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CaV1.2 calcium channels play roles in diverse cellular pro-
cesses such as gene regulation, muscle contraction, and mem-
brane excitation and are diversified in their activity through
extensive alternative splicing of the CaV1.2 mRNA. The mutu-
ally exclusive exons 8a and 8 encode alternate forms of trans-
membrane segment 6 (IS6) in channel domain 1. The human
genetic disorder Timothy syndrome is caused by mutations in
either of these two CaV1.2 exons, resulting in disrupted Ca2�

homeostasis and severe pleiotropic disease phenotypes. The tis-
sue-specific pattern of exon 8/8a splicing leads to differences in
symptoms between patients with exon 8 or 8a mutations. Eluci-
dating themechanisms controlling the exon8/8a splicing choice
will be important inunderstanding the spectrumofdefects asso-
ciatedwith the disease.We found that the polypyrimidine tract-
binding protein (PTB)mediates a switch fromexon 8 to 8a splic-
ing. PTB and its neuronal homolog, nPTB, are widely studied
splicing regulators controlling large sets of alternative exons.
During neuronal development, PTB expression is down-regu-
lated with a concurrent increase in nPTB expression. Exon 8a is
largely repressed in embryonic mouse brain but is progressively
induced during neuronal differentiation as PTB is depleted.
This splicing repression is mediated by the direct binding of
PTB to sequence elements upstream of exon 8a. The nPTB pro-
tein is a weaker repressor of exon 8a, resulting in a shift in exon
choice when nPTB replaces PTB in cells. These results provide
mechanistic understanding of how these two exons, important
for human disease, are controlled.

Calcium ions play important roles in cellular signaling, and
maintaining appropriate intracellular Ca2� concentrations is
critical in the control of many essential biological processes (1).
CaV1.2 voltage-gated L-type calcium channels open upon
membrane depolarization, allowing a rapid Ca2� flux that ini-
tiates cellular events such as cardiac and smooth muscle con-
traction, hormone andneurotransmitter release, Ca2�-induced
gene expression, cell motility, and membrane excitation (2–7).

Recent genome-wide association studies have linked variation
in the CACNA1C gene, which encodes the CaV1.2 channel,
with bipolar disorder, schizophrenia, and autism spectrum dis-
orders (8–10). Elucidating howCaV1.2 currents aremodulated
will be important for understanding the control of multiple
cellular processes and how these processes misfunction in neu-
rological and psychiatric disease.
The functional properties of ion channels are often highly

diversified through alternative splicing of their mRNAs. The
CACNA1C gene transcript has multiple alternatively spliced
segments that affect different portions of the channel protein
(11–15). Exons 8a and 8 are spliced in a mutually exclusive
pattern and encode different versions of the IS6 segment in the
protein, which forms a portion of the CaV1.2 pore region (11,
16–18). (Note that two nomenclatures for exons 8a and 8 are
found in the literature. We follow the most common nomen-
clature from the original description of the human locus, where
exon 8a is placed upstream of exon 8 in the genomic sequence
(GenBankTM accession number Z26263) (16, 19).) In other
studies, the upstream exon is named 8 and the downstream
exon 8A (20, 21). Functional studies comparing exon 8 and 8a
CaV1.2 variants suggest that they have similar electrophysi-
ological properties but different sensitivities to dihydropyridine
drugs (18, 22). Exon 8a and 8 variants are expressed in different
tissues, and the ratio of exon 8 to 8a inclusion has been found to
change in hypertrophied heart of spontaneously hypertensive
rats (18, 20, 21, 23, 24). Alternative exons 8a and 8 are conserved
inCACNA1C genes across vertebrate species, and a similar pair
of exons is present in the related CACNA1D gene encoding the
CaV1.3 L-type calcium channel (16, 25, 26). These exons clearly
serve a conserved and important function.However, themolec-
ular mechanisms controlling their splicing remain unknown.
In Timothy syndrome, single nucleotide missense mutations

in either of the two mutually exclusive exons (8a or 8) of the
CACNA1C gene alter the function of the channel in controlling
cellular calcium concentration and lead to devastating disease
phenotypes (20, 21). Patients with Timothy syndrome display
dysfunctions in multiple organ systems, including congenital
heart disease, syndactyly, immune deficiency, and autism.
Interestingly, the spectrum of symptoms in Timothy syndrome
differs depending on the exon (8 or 8a) that carries the muta-
tion, presumably reflecting the different patterns of exon use
between different cells and tissues (20, 27, 28). However, the
mechanisms controlling this tissue-specific switching of exon
8a and 8 are not understood.
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The factors that determine splicing choices in CaV1.2 have
not been well studied. The most common mechanisms for
affecting splice site choice involve the binding of specialized
regulatory proteins to the pre-mRNA to alter splice site recog-
nition by the spliceosome either positively or negatively. One
such factor, the polypyrimidine tract-binding protein (PTB),2 is
a widely expressed splicing regulator whose down-regulation
duringmuscle and neuronal development allows induction of a
variety of neuron- andmuscle-specific splicing events (29–32).
PTB carries four RNA recognition motifs and binds CU-rich
regulatory elements adjacent to regulated exons (33–36). In this
study, we found that the choice of splicing exon 8a or 8 in
CaV1.2 is strongly regulated by PTB and, to a lesser extent, by
its neuronal homolog, nPTB. PTBprotein represses the splicing
of exon 8a and thereby shifts the splicing choice to exon 8.
These data establish the PTB protein as an important regulator
of CaV1.2 splicing and provide the first insights into how these
important disease exons are controlled. They also implicate
CaV1.2 signaling as one component of the PTB splicing pro-
gram that is induced during brain development.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—N2a (Neuro-2a) cells were
grown according to the American Type Culture Collection-
recommended protocols. Transfections were done with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions.
Plasmids—The Dup E8a-8 and Dup E8a reporter minigenes

were constructed by amplifying mouse genomic DNA contain-
ing exons 8a and 8 with flanking intron sequences using Pfu
DNA polymerase and primers designed based on the mouse
genome from UCSC Genome Browser. The PCR fragments
were cloned into the template plasmid pDup4-1 (37, 38)
between the ApaI and BglII sites, which were engineered into
5�- and 3�-ends of the amplicons. The same upper primer was
used for the both minigenes (5�-GATCGATCAAGGGCCCG-
ACCCACCATCCTAGACAAGT-3�), and the lower primers
were 5�-GATCGATCAAAGATCTGCCTGCAGATGATAG-
CTGT-3� for the Dup E8a-8 minigene and 5�-GATCGATCA-
AAGATCTTCAGGCACATACAGCAACCGAG-3� for the
Dup E8aminigene.Mutations in theminigenes were generated
using the QuikChange� site-directed mutagenesis kit (Strat-
agene), followed by subcloning into pDup4-1 using the ApaI
and BglII sites. All constructs were confirmed by sequencing.
The PTB and nPTB cDNA expression plasmids were con-
structed in pcDNA3.1 (Invitrogen) as described previously (33,
39). Each carried an N-terminal FLAG tag.
Short Hairpin RNAs—The short hairpin RNAs psiRNA-

sh-PTB and psiRNA-sh-nPTBwere designed to target the 3�-un-
translated region of the mouse PTB and nPTB genes. The tem-
plate vector was psiRNA-W[H1.4], and the design of the short
hairpin RNA was similar to that described previously (30).
The oligonucleotides used were as follows: for PTB, 5�-TCCC-
GCAGTTGGAGTGACCTTACTTCAAGAGAGTAAGGTC-
ACTTCAGCTGC-3� (forward) and 5�-AAAAGCAGTTG-

GAGTGACCTTACTCTCTTGAATAAGGTCACTTCAGC-
TGC-3� (reverse); and for nPTB, 5�-TCCCATGTCAGTACT-
GAGTAATGTCTTCAAGAGAGACATTACTTAGTGCTG-
ACAT-3� (forward) and 5�-AAAAATGTCAGTACTGAGTA-
ATGTCTCTCTTGAAGACATTACTTAGTGCTGACAT-3�
(reverse). The short hairpin RNA expression plasmids were
transfected into N2a cells grown in 6-well plates using Lipo-
fectamine 2000. The efficiency of knockdown was verified by
Western blotting.
RT-PCR—Cytoplasmic RNA was isolated from cells or

mouse embryonic cortexes with an RNeasy mini kit (Qiagen)
and reverse-transcribed with random hexamers and
Superscript III (Invitrogen) according to the manufacturer’s
instructions. Splice products were PCR-amplified (25 cycles for
N2a cells and 17 cycles for minigene splice products) using a
32P-labeled primer in the 3�-constitutive exon and an unlabeled
primer in the 5�-constitutive exon. The primers used for the
endogenous CaV1.2 transcripts in N2a cells or mouse embry-
onic cortex were �-GGCATCACCAACTTCGACAA-3� (for-
ward) and 5�-TGATCCAGTCCAGGTAGCCTT-3� (reverse).
The primers used for transcripts derived from the Dup E8a-8
and Dup E8a minigenes were the Dup-8 forward primer (5�-
GACACCATGCATGGTGCAC-3�) and the Dup-3 reverse
primer (5�-AACAGCATCAGGAGTGGACAGATCCC-3�).
The 32P-labeled PCRproducts were digested by BamHI at 37 °C
for 3 h and separated on 7.5 M urea-8% polyacrylamide dena-
turing gels. Gels were dried, visualized by aTyphoon phosphor-
imaging system (Amersham Biosciences), and quantified using
ImageQuant TL software (Amersham Biosciences).
Immunoblots—Tissue culture cell lysates for immunoblot-

ting were isolated in radioimmune precipitation assay buffer
(150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, and 50mMTris, pH 8.0) as described previously (29).
Whole cell lysates were resolved on 4–20% Tris/glycine gels
(Invitrogen) in Tris/glycine/SDS running buffer. The proteins
were transferred onto Protran� nitrocellulose membranes
(Whatman) or Immobilon-FL PVDF membranes (Millipore).
Membranes were probed under standard conditions with anti-
body raised against the PTBN terminus (1:3000) (39), the nPTB
IS2 segment (1:500) (40), or GAPDH (1:10,000; Ambion). Blots
were then probed with horseradish peroxidase-conjugated sec-
ondary antibodies (1:10,000; GE Healthcare) and developed
using Femto SuperSignal reagents (Pierce) and Kodak Bio-Max
XAR film. For blotting with fluorophore-conjugated secondary
antibodies, the PVDF membranes were probed with ECL Plex
Cy3-conjugated goat anti-mouse (1:5000; GE Healthcare) and
Cy5-conjugated goat anti-rabbit (1:2500; GE Healthcare) sec-
ondary antibodies, dried, and scanned on aTyphoon phosphor-
imaging system. Quantification of fluorescent signals was per-
formed using ImageQuant TL software.
Electrophoretic Mobility Shift Assay—The in vitro transcrip-

tion of [�-32P]UTP-radiolabeled and unlabeled RNA probes
and the purification of His-PTB were both performed as
described previously (40, 41). 25 nM [�-32P]UTP-radiolabeled
RNA was equilibrated in HeLa nuclear extracts or with various
concentrations of purified His-PTB (10–1000 nM) in binding
buffer (20 mM HEPES, pH 7.6, 20% glycerol, 80 mM potassium
glutamate, 100 ng/�l tRNA, 0.02% Nonidet P-40, 6 mM MgCl2,

2 The abbreviations used are: PTB, polypyrimidine tract-binding protein;
nPTB, neuronal PTB; nt, nucleotide(s).
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and 1 mM DTT). All reaction components except the RNA
probe were mixed and incubated for 5 min at 30 °C; the RNA
probe was then added and incubated for another 25 min at
30 °C. In the supershift assay experiment, after the incubation
of radiolabeled RNA probe with HeLa nuclear extract for 30
min, anti-PTB or anti-nPTB antibody was added to the reac-
tions and incubated at room temperature for an additional 30
min. Each reaction mixture was loaded onto a prerun native
polyacrylamide gel (6% (w/v) 19:1 acrylamide/bisacrylamide
and 1� Tris borate/EDTA). Gels were resolved at 200 V for 90
min before they were dried, exposed to a PhosphorImager
screen, and visualized as described above.

RESULTS

PTB Protein Expression Stimulates CaV1.2 Exon 8 Splicing
over Exon 8a Splicing—The control of the splicing choice
between exons 8a and 8 in CaV1.2 is of great interest for under-
standing both the regulation of calcium channel function and
the role of these exons in Timothy syndrome. In examining
these exons, we found that multiple sequence blocks surround-
ing the two exons are conserved across mammalian species.
Most notably, a conserved sequence encompassing the putative
branch point of exon 8a is enriched in C and U nucleotides,
which is a hallmark of exons that are repressed by the PTB
protein (Fig. 1A) (34).We assayed the splicing of exons 8a and 8
inN2amouse neuroblastoma cells by RT-PCR. These exons are
identical in length and highly similar in sequence. To distin-
guish the different spliced forms, we used primers within exons
7 and 9 to amplify the region containing exons 8 and 8a, fol-
lowed by digestion of the amplified products with BamHI,
which cleaves exon 8a but not exon 8. This produced DNA
fragments of diagnostic sizes for single exon 8 or 8a insertion as
well as for the products of double exon skipping (without exons
8a and 8,�Exon) and double exon insertion (Exon (8a�8)) (Fig.
1B). These latter two products were detectable in N2a cells, but
the single exon insertions predominated as expected for a pair
of mutually exclusive exons. In untreated N2a cells, the exon
8-included mRNA was the most abundant transcript, making
up 82% of the CaV1.2mRNA containing one exon. Notably, the
knockdown of PTB protein in N2a cells using a short hairpin
RNA dramatically changed the splicing pattern, with the inclu-
sion level of exon 8 being reduced from 82 to 7–10% and the
splicing of exon 8a proportionally increased (Fig. 1C, lanes
1–3). Western blot analysis confirmed that PTB protein was
successfully depleted. As observed previously, nPTB protein
expression was strongly induced by PTB knockdown (30, 32,
42). The neuronally expressed homolog of PTB, nPTB, has both
common and different targets compared with PTB. The strong
shift from exon 8 to 8a splicing seen with the loss of PTB and
gain of nPTB indicates that this switchwas affected primarily by
PTB protein and not nPTB. It is possible that PTB could act
negatively on one exon while nPTB acted positively on the
other. However, the depletion of the low amount of nPTB in
N2a cells did not affect the exon 8/8a ratio at all, and the double
PTB/nPTB knockdown had the same effect as the single PTB
knockdown (Fig. 1C, lanes 4–6).
To confirm the role of PTB in the regulation of exons 8a and

8, we examined the effects of PTB and nPTB overexpression on

the splicing (Fig. 1D). Although the basal inclusion level of exon
8 was relatively high (82%), 2-fold overexpression of PTB pro-
tein further increased exon 8 splicing to 94% (lanes 1 and 2). In
contrast, �10-fold overexpression of nPTB increased the exon
8 inclusion to 91% (lane 3). These results suggest that PTB and
nPTB have the same effect of repressing exon 8a and/or
enhancing exon 8 but that PTB hasmuch stronger activity than
nPTB.
PTB Regulates Exon 8a and 8 Splicing in Heterologous Tran-

scripts Expressed from a Splicing Reporter Gene—To examine
the effect of PTB and nPTB on CaV1.2 splicing more carefully,
we constructed the Dup E8a-8 minigene, which contains exons
8a and 8 andportions of their adjacent introns inserted between
�-globin exons 1 and 2 and is driven by theCMVpromoter (Fig.
2A). When expressed from this plasmid in N2a cells, exons 8
and 8a showed a somewhat different pattern of use than the
endogenous CaV1.2 transcripts, with higher levels of double
exon inclusion and double exon skipping. Presumably, as seen
in other minigenes, the flanking exons and the large flanking
introns that are deleted in the minigene are likely to include
binding sites for additional regulators and thus affect the effi-
ciency of splice product formation. Alternatively, differences in
the transcriptional regulation of the transfected and endoge-
nous genes could affect their exon inclusion rates.
As seen for the endogenous gene, the splicing of transcripts

from the transfected minigene is regulated by PTB. For the
single exon inclusion products, 18% contain exon 8, and 82%
contain exon 8a. Coexpression of PTB protein strongly shifted
the splicing in a dose-dependentmanner to favor exon 8, reach-
ing 82% exon 8 splicing at the highest titration point (Fig. 2, C
and D). Coexpression of nPTB also increased exon 8 inclusion,
but not as strongly and reaching a maximum of 57% exon 8
splicing. The immunoblots for PTB and nPTB used different
antibodies whose signals cannot be directly compared. How-
ever, plotting exon 8 splicing relative to the ratios of PTB and
nPTB to GAPDH expression revealed clear differences in the
dose-response curves for the two splicing regulators (Fig. 2E).
PTB could drive exon 8 splicing to a much higher level than
nPTB. Exon 8 was also sensitive to smaller changes in PTB
concentration than seen for nPTB. For example, it required 4
�g of transfected nPTB plasmid to shift the splicing to the same
degree as 0.5 �g of PTB plasmid. These data confirm that PTB
is a significantly stronger regulator of the exon 8/8a splicing
choice compared with nPTB.
Intron Sequences Upstream of Exon 8a Mediate Splicing

Repression by PTB—The expression of PTB shifts splicing of
CaV1.2 fromexon8a inclusion to exon 8.This could result from
PTB acting as a repressor of exon 8a, an enhancer of exon 8, or
both. The presence of pyrimidine elements upstream of exon
8a, as often seen for PTB-repressed exons, led us to favor the
first model. To measure the effect of PTB on exon 8a specifi-
cally, we constructed a single exon 8a splicing reporter contain-
ing the pyrimidine elements in the upstream intron (Fig. 3A).
We aligned the exon 8 and 8a sequences andmademutations in
the exon 8a clone that converted a series of different pyrimidine
elements upstream, downstream, or within exon 8a to the
sequence found in exon 8 (Fig. 3B). The wild-type and mutant
8a reporters were transiently expressed in N2a cells and tested
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for their response to coexpressed PTB. In the absence of the
PTB expression clone, the wild-type reporter exhibited 83%
inclusion of exon 8a. Coexpressed PTB reduced exon 8a inclu-
sion to 38% (Fig. 3, C and D), indicating that exon 8a is indeed
highly repressed by the protein. Mutation of several of the
upstream pyrimidine elements both increased the basal level of
exon 8a splicing and greatly reduced its repression by PTB
(Mut-up1 andMut-up3; 97% basal inclusion reduced to 80% by

PTB). Several elements had little effect on the splicing of exon
8a, including those altered by Mut-up2, Mut-up4, and Mut-e2
(Fig. 3,C andD; see also supplemental Fig. 1). Combiningmuta-
tions Mut-up2 and Mut-up1 gave a somewhat stronger effect
than Mut-up1 alone. Mut-e1 and Mut-d, within the exon and
downstream intron, reduced the basal level of inclusion, but
still exhibited strong repression by PTB. These elements may
alter positive-acting elements affecting the exon. These results

FIGURE 1. Depletion of PTB switches splicing from exon 8 to 8a in N2a cells. A, upper panel, diagram of the CaV1.2 genomic sequence from exons 7 to 9
showing the mutually exclusive splicing pattern of exons 8a and 8. Lower panel, PhastCons plot of placental mammal conservation (UCSC Genome Browser)
showing the conservation of CT-rich elements (highlighted in gray) surrounding the potential branch point (indicated by the asterisk). The RNA probe used in
Fig. 4 is also indicated. B, digestion maps of the amplified exon 8a/8 splice variants. Exons 7, 8a, 8, and 9 are shown as boxes, and introns are shown as lines. The
104-nt exons 8a and 8 comprise a pair of mutually exclusive exons encoding alternate forms of the CaV1.2 channel IS6 pore region (11, 18). The PCR-amplified
region for exons 8a and 8 encompasses exons 7–9, with the upper primer in exon 7 and the 32P-labeled lower primer in exon 9. Exons 8a and 8 are not strictly
mutually exclusive, and a low level of CaV1.2 transcripts can be observed where both exons are included or both excluded. The four mRNA products are
indicated as Exon 8 or Exon 8a for either exon inclusion, Exon (8a�8) for double exon insertion, and �Exon for double exon skipping. Exon 8a contains a BamHI
cleavage site not present in exon 8. After PCR amplification, the products were digested by BamHI to distinguish all four species. The 32P-labeled 3�-fragment
of the four PCR products are underlined, and their molecular sizes indicated. C, depletion of PTB promotes exon 8a splicing. Upper panel, RT-PCR assay of exon
8a and 8 splicing in N2a cells expressing the vector control (ctrl) or the PTB (sh-PTB)- and/or nPTB (sh-nPTB)-targeted shRNAs. The labeled PCR products were
cleaved with BamHI and separated on denaturing gels. The molecular identities and sizes of the products are indicated on the left. The percent of single exon
8 inclusion relative to the total single exon inclusion products (exons 8 and 8a) is shown below. Lower panel, immunoblot of the PTB and nPTB proteins in cells
treated with control vector (lane 1) and in cells treated with short hairpin vectors targeting PTB (lanes 2 and 3), nPTB (lanes 4 and 5), or both (lane 6). GAPDH
expression was monitored as a loading control. D, overexpression of PTB and nPTB proteins promotes exon 8 splicing. Upper panel, RT-PCR assay of exon 8a and
8 splicing in N2a cells transfected with the pcDNA3.1 control vector or with PTB and nPTB expression plasmids. Lower panel, immunoblot of PTB and nPTB
proteins in N2a cells transfected with PTB and nPTB expression plasmids. GAPDH expression served as a loading control.
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support the model that PTB represses exon 8a through binding
to pyrimidine elements in the upstream intron.
To confirm that PTB directly bound to the splicing repressor

elements upstream of the exon 8a branch point, we performed

EMSAs.We synthesized a 30-nucleotide (nt) RNA probe (WT)
containing the putative exon 8a branch point and the upstream
pyrimidine elements whose mutation affected PTB regulation
(Figs. 1A and 4A, upper panel). These elements are largely con-

FIGURE 2. PTB switches splicing from exon 8a to 8 in transcripts expressed from a transfected minigene. A, diagram of the mouse genomic sequence
encompassing exons 8a and 8 cloned into the pDup4-1 minigene reporter (37). The resulting Dup E8a-8 minigene contains 1244 nt of mouse genomic
sequence, including 316 nt of upstream intron, the 104-nt exon 8a, the 104-nt exon 8, the complete 290-nt intron between exons 8a and 8, and 430 nt of
downstream intron. B, digestion maps of exon 8a/8 splice products derived from the Dup E8a-8 minigene. Similar to native CaV1.2 transcripts, exons 8a and 8
in the Dup E8a-8 minigene are not strictly mutually exclusive, and transcripts in which both exons are included or both excluded are observed. These products
are labeled as described in the legend of Fig. 1. C, RT-PCR assay of exon 8a and 8 splicing in N2a cells cotransfected with the Dup E8a-8 minigene and increasing
amounts of FLAG-PTB and FLAG-nPTB plasmids. Lanes and products are labeled as described in the legend of Fig. 1. D, immunoblot of PTB and nPTB expression
in transfected N2a cells. GAPDH expression was monitored as a loading control. E, dose-response curves for PTB and nPTB. The amount of expressed PTB or
nPTB relative to GAPDH is plotted versus the percent exon 8 splicing. Note that exon 8 was more sensitive to small changes in PTB expression compared with
nPTB, and its maximum level of splicing was much higher at high PTB concentrations compared with nPTB.
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served across mammalian species with some substitutions that
are not likely to affect PTB binding (Fig. 4A, lower panel). This
probe was incubated in HeLa nuclear extract and analyzed on
native electrophoretic gels. This wild-type probe was quantita-
tively assembled in the extract into a slowly migrating molecu-
lar complex (Fig. 4B, lanes 1 and 2). This complex was super-
shifted in the gel by anti-PTB antibody (Fig. 4B, lane 3),
indicating that the RNAwas indeed bound by PTB. Antibody to
nPTB, which is not present in HeLa extract (39), served as a
negative control (Fig. 4B, lane 4). PTB binding was further con-
firmed by native gel assay using purified PTB, which showed a
clear dose-dependent assembly of wild-type RNA into a PTB
complex (Fig. 4C). To measure the sequence specificity of the
PTB-RNA interaction, we performed competition experi-
ments. We measured PTB binding to the radioactive wild-type
probe in the presence of increasing concentrations of unlabeled
wild-type RNA or RNA containingMut-up1 andMut-up(1�2)
that strongly reducedPTB-dependent repression of splicing.As
expected, wild-type RNA strongly competed for PTB binding
(Fig. 4D, lanes 3–6). In contrast, Mut-up1 and Mut-up(1�2)
eliminated the ability of an RNA to compete for PTB binding
against wild-type RNA (Fig. 4D, lanes 7–14). Thus, PTB specif-
ically binds to the upstream sequence that mediates PTB-de-
pendent repression of exon 8a. Given the additional blocks of
conserved sequences surrounding these exons, it is likely that
PTB also binds to sites more distal from the exon.
CaV1.2 Splicing Switches from Exon 8 to 8a Concurrent with

the Decline in PTB Expression in Developing Cortex—During
the differentiation of neuronal progenitor cells into neurons,
PTB expression is progressively reduced, altering the splicing of
a set of PTB target exons (30, 32, 43). Expression of nPTB is
initially induced during neuronal differentiation but later
decreases as neuronsmature after birth (data not shown). If the
PTB protein is essential to proper regulation of CaV1.2 splicing
in the brain as seen in tissue culture, there should be a shift from
exon 8 to 8a splicing during brain development. To examine
this, we measured the splicing of the two exons in developing
mouse cortex from embryonic days 12 to 18. We found that
exon 8 was used in �60% of the CaV1.2 mRNA at embryonic
day 12 but was progressively repressed during development,
reaching 10% inclusion by embryonic day 18 (Fig. 5A). As
expected, exon 8a showed a coordinate increase in splicing dur-
ing this time period. Immunoblot assay of the PTB proteins
from embryonic cortex confirmed that PTB protein concentra-
tion sharply decreased from embryonic days 12 to 18 (Fig. 5B).
In contrast, nPTB expression was moderately increased. Thus,
this segment of the CaV1.2 channel is modified during brain

development, and the change in exons 8 and 8a correlates well
with the loss of PTB during neuronal differentiation.

DISCUSSION

PTB Proteins Control the Exon 8/8a Splicing Choice in the
CaV1.2 Calcium Channel—We found that the splicing factor
PTB strongly repressed exon 8a of the CaV1.2 calcium channel
transcript and thereby shifted splicing to the exon 8 isoform.
Depletion of PTB from cells stimulated exon 8a, and overex-
pression of PTB repressed exon 8a splicing. These effects were
also observed on transcripts from a transfected splicing
reporter containing exon 8a but not exon 8. PTB bound directly
to conserved sequence elements upstream of the putative exon
8a branch point, and mutation of these elements greatly
reduced PTB-mediated splicing repression. Thus, PTB is a key
factor determining the choice between exons 8 and 8a in
CaV1.2 expression.
PTB is expressed in many cell types but is repressed during

neuronal and muscle cell differentiation (29, 30, 32). We found
that in the embryonic cortex, exon 8 predominated early in
development at embryonic day 12, but splicing was strongly
shifted to exon 8a by day 18, coincident with the loss of PTB
expression. During this period, the neuronally expressed hom-
olog of PTB, nPTB, increased in expression before being
reduced after birth. We found that exon 8a was significantly
more sensitive to PTB expression than nPTB, in agreement
with its developmental pattern of splicing. PTB and nPTB are
highly similar in peptide sequence and have similar RNA-bind-
ing properties, and yet we have found a group of exons, includ-
ing exon 8a, that are differentially affected by the two proteins.
Other exons seem to be equally sensitive to either PTB or nPTB
(30, 42). These results present interesting mechanistic ques-
tions regarding how a differential or equivalent response to the
two PTB proteins can be encoded in target exon sequences.
CaV1.2 exons 8 and 8a aremembers of a class of exonswhose

alternative splicing is conserved across vertebrate species and
that show blocks of conserved sequence in their adjacent intron
sequences (44–47). Exons of this class are generally regulated
by multiple factors, and the PTB-binding sites adjacent to exon
8a comprise only a portion of the conserved nucleotides pre-
senting potential regulatory elements for these exons. It is thus
likely that other factors are affecting these exons in addition to
PTB. Indeed, in cardiomyocytes, PTB proteins are expressed,
but exon 8a is spliced into the CaV1.2 mRNA. In these cells,
there must be additional mechanisms for countering PTB
action (18, 23, 24). We have found that two other alternative
exons in CaV1.2, exons 9* and 33, are strongly regulated by

FIGURE 3. Efficient repression of exon 8a by PTB requires upstream intron sequences. A, diagram of the Dup E8a minigene containing 686 nt of mouse
genomic sequence, including 316 nt of upstream intron, the 104-nt exon 8a, and 266 nt of downstream intron. This Dup-E8a minigene without mutations is
labeled WT in C and D. B, mutations in the Dup-E8a minigene. The genomic sequences encompassing exons 8a (upper lines) and 8 (lower lines) are aligned.
Sequence elements upstream of exon 8a (Mut-up1 to Mut-up4), within the exon (Mut-e1 and Mut-e2), and downstream of exon 8a (Mut-d) were replaced with
the corresponding sequence within or adjacent to exon 8 to generate a series of mutant Dup-E8a minigenes. The boxed exon 8a sequence element was
replaced in each mutant with the element in exon 8 below. Mut-up(1 � 2) combines the mutations in Mut-up1 and Mut-up2. The putative branch points
(CTAACT) of exons 8a and 8 are shown in boldface. C, upper panel, minigene reporters were cotransfected with 1 �g of empty vector pcDNA3.1� (�) or
FLAG-PTB expression vector (�), and the resulting splicing was assayed by RT-PCR. The transfected minigene is indicated above, and the percent exon 8a
inclusion is indicated below, along with the percent change in exon 8a inclusion (Inc) with PTB cotransfection. Lower panel, immunoblot assay of PTB expression
in the transfected N2a cells using anti-PTB antibody. GAPDH expression was monitored as a loading control. D, bar graph quantifying the total percent change
in splicing with PTB coexpression for the Dup E8a minigene and each mutant. *, p � 0.01 when the experimental values from duplicate experiments were
compared with the wild type by one-way analysis of variance and Tukey’s tests.
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proteins in the Fox family of splicing factors (48). Coexpression
and knockdownof Fox1 and Fox2were found to have onlyweak
effects on exons 8 and 8a (data not shown). More work is
needed to identify the larger set of regulatory factors and
sequence elements controlling these exons.
A number of mechanisms have been described that enforce

the mutually exclusive choice between two exons (49). CaV1.2
exons 8a and 8 are separated by a several hundred-nucleotide
intron that has compatible major class splice sites. Moreover,
the downstream exon 8 does not apparently have a distal
branch point that would interfere with recognition of exon 8a.
Thus, themutually exclusive splicing pattern is not likely due to
the steric interference or splice site incompatibility mecha-
nisms described for tropomyosin and Jnk1 exons (50, 51). It is
possible that factors combine to positively affect one exon and
negatively affect the other, as seen with mutually exclusive
exons in the FGFR2 transcript (52, 53). We did not see a signif-
icant positive effect of PTB on the splicing of exon 8 expressed
from a minigene (data not shown), but other factors could play
such a role. The strong splicing of exon 8 seen in N2a cells that
is converted to almost complete exon 8a splicing by PTB deple-
tion indicates that either exon can be efficiently spliced in N2a
cells.Notably, the splicing of exons 8a and 8 is not strictlymutu-
ally exclusive, as both the double exon-included and double
exon-skipped products can be observed in cells. Exons 8 and 8a
are both 104 nt long. Thus, both the double exon-included and
double exon-skipped transcripts will cause a frameshift in the
mRNA and are unlikely to produce a functional protein prod-
uct. At this position in the mRNA, upstream from many exon-
exon junctions, these transcripts are predicted to be targets of
the nonsense-mediated RNA decay pathway (54, 55). The
mutually exclusive choice in splicing exons 8 and 8a is not

FIGURE 4. PTB binds specifically to sequences upstream of exon 8a.
A, upper panel, RNA probes containing the wild-type sequence upstream
of the putative exon 8a branch point (underlined) or mutant sequences as
indicated. Mutated nucleotides are indicated by asterisks on the wild-type
probe and are highlighted in boldface on the mutant RNA probes. Lower
panel, alignment (UCSC Genome Browser) of placental mammal intron
sequence affecting the regulation of exon 8a by PTB. The boxed sequences
are those mutated in the upper panel. B, EMSA of PTB binding to the wild-
type probe in HeLa extract. In vitro transcribed labeled RNA probe was
incubated in binding buffer (lane 1) or HeLa nuclear extract (lane 2) or in
HeLa nuclear extract followed by the addition of anti-PTB (lane 3) or anti-
nPTB (lane 4) antibody. C, EMSA of purified PTB binding to the sequence
upstream of exon 8a. The wild-type probe was incubated in binding buffer
containing increasing concentrations of His-PTB protein, as indicated.
D, the pyrimidine-rich elements upstream of exon 8a specifically compete
for PTB binding. Lane 1, EMSA of labeled wild-type RNA (25 nM) not incu-
bated with PTB; lanes 2–14, EMSA of labeled wild-type RNA (25 nM) prein-
cubated with purified PTB (1000 nM) and unlabeled wild-type or mutant
RNA probes at the concentrations indicated. Note that mutation of the
upstream elements drastically reduced the ability of the RNA probe to
compete with the wild-type probe for PTB binding.

FIGURE 5. CaV1.2 exons 8a and 8 shift their splicing during development
of embryonic mouse cortex. A, exon 8 progressively decreased in inclusion
as exon 8a increased from embryonic days 12 (E12) to 18 (E18). The PCR prod-
ucts and sizes are indicated on the left. Note that transcripts excluding both
exons 8a and 8 (�Exon) were also observed in embryonic cortex. From 7 to 10
embryonic cortices were pooled for RNA and protein extraction at each time
point. B, immunoblot of proteins in developing cortex shows decreasing PTB
protein expression between embryonic days 12 and 18, whereas nPTB
expression moderately increased, as normalized to GAPDH expression.
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apparently rigidly enforced, but the incorrect products are
degraded, as proposed for the FGFR2 transcript (54).

We recently demonstrated that, similar to the regulation of
exons 8 and 8a by PTB, the Fox proteins regulate the splicing of
CaV1.2 alternative exons 9* and 33 during cortical develop-
ment (48). Thus, these channels undergo extensive functional
modification at the level of splicing during brain development.
It will be interesting to test whether PTB proteins also control
the splicing of similar exons in the CaV1.3 channel during
development (16, 25, 26).
Alternative Splicing of CaV1.2 in Timothy Syndrome—The

regulation of the CaV1.2 exon 8/8a switch is also relevant to its
role in neurological disease, most notably Timothy syndrome.
There is great interest in splicing-targeted therapies for a num-
ber of human disorders, including spinal muscular atrophy,
frontotemporal dementia with parkinsonism on chromosome
17, and familial dysautonomia (56–59). Although such thera-
pies still need significant development, there have been prom-
ising results using complementary oligonucleotides to cause
exon skipping in dystrophin transcripts in the treatment of
Duchenne muscular dystrophy (60–63). Conversely, oligonu-
cleotides that block a repressor element of exon 7 in the SMN2
transcript can stimulate its splicing, providing a promising
strategy for the treatment of spinal muscular atrophy (64–67).
Timothy syndrome is an interesting setting for considering

therapeutic alteration of splicing. One characterized Timothy
syndrome mutation (G1216A in DNA or G406R in protein)
greatly slows the voltage-dependent inactivation of the CaV1.2
channel (21, 68, 69). The prolonged Ca2� current from this
channel is presumably harmful to cells andmay account for the
pleiotropic effects seen in the disease (27). Although they
clearly produce aberrant proteins, it is possible that the nucle-
otide substitutions also alter the splicing of the exons. This
should be examined in the patient RNA. If this is not the case,
then the Timothy syndrome mutations are likely to be delete-
rious only in cells where the exon containing the mutation is
spliced into the mRNA. The different spectrum of symptoms
produced bymutations in exon 8 or 8a is presumably due to the
different patterns of tissue-specific exon use (20, 21, 28, 70).
The presence of the other functional exon in these mutated
genes creates an unusual situation for splicing-targeted ther-
apy, as one can envision shifting the exon choice in tissues
where themutated exon is predominant. Although exons 8 and
8a will not be exactly equivalent, this exon switch may still pro-
duce a more functional channel than that containing the
mutation.
In analogy to the results on SMN2, blocking the PTB-binding

site upstream of exon 8a with an antisense oligonucleotide
would be predicted to activate exon 8a splicing and shift the
choice away from exon 8. This could be beneficial to patients
carryingmutations in the downstream exon 8. Drugs that inter-
fere with PTB functionwould also be predicted to activate exon
8a. However, PTB has many targets, and such a treatment
would have multiple other effects. In patients with exon 8a
mutations, switching the splicing to exon 8 might be accom-
plished by blocking one of the exon 8a splice sites. This is
known to induce exon skipping in dystrophin and other tran-
scripts (62, 71–73). In addition to the brain, CaV1.2 channels

also play important roles in cardiac and vascular smooth mus-
cles. CACNA1C splice variants contribute to important differ-
ences in channel activity between these tissues. It will be impor-
tant to identify the other factors controlling CaV1.2 splicing, if
we are to fully understand the intricate control of CaV1.2 func-
tion in normal tissue and in disease.
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