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Neuronal depolarization and CaM kinase IV signaling alter the splicing of multiple exons in transcripts for ion
channels, neurotransmitter receptors, and other synaptic proteins. These splicing changes are mediated in part by
special CaM kinase-responsive RNA elements, within or adjacent to exons that are repressed in the initial phase
of chronic depolarization. The splicing of many neuronal transcripts is also regulated by members of the Fox
(Feminizing gene on X) protein family, and these Fox targets are also often proteins affecting synaptic activity. We
show that Fox-1/Ataxin 2-Binding Protein 1 (A2BP1), a protein implicated in a variety of neurological diseases, can
counteract the effects of chronic depolarization on splicing. We find that exon 19 of Fox-1 is itself repressed by
depolarization. Fox-1 transcripts missing exon 19 encode a nuclear isoform of Fox-1 that progressively replaces the
cytoplasmic Fox-1 isoform as cells are maintained depolarizing media. The resulting increase in nuclear Fox-1
leads to the reactivation of many Fox-1 target exons, including exon 5 of the NMDA receptor 1, that were initially
repressed by the high-KCl medium. These results reveal a novel mechanism for the slow modulation of splicing as
cells adapt to chronic stimuli: The subcellular localization of a splicing regulator is controlled through its own
alternative splicing.
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Alternative pre-mRNA splicing is an important mecha-
nism for controlling gene expression in metazoan organ-
isms. Changes in splice site or exon usage frequently
determine the function of a gene product or eliminate its
expression (Black 2003; Matlin et al. 2005; Blencowe
2006). The best understood systems of splicing regulation
are those modulated by cell type, where stable differences
in pre-mRNA-binding protein expression determine a
splicing choice. However, splicing is also dynamically
regulated by external stimuli and growth conditions.
Most cellular signaling pathways that alter gene tran-
scription also alter groups of alternative exons (Shin and
Manley 2004; Blaustein et al. 2007; Stamm 2008). In some
cases, these responses have been traced to particular reg-
ulatory elements in the pre-mRNA, to post-translational
modifications of splicing regulators, or to changes in
transcriptional control. However, the mechanisms that
allow the splicing machinery to respond to dynamic
stimuli are not well understood.

A particularly interesting regulatory mechanism in
excitable cells is their response to membrane depolariza-
tion. Depolarization-induced changes in neuronal tran-
scription are well studied and involve the activation of
CaM kinase and other signaling pathways to induce
transcription of both rapid primary response genes and
more slowly developing secondary responses (Flavell and
Greenberg 2008; Greer and Greenberg 2008). These tran-
scriptional programs play important roles in neuronal
plasticity and modulating synaptic activation. Ion chan-
nel mRNAs and other transcripts affecting membrane
activity also often contain exons whose splicing responds
to chronic depolarizing stimuli (Li et al. 2007; McKee
et al. 2007). Two examples of depolarization and CaM
kinase IV (CAMKIV)-dependent splicing are exons 5 and
21 in the NMDA receptor 1 transcript (NR1), a gluta-
mate receptor that modulates processes of synaptic plas-
ticity (Zukin and Bennett 1995; Cull-Candy et al. 2001;
Llansola et al. 2005). Alternative exon 5 encodes the N1
cassette in the extracellular domain that regulates ago-
nist binding and other pharmacological properties of the
receptor (Traynelis et al. 1995; Prybylowski et al. 2000;
Rumbaugh et al. 2000). Alternative exon 21 encodes the
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C1 peptide cassette in the intracellular domain that reg-
ulates the membrane delivery and protein–protein in-
teractions of the receptor, as well as its ability to signal to
the nucleus following stimulation (Tingley et al. 1993;
Ehlers et al. 1998; Standley et al. 2000; Scott et al. 2001;
Bradley et al. 2006).

Several elements were identified in the two NR1 exons
that mediate their inducible splicing repression. A type 1
CaMKIV-responsive RNA element (CaRRE1) is present in
the 39 splice site of exon 5, and type 1 and type 2 CaRREs
are both found within exon 21 itself (Xie and Black 2001;
Xie et al. 2005; Lee et al. 2007). Other depolarization-
sensitive motifs in NR1 exon 21 are binding sites (UAGG)
for the splicing repressor hnRNP A1 (An and Grabowski
2007). The RNA-binding protein hnRNP L binds to
CaRRE1 elements, and may in part mediate their effect
(Yu et al. 2009). Proteins that bind to CaRRE2 elements
are not identified, and how the activity of any of these
proteins is altered by depolarization to affect splicing is
not known.

One protein that controls many neuronally regulated
exons is Feminizing gene 1 on X (Fox-1; also called Ataxin
2-Binding Protein 1 [A2BP1]), a mammalian homolog of
the Caenorhabditis elegans Feminizing gene 1 on X (Jin
et al. 2003; Nakahata and Kawamoto 2005; Underwood
et al. 2005; Kuroyanagi et al. 2006; Li et al. 2007; Zhou et al.
2007). Fox-1 (A2BP1) also has two homologs in mam-
malian genomes Fox-2 (RBM9) and Fox-3 (hrnbp3). Fox-1
is specifically expressed in neurons, heart, and muscle.
Fox-2 is also expressed in these tissues, but is also found
in other cell types including stem cells and hematopoetic
cells (Ponthier et al. 2006; Yeo et al. 2007). Fox-3 appears
to be expressed exclusively in neurons (McKee et al.
2005). In addition to the three genes, the mammalian
Fox protein family is further diversified through the use
of multiple promoters and extensive alternative splic-
ing to produce a wide variety of isoforms. These pro-
teins each contain a single highly conserved RNA-binding
domain that specifically recognizes the RNA hexanucleo-
tide UGCAUG (Jin et al. 2003; Nakahata and Kawamoto
2005; Underwood et al. 2005; Auweter et al. 2006;
Ponthier et al. 2006). This Fox-binding element acts as
a splicing enhancer in the intron downstream from many
exons, but can induce exon skipping when present in
the upstream intron (Black 1992; Huh and Hynes 1994;
Modafferi and Black 1997; Jin et al. 2003; Underwood
et al. 2005; Zhang et al. 2008; Yeo et al. 2009).

Exons controlled by Fox proteins are found in many
genes important for neuronal development and mature
function, including NR1 exon 5 (Brudno et al. 2001;
Minovitsky et al. 2005; Nakahata and Kawamoto 2005;
Underwood et al. 2005; Zhang et al. 2008; Yeo et al. 2009).
The significance of this regulation is underscored by the
identification of human mutations in the Fox-1 gene that
lead to severe neurodevelopmental phenotypes exhibit-
ing mental retardation, epilepsy, and autism spectrum
disorder (Bhalla et al. 2004; Barnby et al. 2005; Martin
et al. 2007; Sebat et al. 2007). Moreover, Fox-1 (A2BP1)
was first identified through its interaction with Ataxin 2,
the protein mutated in Spinal Cerebellar Ataxia type 2

(SCA2), and Fox-2 was identified as interacting with
Ataxin 1, which is mutated in SCA1 patients (Shibata
et al. 2000; Lim et al. 2006). Thus, there is great interest in
how Fox-mediated splicing regulation might contribute
to human neurologic disease.

We show here that Fox-1 controls a secondary splicing
response to cellular depolarization. Chronic treatment
with high-KCl media leads to increased levels of nuclear
Fox-1 isoforms through changes in the splicing of the
Fox-1 transcript itself. This relocalization of Fox-1 to the
nucleus increases the splicing of multiple Fox target
exons, including NR1 exon 5.

Results

Fox-1 exon 19 (E19) is repressed after depolarization

In a survey of exons that respond to depolarizing stimuli
we found such an exon in the Fox-1/A2BP1 transcript.
Fox-1 E19 is 53 nucleotides (nt) long, and its alternative
use causes a frameshift in the 39 portion of the mRNA to
generate protein isoforms with different C termini (Fig.
1A; Nakahata and Kawamoto 2005; Underwood et al.
2005). The E19-included isoform has a C terminus ending
with the residues TALVP (Fox-1-TALVP), whereas
the E19-skipped isoform terminates with FAPY (Fox-
1-FAPY). Sequences related to the FAPY sequence are
observed in the Fox proteins of all species, including
worms and flies (Nicoll et al. 1997; Jin et al. 2003;
Kuroyanagi et al. 2006). The splicing that gives rise to
an alternate Fox-1 TALVP terminus is conserved across
vertebrate species including fish, and related alternative
C termini are also observed in the Fox-2 and Fox-3 genes.

The mouse Fox-1 gene is ;2 MB long and is not ex-
pressed in most cell lines. To examine the effect of depo-
larization on Fox-1 splicing, we used mouse P19 em-
bryonal carcinoma cells. Aggregation of these cells in the
presence of retinoic acid and replating leads to efficient
production of highly differentiated post-mitotic neuronal
cells that express Fox-1 as well as most late differentia-
tion markers for neurons, and that develop extensive
fasciculated and highly connected axonal and dendritic
processes (Finley et al. 1996; Lin et al. 1996; Ulrich and
Majumder 2006). Unlike most primary neurons, these
cells tolerate culture in high-KCl media and inhibition of
CaMK pathways.

In the untreated P19 cells, Fox-1 E19 is included in 36%
of the spliced mRNA. To examine the kinetics of E19
splicing repression, RT–PCR was performed on mRNA
from cells depolarized in 50 mM KCl for 1–24 h. A
decrease in E19 inclusion was observed within 6 h of
treatment, and reached 16% inclusion between 12 and
24 h (Fig. 1B, lanes 1–7). To test the reversibility of this
repression, KCl was washed out after 24 h of depolariza-
tion and the cells were cultured for an additional 12 or
24 h in normal media. As was observed previously for
NR1 E21 splicing, Fox-1 E19 splicing was restored to its
normal level after 12 h of recovery (Fig. 1B, lanes 9,10;
Lee et al. 2007). An increase in cell death was not
observed in the depolarizing media, and the recovery of
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the splicing after depolarization further indicated that the
cells remain fully viable after these treatments. Thus, the
repression of Fox-1 E19 is apparently a dynamic splicing
response of cells adapting to the depolarizing media.

We found previously that CaMK signaling pathways
are required for the depolarization-induced repression of
NR1 E21 and other exons (Xie and Black 2001; Xie et al.
2005; Lee et al. 2007). Treatment of the cells with the
CaMK inhibitor KN93 prior to depolarization also com-
pletely blocked Fox-1 E19 splicing repression (data not
shown), indicating that repression of E19 is also mediated
by CaMK pathways. Interestingly, E19 does not have
apparent CaRRE1 or CaRRE2 elements, implying a differ-
ent pathway of regulation from the NR1 and BK channel
exons, where the CaRREs were identified (Xie and Black

2001; Xie et al. 2005; Lee et al. 2007). The predominant
Fox-1 isoforms expressed in differentiated P19 cells
migrate as a closely spaced doublet observed by immu-
noblot (Fig. 1C). The mobility difference of the two bands
is equivalent to the difference seen for Flag-tagged Fox-
1-TALVP and Fox-1-FAPY proteins separated by SDS-
PAGE, with the FAPY form migrating faster, even though
the Fox-1-TALVP protein has a slightly lower molecular
weight (see Fig. 3A, below). Consistent with the RNA
analysis, quantification of the protein bands over time
confirmed that the Fox-1-TALVP form (Fig. 1C, top band)
was more prevalent in untreated cells and gradually
decreased after depolarization. The Fox-1-FAPY form
(Fig. 1C, bottom band) increased during depolarization,
becoming the more prevalent form by 18–24 h (Fig. 1C).

Depolarization changes Fox-1 localization to increase
its splicing activity

We next wanted to understand how the change in Fox-1
E19 splicing affected Fox-1 activity. It was shown pre-
viously that overexpressed Fox-1-FAPY protein is local-
ized to both the nucleus and the cytoplasm, whereas the
Fox-1-TALVP protein is mostly cytoplasmic when ex-
pressed in HeLa or Y79 cells (Nakahata and Kawamoto
2005). To confirm these observations, Flag-tagged Fox-1-
FAPY and Fox-1-TALVP proteins were expressed in N2A
and HEK cells, and were examined by immunostaining
with anti-Flag antibody (Supplemental Fig. 1). In both cell
types, Flag-Fox-1-FAPY was predominantly nuclear, and
the Flag-Fox-1-TALVP was predominately cytoplasmic.
Thus, the switch from Fox-1-TALVP to Fox-1-FAPY after
depolarization should lead to an increase in the nuclear
concentration of endogenous Fox-1 protein. To examine
this, we compared untreated P19 cells and cells depolar-
ized for 24 h by immunostaining with anti-Fox-1 anti-
body. Differentiated P19 cultures contain multiple cell
types and, as expected, Fox-1 was seen only in the
neuronal cells of the culture. In the untreated cells,
endogenous Fox-1 protein is localized to both cytoplasm
and nucleus, consistent with the splicing pattern of E19
(Fig. 2A). After incubation in depolarizing media, Fox-1
protein became predominantly nuclear with faint stain-
ing in the cytoplasm. The ratio of cytoplasmic to nuclear
(C/N) staining was measured in 110 untreated and 132
depolarized cells, and was plotted in Figure 2B. The
values for the C/N ratio under each condition were
distributed normally, with a clear shift in these distribu-
tions upon depolarization. The mean C/N ratio shifted
from 0.6 before treatment to 0.2 after depolarization. A
two-sample t-test examining the likelihood that these
distributions are the same yields a P-value that is very
close to 0 (2.82 3 10�41). Thus, the endogenous Fox-1
protein is strongly relocalized to the nucleus upon
depolarization.

The different subcellular locations of the two Fox-1
isoforms should lead to differences in their ability to alter
splicing. We examined this by expressing each isoform in
cells and assaying Fox-dependent exon splicing. N2A
cells express Fox-2 protein but not Fox-1 protein (Fig.

Figure 1. Depolarization represses splicing of Fox-1 E19 in
differentiated P19 cells. (A) Diagram of the alternative splicing
within the 39 region of the Fox-1 pre-mRNA. Alternative
splicing of E19 alters the reading frame to generate two
C-terminal peptide sequences, depicted as purple and green bars
in the pre-mRNA. Asterisks (*) indicate the stop codons in the
transcripts. The C-terminal peptides are indicated to the right.
(B) Denaturing gel electrophoresis of Fox-1 RT–PCR products.
The E19-included and E19-excluded bands are indicated. (Lanes
1–7) P19 cells were differentiated for 10 d and then depolarized
for 0, 1, 3, 6, 12, 18, 24 h. Also shown are RNA from day 11
untreated cells (lane 8), and from cells depolarized for 24 h
followed by recovery for 12 and 24 h (lanes 9,10). A graph of E19
inclusion is shown below the gel. Error bars represent SD; n = 3.
Asterisks denote significant changes in splicing, indicated by
a t-test P-value of <0.05. (C) Immunoblot analysis of Fox-1
collected from the same cells as in B. The identities of the two
Fox-1 isoforms are indicated, and GAPDH was used as loading
control for total protein. The protein samples were separated on
a 4%–20% gradient gel.
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3A, lane 1). This Fox-2 expression was mostly eliminated
by expression of a shRNA targeting the 39 untranslated
region (UTR) of Fox-2 transcripts (Fig. 3A, lane 2). These
cells were then complemented with either Flag-Fox-1-
FAPY or Flag-Fox-1-TALVP. Immunoblots with anti-Flag
antibody indicated that the two isoforms were expressed
nearly equally (Fig. 3A, lanes 3,4). Each isoform gave rise
to two protein bands recognized by anti-Fox-1 antibody,
where the lower band is presumably an N-terminal
truncated protein as it does not bind the Flag antibody.

We next measured the splicing of Fox-dependent exons
in the presence of these two Fox-1 isoforms. NR1 exon 5

(gene name Grin1) contains a UGCAUG element at
position +8 of the downstream intron. This exon is 13%
included in untreated N2A cells and reduced to 5%
inclusion in the Fox-2-depleted cells. Complementation
of these cells with mouse Fox-1-FAPY enhanced exon 5
inclusion to 46%, whereas the same amount of Fox-1-
TALVP increased exon inclusion to only 20% (Fig. 3B).
This lower activity is presumably due to the smaller
portion Fox-1-TALVP protein that is nuclear-localized
(Supplemental Fig. 1). Similar effects were observed with
three other exons that contain a UGCAUG element in
their downstream intron (Atp2b1, Adcyap1r1, and Nf2)
(Fig. 3B; data not shown). In all cases, knocking down the
Fox-2 protein reduced the exon inclusion and the Fox-1-
FAPY isoform had a stronger activity in restoring this
splicing than the Fox-1-TALVP isoform. Two control
exons, NR1 E21 (Grin1) and Hhrpdl E8, were also tested.
These exons are known to change in splicing with de-
polarization but do not carry Fox-binding sites. Neither of
these exons was affected by the knockdown or re-expres-
sion of the Fox proteins (Fig. 3B).

The relocalization of endogenous Fox-1 alters splicing

NR1 exon 5 is repressed by depolarization but carries
a Fox site in its downstream intron that enhances

Figure 2. The subcellular distribution of Fox-1 protein is
changed after depolarization. (A) Immunostaining of Fox-1 pro-
tein in differentiated P19 cells. Fox-1 (red) is found in the
cytoplasm and nucleus in untreated cells (0 h, top left panel)
and becomes mainly nuclear after depolarization (24 h of de-
polarization, bottom left panel). Three representative cells from
each field (arrowheads) are shown at the right, with the in-
dividual channels of Fox-1 (red), cytoplasmic neuronal marker
MAP2 (green), and the overlay indicated. DNA stain DAPI (blue)
is shown in every panel. (B) The ratio of C/N Fox-1 was measured
in 110 rested cells (0 h) and 132 depolarized cells (24 h). The C/N
ratio significantly decreases after depolarization, with the peak
ratio shifting from 0.6 in the rested cells to 0.2 in the depolarized
cells (P-value = 2.82 3 10�41 from a two-sample t-test).

Figure 3. Fox-1-FAPY activates splicing of exons carrying
downstream Fox-binding sites. (A) Immunoblot of Fox-2 and
Fox-1 proteins in N2A cells. N2A cells were transfected with
a plasmid expressing a shRNA targeting the Fox-2 39 UTR
(shFox2) or with a control vector (shV). Forty-eight hours after
shRNA transfection, N2A cells were retransfected with Flag-
Fox-1-FAPY (F1F), Flag-Fox-1-TALVP (F1T), or control (Vec)
expression vectors; incubated for 24 h; and immunoblotted for
Fox-2 and Fox-1 proteins. GAPDH served as a loading control.
(B) RT–PCR analyses of exons carrying a Fox-binding site,
UGCAUG (blue box) in the downstream intron (left panels),
and control exons that lack Fox-binding sites (right panels). The
exon IDs are shown above the gels. The cell conditions are as in
A. Graphs of percent exon inclusion (% Ex In) are shown to the
right of the gels. Error bars represent SD; n = 3.
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splicing. From a group of depolarization-regulated exons,
we found several others that contain Fox-binding sites in
their downstream introns. For these exons, the change to
the Fox-1-FAPY isoform should counteract the effect of
depolarization. However, this restoration of splicing
should occur after a delay during which Fox-1 E19
splicing is altered and the new nuclear Fox-1 protein is
synthesized. To assess this, we analyzed a group of exons
for the time course of their splicing change after de-
polarization, and compared exons carrying downstream
Fox sites (within 200 nt) with exons that did not. These
two groups showed different temporal profiles of splicing
(Fig. 4A). The behavior of exons carrying downstream
Fox-1 sites is typified by NR1/Grin1 exon 5, whereas
exons without Fox-1-binding sites are typified by NR1/
Grin1 E21. Nearly all exons showed a maximum re-
pression within 6–8 h after the shift to depolarizing
media. For exons without Fox sites, this repressed level
of splicing was maintained as long as the cells remained
in depolarizing media (Fig. 4A, right panel; Supplemental
Fig. 2). In contrast, exons carrying downstream Fox-
binding sites were initially repressed in depolarizing
media, but then recovered. Their splicing begins to in-
crease after 6 h, coincident with the nuclear accumula-
tion of Fox-1-FAPY that occurs after this point (Fig. 4A,
left panel; Supplemental Fig. 2). The magnitude of their
recovery correlates with the level of their initial repres-
sion by depolarization. For these exons, the relocalization
of Fox-1 has an apparent homeostatic effect that restores
their splicing after depolarization-induced repression.

Exons with upstream Fox-binding sites are often nega-
tively regulated by Fox proteins and might be expected to
be repressed by an increase in nuclear Fox-1 protein (Jin
et al. 2003; Underwood et al. 2005; Zhang et al. 2008; Yeo
et al. 2009). However, to see such an effect, splicing of the
exon would need to increase rather than decrease during
the initial phase of depolarization. We found one exon
that shows this behavior. L-type calcium channel CaV1.2
exon 9* is negatively regulated by Fox proteins from
binding sites both upstream and within the exon (Tang
et al. 2009). This exon increased in splicing immediately
after depolarization and then decreased as Fox-1 protein
became more nuclear (data not shown).

We showed previously that these two NR1 exons
respond to depolarization through the activation of cal-
cium signaling pathways and specifically CaMKIV (Xie
and Black 2001; Xie et al. 2005; Lee et al. 2007). To look at
the ability of Fox-1 to counteract CaMKIV-mediated
repression, we examined the splicing of an NR1 exon 5
minigene after cotransfection with CaMKIV and/or Fox-
1-FAPY genes. This was compared with the splicing of
a mutant exon missing one Fox site, and to NR1 E21,
which does not have a Fox site. A mutation in the
UGCAUG at position +8 downstream of exon 5 was
generated, leaving additional Fox sites intact at position
+262 in this intron and at position �319 in the upstream
intron. The minigenes were transiently expressed in HEK
293T cells and assayed for exon 5 inclusion by primer
extension. Without other expression plasmids, exon 5 is
included in 22% of the minigene transcripts. Coexpres-

sion of constitutively active CaMKIV reduced this to 7%
inclusion (Fig. 4B, lanes 1,2). This CaMKIV-induced re-
pression is mediated by a CaRRE1 element in the 39 splice
site (Xie et al. 2005). Expression of Fox-1-FAPY reversed
the induced repression by CaMKIV and strongly stimu-
lated splicing (Fig. 4B, lane 3). Mutation of the binding
site at position +8 significantly reduced the effect of Fox-1
on exon 5 splicing (Fig. 4B, lane 7). A control exon, NR1
E21, was repressed by CaMKIV, but this repression was
not affected by the expression of Fox-1-FAPY (Fig. 4B, lane
11). Thus, Fox-1 protein can strongly counteract CaMKIV

Figure 4. Fox-1 antagonizes depolarization and CaMKIV-in-
duced splicing repression. (A) The splicing repression of Fox-
dependent exons is relieved during chronic depolarization. The
inclusion levels of exons carrying a UGCAUG element within
the first 200 nt of the downstream intron are shown in the left

graph. The splicing of exons without Fox-binding sites are shown
in the right graph. Exon inclusion was measured in untreated
cells (0 h) and in cells treated with 50 mM KCl for 6, 12, 18, and
24 h. Error bars represent SD; n = 3. Representative RT–PCR gels
for NR1 (Grin1) exon 5 and E21 are shown below the graph.
Other gels are shown in Supplemental Figure 2. (B) Fox-1 can
antagonize CaMKIV-induced repression. (Top panel) NR1 exon 5
and E21 were cloned into the pDup 4-1 splicing reporter. The
lengths of exon and intron segments are indicated above the
diagram. The three UGCAUG elements adjacent to exon 5 are
indicated by blue boxes. The UGCAUG element proximal to the
59 splice site was mutated to UUACCA in the exon 5 M1
construct. (Bottom panel) Primer extension assay of splicing
reporters coexpressed with CaMKIV dCT (CaMKIV) and/or Fox-
1-FAPY (Fox1F) expression constructs. The percent exon in-
clusion is shown below the gels. Error bars represent SD; n = 3.
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and depolarization-induced repression of splicing through
its downstream binding site in NR1 exon 5.

Discussion

In previously described examples of splicing regulatory
cascades, such as the Drosophila sex determination path-
way, the regulatory module of the splicing factor acts as
an on/off switch for its function (Black 2003). Here, the
splicing alteration changes the nucleocytoplasmic bal-
ance of the splicing regulator, which in turn affects an
ensemble of Fox target exons in transcripts important for
neuronal function. The initial induced splicing change in
Fox-1 leading to subsequent downstream changes in
other spliced isoforms is analogous to a transcriptional
primary response gene whose induction activates down-
stream target genes in a temporal program of transcrip-
tional regulation. The time scale of this splicing regula-
tory cascade is slower than a typical transcriptional
response, such as c-fos or CREB induction (West et al.
2001). Rather than a transient response to a brief stimu-
lus, Fox-1 apparently mediates a slower cellular homeo-
static mechanism through the modulation of its nucleo-
cytoplasmic distribution.

The change in Fox-1 subcellular localization is also
different from a typical change in the karyopherin-medi-
ated nuclear transport of an existing protein (Terry et al.
2007). Such phosphorylation-mediated changes in distri-
bution have been seen in the splicing factors hnRNP A1,
Tra2b, PTB, and Sam68 (van der Houven van Oordt et al.
2000; Daoud et al. 2002; Xie et al. 2003; Ben Fredj et al.
2004; Allemand et al. 2005). With the exception of Tra2b,
the relocalization of these proteins has not been shown to
affect the splicing of endogenous transcripts and may be
more important for their effects on translational control.
Here, the splicing of a defined group of target transcripts
clearly changes after Fox-1 relocalization, and the mech-
anism controlling the nucleocytoplasmic distribution of
Fox-1 is notably different. Instead of the existing Fox-1
protein being relocalized due to modification of a nuclear
localization sequence (NLS), the Fox-1-FAPY protein that
is newly synthesized after depolarization will be taken up
by the nucleus more readily than the pre-existing Fox-1-
TALVP protein, and the nucleocytoplasmic ratio will
change only as the pre-existing protein turns over. This
does not rule out more rapid changes in Fox-1 localization
also occurring in response to typical NLS modification. It
remains to be determined whether the FAPY terminus
actually mediates nuclear uptake, or if the NLS is
elsewhere in the protein and the TALVP form is actively
retained in the cytoplasm. Since the increase in nuclear
Fox-1-FAPY protein is accompanied by a decrease in the
cytoplasmic TALVP form, it will also be interesting to
explore the consequences of this loss of cytoplasmic Fox-1
for translational regulation.

The two alternative exons of NR1 studied here exhibit
different temporal responses to depolarization, and illus-
trate overlapping but independent control pathways for
exons within the same transcript. Exon 5 is initially
repressed due to the presence of a CaRRE1 in its 39 splice

site. Its inclusion level then increases due to the increase
in nuclear Fox-1 after depolarization (Fig. 5). In contrast,
E21 is repressed by depolarization due to CaRRE types 1
and 2 and hnRNP A1 sites within the exon itself. This
exon lacks a Fox-1 site and maintains its repressed state
unless the cells are shifted back to low-KCl media. Exon 5
adds the N1 peptide cassette to the extracellular domain
of the receptor and alters its responses to glycine, protons,
and other ligands (Traynelis et al. 1995; Prybylowski et al.
2000; Rumbaugh et al. 2000). E21 encodes the C1 cassette
within the intracellular domain that is required for
NMDA receptor-induced gene expression, among other
functions (Tingley et al. 1993; Ehlers et al. 1998; Standley
et al. 2000; Cull-Candy et al. 2001; Scott et al. 2001;
Bradley et al. 2006). In other studies, changes in 39 splice
site choice within exon 22 of NR1 have been proposed to
modulate receptor trafficking to the plasma membrane in
a model for homeostatic plasticity (Mu et al. 2003; Perez-
Otano and Ehlers 2005). These Fox-1-dependent and Fox-
1-independent changes in splicing will clearly affect NR1
function, and their consequences need further elucidation.

We also identified a number of exons in calcium and
other ion channel proteins that are regulated by Fox1 and
Fox2 (Tang et al. 2009; Z Tang and DL Black, unpub.).
These ion channel targets point to the importance of
examining the localization of Fox-1 and the splicing of
Fox-1 target exons in settings that allow measurements
of membrane physiology. Individual alternative protein
isoforms of ion channels and neurotransmitter receptors
have been shown to affect various types of long-term
potentiation, and also to adapt physiological responses to
specific cell types or conditions (Xie and McCobb 1998;
Beffert et al. 2005; Huang et al. 2005; Lipscombe 2005; Li
et al. 2007; Lipscombe and Raingo 2007; Raingo et al.
2007). However, changes in spliced isoform ratios depend

Figure 5. Model for regulation of splicing recovery by Fox-1.
The splicing of NR1 exon 5 and E21, Fox-1 E19, and many
other exons is repressed by depolarization through a CaMKIV-
dependent pathway and the effects of hnRNP A1. For Fox-1, this
leads to increased expression of the nuclear Fox-1-FAPY isoform,
which alleviates the repression of NR1 exon 5 and other exons
carrying Fox-binding sites. The change in nuclear Fox-1 does not
effect NR1 E21 or other exons lacking Fox-binding sites.
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on rates of mRNA decay, and are usually measured over
the course of hours in response to chronic stimuli such as
depolarizing media or drugs that block or stimulate
synaptic activity. This slow time course of most splicing
responses is compatible with longer-term changes in
neuronal activity, such as circadian modulation of exci-
tation, or circuit consolidation during development.
Many splicing events, including NR1 exon 5, are seen
to change during critical periods of circuit refinement in
postnatal development, or in response to chronic stimuli
such as kindling or other induced seizures in adult
animals (Kamphuis et al. 1992; Laurie and Seeburg
1994; Kraus et al. 1996; Wang and Grabowski 1996; Rafiki
et al. 1998; Ying et al. 1998; Daoud et al. 1999; Hoffmann
et al. 2000; Musshoff et al. 2000; Prybylowski and Wolfe
2000; Yin et al. 2001; Bottai et al. 2002; Llansola et al.
2005; Jaekel et al. 2006). The role of Fox-mediated
alternative splicing in modulating changes in membrane
physiology during these processes thus invites further
study.

How Fox-1-mediated splicing affects neuronal function
is also a key issue for understanding its role in neurolog-
ical disease. The interaction of Fox-1/A2BP1 with Ataxin
2 needs to be explored further. Ataxin 2 is found in the
cytoplasm, and has been implicated in translational
regulation (Kiehl et al. 2000; Ciosk et al. 2004; Nonhoff
et al. 2007). Thus, the loss of Ataxin 2 in spinal cerebellar
ataxia patients may affect cytoplasmic functions of Fox-1.
Mutations in the Fox-1 gene itself have been observed in
patients with severe epileptic, mental retardation, and
autism spectrum disorders (Bhalla et al. 2004; Barnby
et al. 2005; Martin et al. 2007; Sebat et al. 2007). The role
of the Fox-1 splicing program in cellular adaptive re-
sponses provides an intriguing clue to the underlying
physiology of these neurological disorders.

Materials and methods

Cell culture

P19 cells were differentiated into post-mitotic neuronal cells
as described previously (Lee et al. 2007). Briefly, P19 cells
were grown in a-MEM with 10% fetal bovine serum (FBS).
Differentiation was induced by transfer to medium containing
a-MEM, 5% FBS, and 0.5 mM all-trans retinoic acid (R-2625,
Sigma Aldrich) in bacteriological Petri dishes to promote cell
aggregation. After 2 d, cell aggregates were transferred to fresh
induction medium and cultured for another 2 d. The cell
aggregates were then trypsinized, and 107 cells were plated per
100-mm tissue culture plate in a-MEM plus 10% FBS. The tissue
culture plates were coated previously overnight with 0.1 mg/mL
poly-L-lysine in 1.25% boric acid/1.91% sodium tetraborate
solution (1:1; pH 8.2), and washed three times with sterilized
water. Two days after plating, the medium was changed to
Neurobasal-A medium (GIBCO) with 13 B27 supplement
(GIBCO), and maintained through the experiment. For depolar-
ization, 10-d-old cultures of differentiated P19 cells were shifted
to medium containing 50 mM KCl for 1–24 h. For recovery, 24 h
after depolarization, the KCl-containing medium was replaced
with fresh culture medium, and the cells were grown for another
12 or 24 h. HEK 293T cells and N2A cells were grown in DMEM
with 10% FBS.

RT–PCR assay

One microgram of the total RNA was reverse-transcribed with
random hexamers. One-tenth of this reaction was then amplified
in 22–25 cycles of PCR with exon-specific primers, one of which
was 32P-labeled. The PCR products were resolved on 8% poly-
acrylamide/7.5 M urea denaturing gels. The gel was dried,
exposed, and scanned in a PhosphorImager (Fuji Medical Sys-
tems). PCR products were also isolated and confirmed by
sequencing.

Western blotting

Immunoblotting was performed on cell lysates isolated in RIPA
buffer containing benzonase (Sigma) and incubated for 30 min on
ice to remove genomic DNA. Antibodies were used at the fol-
lowing dilutions: a-Fox-1 1D10, 1:1500; a-Fox-2, 1:2500; a-Flag,
1:5000 (Sigma); a-GAPDH, 1:400,000 (Fitzgerald); and ECL Plex
C3-conjugated goat a-mouse and C5-conjugated goat a-rabbit
secondary antibodies, 1:2500 (GE Healthcare).

Immunostaining and analysis

Cells were grown on coverslips coated overnight with 0.1 mg/mL
ploy-L-lysine in 1.25% boric acid/1.91% sodium tetraborate
solution (1:1; pH 8.2), and washed three times with sterilized
water. All manipulations were performed at room temperature
unless otherwise noted (Hall et al. 2004). Cells were fixed in
freshly prepared 4% paraformaldehyde in 13 PBS (pH 7.4) for 20
min, and then washed once with 13 PBS and twice with 13 PBS
with 0.1% Triton X-100. Cells were permeabilized in 13 PBS
with 0.5% Triton X-100 for 10 min. Cells were then blocked in
13 PBS, 0.1% Triton X-100, 2% bovine serum albumin (Sigma-
Aldrich), and 3% normal goat serum for 30 min. The cells were
then incubated with the primary antibody in blocking buffer
overnight using the following dilutions: a-Fox1 1D-10, 1:1000;
and a-MAP2, 1:200 (Chemicon). Cells were washed three times
with 13 PBS with 0.1% Triton X-100, and incubated with
secondary antibody of either Alexa568 goat a-mouse IgG or
Alexa488 goat a-rabbit IgG (Molecular Probes) at 1:1000 dilu-
tion in blocking buffer for 1 h. Cells were rinsed three times
with blocking buffer and mounted with ProLong Gold anti-
fade reagent with DAPI (Invitrogen). The intensities of the
Fox-1 staining in the nucleus and cytoplasm were measured
by ImageJ, and the similarity of the ratios of C/N Fox-1 before
and after depolarization was examined by a two-sample t-test
(Abramoff et al. 2004).

Short hairpin design and knockdown

The design of the shRNA was described previously (Boutz et al.
2007), and targets the 39 UTR of mouse Fox-2/Rbm9. The oligos
used were siFOX-2forward (GAGAGAAGACTAAAAAGAG
GCCTGGCTATTGGAATAATAAGAGTTA) and siFOX-2reverse
(CAGAGAAGACTAAAAAGAGGCCTGGCTATTGCAATAAC
TCTTATTA). A single nucleotide mismatch was introduced
close to the 39 end of the sense strand of the hairpin duplex to
destabilize the end and ensure the selection of the antisense
strand in the RISC complex. The short hairpin sequence was
cloned behind the H1 promotor of plasmid pBlsH1 to generate
pBlsH1Fox-2. N2A cells were trypsinized and resuspended in
growth medium (DMEM 10% FBS) at 2.5 3 105 cells per milli-
liter. Four micrograms of EGFP N1 expression vector and 20 mg of
either the control vector pBlsH1 or the pBlsH1Fox-2 were
combined with 60 mL of Lipofectamine 2000 (Invitrogen) and
were transfected into 2.5 3 106 N2A cells according to the
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manufacturer’s protocol. Two days after shRNA transfection,
the cells were retransfected with pcDNA3.1, pcDNA3.1-Flag-
Fox-1FAPY, or pcDNA3.1-Flag-Fox-1TALVP using Lipofectamine
2000 and were cultured for one more day. The knockdown and
complementation were tested by Western blot.

Plasmid construction and mutagenesis

The expression construct of pcDNA3.1-Fox-1TALVP was con-
structed by cloning the E19 sequence between the exon 18
and exon 20 sequences in pcDNA3.1-Fox-1FAPY using PCR
with Pfu DNA polymerase. The pDup minigene reporters
were constructed by cloning the regulated exons with partial
flanking introns between the ApaI and BglII sites of pDup4-1
(Modafferi and Black 1997). The Grin1 E21 minigene was called
NME21D300 previously (Lee et al. 2007). Mutations were made
by PCR using Pfu DNA polymerase. The sequences and muta-
tions were confirmed by DNA sequencing.

Transfection and primer extension assay of minigene splicing

HEK 293T cells were grown in six-well plates and transfected
using 10 mL of Lipofectamine 2000 (Invtrogene) with 1.5 mg of
the pDup minigene reporter and with or without 2 mg of the
pcDNA3.1-CaMK IV-dCT expression construct and with or with-
out 0.5 mg of pcDNA3.1-Fox-1FAPY. pcDAN3.1 was used to
complement the DNA to 4 mg. RNA was purified 24 h after
transfection using RNeasy kit (Qiagen) and reverse-transcribed
using SuperScript II (Invitrogen) with 32P-labeled DNA oligo
DUP3 (AACAGCATCAGGAGTGGACAGATCC). The primer
extension products were resolved on 8% polyacrylamide/7.5 M
urea denaturing gels. The gel was dried, exposed, and scanned in
a PhosphorImager.
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