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Many metazoan gene transcripts exhibit neuron-specific splicing patterns, but the developmental control of
these splicing events is poorly understood. We show that the splicing of a large group of exons is
reprogrammed during neuronal development by a switch in expression between two highly similar
polypyrimidine tract-binding proteins, PTB and nPTB (neural PTB). PTB is a well-studied regulator of
alternative splicing, but nPTB is a closely related paralog whose functional relationship to PTB is unknown.
In the brain, nPTB protein is specifically expressed in post-mitotic neurons, whereas PTB is restricted to
neuronal precursor cells (NPC), glia, and other nonneuronal cells. Interestingly, nPTB mRNA transcripts are
found in NPCs and other nonneuronal cells, but in these cells nPTB protein expression is repressed. This
repression is due in part to PTB-induced alternative splicing of nPTB mRNA, leading to nonsense-mediated
decay (NMD). However, we find that even properly spliced mRNA fails to express nPTB protein when PTB is
present, indicating contributions from additional post-transcriptional mechanisms. The PTB-controlled
repression of nPTB results in a mutually exclusive pattern of expression in the brain, where the loss of PTB in
maturing neurons allows the synthesis of nPTB in these cells. To examine the consequences of this switch,
we used splicing-sensitive microarrays to identify different sets of exons regulated by PTB, nPTB, or both
proteins. During neuronal differentiation, the splicing of these exon sets is altered as predicted from the
observed changes in PTB and nPTB expression. These data show that the post-transcriptional switch from
PTB to nPTB controls a widespread alternative splicing program during neuronal development.
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Alternative pre-mRNA splicing is a common mecha-
nism for diversifying genetic output in metazoan organ-
isms (Black 2003; Matlin et al. 2005). Alternative choices
in exons and splice sites can create substantial changes
in the encoded protein and its activity. Changes in splic-
ing can also affect downstream regulatory processes such
as nonsense-mediated decay (NMD), and thus direct ad-
ditional levels of post-transcriptional gene regulation
(Lewis et al. 2003; Lejeune and Maquat 2005; Hughes

2006). Transcripts exhibiting multiple splicing patterns
are especially prevalent in the mammalian nervous
system, where alternative splicing affects important
processes such as axon guidance, synaptogenesis, and
the regulation of membrane physiology (Black and
Grabowski 2003; Lipscombe 2005; Ule and Darnell
2006). The choice of splicing pattern within a transcript
is generally controlled by RNA-binding proteins that
bind to the pre-mRNA to enhance or silence particular
splicing events (Black 2003; Matlin et al. 2005). Some
splicing regulators are expressed in a tissue-specific man-
ner and have been shown to influence the alternative
splicing of particular gene transcripts. However, little is
known about how the expression of these factors is regu-
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lated during development, their roles in defining the dif-
ferentiated states of a cell, or even whether changes in
their expression influence large or small numbers of tar-
get genes.

One well-studied splicing regulator is the polypyrimi-
dine tract-binding protein (PTB), which has been shown
to repress the splicing of several exons (Wagner and Gar-
cia-Blanco 2001; Spellman and Smith 2006). PTB binds
to CU-rich regulatory elements near PTB-repressed ex-
ons and alters assembly of the spliceosome at adjacent
splice sites (Oberstrass et al. 2005). In some cases, PTB
may simply block access of the spliceosome to splice
sites (Lin and Patton 1995; Singh et al. 1995; Amir-Ah-
mady et al. 2005). Alternatively, the PTB bound to the
pre-mRNA can prevent spliceosome assembly subse-
quent to initial splice site recognition (Izquierdo et al.
2005; Sharma et al. 2005; Spellman and Smith 2006).
Finally, differences in the cofactors required to repress
different exons indicate that the mechanism of PTB-de-
pendent exon silencing may vary from transcript to tran-
script (Gromak et al. 2003; Rideau et al. 2006). PTB is
found in many tissues, but its expression is relatively
low in brain and muscle, and many PTB-repressed exons
are induced to splice in these tissues (Ashiya and
Grabowski 1997; Spellman et al. 2005; Boutz et al. 2007).

In the mammalian brain, a PTB paralog called neural
PTB (nPTB, also called brPTB and PTBP2) is also ex-
pressed. nPTB is highly homologous to PTB, but is en-
coded by a separate gene and is more restricted in its
expression; in addition to the brain, nPTB is prevalent in
testis and is also found in several other tissues (Kikuchi
et al. 2000; Markovtsov et al. 2000; Polydorides et al.
2000; Lillevali et al. 2001). PTB and nPTB are remarkably
similar in structure across all four of their RNA recog-
nition motifs (RRMs). Except for one lysine-to-arginine
and one phenylalanine-to-tyrosine substitution, nPTB
has the same residues at positions of RNA contact as
PTB. The two proteins bind to the same sequence ele-
ments, although with some differences in affinity
(Markovtsov et al. 2000; Oberstrass et al. 2005). Never-
theless, nPTB has different splicing regulatory proper-
ties. It is a significantly weaker repressor than PTB of
several neuron-specific exons and is known to bind ad-
ditional neuronally regulated transcripts (Ashiya and
Grabowski 1997; Chan and Black 1997; Irwin et al. 1997;
Markovtsov et al. 2000; Underwood et al. 2005). nPTB
also interacts with the neuron-specific splicing regulator
Nova 1 (Polydorides et al. 2000). How nPTB and PTB
differ in activity and thus serve distinct biological roles
is not understood.

NMD is a form of post-transcriptional gene regulation
that can be coupled to alternative splicing. The exon
junction complex (EJC) is a specific assembly of proteins
that is deposited on each exon–exon junction of an
mRNA during splicing and removed during the first, or
“pioneer,” round of translation (Ishigaki et al. 2001;
Singh and Lykke-Andersen 2003; Conti and Izaurralde
2005; Maquat 2005). If translation terminates more than
∼50 nucleotides (nt) upstream of an EJC, the EJC can
recruit essential NMD factors, including Upf1/Rent1,

that stimulate degradation of the mRNA (Lykke-
Andersen et al. 2000; Mendell et al. 2002). The NMD
pathway serves to prevent the translation of mutant or
aberrantly spliced mRNAs that would produce a trun-
cated protein due to the presence of a premature termi-
nation codon (PTC). NMD can also function to control
the expression from a gene that is alternatively spliced to
introduce a PTC (Lewis et al. 2003; Lejeune and Maquat
2005; Pan et al. 2006). This splicing-coupled NMD is
seen in the PTB transcript. The PTB gene contains a
34-nt exon (exon 11) that is normally included in the
mRNA to encode full-length PTB protein. If exon 11 is
skipped during splicing of the mRNA, the reading frame
is shifted to introduce a PTC that targets the transcript
to the NMD pathway (Wollerton et al. 2004). Interest-
ingly, PTB protein itself represses exon 11, creating a
negative feedback loop that allows PTB to control its
own synthesis. Similar autoregulatory loops, where a
protein controls its own expression through the coupling
of alternative splicing to NMD, have been described for
multiple other splicing regulators (Chabot et al. 1997;
Jumaa and Nielsen 1997; Sureau et al. 2001; Stoilov et al.
2004; Dredge et al. 2005; Kumar and Lopez 2005; Lareau
et al. 2007; Ni et al. 2007).

In this study, we examined the regulation of PTB and
nPTB expression in the brain. We found that PTB and
nPTB protein expression are mutually exclusive, with
PTB restricted to nonneuronal lineages and nPTB found
only in post-mitotic neurons. Interestingly, the presence
of PTB strongly represses nPTB protein expression. Be-
cause of this post-transcriptional repression, the down-
regulation of PTB in differentiating neurons is sufficient
to induce nPTB expression, and this switch triggers sub-
stantial changes in the neuronal alternative splicing pro-
gram.

Results

In the brain, nPTB expression is restricted
to post-mitotic neurons and PTB is restricted
to nonneuronal cells

nPTB protein was previously detected in the brain as
well as in cell lines of neuronal origin (Ashiya and
Grabowski 1997; Chan and Black 1997; Irwin et al. 1997;
Markovtsov et al. 2000; Polydorides et al. 2000). To ex-
amine which cells within the adult brain expressed each
protein, we performed immunofluorescence on mouse
brain sections, using antibodies that recognize only PTB
(PTB-NT) or nPTB (nPTB-IS2) (Supplementary Fig. 1). At
the cellular level, the divergent expression of PTB and
nPTB is quite striking. As seen by costaining with the
neuronal marker NeuN, nPTB is highly specific to neu-
rons. In the dentate gyrus (DG) region of the hippocam-
pus, nearly all of the neurons express nPTB and none of
the nonneuronal cells do (Fig. 1A). nPTB was similarly
neuron specific in the cortex and cerebellum (data not
shown). In contrast, PTB was absent from NeuN-positive
neurons (Fig. 1B). Most PTB-positive nuclei are associ-
ated with GFAP-positive processes (Fig. 1C), indicating
they are astroglia. PTB is also found in cells negative for
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Figure 1. nPTB protein is expressed in post-mitotic neurons in the mouse brain. (A–C) Immunofluorescence images of coronal adult
brain sections. (A) Immunostaining of nPTB (red, left panel) and NeuN (green, middle panel) in the DG of the hippocampus. (Right

panel) Cells expressing nPTB are also positive for NeuN (overlay), indicating that they are neurons. (B) Overlay image of PTB (red) and
NeuN (green) immunostaining shows that most PTB-expressing cells in the DG are negative for NeuN. (C) Double-staining for PTB
(red) and GFAP (green) in the region proximal to the DG shows most PTB-expressing cells to be GFAP-positive astrocytes. (D–G)
Immunofluorescence images of dissociated cerebellar cell cultures after 6 d in vitro. nPTB (D,E) or PTB (F,G) are stained in red, as
indicated. The same fields are stained for the neuronal marker MAP2 (D,F) or the glial marker GFAP (E,G) (both green), and with the
DNA stain DAPI (blue). The right-most panels are an overlay of the three colors.
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both NeuN and GFAP, most notably in the meninges, in
the vascular endothelium, and in the subventricular
zone of the cortex (data not shown). In the adult brain,
cells that express both proteins were very rare.

Similarly divergent expression was seen in postnatal
cultures of dissociated cells from the Hippocampus (P1–
P2) (data not shown) and the cerebellum (P3–P5) (Fig.
1D–G). In cerebellar cultures, nPTB is found in differen-
tiated MAP2-positive neurons (Fig. 1D), but is absent
from GFAP-expressing astrocytes (Fig. 1E). PTB shows
the reverse pattern with expression in astrocytes but not
in neurons (Fig. 1F,G). In immature cerebellar cultures,
some neurons expressed both proteins (data not shown).

To examine nPTB expression in a model of neuronal
differentiation, we used P19 mouse embryonal carci-
noma cells, which differentiate into post-mitotic neu-
rons after treatment with retinoic acid (RA). Thirteen
days after RA treatment, >80% of the cells exhibited
neuronal morphology with small cell bodies and long
fasciculated processes, while the remaining cells were
flat, adherent, and resembled fibroblasts or other cell
types (data not shown). By immunofluorescence, undif-
ferentiated cells predominantly express PTB, but after
differentiation the neurons have switched to nPTB ex-
pression exclusively (Fig. 2A; data not shown). In con-
trast, the remaining nonneuronal cells in the culture ex-
press only PTB (Fig. 2A). This switch can also be seen by
immunoblot, with nPTB protein being strongly induced
during differentiation and PTB protein decreasing (Fig.
2B). The decrease in PTB protein is paralleled by a de-
crease in PTB mRNA, as measured by RT–PCR and by
quantitative real-time PCR (Fig. 2C,D). Interestingly, the
nPTB mRNA level and splicing pattern remained rela-
tively constant with differentiation (Fig. 2C,D), indicat-
ing that a post-transcriptional mechanism(s) controls the
induction of nPTB expression.

To assess the functional consequence of the change
from PTB to nPTB, we assayed a subset of PTB target
exons by RT–PCR to determine whether they also
switch in splicing in the differentiated P19 cells. As seen
in Figure 2, E and F, all of the target transcripts tested
exhibited changes in exon inclusion upon P19 differen-
tiation. These included previously identified PTB targets
(e.g., Src N1, ClCB EN), as well as new targets identified
by a splicing microarray (described below); among them
are exons that increase in inclusion, and exons that de-
crease in inclusion.

Skipping exon 10 leads to NMD of the nPTB transcript

The presence of nPTB mRNA in undifferentiated P19
cells, which contained little nPTB protein, suggested a
post-transcriptional mechanism was controlling nPTB
expression. Similar to the homologous PTB exon 11,
nPTB exon 10 inclusion is required to produce the full-
length nPTB, while exon 10 skipping would shift the
reading frame and introduce a PTC (Fig. 3A; Wollerton et
al. 2004). To examine the role of exon 10 in affecting
nPTB expression, we assayed a variety of cell lines for
the presence of the different nPTB spliced isoforms (dia-

grammed in Fig. 3A). Most of the cell lines tested con-
tained significant amounts of nPTB mRNA, both includ-
ing and skipping exon 10 (Fig. 3B). However, like undif-
ferentiated P19 cells, many of these cells express PTB,
but little or no nPTB protein (Fig. 3C).

The ongoing production of nPTB mRNA could be
much higher than observed from the steady-state mRNA
levels if exon 10-skipped mRNA were targeted by the
NMD pathway. NMD requires active translation, and
NMD-targeted transcripts accumulate when translation
is blocked (Belgrader et al. 1993; Menon and Neufeld
1994). To examine whether mRNA was being lost to
NMD, we treated cells with the translational inhibitor
cycloheximide and measured the abundance of each
splice variant by RNase protection. Indeed, we observed
a significant increase in the two exon 10-skipped prod-
ucts after cycloheximide treatment of a variety of cell
lines (Fig. 3D). The level of mRNA that includes exon 10
did not change significantly upon cycloheximide treat-
ment, regardless of the initial ratio of the different splice
variants. The accumulation of exon 10-skipped mRNA
was observed in all cells tested. These included the reti-
noblastoma cell line WERI-1, the embryonic kidney cell
line HEK293, the neuroblastoma SY5Y, and the T-cell
line Jurkat (Fig. 3D), as well as the other cell lines HeLa,
HepG2, N10, and LA-N-5 (data not shown).

To determine directly whether the exon 10-skipped
isoforms were degraded by the NMD pathway, we used
a small interfering RNA (siRNA) to knock down the
essential NMD pathway component Upf1/Rent1 (Men-
dell et al. 2002). In N1E-115 cells, knockdown of the
Upf1 protein led to a fourfold increase in the exon 10-
skipped splice variants of nPTB (Fig. 3E). The observed
effect was similar to that of cycloheximide, except that
changes were also seen in the exon 10-included isoforms.
These changes were due specifically to Upf1 knock-
down, as we obtained similar results with a short-hairpin
RNA (shRNA) targeting a different region of Upf1,
whereas siRNAs targeting an unrelated RNA-binding
protein (CUGBP1) had no effect (data not shown). Thus,
nPTB mRNA is expressed in many cells, but a majority
of these transcripts are missing exon 10 and are degraded
by the NMD pathway. Moreover, many cells that pro-
duce the full-length exon 10-plus mRNA still fail to pro-
duce a significant amount nPTB protein, indicating that
additional post-transcriptional mechanisms are blocking
nPTB expression.

PTB regulates both the splicing and protein expression
of nPTB

nPTB exon 10 is located within a 2-kb region exhibiting
85% identity among mammals and 70% identity be-
tween mammals and birds (Fig. 4A; Rahman et al. 2004).
The degree of conservation in this region is highly un-
usual for a noncoding sequence. In contrast, the region
surrounding the homologous PTB exon 11 shows conser-
vation typical of a regulated exon, having conserved
blocks of sequence larger than those seen in unregulated
introns, but not the long stretches of interspecies iden-
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tity found surrounding nPTB exon 10 (Fig. 4B; Sorek and
Ast 2003; Yeo et al. 2005; Sugnet et al. 2006). A portion
of this highly conserved region is an invariant sequence
previously described as an “ultraconserved element”
(Bejerano et al. 2004). This is one of the most conserved
regions in mammalian genomes, consisting of 297 con-
tiguous nucleotides with 100% identity in five mamma-
lian species. The functions of ultraconserved elements
are mostly unknown, although a number of them are

seen to encompass other alternative exons (Bejerano et
al. 2004; Lareau et al. 2007; Ni et al. 2007).

To examine whether the ultraconserved sequence was
important for controlling splicing, genomic fragments
containing exon 10 and varying portions of its flanking
introns (denoted as A–C) were inserted between two con-
stitutive exons in a splicing reporter plasmid (Fig. 5A).
These constructs were transfected into HEK293 cells and
the splicing of nPTB exon 10 was assayed by RT–PCR

Figure 2. Developing neurons switch from PTB to nPTB expression concomitant with changes in alternative splicing. (A) Immuno-
fluorescence of differentiated P19 cells 13 d after RA treatment. The field of cells is stained for PTB (red), nPTB (green), and the
neuronal marker MAP2 (blue). An overlay of the three colors is shown in the bottom right panel. (B) Protein lysates from undiffer-
entiated (U) and 13-d differentiated (D) P19 cells were immunoblotted for PTB and nPTB, with GAPDH as a loading control. Note that
PTB appears as a doublet due to the presence of alternative splicing of exon 9. (C) Semiquantitative RT–PCR of PTB and nPTB
alternative splice variants. PTB exon 11-included (Exon 11+) and exon 11-skipped (Exon 11−) and nPTB exon 10-included (Exon 10+)
and exon 10-skipped (Exon 10−) splice variants are indicated. Note an additional band in the PTB Exon 11+ lane is due to a second
alternative splice at a different location. (D) Real-time PCR quantification of PTB and nPTB mRNA measured relative to �-actin
mRNA. (E) Alternative splicing of PTB/nPTB-regulated exons assayed by RT–PCR. The exon IDs and the RT–PCR products corre-
sponding to exon-included (+) and exon-skipped (−) forms are indicated. (F) Quantification of exon inclusion in E. The percent exon
inclusion is graphed for differentiated (black bars) and undifferentiated (white bars) cells. The error bars in D and F indicate the standard
error among three separate experiments.
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(Fig. 5B, lane 1). The intron upstream of exon 10 contains
two unusually distant putative branchpoints ∼400 nt up-
stream of the splice acceptor. Construct A lacks these
natural branchpoints but contains a branchpoint se-
quence from the reporter gene intron. Transcripts from
this plasmid spliced exon 10 poorly under all conditions
(Fig. 5B, top panel). Construct B, containing an upstream
intron sequence that includes a potential distal branch-
point, showed more efficient exon 10 splicing (Fig. 5B,
middle panel). This was further enhanced by the addition
of a downstream intron sequence in construct C (Fig. 5B,
bottom panel), indicating the presence of enhancer ele-
ments within the downstream intron.

To examine the dependence of the exon on PTB, we
knocked down PTB by RNA interference (RNAi) in the
HEK293 cells, which normally express only PTB. Strik-
ingly, endogenous nPTB expression is strongly up-regu-
lated upon PTB knockdown (Fig. 5C, lane 2; see also
below). An shRNA targeting nPTB eliminated this ex-
pression when combined with the PTB shRNA (Fig. 5C,
lane 3). The nPTB shRNA had no effect when expressed
on its own in these cells (data not shown). Notably, the
splicing of exon 10 in constructs B and C was substan-
tially enhanced by the knockdown of PTB (Fig. 5B, lane
2). The double knockdown of PTB and nPTB had a still
stronger effect (Fig. 5B, lane 3), indicating that nPTB con-
trols the splicing of its own message. These results dem-
onstrate that the ultraconserved introns flanking nPTB
exon 10 contain sequences required for its regulated

splicing, and confirm the roles of PTB and nPTB as splic-
ing repressors of this exon, similar to PTB exon 11.

We were particularly interested in the increase in
nPTB protein expression seen upon PTB knockdown
(Fig. 5B, lane 2). To examine the splicing and protein
expression of endogenous nPTB in cells depleted of PTB,
we performed RT–PCR and Western blot assays on a va-
riety of cell lines after transfection of a PTB siRNA (Fig.
5D). Knockdown of PTB resulted in a loss of exon 10-
skipped variants in all cell lines tested (Fig. 5D, top
panel, lanes 2,4,6). This produced a 20%–70% increase in
the amount of exon 10-included mRNA, depending on
the cell line (Fig. 5D, top panels; data not shown). The
increase in exon 10 inclusion after PTB knockdown can
be reversed by stable expression of either PTB or its ho-
molog Rod1 (Supplementary Fig. 2). These data indicate
that PTB or its homologs are essential for the formation
of the NMD-sensitive spliced form of the nPTB tran-
script.

As seen before, nPTB protein is strongly induced in all
cells in which PTB is eliminated (Fig. 5D, bottom panel,
lanes 2,4,6). Interestingly, the increase in nPTB protein is
often significantly greater than can be accounted for by
the increase in exon 10-included mRNA. This is most
apparent in the N2A neuroblastoma, where the mRNA-
encoding full-length nPTB protein increases 2.5-fold
upon PTB knockdown, but nPTB protein increases >14-
fold (Fig. 5D; data not shown). Thus, besides affect-
ing splicing, PTB represses nPTB protein expression by

Figure 3. nPTB exon 10-skipped splice vari-
ants are degraded by NMD. (A) nPTB gene
structure in the region containing exons 8–11.
Constitutive exons are shown as black boxes,
and alternative exons are shown as gray boxes.
Alternative splicing patterns are indicated by
lines connecting the exons. Use of one of two
alternative 3� splice sites upstream of exon 9
results in the 9L or 9S variants, as labeled. Exon
10 is either skipped (−) or included (+). The com-
bination of the two alternative splicing pat-
terns results in four possible variants: 9L/10+,
9S/10+, 9L/10−, and 9S/10−. RT–PCR primers
are shown as arrows above exon 8 and below

exon 11. White boxes indicate the predicted
amino acid sequence encoded by each splice
variant with exon boundaries shown. A PTC (*)
is generated in the exon 10-skipped variant. (B)
Splicing of nPTB exons 9 and 10 in diverse cell
lines. RT–PCR generates four specific bands
corresponding to the splice variants indicated
on the left. GAPDH amplification indicates
equal amounts of template were used in each
reaction. (C) Immunoblotting of protein
samples collected from the same cells as in B

for nPTB and PTB. GAPDH was used as a loading control for total protein. (D) Cultured cells were incubated with (CHX+) or without
(CHX−) cycloheximide for 6 h prior to harvesting total RNA. Splice variants were assayed by RNase protection. The two exon
10-containing (Exon 10+) variants and the two exon 10-skipped (Exon 10−) variants are indicated. (E) N1E-115 cells were transfected
with an siRNA targeting Upf1 (+) or a control siRNA (−) and were incubated for 48 h prior to harvesting total RNA and assay by
RT–PCR. An unknown product band is indicated (*). Quantification of the exon 10-skipped variant relative to the total is graphed
below. Error bars indicate the standard error among three separate experiments. (Bottom panel) Immunoblot of Upf1 protein after
treatment with the Upf1 siRNA (+) or the control siRNA (−), using �-actin as a loading control.

A neuronal splicing switch

GENES & DEVELOPMENT 1641

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


additional mechanisms, possibly by inhibiting nPTB
mRNA translation.

Neuronal progenitor cells (NPCs) express PTB

Despite the presence of nPTB mRNA in many cells,
nPTB protein is largely suppressed by PTB by both NMD
and non-NMD mechanisms. Given this strong cross-
regulation, the loss of PTB expression during neuronal
maturation should contribute to the induction of nPTB
seen in these cells. To assess this, we examined the ex-
pression of these two proteins in cultures of NPCs that
give rise to neurons and glia (Ahlemeyer and Baumgart-
Vogt 2005; Feng et al. 2005). These cells can be identified
by their expression of the marker Nestin (Cattaneo and
McKay 1990; Reynolds and Weiss 1992). Immunofluo-
rescent staining of cells isolated from embryonid day
10.5 (E10.5) brains indicated that they are strongly posi-
tive for Nestin and for PTB but show only weak nPTB
expression. At this day of isolation very few of the cells
are positive for the neuronal marker TuJ1 (Fig. 6A; data
not shown). When isolated from E14 embryos, the cul-
tures still contain these nestin-positive, PTB-high,
nPTB-low cells (Fig. 6B). However, the neurogenesis dur-
ing this period gives rise to additional TuJ1-positive dif-
ferentiating neurons with robust nPTB expression and
little PTB (Fig. 6C). In summary, the NPCs express PTB,
but little nPTB. If these cells differentiate into Astro-
cytes, they maintain this PTB expression (Fig. 1; data not
shown). However, during the differentiation of these
cells into neurons, PTB expression is lost and nPTB is
induced.

This induction of nPTB protein and loss of PTB during
embryonic neurogenesis is also seen by immunoblot
(Fig. 6D). At the mRNA level, nPTB is strongly up-regu-
lated between E10.5 and E14 as the number of neurons in
the cultures increases (Fig. 6C,D). There is a particular
increase in the expression of the nPTB mRNA isoforms
that include exon 10 (Fig. 6C,D). To determine whether
exon 10-skipped nPTB transcripts are expressed in
NPCs, but are subject to NMD, we treated E11.5 cells
with cycloheximide and assayed the splicing of exon 10
by RT–PCR (Fig. 6C,D). Compared with the untreated
control cells, cycloheximide-treated NPCs exhibited a
threefold increase in exon 10-skipped transcripts, indi-
cating that a substantial portion of the nPTB mRNA pro-
duced in these cells is lost to NMD. Thus, the loss of
PTB during neuronal differentiation should be sufficient
to switch the expressed nPTB transcripts to exon 10 in-
clusion and allow expression of nPTB protein. There
may also be a transcriptional induction of nPTB during
this process.

PTB and nPTB regulate different exon sets

The sharp difference in the expression patterns of PTB
and nPTB, and their cross-regulation, indicate that the
two proteins have distinct physiological functions, de-
spite their similar sequence and RNA-binding proper-
ties. To understand the consequences of the PTB-to-
nPTB switch in neurons, and to look more broadly at the
splicing changes controlled by these proteins, we applied
a microarray-based alternative splicing assay (Srinivasan
et al. 2005). These arrays used oligonucleotide probes

Figure 4. nPTB exon 10 is within an ultraconserved region. (A) Schematic showing the genomic region of nPTB exons 9–11, with
exons shown in orange, and introns shown as black lines. The location of the previously defined ultraconserved element is indicated
by a red box. A histogram displaying the degree of conservation of this region among 17 vertebrate species is shown below in blue, as
determined by the UCSC genome browser (http://genome.ucsc.edu). A score of 1 indicates 100% identity among all species at that
nucleotide position. A distance scale in nucleotides is shown below the histograms. (B) The homologous region of PTB, exons 10–12,
is shown with the same annotation as in A.
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that hybridize to exon–exon junctions similar in design
to systems described previously (Clark et al. 2002;
Johnson et al. 2003; Le et al. 2004; Pan et al. 2004; Blan-
chette et al. 2005; Srinivasan et al. 2005; Ule et al. 2005;
Sugnet et al. 2006). The arrays probed the splicing of
∼1300 exons that were selected for their likely functional
significance (see Materials and Methods).

To identify splicing events dependent on these pro-

teins, we examined N2A mouse neuroblastoma cells in
which the expression of PTB, nPTB, or both proteins
(double knockdown) was reduced or eliminated by
RNAi. N2A cells exhibit highly efficient shRNA-in-
duced RNAi and express PTB and a small amount of
nPTB (Supplementary Fig. 3). Arrays were cohybridized
with cDNA from shRNA-treated cells and control-
treated cells. After scanning, the Cy5/Cy3 ratios for the
oligonucleotide probes were extracted, normalized, and
analyzed (see the Supplemental Material).

Exons showing significant changes in inclusion be-
tween the knockdown and the control were ranked by
False Discovery Rate (FDR) value (see Materials and
Methods). From these ranked lists, RT–PCR was per-
formed on 72–77 exons for each knockdown to validate
the changes determined by microarray. Of these exons
subjected to secondary tests, 93% were confirmed by
RT–PCR for the PTB knockdown, 80% for the nPTB
knockdown, and 96% for the double knockdown. The
higher rate of false positives in the nPTB knockdown
experiments is presumably due to the lower level of
nPTB in these cells resulting in a lower magnitude of
observable change. Supplementary Table 1 lists the re-
sults of the microarray analysis and RT–PCR verifica-
tion. Knocking down other splicing factors was found to
alter different exon groups (data not shown), indicating
that the changes in splicing observed here are specific to
PTB/nPTB knockdown and are not due to general affects
of the RNAi machinery.

The splicing changes measured for each knockdown
are presented as a heat map in Figure 7A, listed from
increased inclusion (yellow) to increased skipping (blue)
for the log2 change in the PTB knockdown relative to the
control (mock knockdown). This spectrum is aligned
with the corresponding values for each exon in the nPTB
and double knockdowns. The 50 highest and 50 lowest
values are expanded with the gene names shown. The
RT–PCR validation of some of these exons is shown in
Figure 7B. This analysis identified a large number of ex-
ons whose splicing is affected by PTB, nPTB, or both
proteins. These include known PTB targets (e.g., Tpm)
and many new transcripts.

As seen in Figure 7A, it is clear that exons affected by
PTB knockdown can behave quite differently upon nPTB
or double knockdown, and that PTB and nPTB are regu-
lating different but overlapping target sets. These exons
can be grouped according to their responsiveness to the
different proteins. One group of exons, such as that in
Kinesin Intermediate Filament (Kif1b_3), increases in
splicing upon PTB knockdown, is unaffected by nPTB
knockdown, and shows no additional increase in the
double knockdown (Fig. 7B). These exons are presumably
repressed by PTB but not by nPTB. Another group of
exons, such as found in Bin1_2 (Bridging Integrator 1),
Dst_3 (Dystonin), and Smap1_2 (Stromal membrane-
associated protein 1), shows increased inclusion in each
single knockdown, and a larger increase when both PTB
and nPTB are eliminated (Fig. 7B). This behavior defines
a group of exons that are repressed by both proteins.
However within this group, there is variability in the

Figure 5. PTB represses nPTB expression. (A) Schematic of the
nPTB exon 10 genomic region, with solid bars below indicating
the fragments used for minigene constructs. Construct A con-
tains 108 nt of upstream intron sequence and uses the branch-
point from the constitutive globin intron. Constructs B and C
contain 418 nt of the upstream nPTB intron sequence that in-
cludes a putative distal branchpoint (indicated by arrowhead).
Constructs A and C contain 83 and 179 nt, respectively, of
downstream nPTB intron sequence. (B) Minigene constructs A,
B, and C carrying nPTB exon 10 were cotransfected with shRNA
vectors into HEK293 cells, and splicing was assayed by RT–
PCR. Exon 10 is shown as a gray box, nPTB intron sequence is
shown as a solid line, globin intron sequence is shown as a
broken line, and constitutive exons are shown as black boxes.
(C) RNAi against PTB or both PTB and nPTB was induced using
shRNA-expression vectors, with empty vector serving as a nega-
tive control. Western blots were probed for PTB, nPTB, and
GAPDH as a loading control. (D) Different cell lines (indicated
above) were transfected with PTB (+) and control (−) siRNAs.
(Top panel) RNA samples were collected and assayed by RT–
PCR for the nPTB exon 9 and 10 region or for GAPDH. (Bottom

panels) Protein lysates were probed for PTB, nPTB, and GAPDH
as a loading control.
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relative effect of PTB and nPTB. For Dst_3, the double
knockdown shows only a modest increase from the PTB
knockdown alone, indicating a relatively weak effect
from nPTB. For Smap1_2, the alternative exon is in-
cluded at substantially higher levels in the double
knockdown than with either single shRNA treatment,
indicating a strong effect from both proteins. For Bin1_2,
the nPTB knockdown gives a larger effect than PTB and
is only modestly enhanced in the double knockdown.
This exon appears more strongly repressed by nPTB. Ex-
ons that behave like Kif1b_3 and Dst_3 are the two most
common types. We found relatively few exons that show
stronger derepression upon nPTB knockdown than upon
PTB knockdown (like Bin1_2). It may be that such exons
are less common, but the N2A cells express less nPTB
than PTB, prior to PTB knockdown. This could lower the
magnitude of the changes observed after nPTB knock-

down, making them more difficult to identify. In sum,
the array data identify a large number of exons that are
repressed by PTB, nPTB, or both proteins.

Exons repressed by PTB and/or nPTB respond to the
knockdown of these proteins with increased inclusion.
In contrast, exons such as Dst_2 (Dystonin), Mtap2_4
(Microtubule-Associated Protein 2), and Ktn1_2 (Kinec-
tin 1) sharply increase in skipping upon single or double
knockdown. These exons and others behave as if one or
both PTB proteins act positively to promote their inclu-
sion. Interestingly, within the same Dst transcript one
exon is positively regulated by PTB, while another exon
appears to be repressed by it. There is also a third alter-
native exon in Dst that is unaffected by either knock-
down (data not shown). Finally, a small group of exons,
including Rip3 (Rho-Interacting Protein 3; AA536749_5)
and Exoc1 (Sec3; chr5.809_1), shows opposite directions

Figure 7. Microarrays reveal that PTB and nPTB direct distinct alternative splicing programs. Alternative exon microarrays were
probed with cDNA from cells after PTB, nPTB, or PTB and nPTB knockdown. (A) Heat maps showing splicing changes ranging from
increased inclusion (yellow) to increased skipping (blue). The change for each exon was calculated by subtracting the average log ratio
for the skipping probe set from the average log ratio for the inclusion probe set. The exons were sorted by this log ratio difference for
the PTB knockdown, with the scale on the far left. This spectrum is aligned with values for the nPTB and double knockdowns. The
middle panel shows the average log difference for all exons giving a detectable signal in the assay. The top 50 exons (log difference from
+0.6 to +2.5) and the bottom 50 exons (log difference from −1.3 to −0.4) are expanded to the left and right respectively. (B) Examples
of RT–PCR verification of exons identified in the microarray experiments. RT–PCR was performed using primers in the flanking
constitutive exons. The exon ID is shown on the top of each panel with the percent exon inclusion shown at the bottom. The included
and skipped forms are indicated on the right.
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of regulation by the two proteins (Fig. 7B). In these cases,
the knockdown of PTB leads to a decrease in exon inclu-
sion, while the nPTB knockdown increases the inclusion
of the exon.

Exons showing different dependencies on PTB and
nPTB would be predicted to change in splicing during
neuronal differentiation. Many of these exons were con-
firmed to change during P19 differentiation by RT–PCR
(Fig. 2). To confirm the splicing changes in the PTB tar-
get exons on a larger scale, we compared RNA from dif-
ferentiated cells with that from undifferentiated P19 on
the microarrays. These results are listed in Supplemen-
tary Table 2. Multiple RNA-binding proteins change in
expression upon P19 differentiation and, not surpris-
ingly, many exons are altered in their splicing. For the
transcripts expressed in both P19 and N2A cells, 83% of
the exons (54 of 65) altered by PTB knockdown show the
equivalent change during P19 differentiation (Supple-
mentary Fig. 4). As seen with the RT–PCR of individual
exons, these included both exons that increase and de-
crease in inclusion. Random resampling tests indicate
that the probability of observing by chance 54 exons
from the N2A experiments overlapping with the 202 ex-
ons that change upon P19 differentiation is close to 0
(Supplementary Fig. 4). This concordance between the
splicing changes seen in response to PTB knockdown
and the changes upon P19 differentiation indicates that
the reprogramming of alternative splicing of many exons
during neuronal development is primarily dependent on
the switch from PTB to nPTB expression. From these
data, we estimate that ∼25% of the exons on the array
that change during P19 differentiation are PTB depen-
dent (54 out of 202), with the rest presumably affected by
other splicing regulators.

Discussion

A switch in splicing regulation during neuronal
differentiation

The genetic programs that direct neuronal and glial dif-
ferentiation are known to involve cascades of transcrip-
tional regulators, epigenetic maintenance of chromatin
states, and post-transcriptional regulation by micro-
RNAs (Sun et al. 2001, 2003; Bertrand et al. 2002; Ballas
et al. 2005; Fan et al. 2005; Johnston et al. 2005; Conaco
et al. 2006). We find that, during the differentiation of a
cell into a post-mitotic neuron, a novel genetic switch
takes place in which the splicing regulator PTB is re-
placed with its close relative, nPTB. This switch in
RNA-binding proteins reprograms the splicing of a large
number of alternative exons to be specifically included
or excluded in neuronal mRNA. Thus, the splicing alter-
ation directed by the PTB/nPTB switch adds a new layer
of genetic change determining the function of a post-
mitotic neuron.

Gene ontology analyses of the PTB and nPTB target
gene sets show enrichment for genes affecting cytoskel-
etal rearrangement (e.g., Mtap2_4, Dst_2), and vesicular
or protein transport (e.g., Kinesin, Dynein) (data not

shown). These functions are essential to remodeling cell
morphology during neurite outgrowth, the development
of connectivity, and synaptogenesis—processes that are
roughly coincident with the switch in splicing regulators
(Dalpe et al. 1998; Zhao et al. 2001; Hirokawa and Take-
mura 2004; Dehmelt and Halpain 2005). However, exons
controlled by PTB/nPTB are diverse and additional
analyses will be needed to place them in common cellu-
lar pathways.

PTB-controlled exons whose function is characterized
testify to the wide-ranging consequences of the splicing
switch. The transcription factor MEF2 controls a large
number of genes that play important roles in neuronal
function and survival (Mao et al. 1999; Heidenreich and
Linseman 2004; Shalizi and Bonni 2005). The MEF2 gene
contains an alternative exon � whose inclusion greatly
stimulates the protein’s ability to activate transcription
(Zhu et al. 2005). We found that the � exon is strongly
repressed by PTB and not nPTB in N2A cells and is in-
duced during P19 differentiation into neurons (data not
shown). Thus, the switch from PTB to nPTB influences
the transcriptional program in neurons through its effect
on this regulator.

A different function is affected by PTB regulation of
Rab6IP2 splicing. Rab6IP2 protein (also called ERC1) is
involved in membrane trafficking and is expressed in
two spliced isoforms. ERC1a is ubiquitous, but inclusion
of a neuron-specific exon generates ERC1b that interacts
with specialized RIM proteins to modulate neurotrans-
mitter release at the synapse (Wang et al. 2002). We
found that the ERC1b-specific exon is repressed by PTB
in nonneuronal cells. The knockout of PTB expression
leads to altered splicing and the synthesis of the synaptic
form, ERC1b. Thus, the loss of PTB-dependent repres-
sion during neuronal differentiation is needed for the
synthesis of components required for presynaptic func-
tion.

It will be important to examine the kinetics of the
PTB/nPTB switch and to understand whether it develops
with stages at which both proteins are expressed. Initial
experiments indicate that committed neuroblasts ex-
press both proteins, but this will need additional analysis
(Q. Li, unpubl.). Interestingly, both PTB and nPTB levels
in the brain decrease with age after birth, indicating that
another transition in splicing regulation occurs during
postnatal development (data not shown).

Ensembles of coregulated Exons

Using a newly designed oligonucleotide microarray, we
identified sets of exons regulated by PTB, nPTB, or both
proteins. The microarray data make clear that exons can
exhibit a wide range of dependencies on PTB and nPTB,
with some exons repressed by one or the other protein
and some repressed by both, as well as some exons that
are affected positively by one or both proteins. The sta-
tistical analysis of these exons is ongoing, but the en-
richment of CU-rich elements in the introns flanking
these exons indicates that the majority are likely direct
targets of the protein (data not shown). These elements
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are predicted PTB-binding sites and their enrichment in
these regions is a known feature of exons repressed by
the protein (Ashiya and Grabowski 1997; Amir-Ahmady
et al. 2005). Although the majority of these exons have
the hallmarks of direct PTB/nPTB targets, one cannot
rule out that indirect effects from other proteins also
occur on individual exons. Indeed, several other RNA-
binding proteins seem to be PTB targets (see Supplemen-
tary Table 1). From the number of exons affected and the
variety of their responses, it is clear that the change from
PTB to nPTB alters the splicing of a complex ensemble of
exon targets.

Besides identifying cellular functions subject to PTB/
nPTB control, the identification of PTB- and nPTB-re-
sponsive exon sets opens up interesting avenues of in-
vestigation regarding their mechanisms of action. One
application will be to define the sequence requirements
for an exon to show regulation by one or both of these
proteins. For PTB, these sequences have been defined
biochemically on model exons (Wagner and Garcia-
Blanco 2001; Amir-Ahmady et al. 2005; Spellman et al.
2005). However, the arrangement and sequence of PTB-
binding sites can vary substantially from exon to exon,
and it is not clear what allows an exon to be repressed by
one protein and not the other. Is there a specific arrange-
ment of binding sites needed? Are specific cofactors
needed? Are exons that are repressed by both PTB and
nPTB specific to tissues that are low in both proteins,
such as muscle? A number of muscle-specific exons have
been shown to be repressed by both proteins (Boutz et al.
2007; R. Spellman and C. Smith, pers. comm.) Answers
to these mechanistic questions will help us understand
how the PTB proteins interact with the splicing appara-
tus, as well as predict which exon groups will be spliced
in particular tissues and conditions.

Of particular interest are the exons that show apparent
positive regulation by PTB or nPTB. These have not been
previously described and the mechanism by which PTB
could activate splicing is not clear. For other splicing
regulators, the position of a binding site relative to the
regulated exon can determine whether the binding factor
will positively or negatively affect its splicing (Kanopka
et al. 1996; Hui et al. 2005; Ibrahim el et al. 2005; Ule et
al. 2006). It will be very interesting to compare the PTB/
nPTB-binding sites adjacent to the exons that show posi-
tive regulation by PTB or nPTB with those that are re-
pressed by one or both proteins. This approach proved
very effective for exons regulated by the Nova proteins
(Ule et al. 2006).

Mechanisms of post-transcriptional gene regulation

The post-transcriptional repression of nPTB by PTB al-
lows for mutually exclusive expression of these two pro-
teins between the neuronal and astrocytic lineages. The
down-regulation of PTB in neurons should be sufficient
to induce nPTB expression. The mechanism directing
the loss of PTB is not yet clear, and is presumably di-
rected by other genetic programs controlling neuronal
maturation. We found that nPTB is targeted by muscle-

specific microRNAs during myotube maturation,
thereby limiting nPTB expression to immature myo-
blasts—the converse of what is seen in neurons (Boutz et
al. 2007). In muscle, both PTB proteins are lost during
development, but in neurons expression switches from
one protein to the other. Interestingly, PTB is a predicted
target for miR-124, a neuron-specific microRNA (Lim et
al. 2005). The induction of miR-124 during neuronal dif-
ferentiation could contribute to the loss of PTB protein
seen during this process, but this will require further
study.

An intriguing feature of the nPTB gene is its extreme
conservation within the region surrounding exon 10.
One role of this nPTB ultraconserved element is to con-
trol alternative exon inclusion, with portions of the con-
served region having enhancing effects on exon 10, and
other regions allowing splicing repression by PTB. This
regulation provides a functional role for the sequence,
but it does not indicate why this sequence would be even
more highly conserved than those surrounding other al-
ternative exons. There are other ultraconserved ele-
ments surrounding exons in ASF/SF2, hnRNP H, Nova 1,
Tra2�, and more than a dozen other potential splicing
regulators (Bejerano et al. 2004). One function of these
exons is to allow autoregulation by the encoded protein,
as demonstrated for PTB, SRp20, Nova, and other pro-
teins (Jumaa and Nielsen 1997; Wollerton et al. 2004;
Dredge et al. 2005; Kumar and Lopez 2005; Lareau et al.
2007; Ni et al. 2007). For nPTB exon 10, there is similar
autoregulation by nPTB itself. However, there is a larger
effect from PTB that allows for cross-regulation of one
protein by the other and the mutually exclusive pattern
of expression seen in neural cell lineages. Thus, besides
acting as an autoregulatory mechanism, splicing-medi-
ated NMD takes part in the larger regulatory pathways of
RNA-binding proteins, similar to the classical cascade of
splicing regulation in the Drosophila sex determination
pathway (Black 2003). In fact, although not all are de-
fined as ultraconserved, many other splicing regulatory
proteins show evidence in the EST database for alterna-
tive splicing-mediated NMD (P. Stoilov, unpubl.). In ad-
dition to these RNA-binding proteins, some of the other
PTB target exons identified in our analysis are also pre-
dicted to mediate NMD. Thus, the PTB/nPTB splicing
regulatory pathway does not just create modified protein
products, but can also control overall product levels.

It is important to note that the cellular effects of the
PTB-to-nPTB switch are likely not limited to changes in
splicing. PTB is known to affect the translation of several
cell cycle and apoptotic regulators, as well as having
other effects in the cytoplasm (Pilipenko et al. 2001;
Mitchell et al. 2003; Knoch et al. 2004; Tillmar and
Welsh 2004; Cho et al. 2005). It will be particularly in-
teresting to examine the “post-splicing” effects of PTB
on the nPTB transcript itself. Most cells make observ-
able amounts of exon 10 plus nPTB mRNA but do not
appear to produce protein, unless PTB is removed by
RNAi. Thus, besides NMD, there are further PTB-depen-
dent mechanisms maintaining the repression of nPTB.
This additional layer of regulation could occur through
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effects on mRNA transport or protein stability. How-
ever, the implication of PTB in controlling the transla-
tion of other mRNAs makes this an appealing model. It
will be important to examine these mechanisms if we
are to understand how the switch from PTB to nPTB is
controlled during development.

Materials and methods

Tissue culture

Cell lines were grown following standard tissue culture proce-
dure, with guidelines provided by the American Type Culture
Collection (http://www.atcc.org). P19 cells were cultured and
differentiated according to previously published protocols (Yao
et al. 1995). Cortical neural precursors were cultured according
to Feng et al. (2005) with minor modifications (Ahlemeyer and
Baumgart-Vogt 2005; Feng et al. 2005). Briefly, cortices from
E10.5 or E14 mouse embryos were dissected in Hank’s balanced
salt solution (HBSS). E10.5 cortices were dissociated mechani-
cally by fire-polished glass pipette; E14 cortices were incubated
in 0.1% trypsin in DMEM/F12 (Invitrogen), washed with
DMEM/F12 containing 5% fetal bovine serum (FBS), and disso-
ciated mechanically. Dissociated cells were plated on poly-or-
nithine-coated (10 µg/mL) and fibronectin-coated (10 µg/mL)
dishes with serum-free DMEM/F12 medium supplemented
with B27 (Invitrogen) and penicillin/streptomycin (50 U/mL and
50 µg/mL, respectively). Cultures were fed with 10 ng/mL basic
fibroblast growth factor (bFGF) (Peprotech) at the time of plat-
ing. Cerebellar culture was carried out according to Ahlemeyer
and Baumgart-Vogt (2005). Cerebelli were dissected out from
P3–P5 mice in Neurobasal medium (Invitrogen) containing
0.02% BSA and were digested at 37°C in 0.25% trypsin in HBSS.
The cerebellar tissue sample was washed three times with ice-
cold HBSS with EDTA and 0.05% DNase solution (0.05%
DNase plus 12 mM MgSO4 in HBSS) and dissociated mechani-
cally with a flame-polished pasture pipette. Dissociated cells
were plated onto poly-L-lysine-coated (10 mg/mL) dishes in
Neurobasal medium with B27 supplement, 25 mM KCl, 2 mM
glutamine, 50 U/mL penicillin, and 50 µg/mL streptomycin. All
cultures were either fixed with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for 20 min at room temperature
for immunocytochemistry or harvested for RNA isolation or
Western blot analysis of proteins.

Western blotting

Western blots and preparation of tissue culture cell lysates were
performed as previously described (Boutz et al. 2007). Adult
mouse tissues obtained by standard dissection were lysed in
RIPA buffer and sonicated to homogenize samples using a
W-385 Ultrasonic Processor (Heat Systems) at 10 Hz. After a
30-min incubation at 4°C, samples were frozen at −20°C. PAGE
and Immunoblotting were performed as with tissue culture cell
lysates. Antibodies were used at the following dilutions:
�-GAPDH (1:200,000; Research Diagnostics, Inc.), �-nPTB IS2
(1:500) (Sharma et al. 2005), �-PTB/nPTB antibody cPTB
(1:2500) (Amir-Ahmady et al. 2005), �-PTB antibody PTB-NT
(1:3000) (Markovtsov et al. 2000), �-TuJ1 (1:2000; Covance),
�-Nestin (1:250; Chemicon), �-Histone H3 (1:1000; AbCam),
�-Upf1/RENT1 (1:1000; Bethyl), �-MAP2 (1:250; Chemicon),
�-�-actin (1:2000; Novus), �-U1 70k (1:2000) (Sharma et al.
2005), and HRP-conjugated secondary antibodies (1:5000; Am-
ersham Pharmacia) or ECL Plex Cy5-conjugated goat �-mouse
and goat �-rabbit secondary antibodies (1:2500; GE Healthcare).

Immunohistochemistry/immunocytochemistry

Adult mice were perfused transcardially with ice-cold PBS, fol-
lowed by ice-cold 4% PFA/PBS. The brains were removed, post-
fixed in 4% PFA/PBS overnight, cryoprotected in 20% sucrose-
PBS, frozen in 4-methyl-butane, and stored at −80°C until use.
Ten-micron sections were cut on a cryostat and collected onto
Superfrost plus slides (Fisher) at −80°C until use. Sections were
thawed, post-fixed in 10% formalin for 10 min, rinsed twice in
PBS, permeablized with 0.5% Triton in PBS for 10 min, and
incubated in 1% normal goat serum and 2 mg/mL BSA in PBS
for 1 h. Sections were incubated at room temperature overnight
with primary antibodies and rinsed in PBS with 0.1% Triton
(PBST) before incubation with Alexa-conjugated secondary an-
tibodies for 2 h at room temperature. Slides were rinsed in PBST
and mounted with a Prolong Gold AntiFade mounting medium
containing nuclear stain DAPI (Molecular Probes). In all cases,
controls with no primary antibody yielded no labeling. Similar
procedures were used for immunofluorescence staining of cor-
tical precursors and cerebellar cells, except that they are fixed
with 4% PFA/PBS for 20 min and incubated with primary an-
tibody for 2 h. Primary antibodies were used at the following
concentrations: �-nPTB IS2 (1:200), �-PTB antibody PTB-NT
(1:500), �-GFAP (1:1000; Chemicon), �-NeuN (1:100; Chemi-
con), �-Nestin (1:200), �-TuJ1 (1:250), and �-MAP2 (1:500). Sec-
ondary antibodies, Alexa488 anti-mouse IgG and Alexa568 anti-
rabbit IgG (Molecular Probes), were used at 1:1000 dilutions.

RT–PCR

Total RNA was collected from adherent tissue culture cells
using Trizol (Invitrogen) according to the manufacturer’s in-
structions. Adult mouse tissue RNA was harvested using Trizol
followed by homogenization with a Tissue Tearor (Biospec).
RT–PCR was performed as previously described (Boutz et al.
2007). Sequences of the primers used for PCR are listed in the
Supplemental Material.

siRNA synthesis

The anti-PTB siRNA was described previously (Amir-Ahmady
et al. 2005). siRNAs were constructed by T7 polymerase tran-
scription as described previously (Amir-Ahmady et al. 2005;
Boutz et al. 2007). Template oligonucleotides used to construct
siRNAs are listed in the Supplemental Material. siRNA trans-
fections were performed in 24-well plates, with 100,000 N1E,
250,000 HEK293, or 120,000 N2A cells per well. One micro-
gram of pUC18 plasmid was used as a carrier, and 2 µL of Li-
pofectamine 2000 (Invitrogen). Twenty-six nanomolar siRNA
was used in each transfection. All transfections were performed
as previously described (Underwood et al. 2005).

Short hairpin design and RNAi

Hairpins were designed to target the 3� untranslated regions
(UTRs) of PTB and nPTB. A single-nucleotide mismatch was
introduced close to the 3� end of the sense strand of the hairpin
duplex to destabilize the end and ensure that the antisense
strand would be selected in the RISC complex. The hairpins
were constructed by annealing two synthetic oligonucleotides
and filling the ends with Klenow DNA polymerase. The du-
plexes were then digested with BsrGI and cloned behind the H1
promoter of pBlsH1 (a kind gift from M. Gencheva and R.J. Lin,
City of Hope, Duarte, CA). The oligos used to make the hairpins
are listed in the Supplemental Material. For transfection of
shRNA constructs, exponentially growing N2A cells were tryp-
sinized and resuspended in growth medium (DMEM 10% FBS)
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at 2.5 × 105 cells per milliliter. DNA/Lipofectamine 2000 (In-
vitrogen) complexes were assembled according to the manufac-
turer’s protocol using 20 µg of DNA and 50 µL of Lipofectamine
2000. Cells (2.5 × 106) were added to the complexes and were
incubated in suspension and mixed occasionally to prevent cells
from sticking to the tube walls and forming clumps. After 4 h
the cells were collected by centrifugation, resuspended in 30 mL
of growth medium, and plated in 30-cm culture dishes. After 3
d the cells were collected and the knockdown was tested by
Western blot.

RNase protection

Thirty micrograms of total RNA were coprecipitated with
100,000 counts per minute (cpm) of gel-purified, single-stranded
RNA probe. The pellet was resuspended in hybridization buffer
(400 mM NaCl, 15 mM PIPES at pH 6.5, 1 mM EDTA, 80%
formamide) and denatured for 10 min at 85°C. The hybridiza-
tion was carried out overnight at 50°C. The hybridization mix
was then diluted with 300 µL of RNase solution (300 µM NaCl,
10 mM Tris-HCl at pH 7.5, 5 mM EDTA). One microliter of
RNase T1/RNase A mix (Ambion) was then added to the mix
and it was incubated at 37°C for 1 h. The digestion products
were purified by extraction with phenol/chloroform, followed
by ethanol precipitation. They were dissolved in formamide gel
loading buffer and resolved by electrophoresis on 8% denaturing
polyacrylamide gels.

Real-time PCR

Real-time PCR was performed on cDNAs reverse-transcribed as
explained in the RT–PCR section. All real-time PCRs were per-
formed as described previously (Boutz et al. 2007). Primers are
listed in the Supplemental Material.

Microarray design

Oligonucleotide and microarray design have been described pre-
viously (Clark et al. 2002; Srinivasan et al. 2005). To chose
exons whose regulation was likely to be functionally signifi-
cant, we used exons from five data sets: (1) exons identified from
the literature that exhibit neuron-specific or muscle-specific
regulation, or have partially characterized mechanisms of regu-
lation; (2) exons derived from genes coding for known splicing
factors or protein kinases involved in splicing where EST, phy-
logenetic, and other evidence supports a role for these exons in
regulating protein expression by coupling to NMD (similar to
PTB exon 11); (3) exons in genes associated with cancer and
tumor development, whose splicing is thought to have impor-
tant functional effects on the encoded proteins; (4) exons de-
rived from the MAASE database of alternative splicing (Zheng
et al. 2005) (these exons affect proteins that have well-described
functions in the Swiss-prot database); (5) a subset of the exons
identified by Sugnet et al. (2004) as showing conserved regula-
tion between human and mouse. A detailed description of the
microarray construction, probing, and data analysis is provided
in the Supplemental Material.
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