). Insulin
resistance is also a characteristic feature of DM1, and may
result from misregulated alternative splicing of the insulin re-
ceptor (12).

Excessive calcium entry has long been considered a key ini-
tiator of muscle degeneration in Duchenne muscular dystrophy
(30,31). Studies of mice that overexpress TRPC3, a calcium
entry channel, indicated that increased calcium influx is suffi-
cient to cause progressive dystrophic changes in skeletal
muscle (32). Malignant hyperthermia and central core
disease are other hereditary disorders caused by altered
calcium regulation in muscle (33,34). However, few studies
have suggested calcium influx as a mechanism for DM
(35-37) because there is no primary defect of the muscle
membrane and no known alteration of calcium entry channels.

Here we show that DM is associated with misregulated
alternative splicing of CACNAIS, the gene encoding Cay1.1.
Cayl.1 is an L-type calcium channel (DHPR,;s) and voltage
sensor that plays a central role in excitation—contraction
(EC) coupling (38—41). In DM1 and DM2, there is increased
skipping of CACNAIS exon 29 (E29), an exon that is develop-
mentally regulated in skeletal muscle (42). In a prospective
cohort, the extent of E29 skipping was correlated with the se-
verity of muscle weakness. When splice-shifting oligonucleo-
tides were used to induce E29 skipping in wild-type (WT)
mice, Cayl.l conductance and voltage sensitivity were
increased and a contribution of Ca** influx to the electrically
evoked myoplasmic Ca”" transient was observed in single
adult muscle fibers, similar to previous observations from
expressing E29-skipped Cayl.1 in dysgenic (Cayl.1-null)
myotubes (43). Although E29, like several other
DMI1-affected exons, showed antagonistic regulation by
MBNLI1 and CUGBPI, the E29 splicing defect in mice that
express CUG™® RNA was much less profound than in indivi-
duals with DM1. However, when splice shifting oligonucleo-
tides were used to induce E29 skipping in this mouse model,
the extent of the myopathy was enhanced, as evidenced by
an increased frequency of central nuclei. These results
suggest that the combined effects of misregulated splicing of
several genes involved in calcium regulation and EC coupling
may contribute to the muscle degeneration in DM.

RESULTS

Cay1.1-E29 skipping in DM1 and DM2 and correlation
with muscle strength

We identified abnormal skipping of Cayl.1-E29 in DM
muscle based on all-exon expression profiling of DM1 and
DM2 compared with normal and disease controls (Sobczak
et al., manuscript in preparation). Skipping of E29 deletes a
19-amino acid fragment within the IVS3-1VS4 extracellular
loop, adjacent to the IVS4 voltage sensor (Fig. 1A). Reverse
transcriptase polymerase chain reaction (RT-PCR) analysis
of DM1 and DM2, compared with disease controls (faciosca-
pulohumeral muscular dystrophy, FSHD) and healthy indivi-
duals, confirmed that Cay1.1-E29 splicing was abnormally
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regulated in both types of DM (Fig. 1B). Compared with the
near-complete E29 inclusion in normal and FSHD controls,
E29 splicing was markedly repressed in DM1 and DM2
(Fig. 1B, left panel, lanes 3-6). Previous studies have
shown that splicing of SERCA1 exon 22 (SERCA1-E22) is
also repressed in DM1 patients (15,44). This exon, which is
regulated by MBNL1 (15,45), can shift from near-complete in-
clusion in controls to near-complete skipping in DMI1
(Fig. 1B, right; compare lanes 1 and 4). By comparison, the
effect on Cay1.1-E29 splicing was nearly as large (Fig. 1B,
left; compare lanes 1 and 4).

Because Cayl.1 plays a key role in EC coupling (41), we
examined E29 splicing in relation to muscle strength in indivi-
duals with DM1. Ankle dorsiflexion (ADF) is primarily a
function of tibialis anterior (TA), a muscle that is preferential-
ly affected in DM1. We used standardized manual muscle
testing (46,47) to prospectively assess ADF strength in 41
individuals with genetically proven DM1. The TA muscle
was then sampled by needle biopsy. Similar procedures were
followed in 5 individuals who carried a DM1 protomutation,
defined here as 50—90 CTG repeats, and in 5 healthy controls.
The individuals with protomutations had minimal or no symp-
toms and normal ADF strength; they came to diagnosis
through their DM1-affected offspring. RT—PCR analysis of
TA muscle RNA showed abnormal Cay1.1-E29 skipping in
all individuals with DM1 (<85% inclusion) when compared
with 93-100% inclusion in healthy controls (Fig. 1C).
Notably, Cay1.1-E29 inclusion was moderately reduced
(61 + 16.8% inclusion, n = 11) in DM1-affected individuals
having normal ADF strength (Medical Research Council or
MRC grade 5), indicating that splicing of this exon is affected
at an early stage of the disease process. Overall, the level of
E29 skipping was correlated with weakness of the TA
muscle (Spearman non-parametric » = 0.6560, P < 0.0001).
All individuals with moderate or severe weakness (MRC
grade <4) had Cayl.1-E29 inclusion levels below 55%
(mean value 33 + 9.6% inclusion, n = 20). E29 splicing did
not correlate with length of the CTG expansion in DMPK,
as determined by genetic analysis of circulating leucocytes
(data not shown). Taken together, these data raised the possi-
bility that misregulated alternative splicing of Cayl1.1-E29
could modify Cayl1.1 channel function in DM1.

MBNL1 and CUGBP1 participate in the regulation
of Cay1.1-E29 alternative splicing

Cay1.1-E29 is predominantly skipped in myoblasts and
included in adult muscle (43). Previous studies of
SERCA1-E22, fast troponin T (TNNT3-fetal exon) and other
MBNL1-dependent exons have shown a coordinate program
of splice switching that occurs during late fetal and early post-
natal development (15,48). To determine the developmental
regulation of Cay1.1 splicing during this period, we analysed
E29 inclusion in mouse hindlimb muscle from embryonic day
16 (E16) to postnatal day 30 (P30). The fractional inclusion of
E29 was 15% at E16, similar to the lowest levels observed in
DML, rising to 100% at P30. This result was similar to the
pattern recently reported by Flucher and Tuluc (42). The post-
natal transition from E29 skipping to inclusion occurred
during a similar developmental window as SERCAI1-E22,
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Figure 1. Correlation of Cay1.1 E29 skipping and muscle strength in DM. (A) Schematic representation of Cay1.1 topology and exon organization. Cay1.1 is
composed of four membrane-spanning repeat domains (I-1V). Each repeat consists of six transmembrane segments (S1—S6). The protein segment encoded by
the alternatively spliced E29 (57 nts, highlighted in red) is located in the IVS3—1VS4 extracellular loop. Positive charges in the S4 segments of each repeat are
indicated by ‘+’ symbols. Locations of the « interacting domain in the I-II loop, which binds the B, subunit, and the EC coupling domain in the II-III intra-
cellular loop, are also indicated. (B) RT—PCR assay for alternative splicing of Cay1.1 E29 (Cay1.1-E29, left) and SERCALI exon 22 (SERCA1-E22, right) in
muscle from normal (lanes 1 and 2), DM1 (lanes 3 and 4), DM2 (lanes 5 and 6) and FSHD (lanes 7 and 8) individuals. Inc% denotes the fractional inclusion rate,
calculated as the signal intensity of inclusion (upper) band divided by the summed intensities of the corresponding inclusion and exclusion (lower) bands. Nega-
tive control (-ve) refers to the absence of template. (C) Upper panel shows representative RT—PCR E29 inclusion results for several normal (lanes 1-5) and
DM -affected (lanes 6—28) individuals. Negative control (-ve) refers to the absence of template. Lower panel shows correlation of ADF strength with fractional
E29 inclusion in TA muscles from healthy individuals (n = 5, ‘NL”), DM1 protomutation (n = 5, ‘Proto’) and classical DM1 (n = 41). Strength was determined
by standardized manual muscle testing using Medical Research Council scales (46). An MRC scale value of 5 indicates normal strength, 4 indicates moderate
weakness, 3 indicates full active range of movement against gravity with no added resistance and 2 indicates inability to dorsiflex fully against gravity. The
Spearman rank correlation for E29 inclusion versus strength in classical DM1 was 7 = 0.6560 (P < 0.0001, excludes normal and protomutation subjects).

from P1 to P14 (Fig. 2). However, different from with Mbnll siRNA. The Mbnll protein was knocked down
SERCA1-E22 and TNNT3-fetalEx (15), Cayl.1-E29 exhib- by >80% (Fig. 3A). The basal level of Cay1.1-E29 inclusion
ited a more prominent early shift towards inclusion between (30%) was decreased to 9% by reduction in Mbnll (Fig. 3B
E16 and E18. and C). As positive controls for reduction in Mbnll activity,

To examine the role of Mbnll protein in Cay1.1-E29 spli- we examined two of its physiological targets, Sercal-E22
cing regulation, we transfected mouse C2C12 myoblasts and Cypher exon 11 (49), and both responded strongly to
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Figure 2. Analysis of Cay1.1 E29 inclusion in mouse hindlimb muscle during
late fetal and early postnatal development. (A) The inclusion level of Cay1.1
E29 and (B) Sercal exon 22 (Sercal-E22) is shown from E16 to P30. Hind-
limb muscles from four mice were pooled for RNA extraction at embryonic
stages and from two mice for postnatal stages.
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Mbnll knockdown (Fig. 3C and D). These results indicated
that Mbnll is a direct or indirect regulator of E29 splicing.

Next, we examined Cay1.1-E29 splicing in two DM mouse
models, human skeletal actin-long repeat (HSA™R) transgenic
mice that express higEh levels of CUG®™® RNA in muscle
(22) and Mbnl1*"¥*F3 mice that have ablation of Mbnll
(50). Surprisingly, both models showed only slight repression
of E29 in skeletal muscle (Fig. 4A, upper panel, lanes 4-9).
This was in sharp contrast to the splicing defect of
Sercal-E22, which was strongly repressed in both models
(Fig. 4A, lower panel, lanes 4-9). However, a different
pattern emerged in cardiac muscle. Cayl.l expression in
heart tissue is much lower than Cay1.2, and Cayl.l is not
known to have a physiological role in cardiomyocytes. Never-
theless, the Cay1.1 transcript was detected and splicing of E29
was markedly repressed in Mbnll knockout hearts compared
with WT and heterozygous littermates (Fig. 4B, upper
panel). A significant repression of Sercal-E22 was also
found in Mbnl1°%¥*F3 hearts (Fig. 4B, middle panel). In con-
trast, ablation of Mbnll had no effect on splicing of Cay1.2
exon 33, the homologous alternative exon for the L-type
calcium channel that predominates in heart (Fig. 4B, lower
panel). Taken together, these results support the concept that
Cay1.1-E29 is MBNLI1 regulable, but the exact role of this
protein in sustaining E29 inclusion may depend on the
species and cellular context.

CUGBP1 is another splicing factor implicated in DM patho-
genesis (9—14). As discussed above, CUGBP1 is upregulated
in DM1 muscle cells, but for unclear reasons this does not
occur in HSA™® transgenic mice. Because CUGBPI and
MBNLI1 have antagonistic effects on splicing of some exons
(51), we examined the effect of CUGBP1 overexpression on
Cay1.1-E29 splicing in mouse muscle in vivo. A CUGBP1 ex-
pression construct was injected and electroporated into TA of
WT mice, whereas TA in the opposite hindlimb was electropo-
rated with empty vector. Muscle was harvested 9 days later
and overexpression of CUGBP1 was verified by western blot
(Fig. 5A, lanes 1 and 3). As expected, CUGBPI splicing
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Figure 3. Mbnll knockdown enhances Cay 1.1 E29 skipping in C2C12 mouse
myoblasts. (A) Immunoblot for Mbnll in C2C12 myoblasts treated with mock
transfection (lane 1), si-RNA targeting Mbnll (lanes 2 and 3) and scrambled
si-RNA  control (si-ctrl). Efficient knockdown was achieved with
si-Mbnl1-No.5 but not si-Mbnl1-No.8. RT-PCR assay for alternative splicing
of Cay1.1-E29 (B), Cypher exon 11 (C) and Sercal-E22 (D) (same cells/lanes
as labeled in A and C). Quantification of Cay1.1-E29 inclusion for each con-
dition is shown in the lower panel of (B). Mbnll-knockdown significantly
reduced Cay1.1-E29 inclusion (**P < 0.01).

activity was increased, as reflected by repression of its physio-
logical target, exon 8 of Capzb (23,51) (Fig. 5B, lower panel).
We found that CUGBP1 overexpression also caused a modest
reduction in Cay1.1-E29 splicing (Fig. 5B, upper panel), with
the fractional inclusion dropping from 100% in control to 84—
90% in TA muscles overexpressing CUGBP1. These results
suggest that Cayl.1-E29 is also CUGBPI1 responsive, and
that upregulation of CUGBP1 may contribute to Cay1.1-E29
skipping in DM. However, we cannot be certain that E29 is
directly responsive to CUGBP1 because, as previously
reported (23), CUGBP1 overexpression led to muscle regener-
ation (Supplementary Material, Fig. S1, see Discussion).

Skipping of Cay1.1 E29 increases L-type Ca®>" channel
conductance and voltage sensitivity in mouse flexor
digitorum brevis (FDB) muscle fibers

When GFP-tagged E29-deleted Cayl.1 (Cayl.1A29) was
over-expressed in dysgenic (Cayl.l-null) myotubes, the
channel was correctly targeted into triads and displayed
increased L-type Ca®" channel conductance, activation/inacti-
vation kinetics and voltage sensitivity for activation (43).
However, the degree to which these functional effects of the
AE29 isoform are observed for physiological expression
levels in fully differentiated muscle fibers is unclear because
Cay 1.1 channel properties are strongly influenced by auxiliary
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Figure 4. Cayl.1 E29 is only weakly skipped in skeletal muscle of DM1
mouse models, but more strongly repressed in hearts. (A) RT-PCR assay of
Cay1.1-E29 (upper) and Sercal-E22 (lower) splicing in quadriceps muscle
of FVBn WT, HSA™® transgenic and Mbnll-knockout (MbniI*F¥*E3) mice.
(B) RT-PCR assays of Cayl.1-E29 (upper), Sercal-E22 (middle) and
Cayl.2 exon 33 (lower) splicing in cardiac ventricular muscle of adult
(6 months) male WT, Mbnl1-heterozygote (Mbnl1™'*%*) and MbniI-knockout
(MbnlIAEyAB) littermates. Note that strong amplification products were
observed for Cay1.2-E33 after 25 cycles of RT—PCR, when compared with
weaker products for Cayl.1-E29 after 30 cycles, as expected because
Cay1.2 is the predominant L-type Ca®" channel expressed in cardiomyocytes.

subunits and other proteins in the muscle membrane (52). To
test this directly, we used splice-shifting antisense oligonu-
cleotides (ASOs) to drive Cayl.1-E29 skipping in muscle
fibers of WT mice. Flexor digitorum brevis (FDB) muscles
of 3-week-old mice were injected and electroporated with
morpholinos targeting the 3 and 5 splice sites of
Cay1.1-E29 (Fig. 6A). Previously, we showed that this pro-
cedure is effective for loading ASOs into muscle fibers and
modulating alternative splicing for up to 14 weeks (27,53).
RT—-PCR assays conducted 16—18 days after electroporation
confirmed that AE29 morpholinos induced nearly complete
E29 skipping without affecting Sercal-E22 inclusion
(Fig. 6B, lower panel). In contrast, injection and electropor-
ation of vehicle (saline, Fig. 6B, upper panel) or control
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Figure 5. Overexpression of CUGBPI1 represses Cay1.1-E29 in mouse TA
muscles. (A) Immunoblot for the CUGBP1 protein in mouse TA 9 days
after intramuscular injection and electroporation of CUGBP1 expression con-
struct (lanes 1 and 3) or empty vector control (lanes 2 and 4). GAPDH was
used as a loading control. (B) RT—PCR assay of Cayl.l E29 (upper),
Sercal-E22 (middle) and Capzb\exon 8 (lower) splicing in mouse TA
muscle 9 days after injection/electroporation of CUGBP1 expression construct
(lanes 1 and 3) or empty vector control (lanes 2 and 4).

Inc%

morpholino (reverse sequence, Supplementary Material,
Fig. S2) in the contralateral FDB muscle had no effect on
E29 splicing. In ASO-injected FDB muscles, the inclusion
of E29 was reduced from 92—-95% down to 1-3%. Consistent
with previous studies in myotubes (43), the patch clamp
recordings of FDB fibers demonstrated that E29 deletion
caused a dramatic hyperpolarizing shift in the voltage depend-
ence of channel activation (Fig. 6C and D). Specifically, the
voltage required for half-maximal channel activation (V)
was shifted from +1.4 4+ 1.3 mV in control to —21.0 +
0.7 mV following ASO-mediated E29 skipping. In addition,
maximal L-type Ca®>" channel conductance (Gpmay) Was signifi-
cantly increased (~27%) following E29 deletion (Supplemen-
tary Material, Table S1), although E29 deletion produced a
much larger increase in Gy, (>3-fold) following expression
in Cayl.1-null myotubes (43). As a result of these two effects,
peak L-type Ca®" current density in E29-deleted fibers
was significantly increased for all voltages from —40 to
+20 mV (Fig. 6D). Modest effects on channel reversal poten-
tial (V,ey) and steepness of voltage activation (k,) were also
observed (Supplementary Material, Table S1).

ASO-induced E29 skipping also resulted in an increase and
hyperpolarizing shift in fractional channel inactivation.
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Figure 6. Cay1.1-E29 skipping enhances L-type Ca®t channel conductance
and voltage sensitivity in mouse FDB muscle fibers. (A) Diagram of splice
shifting antisense morpholino oligonucleotides used to induce Cayl.1 E29
skipping. The AE29 morpholinos target sequences near the 3’ and 5" splice
sites of Cayl.l E29. (B) RT-PCR assay for Cayl.1-E29 (upper) and
Sercal-E22 (lower) splicing 16 and 18 days following a single injection and
electroporation of AE29 morpholinos into FDB muscle. ‘C* denotes control
FDB muscle that was injected and electroporated with vehicle (saline)
alone. RNA for the assay was recovered from FDB fibers remaining after com-
pletion of patch-clamp recordings. (C) Representative calcium current (Ic,)
recordings in control (Ctrl, black) and Cay1.1-E29 skipping (AE29, grey)
fibers obtained during 200 ms depolarizations to —30, —10, +10 and
+30mV. (D) Average (+SE) Ic,—V relationships for control (black
circles) and AE29-deleted fibers (grey circles) fitted by equation (1) with the
following parameters for control: Gp.x = 108 nS/nF, Vys=1.1mV,
ky=69mV, Vi, =622mV and for AE29: Gu. = 135nS/nF, Vys=
—213mV, k;=3.5mV, Ve, =59.7mV. Data were obtained from n = 14
fibers for each group. *P < 0.05, **P < 0.01 and ***P < 0.001. (E) The
voltage dependence of fractional inactivation, represented as Iena/Zpeaks
plotted against test depolarization voltage. All symbols have the same
meaning as in (D). Data are presented as mean + SEM, 14 fibers were
recorded for both control and AE29 morpholino-treated fibers.

Specifically, average maximum fractional inactivation was only
0.32at +10 mV in control and 0.65 at — 10 mV following AE29
skipping (Fig. 6E). Thus, a similar marked shift to more hyper-
polarized potentials was observed for the voltage dependencies
of both channel activation and inactivation. Consistent with the
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findings of Tuluc et al. (43), the apparent rate of channel activa-
tion at the peak of the respective current—voltage relationships
was significantly (P < 0.001) faster following E29 deletion
(14.0 £ 0.9 ms at —10 mV) compared with control (23.8 +
1.3 ms at +10 mV, P < 0.001). However, the rate of channel
activation was not significantly different between control and
E29-deleted fibers at stronger test potentials where current
density and fractional inactivation were similar (e.g. from
430 to +50 mV). Overall, results following ASO-induced
E29 skipping in adult muscle are consistent with the findings
of Tuluc et al. (43) in myotubes with regard to increased
Cay1.1 conductance, inactivation kinetics and voltage sensitiv-
ity for activation, although the effects of E29 exclusion on
channel activation and conductance were somewhat less pro-
nounced in the context of adult muscle fibers.

Exclusion of Cay1.1 E29 enhances electrically evoked
Ca’" release in mouse FDB muscle fibers

To test whether Cay1.1AE29 channels with increased
voltage sensitivity and Ca”>" current density significantly
impacts Ca®" release during EC coupling in adult muscle
fibers, we recorded electrically evoked Ca’' transients in
FDB fibers from mice treated with either control or AE29
morpholinos for 6—7 weeks. Near complete E29 skipping
by electroporation of AE29 morpholinos in these experi-
ments was confirmed by RT—PCR (Supplementary Material,
Fig. S2, mice 7-10). Ten single-supramaximal electrical
stimuli delivered at 1Hz were applied to FDB fibers
loaded with the low affinity Ca’" dye, mag-fluo-4 and
bathed in control extracellular Ringer’s solution.
Figure 7A shows representative traces of electrically
evoked Ca’" release for FDB fibers from mice treated
with either control (/eff) or E29 (right) morpholinos. A stat-
istically significant (P < 0.05, #-test) increase in peak elec-
trically evoked relative mag-fluo-4 fluorescence (AF/F)
was observed in E29-skipped fibers (Fig. 7B). Specifically,
average peak AF/F, increased 22% from 0.47 + 0.02
(n=16) in the control-treated FDB fibers to 0.58 + 0.03
(n=18) in AE29-treated FDB fibers. This difference in
evoked release was eliminated 2 min after addition of
Ringer’ supplemented with 0.5 mm Cd*" and 0.2 mm La**
to block Ca®" influx. Quantitative analysis revealed that
the Cd/La-sensitive component of the electrically evoked
Ca”" transient was significantly larger (P < 0.05, t-test) in
E29-skipped FDB fibers (Fig. 7C). These results indicate
that Cayl.l1AE29 channels trigger a larger electrically
evoked Ca’" transient in adult muscle that is sensitive to
block by extracellular Cd** and La®". These results
support a small, but significant, gain-of-function increase
in depolarization-induced Ca** transients by E29-deleted
Cayl.1 channels in adult muscle fibers, consistent with
prior studies following over-expression of Cay1.1AE29
channels in dysgenic myotubes (43).

Cay1.1 E29 skipping aggravates myopathy in the HSA™®
mouse model of DM1

The degree of myopathy in HS4A™® mice is less severe than in
human DM patients. As a first step to examine the potential
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Figure 7. Cay1.1-E29 skipping increases electrically evoked Ca®" transients in FDB fibers. (A) Representative normalized mag-fluo-4 fluorescence transients
(AF/F)) elicited during a 1 Hz train of electrical stimulation in mouse FDB fibers treated with either control morpholino (left, control-Mo) or AE29 morpholinos
(right, AE29-Mo). Following measurement of Ca*" transients, remaining fibers were collected for mRNA extraction to quantify the amount of Cay1.1-E29 skip-
ping by RT—PCR (Supplementary Material, Fig. S2, mice 7—10, and data not shown). (B) Bar graph summarizing peak electrically evoked mag-fluo-4 transients
(AF/F,) in mouse FDB fibers treated with either control (n = 16 fibers) or AE29 morpholinos (n = 18 fibers). Mag-fluo-4 transients were recorded both before
(left) and after (right) addition of 0.5 mm Cd** and 0.2 mm La*" for 2 min. *P < 0.05, r-test. No significant difference was found between the two groups in the
presence of 0.5 mm Cd*" and 0.2 mm La®* (P > 0.3, t-test). FDB fibers were obtained from five mice each treated with either AE29 or control morpholinos. (C)
Cd**/La®"-sensitive component of electrically evoked mag-fluo-4 transients (AF/F,) in mouse FDB fibers treated with either control (n = 16 fibers) or AE29
morpholinos (n = 18 fibers). Addition of 0.5 mm Cd>* and 0.2 mm La>" produced a significantly greater reduction in the peak electrically evoked mag-fluo-4

transient in FDB fibers treated with AE29 morpholinos (*P < 0.05, -test).

role of Cay1.1 mis-splicing in myopathy, we used splice shift-
ing ASOs to convert E29 splicing in HSA™® mice to the
pattern observed in human DM1. We postulated that E29 skip-
ping, when combined with hyperexcitability (myotonia) and
other splicing derangements that exist in this model, may ex-
acerbate the myopathy. Morpholino ASOs were injected and
electroporated into TA muscle of HSA™® mice. RT—PCR ana-
lysis 3 months later confirmed that E29 splicing was repressed
to levels comparable with moderately affected human DM1
muscle (E29 inclusion was 35+ 5.0 and 94 + 1.7% for
AE29 and control morpholinos, respectively) (Fig. 8A).
Immunoblots verified that total levels of Cayl.1 protein
were not affected (Fig. 8B). Histological analysis of the
entire cross-sectional area of TAs showed a significant in-
crease in muscle fibers with central nuclei in muscles injected
with AE29 ASOs (12.5 + 2.9%), when compared with the
contralateral TAs that received control ASO (6.8 + 1.7%)
(n=15 mice, Fig. 8C and D, P <0.05 paired t-test,
Supplementary Material, Table S2).

DISCUSSION

MBNLI1 and CUGBPI promote the maturation of skeletal and
cardiac muscle by controlling a key set of alternatively spliced
exons (15,50,51). Many of these exons display a stereotypical
pattern of developmental regulation in mice, switching from
immature to mature splice products during the first 2 weeks
of postnatal life. This period of extensive muscle remodeling
is characterized by maturation of several structures, including
the transverse tubule system (TTS), junctional triad and neuro-
muscular junction. A fundamental aspect of DM pathogenesis
is that expression of CUG™P or CCUG®*® RNA disrupts the
function of splicing factors, causing reversion of splicing
switches to their fetal/neonatal set points. One group of tran-
scripts that are heavily impacted encode key proteins involved
in calcium homeostasis and EC coupling (Table 1).

In this respect, DM provides a window on muscle develop-
ment by revealing the effects of expressing immature splice
products in adult muscle cells. The splicing defect, or
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spliceopathy, does not lead to the production of ‘aberrant’
splice products, such as those resulting from point mutations
in splice donor or acceptor sites. Instead, the DM-associated
isoforms are natural splice products, although they are not
optimal for adult muscle fibers. For example, in DM1, the in-
clusion of CLCNI exon 7a (E7a), an exon normally repressed
by MBNLI, causes a frameshift and loss of chloride channel
function. In neonatal mice, chloride channels are dispensable
because fibers are small and transverse tubules are rudimen-
tary, but their absence in adult muscle causes a failure to coun-
terbalance the activity-dependent potassium accumulation in
the TTS, resulting in depolarization and myotonia. MBNLI
also regulates the splicing of BIN1 exon 11 (E11), whose in-
clusion promotes the correct formation of T tubules.
Reduced BINI-E11 splicing is proposed to result in TTS
alterations that contribute to muscle weakness in DM1 (54).
DM1 also causes spliceopathy of the RyR1 Ca’*" release
channel thus enhancing depolarization-induced Ca”" release
(44), an alteration suggested to exacerbate myopathy through
activation of Ca”"-dependent proteases (37).

Against this background of splicing changes affecting muscle
excitability and EC coupling, we now report an effect of DM on
alternative splicing of Cay 1.1 E29. This exon is >93% included
in TA muscles from healthy people, but in DM1 the fractional
inclusion drops below 30% in TA muscles that show severe
weakness. Considering that spliceopathy entails the
re-emergence of immature splice products, it is possible that
mis-splicing of E29 may represent a non-specific consequence
of muscle degeneration/regeneration (55). However, the
absence of E29 skipping in FSHD, a form of muscular dystrophy
with chronicity similar to DM, and the occurrence of E29 skip-
ping in TA muscle that is mildly affected and not discernably
weak, would argue against this possibility. To our knowledge,
this study is the first to show a splicing defect whose severity
is correlated with muscle weakness across a broad spectrum of
DMI-affected individuals, suggesting that E29 splicing may
provide a useful biomarker of DM 1 progression and therapeutic
response. DM 1 now becomes the third neuromuscular disorder,
after malignant hyperthermia and hypokalemic periodic paraly-
sis (56—58), associated with alterations of Cay/1.1.
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Table 1. Genes related to Ca®" regulation and EC coupling that display misregulated alternative splicing in DM1 patients and DM mouse models

Gene and exon Splice outcome in DM1  Human HSA™® Mbnll knockout Functional consequence
DM1 mice mice
CLCNI1 exon7a (25,26) Inclusion +++ +++ +++ Loss of C1 conductance, repetitive action potentials
SERCAL exon22 (15,44)  Skipping +++ +++ +++ Unknown
RyR1 ASI (37,44) Skipping ++ ++ ? 1 depolarization-dependent Ca®" release
Cayl.1 exon29 (this Skipping +++ + + Altered gating, 1 Ca®" influx, 1 Ca" transient
report)
Junctin/Junctate (20) skipping/3’-end ? ++ ++ Unknown
formation

‘+++’, “++’ or ‘4 indicate large, moderate or minor changes of an alternative exon in DM1 patients or mouse models. ‘?” indicates that alternative exon has

not been determined.

The mechanism of Cay1.1-E29 mis-splicing in DM1 is
complex. Splicing of this exon is sensitive to levels of
MBNLI, as shown by reduced E29 inclusion in C2C12 myo-
blasts and cardiac muscle following Mbnll knockdown or
knockout. However, knockout of Mbnll resulted in only a
small effect on E29 splicing in adult mouse skeletal muscle.
Thus, there are other factors that participate in E29 regulation
in mice, or compensatory changes that sustain E29 inclusion
under conditions of constitutive MBNL1 deficiency. It is
also possible that other MBNL isoforms promote E29 inclu-
sion, although presently there is no evidence for upregulation
of other family members, MBNL2 and MBNL3, in MBNL1
knockout mice. The proximity of several (U)YGCAUG ele-
ments in the intron downstream of E29 suggests that this
exon is also regulated by splicing factors in the RNA-binding
Fox (Rbfox) family (59). Consistent with this proposal, a
recent study showed that Rbfox1 knockout caused a reduction
in E29 splicing in the brain (60). However, at present, there is
no evidence for altered Rbfox activity in DMI.

In contrast to human DM1, expression of CUG®*® RNA in
transgenic mice resulted in only modest effects on E29
splicing. Although S%Iicing changes in DMI1 are generally
conserved in HSA™® mice (15), exceptions have been
noted (54). While these discrepancies may result from
species differences in splicing regulation, there are also indica-
tions that RNA toxicity and spliceopathy, as it occurs in
human DM, is not fully replicated in HSA"® mice, either
because the repeat expansion is much shorter (220 repeats in
HSA™® mice versus 2000—4000 repeats in adult DM1 skeletal
muscle) (61) or due to differences in the RNA sequences
flanking the repeat. For example, a difference from human
DM1 is that levels of CUGBPI protein and splicing outcomes
for CUGBP1-dependent exons (e.g. Capzb exon 8) are not
affected in the HSA™® mice (15). It is noteworthy, therefore,
that overexpression of CUGBPI also caused partial repression
of E29, and that antagonistic regulation by MBNL1 and
CUGBP1 was previously observed for other exons (51).
Thus, misregulated splicing of Cay1.1-E29 may require the
combined effects of Mbnl protein sequestration and
CUGBP!1 upregulation.

Differences in splicing regulation may contribute to the
overall milder phenotype of HSA™® mice when compared
with human DM1. To more fully reconstitute DM1 spliceopa-
thy in this model, we used ASOs to further repress E29 spli-
cing in TA muscle. In this mouse model, the level of

CUG®* expression in TA is lower than in other hindlimb
muscles (27), and consequently the histopathology of TA in
young mice is relatively slight, consisting mainly of increased
central nuclei. We found that induction of partial Cay1.1-E29
skipping for 12 weeks aggravated the pathology in HSA™® TA
muscle, as evidenced by a further increase in central nuclei.
Notably, increased central nuclei in the absence of muscle ne-
crosis or other signs of muscle regeneration are the earliest
histologic feature of human DM1 (62). It will be interesting
to determine if long-term, global induction of E29 skipping,
using systemically administered ASOs, will further exacerbate
the myopathy.

Cayl.1 functions as both an L-type Ca®" channel and a
voltage sensor for skeletal muscle EC coupling (41). The
calcium ion conduction of Cay1.1 is evolutionarily conserved
in mammals, but not required for its voltage sensing or EC
coupling activities (38,63). We found that E29 skipping in
FDB muscle fibers alters the gating properties of Cayl.1,
resulting in increased channel conductance and hyperpolarized
voltage dependence of channel activation and inactivation. To-
gether, these functional changes in Cayl.l channel gating
resulted in a marked increase in L-type Ca®" current density
at moderate depolarization voltages (from —40 to +20 mV)
and a modest increase in peak electrically evoked Ca”* transi-
ent magnitude that was sensitive to block by extracellular
Cd**/La**. Thus, the Cd*"/La®"-sensitive component of the
evoked Ca’" transient in E29-deleted fibers may reflect a
gain-of-function increase in Ca>" influx through Cay1.1 that
is further amplified by local Ca**-dependent activation of
RyR1 within the triad junction. These data confirm previous
observations obtained following transient expression of
Cay1.1A29 in myotubes (43), and extend the conclusions to
mature muscle fibers that exhibit a fully developed TTS, a
normal complement of auxilliary proteins and a physiological
expression level of untagged Cayl.l channels. However,
ASO-induced E29 skipping of endogenous Cayl.l in adult
muscle fibers resulted in a more limited effect on channel con-
ductance and kinetics of activation compared with that
observed following Cay1.1-A29 expression in myotubes.

While mis-splicing of Cay1.1 E29 has clear effects on Ca**
channel function, the long-term implications for muscle main-
tenance and performance are unclear. Excitation-coupled
calcium entry (ECCE) is an important pathway for calcium
entry into skeletal muscle cells during high frequency stimula-
tion (64,65), which involves Ca®" influx through Cayl.1



channels (66). Since ECCE contributes a significant fraction of
the total myoplasmic Ca®" transient during repetitive activity
(64,65), the contribution of this pathway would be expected to
increase in the context of greater E29 skipping and myotonia.
In the short term, ECCE may help sustain myoplasmic calcium
levels during prolonged activity, as calcium stores begin to
deplete. Thus, enhanced ECCE activity due to E29 mis-
splicing may explain the paradoxical observation that DM1
muscles, although weak, are more fatigue resistant than
healthy controls (67,68). Increased E29 skipping and enhanced
Cayl.1 channel gating may also explain the earlier observa-
tion that myotubes from DMI1 patients exhibit increased
nifedipine-sensitive Ca®" influx (69). However, the longer-
term consequences may be harmful to muscle, especially
when increased ECCE activity (Cayl.l mis-splicing) is
coupled with high-frequency repetitive discharges (myotonia,
CLCN1 mis-splicing) and altered Ca** release and reuptake
from the sarcoplasmic reticulum (RyR1 and SERCA1 mis-
splicing). The combined effect may lead to chronic calcium
overload, which has long been proposed to be a major con-
tributor to progressive myopathy in Duchenne muscular dys-
trophy (30,31).

MATERIALS AND METHODS
Muscle testing and biopsy

The study was reviewed and approved by the Research Sub-
jects Review Board of the University of Rochester. All parti-
cipants gave their written informed consent. Muscle strength
was determined by standardized manual muscle testing as pre-
viously described (46,47). Needle muscle biopsy of TA was
performed as previously described (70). Muscle tissue was im-
mediately flash frozen and stored at —80°C until use.

Cell culture, treatments and transfections

C2C12 myoblasts were grown in high-glucose Dulbecco’s
modified Eagle’s medium (Invitrogen) with 1.5 g/l sodium bi-
carbonate and 1 mm sodium pyruvate, supplemented with 10%
fetal bovine serum. Transfections were done with Lipofecta-
mine 2000 (Invitrogen) according to the manufacturer’s in-
struction. Briefly, si-RNAs (10 wl, 20 wm per well) were
mixed with 2 pg empty pcDNA3 vector and co-transfected
into C2C12 cells grown in six-well plates using Lipofectamine
2000 (Invitrogen). si-RNAs siMbnll-No.5 (TARGETplus
siRNA J-065216-05) and siMbnll-No.8 (TARGETplus
siRNA J-065216-08) were obtained from Dharmacon.

RT-PCR

For human muscle tissue, RNA was isolated using TRIzol
(Invitrgen) and re-purified using RNeasy Mini Kits with
on-column DNase treatment (QIAGEN), all according to the
manufacturer’s recommendations. cDNA was prepared using
the WT-Ovation RNA Amplification kits (NuGEN) according
to the manufacturer’s instruction. For cells or mouse tissue,
RNA was isolated with RNeasy Mini Kit (QIAGEN) and
reverse transcribed with random hexamers and Superscript
I (Invitrogen). For splicing assays, cDNA was PCR amplified
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(25-28 cycles) using primer pairs in which one primer was
5’-end labeled with 56-FAM. Primer sequences are provided
in Supplementary Material, Table S3. PCR products were ana-
lyzed on agarose gels using a Typhoon fluorimager
(Amersham Biosciences) and quantified using ImageQuant
TL software (Amersham Biosciences).

Immunoblots

Tissue culture cell lysates for immunoblot were isolated in
radioimmune precipitation assay buffer [150 mm NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 50 mm Tris at pH 8.0] as previously described
(71). Whole-cell lysates were resolved on 4-20% Tris—
Glycine Gels (Invitrogen) in Tris—Glycine SDS running
buffer. The proteins were transferred onto nitrocellulose mem-
branes (Whatman) or Immobilon-FL polyvinylidene fluoride
(PVDF) membranes (Millipore). Membranes were probed
under standard conditions with a-Mbnll antibody (1:1000),
a-CUGBP1 [3B1] (1:500, Abcam), a-CaV1.l [MA3-920]
(1:400, Affinity BioReagents) and a-glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (1:10000, Ambion). Blots
were then probed with horseradish peroxidase-conjugated sec-
ondary antibodies (1:10 000, GE Healthcare) and developed
using SuperSignal West Pico reagents (Pierce Biotechnology)
and Kodak BioMax XAR film. For blotting with fluorophore-
conjugated secondary antibodies, the PVDF membranes were
probed with ECL Plex Cy3-conjugated goat a-mouse (1:5000;
GE Healthcare) and Cy5-conjugated goat a-rabbit (1:2500;
GE Healthcare) secondary antibodies, and scanned on a
Typhoon fluorimager (Amersham Biosciences). For Cayl.1
expression in mouse TA muscle, a goat anti-mouse IRDye
800CW secondary antibody was used for detection and the
blots were scanned with an ODYSSEY Infrared Imaging
System (LI-COR Biosciences).

Splice shifting ASOs for Cay1.1-E29

Two antisense morpholino oligonucleotides, AE29-Mo-3’ and
AE29-Mo-5" (Gene Tools LLC), were designed to block the 3’
and 5’ mouse Cay1.1-E29 splice sites. The control morpholino
was the inverted sequence of the morpholino targeting the 5’
splice site (rev-AE29-Mo-5"), and did not match any known
sequence in the mouse transcriptome. Morpholino sequences
are included in Supplementary Material, Table S3.

c¢DNA and morpholino injections

All animal experiments were approved by the University
Committee on Animal Resources at the University of Roches-
ter. The protocol applied is similar to our previous studies with
minor adjustment (27,72). Briefly, WT FVBn or HSA™® mice
(22) were anesthetized by intraperitoneal injection of
100 mg/kg ketamine, 10 mg/kg xylazine and 3 mg/kg acepro-
mazine. TA muscles was pretreated by intramuscular injection
of bovine hyaluronidase (15 wl, 0.4 U/pl) (Sigma-Aldrich) for
2 h (73). For CUGBPI1 over-expression, 30 pg of CUGBP1
expression plasmid or control pcDNA3 vectors in a total
volume of 20 pl phosphate buffered saline (PBS) were
injected into TA muscles using a 30-gauge needle. To
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induce Cayl.1-E29 skipping, 20 pg AE29-Mo-3’ and 20 pg
AE29-Mo-5" morpholino in a total volume of 20 wl PBS
was injected into TA muscle, or 10 wg AE29-Mo-3’ and
10 pg AE29-Mo-5" morpholino in 10 wl PBS was injected
into FDB muscle. An equal amount of rev-AE29-Mo-5'
control morpholino was applied to the other leg of the same
mouse as a control. Injected TA and FDB muscles were
then electroporated. Electroporation parameters were 100 V/
cm, 10 pulses at 1 Hz and 20 ms duration per pulse. For
studies of Cay1.1-E29 skipping on muscle morphology, the
determination of which TA muscle received AE29 morpholino
was randomized and the frequency of muscle fibers showing
central nuclei was determined across the entire transverse
section of TA.

Whole-cell patch-clamp recording

The whole-cell patch-clamp technique was used to assess
Cayl.1 channel currents (Ic,) in FDB fibers isolated as
described previously (28). FDB fibers were then bathed in an
external recording solution containing (in mm): 157 TEA-
methanesulfonate, 2 CaCl,, 10 HEPES, 1 MgCl,, 0.5
anthracene-9-carboxylic acid (9-AC), 0.1 N-benzyl-p-toluene-
sulfonamide (BTS), pH7.4 adjusted with TEA-OH. The patch
pipette internal solution contained (in mwm): 140
Cs-methanesulfonate, 10 HEPES, 20 Na-EGTA, 4 MgCl,,
pH7.4 adjusted with CsOH. The patch pipette resistance when
placed in the external solution was 0.6—1.0 Mohm. Fibers
were voltage clamped at a holding potential of —80 mV. FDB
fiber capacitance ranged from 1.33 to 2.21 nF with mean value
1.79 4+ 0.05 nF (n = 28). There was no statistically significant
difference in fiber capacitance between the control- and AE29
morpholino-treated groups. Series resistance was compensated
up to 80%. Data were sampled every 120 ws and filtered using
a low pass Bessel filter with 2 kHz cut-off frequency. /-, was
activated by 200 ms depolarizing pulses ranging from —50 to
470 mV in 10 mV increments delivered every 10 s.

Ca’* current (Ic,) data analysis

All Ca®™ current data analysis was performed using Igor Pro 6
(Lake Oswego, OR, USA) and Clampfit 9 (Sunnyvale, CA,
USA) software. Peak Ca®" currents measured during each de-
polarization were normalized to cell capacitance and plotted
against the corresponding test potential in order to obtain
current—voltage relationship (Ic,—V). Ic,—V data that were
then fitted by the following modified Boltzman equation:

Gmax X (V - Vrev)
(V) = 1
D)= 05 explVos = M/keD M

Inactivation was estimated by calculating the ratio of /¢, at the
end of the 200 ms depolarizing pulse (/g,q) to the peak current
(Ipear)- Fractional inactivation (Ignq/Ipeax With 1 representing
no inactivation and 0 representing complete inactivation)
was plotted against test potential. The activation phase of /¢,

was fitted using the following single exponential function:

I(t) = Ay x (exp[?]) +C

where () is the current at time ¢ after the depolarization, 4
the steady-state current amplitude, 7, the time constant of ac-
tivation and C the steady state peak current. In all cases, the
fitting procedure started 8 ms after the initiation of the
voltage pulse (>10 x 7).

All data are presented as mean + standard error of mean.
Statistical significance was evaluated by Student’s r-test
and differences were considered statistically significant at
P <0.05.

Measurement of electrically evoked Ca®" transients
with mag-fluo-4

The magnitude of electrically evoked Ca>" transients was deter-
mined in FDB fibers using the low affinity (in vitro Kq = 22 m;
Invitrogen) Ca®" dye, mag-fluo-4, as described previously
(74,75). Briefly, single FDB fibers were loaded with 5 puMm
mag-fluo-4 AM in Ringer’s solution containing (in mm) (146
NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, pH 7.4 with
NaOH) for 30 min at room temperature and then incubated for
>20 min at room temperature in a dye-free Ringer’s solution
supplemented with 25 M BTS to inhibit movement due to con-
traction. Mag-fluo-4 was excited at 480 + 30 nm, emission was
monitored at 535 + 40 nmusinga x40 (1.35NA) oil-immersion
objective and collected at 10 kHz using a photomultiplier detec-
tion system. Fibers were stimulated with pulse trains delivered at
a frequency of 1 Hz using an adjacent stimulation electrode.
Maximal AF/F, values were calculated, where AF is the peak
change in mag-fluo-4 emission from baseline and F, is the base-
line fluorescence recorded immediately before stimulation.
Three different stimulation events were averaged and reported
as a single value for each fiber. Identical measurements were
also measured 2 min after local application of Ringer’s solution
supplemented with 0.5 mm Cd*™ + 0.2 mm La®".

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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