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Abstract Proteolipid protein (PLP) and DM20 are generated by alternative splicing of exon 3B of PLP1 transcript in
differentiating oligodendrocytes. We investigated the role of exonic splicing enhancers (ESE) in the selection of PLP 50

donor site, focusing on putative ASF/SF2, and SC35 binding motifs in exon 3B on the basis of mutations that cause disease
in humans. Mutations in a putative ASF/SF2 binding motif (nucleotides 406–412) reduced PLP 50 donor site selection,
whereas a mutation in a putative SC35 binding motif (nucleotides 382–389) had no effect. UV crosslinking and
immunoprecipitation (IP) assays using an antibody to ASF/SF2 showed that the ASF/SF2 protein specifically binds to the
ESE (nucleotides 406–412). The single nucleotide mutations that reduced PLP splice site selection greatly diminished ASF/
SF2 protein binding to this motif. We next tested the effect of overexpressed ASF/SF2 on PLP 50splice selection in
differentiating oligodendrocytes. ASF/SF2 positively regulates PLP splice site selection in a concentration-dependent
manner. Disruption of the putative ASF/SF2 binding site in exon 3B reduced the positive effect of ASF/SF2 on PLP splicing.
We conclude that an ESE in exon3B regulates PLP 50 donor site selection and that ASF/SF2 protein participates in the
regulation of PLP alternative splicing in oligodendrocytes. J. Cell. Biochem. 97: 999–1016, 2006. � 2005 Wiley-Liss, Inc.
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Proteolipid protein 1 (PLP1) is the major
intrinsic protein of central nervous system
myelin, and it comprises two protein products,
PLP and DM20 that originate from the alter-
native splicing of exon 3 [Nave et al., 1987]. The
oligodendrocytes are the myelin producing cells

of the central nervous system and express PLP/
DM20 in a developmentally regulated fashion.
During embryonic development when oligoden-
drocyte progenitor cells (OPC) are generated in
the brain, low levels of DM20 message, and
proteinare expressed [Stecca et al., 2000]. In the
postnatal brain during lineage progression of
the oligodendrocytes and myelination, PLP
is expressed at high level and becomes the
predominant transcript, and protein product
with a ratio to DM20 of 3:1 [LeVine et al., 1990;
Stecca et al., 2000]. PLP and DM20 transcripts
are generated through the alternative selection
of two competing 50 donor sites resulting in the
inclusion of 105 nucleotides in the PLP tran-
script. As a result, the PLP protein contains 35
amino acids in the major intracellular loop that
are absent in the DM20 product and that confer
unique properties to PLP that are not shared
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by DM20 [Gow et al., 1998; Gudz et al., 2002].
A unique function of PLP is also supported
by observations that mutations occurring in
humans that affect either PLP specific region or
PLP specific splicing are associated with axonal
degeneration [Garbern et al., 2002; Hobson
et al., 2002; Shy et al., 2003]. Therefore,
alternative splicing of PLP/DM20 is under
developmental regulation during oligodendro-
cyte differentiation and regulated splicing of
PLP plays a critical role in myelin and axon
stability [Hobson et al., 2002].

Splice sites flanking alternatively spliced
exons are usually weak and their selection is
regulated by exonic and intronic enhancers
[Stamm et al., 1994; Thompson et al., 2002].
ThePLPandDM2050 donor sites are bothweak,
but the PLP site is stronger than the DM20 site
[Rogan et al., 2003; Hobson et al., 2005].
Interestingly, the DM20 donor site although
weaker than PLP is preferentially utilized by
non-myelin cells, whereas the PLP 50donor site
is exclusively utilized inmyelin producing cells,
oligodendrocytes, and Schwann cells, suggest-
ing an active mechanism of splice site selection.
We identified a G-rich element in intron 3 of the
PLP gene that acts as an intronic splicing
enhancer and is necessary for PLP splice site
recognition in oligodendrocytes [McCullough
and Berget, 1997; Hobson et al., 2002]. Deletion
of this element significantly reduces PLP splice
site selection in oligodendrocytes, although it
does not affect recognition of the DM20 splice
site. High level of temporally regulated PLP
splicing and PLP accumulation occur only in
differentiated oligodendrocytes. It is conceiva-
ble that, in addition to the ISE, additional
regulatory sequences both intronic and exonic
play a role in the regulation of PLP/DM20
alternative splicing and may contribute to the
temporal and spatial regulation of PLP splice
site selection.

Positive regulatory elements, termed exonic
splicing enhancers (ESE) are typically located
in alternatively spliced exons and are either
purine or pyrimidine rich sequences [Blencowe,
2000]. ESEs are typically degenerate sequences
of low complexity 5–7 nucleotides in length [Liu
et al., 1998]. They bind to a class of RNA bind-
ing proteins, the SR proteins, which contain
one to two RNA recognition motifs that confer
sequence specificity and a serine-arginine (SR)-
rich domain at the C terminus [Hastings and
Krainer, 2001]. ASF/SF2 and SC35 are well-

characterized members of the family of SR pro-
teins, and participate in both constitutive and
regulated splicing via the recognition of distinct
binding motifs [Fu et al., 1992; Caceres et al.,
1997]. Binding motifs for distinct SR proteins
are spatially distributed in some alternatively
spliced exons, suggesting differential roles in
splice selection [Caceres and Kornblihtt, 2002].
In addition, these sites often are present in
clusters, suggesting that multiple copies are
necessary for optimal function [Liu et al., 1998].
In alternatively spliced exons, ASF/SF2 was
shown to favor the proximal 50 splice site (i.e.,
the site that is more downstream and closer
to the 30 acceptor site) in a concentration-
dependent fashion, supporting that alternative
splicing of some genes may be influenced by
modulation of the amount of the SR proteins
in specific-cell types during development and
differentiation [Ge and Manley, 1990; Zahler
et al., 1993]. Other modifications, such as
degree of phosphorylation, shuttling between
nucleus and cytoplasm, levels of expression, and
alternatively spliced forms may all contribute
to functional modulation of the activity of these
ubiquitous proteins [Caceres et al., 1998;
Stamm, 2002].

Mutations in ESEs cause a number of genetic
diseases by abolishing the enhancer’s function
and resulting in missplicing [Cartegni and
Krainer, 2002; Wang et al., 2004]. We showed
that mutations at the PLP and DM20 splice
sites [Hobson et al., 2005] and deletion of
an intronic splicing enhancer of PLP splice
selection are associated with Pelizaeus–Merz-
bacher disease (PMD) in humans [Hobson et al.,
2002]. To date, studies on mutations associated
with PMD that occur at PLP ESEs and disrupt
PLP alternative splicing have not yet been
reported.

In this study, we sought to investigate
whether ESE and SR proteins play a role in
PLP alternative splicing regulation in primary
oligodendrocytes in vitro. We selected muta-
tions that occur at binding motifs for ASF/SF2
and SC35 in PLP exon 3B and that are
associated with PMD in humans.We found that
a putative ASF/SF2 binding motif positively
regulated PLP specific splice site selection, and
we showed that binding of ASF/SF2 protein is
drastically diminished by the mutations occur-
ring at this site. To further explore the function
of ASF/SF2, we assessed the contribution
of ASF/SF2 to PLP alternative splicing by
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overexpressing ASF/SF2 in differentiating oli-
godendrocytes and we tested whether the
mutations in the ASF/SF2 binding motif
decreases the positive effect of ASF/SF2 on
PLP splicing. Finally, we characterized the
expression pattern of ASF/SF2 during lineage
progression of oligodendrocytes.

MATERIALS AND METHODS

Cell Cultures and Transfections

Mixedprimary glial cultureswere established
from 1-day old Sprague–Dawley rat brain, as
previously described [Huang et al., 2002].
Purified OPCs were obtained by shake-off of
mixed cultures followed by removal of microglia
and immunopanning with antibodies that
remove contaminating astrocytes (Ran2). These
oligodendrocyte preparations are >95% pure
and were utilized for all transfections experi-
ments [Huang et al., 2002]. An additional
selection with A2B5 was used to obtain oligo-
dendrocyte progenitor cells >98% pure, which
were utilized in immuocytochemistry studies
and Western blot, except when noted in the
figure legend. OPCs were expanded in chemi-
cally defined medium containing 30% B104
medium and supplemented with human aa-
PDGF (10 ng/ml) (R&D Systems, Minneapolis,
MN) and b-FGF (20ng/ml) (R&D Systems). For
lineage progression studies, OPCs were differ-
entiated ineitherN1mediumdevoidofmitogens
or T3 containing medium and harvested 24 and
72 h later, as previously described [Huang et al.,
2002]. For transfections, precursors were plated
in six-well plates coated with poly-D-ornithine
at 7� 105 cells per well and grown in 30% B104
conditioned media supplemented with 10 ng/ml
aa-PDGF and 20 ng/ml b-FGF. The plasmid
DNA used for transfection was prepared with
the EndoFreeTM Plasmid Maxi kit (Qiagen,
Valencia, CA) following the manufacturer’s
instructions. Cells were transfected with plas-
mid DNA using Qiagen Effectene Transfection
Reagents according to the manufacturer’s
instructions (Qiagen). After 6 h, the medium
was replaced with fresh growth medium, and
18h later, thegrowthmediumwasreplacedwith
differentiation medium supplemented with T3
(40 ng/ml medium). After 48 h in differentiation
medium, the cells were harvested.
The immortalized oligodendroglial precursor

cell line (Oli-neu, kind gift of Dr. Trotter)
was cultured as described [Jung et al., 1995].

Precursor cells were cultured in SATO medium
supplemented with 1% horse serum (GIBCO)
and induced to differentiate by addition of
dibutyryl cyclic adenosine mono phosphate
(1 mM, Sigma) for 7–10 days.

L cells were grown in DMEM containing 10%
FBS, seeded in six-well plates at 3� 105/well
and after 24 h were transfected with plasmid
DNAs using Qiagen Effectene Transfection
Reagents (Qiagen).

In all co-transfection experiments except for
the concentration-dependent effects ofASF/SF2
(see below), cells were transfected with 0.5 mg of
the PLP splicing construct with 0.5 mg of the
SC35 and ASF/SF2 expressing plasmids. Con-
trols were co-transfected with 0.5 mg of PLP
splicing construct and 0.5 mg of pcDNA3 plas-
mid. Dose curve experiments were carried out
by co-transfecting 0.5 mg of PLP splicing
construct with 0.5–1.5 mg of ASF/SF2 or SC35
expressing plasmids.

Plasmids and RT-PCR Analysis

Mutations were introduced into a previously
described minigene splicing construct [Hobson
et al., 2002] by site directed mutagenesis using
the QuikChange Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA) according to
the manufacturer’s instructions. All constructs
were verified by automated fluorescent se-
quence analysis on a Prism 377DNASequencer
(Applied Biosystems, Foster City, CA).

Total RNA was extracted using the RNeasy
Mini Kit (Qiagen) and was treated with the
DNA-freeKit (Ambion, Austin, TX) according to
the manufacturer’s instructions. Reverse tran-
scription was performed with 1 mg of total RNA
using random hexamer primer mixture accord-
ing to the manufacturers instructions (BD
Biosciences, Palo Alto, CA). To amplify the
PLP splice product, PCR reactions were carried
out with the forward primer III (50-GTTCCAG-
AGGCCAACATCAAGCTC-30) complementary
to thePLP exon 3B, and theCy5-labeled reverse
primer IV (50-CTTCAGCAATATCACGGGTAG-
CCA-30) in the neo gene sequence (Fig. 1).
To amplify both DM20 and PLP splice pro-
ducts together, PCR reactions were carried
out using the Cy5-labeled forward primer I
(50-GATGATCTGGACGAAGAGCATCAG-30) in
the neo gene sequence and the reverse primer
II (50-TTGCCGCAGATGGTGGTCTTGTAG-30)
complementary to the PLP exon 3A [Hobson
et al., 2002]. To amplify both DM20 and PLP
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splice products simultaneously, PCR reac-
tions were performed using the forward primer
V (50-G-GCACAGAAAAGCTAATTGAGACC-30)
complementary to the PLP exon 2, and the Cy5-
labeled reverse primer IV or primer VI (50-GC-

CATTTTCCACCATGATATTCGG-30) in theneo
gene sequence (Fig. 1). The GAPDH transcript
was amplified as the internal control.

To determine the linear range of PCR ampli-
fication for each primer set used in this study, a

Fig. 1. Effects of single nucleotide mutations in exon 3B on
the alternative splicing of PLP. A: Schematic representation of
the PLP splicing construct used for in vitro transfections, and the
alternatively spliced isoforms (not to scale). Arrows show the
positions of the primers used for amplification of splicing
products derived from the PLP minigene. Primer V and IV
amplify both PLP and DM20 splice products as separate bands
and are complementary to PLP exon 2 and neomycin sequences,
respectively. Primer V and VI (complementary to PLP exon 2 and
neomycin sequences, respectively) also amplify both PLP and
DM20 splice products as separate bands. Primers III and IV
amplify PLP specific product only, while primers II and I amplify
the PLP and DM20 as one product. Neo indicates the neomycin
gene. The exon 3B alternatively spliced products are shown.
Partial sequence of exon 3B with the SC35 and ASF/SF2 binding
motifs (bold), and the position of the mutations at c.384C and at

c.409C are shown. B: RT-PCR analyses of PLP and DM20 splice
products derived from PLP minigene constructs transfected into
oligodendrocytes, as described in Methods. In order to detect and
quantitate a PLP specific product derived from the plasmid
containing the 409 mutations, we used 40 cycles of PCR for the
amplification of the PLP specific product. WT is the wild-type
PLP neo minigene, c.409C> T, c.409C>G, and c.384C>G
indicate the PLP neo minigene carrying mutation at nucleotide
409 and 384. The amount of DNA of each transfected plasmid
construct is 0.5 mg. Mutations at 409 reduce the amount of PLP
specific product by 80%–90%. The mutation at 384 does not
reduce the amount of PLP specific product. C: Bar graph
represents levels of PLP splice product from each construct
expressed as the ratio of PLP product to the PLPþDM20 product
corrected by the GAPDH signal (mean of four independent
experiments� SD).
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PCR master mix for each primer set was pre-
pared anddivided into 10 aliquots. After 19PCR
cycles, aliquotswere removed every 2 cycles, the
PCR products were separated on agarose gel,
and the band intensity was quantified by a
Storm Phosphorimaging System (Molecular
Dynamics, Sunnyvale, CA). The linear range
of amplification was obtained by plotting cycle
number against the band intensity. A cycle
number in the middle of the linear range was
chosen as the optimal PCR amplification. Our
experiments showed that the optimal PCR cycle
number for the primer set III and IV (amplifica-
tion of PLP transcript only), and the primer set I
and II (amplification of PLP and DM20 tran-
scripts as a single band) were 35 and 30,
respectively (data not shown). These cycle
numbers were used for all RT-PCR of PLP
splicing products (except where noted in the
figure legends). The optimal PCR cycle number
for the amplification of GAPDH transcripts
was 25.
PCR reactionswere performedwith 2 ml of the

RT cDNA in ABI3000 (Applied Biosystems)
using the following conditions: initial denatura-
tion 948C for 3 min; 948C for 20 s, 588C for 30 s,
728C for 1 min for the aforementioned optimal
number of cycles (except where noted in the
figure legends), and final extension at 728C for
7 min. The PCR products were separated on
1.5% agarose gel (Invitrogen, Carslab, CA), and
band intensities were quantitated on a Storm
Phosphorimaging System (Molecular Dyna-
mics). Relative PLP levels were calculated by
dividing the PLP only signal from each trans-
fected construct by the PLPþDM20 signal
corrected by the GAPDH. The data were
obtained in three to six independent experi-
ments using separate oligodendrocyte prepara-
tions and are expressed as the mean�SD. The
statistical significance was assessed with Stu-
dent t-test.

UV Crosslinking and
Immunoprecipitation Assays

HPLC purified synthetic RNA oligonucleo-
tides were purchased from Integrated DNA
Technologies, Inc., 409WT is a 28 bp oligori-
bonucleotide that contains the natural PLP
sequences spanning the ASF/SF2 binding
motif (50-GCUCAUUCUUUGGAGCGGGUGU-
GUCAUU-30, underlined is the putative ASF/
SF2bindingmotif)while 409C>Uand409C> G
are RNA oligonucleotides in which the 409C (in

bold) was mutated to U and G, respectively
(Fig. 2A). Oligo-1 (50-GCUCAUUCUU-30), Oligo-
2 (50-UGGAGCGGGU-30), andOligo-3 (50-GUGU-
GUCAUU-30) are oligoribonucleotides that span
partially overlapping 10 nucleotide sequences
from 50 to 30 of 409WT (Fig. 2A). Synthetic RNA
templates were phosphorylated with [g-32P] ATP
(Amersham Biosciences, Piscataway, NJ) using
T4 polynucleotide kinase (Promega, Madison,
WI). Nuclear extracts were prepared from differ-
entiated Oli-neu cells by using the NEP kit

Fig. 2. Sequence specificity of binding determined by UV
crosslinking of purified recombinant ASF/SF2. A: Sequence of the
wild-type RNA probe 409WT. The putative ASF/SF2 binding
motif is in enlarged and bold case. Underlined are the three RNA
oligos used as the competitors in the competition analysis. The
single nucleotide mutations (C>U and C>G) are indicated
below the arrow. B: UV crosslinking analysis of the 32P labeled
wild-type RNA probe 409WT with purified recombinantASF/SF2
protein with and without cold competitors. Purified recombinant
ASF/SF2 (0.2 mg) was used in UV crosslinking reactions. The
molar ratio of cold competitive/labeled RNA was 25. The
crosslinked complexes were separated on 8% SDS–PAGE and
visualized by PhosphorImager. Protein markers are shown on the
left. The arrow points to the putative crosslinked ASF/SF2 protein.
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according to the manufacturer’s instructions
(Pierce, Rockford, IL). HeLa cell extracts were
prepared as described [McCullough and Berget,
2000].

For UV cross linking 32P labeled synthetic
oligoribonucleotides (�50,000 cpm) were incu-
batedwith nuclear extracts in buffer containing
4 mM creatine, 2 mM ATP, 1.5 mM MgCl2,
1.2 mM DTT for 10 min at 308C, and heparin
was added and the reactions were exposed to
254nmUV lightwith aSpectronicsXL-1000UV
crosslinker at a setting of 1.8 J/cm2 on ice (about
10 min). Samples were subject to SDS–PAGE
analysis and visualized by PhosphorImager
(Molecular Dynamics).

For immunoprecipitation (IP) analysis, UV
crosslinked nuclear extracts (�120 mg proteins)
were diluted into 1,000 ml with IP buffer [50mM
Tris-HCL, pH 8.0; 150 mMNaCl; 0.1% Nonidet
P-40; 100 ml Halt Protease Inhibitor Cocktail
(Pierce)] and 10 ml (5mg) of either anti-ASF/SF2
antibody (Zymed Laboratories, San Francisco,
CA) or 5 mg of control mouse IgG (Jackson
ImmunoResearch Laboratories) were added,
and incubated at 48C with rocking for 3 h.
Protein A-Agarose beads (100 ml, Santa Cruz
Biotechnology, Santa Cruz, CA) were added to
the IPmixtures, and after overnight incubation
at 48C with rocking, the samples were washed
six times with IP buffer and heated at 958C
for 3 min in SDS–PAGE loading buffer. The
immunoprecipitated proteins were separated
by 8%–10% SDS–PAGE and visualized by
PhosphorImager.

Immunocytochemistry and
Western Blot Analysis

Cells were grown on glass coverslips, fixed
in 4% paraformaldehyde for 10 min, reacted
with monoclonal antibodies directed to SC35
(ATCC, mouse hybridoma CRL-2031) and ASF/
SF2 (Zymed, mouse monoclonal ASF/SF2 clone
102) diluted 1:150 overnight at RT, followed
by either FITC- or rhodamine-conjugated sec-
ondary antibody (Jackson ImmunoResearch
Laboratories) diluted 1:500 for 30 min at RT
and mounted with vectashield mounting
medium containing 4,6,-diamino-2-phenolidole
(DAPI, Vecta laboratories, Burlingame, CA).
Digital imageswere capturedwith aLeicaDMR
fluorescent microscope and analyzed using
Leica Confocal software (LCS). Double staining
of ASF/SF2 andSC35withmonoclonal antibody
A2B5, which recognizes OPCs [Eisenbarth

et al., 1979] and O1, which recognizes differ-
entiated oligodendrocytes [Sommer and
Schachner, 1981] was performed as follows.
Live cells were reacted with either A2B5 or O1
hybridoma supernatant diluted 1:10 in PBS
followed by FITC conjugated secondary anti-
body diluted 1:100. Cells were fixed in 4%
paraformaldehyde for 10 min, permeabilized
with 0.5% Triton X100 in TBS containing
gelatin, goat serum, and BSA for 10 min, and
incubatedwith theASF/SF2 and SC35 antibody
as described above. Coverslips were mounted
with vectashield mounting medium containing
DAPI. Cells were viewed under Zeiss epifluor-
escence microscope Axiovert 100TV and images
captured with digital image analysis system,
Kodak DC 290 digital camera.

Nuclear and cytoplasmic extracts were pre-
pared from OPC and oligodendrocytes using
the NEP kit (Pierce) according to manufac-
turer’s instructions [Huang et al., 2002].
Steady-state levels of CNPase, cyclin D1,
SC35, ASF/SF2, b-tubulin, and b-actin were
determined by Western blot analysis. Nine
micrograms and 18 mg from nuclear and cyto-
plasmic extracts, respectively, were separated
by 10% SDS–PAGE, transferred to nitrocellu-
lose membrane (Hybond-ECL, Amersham) and
reacted with commercially available antibodies
to CNPase (Sternberger, SMI-91), cyclin D1
(Santa Cruz, sc-717), ASF/SF2 (Zymed, mouse
monoclonal, ASF/SF2 clone 102), b-tubulin
(Sigma T 4026), b-actin (Sigma A 2668) at
1:2,000dilution, andSC35 (ATCC,mousehybri-
doma CRL-2031), at 1:500 dilution followed by
HRP-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories) diluted 1:5,000
and developed with enhanced chemilumines-
cence (ECL, Amersham) [Tang et al., 1998].

RESULTS

Mutations in a Putative ASF/SF2 Binding Motif
Reduce PLP Specific Splice Site Selection

By using bioinformatics analysis with the
ESE finder tool [Cartegni et al., 2003], we
identified several putative ASF/SF2 binding
motifs, most of which are clustered towards
the 50 portion of exon 3B and in part are over-
lapping with SC35 binding motifs (data not
shown). To identify ESE functionally important
in PLP alternative splicing, we selected muta-
tions in exon 3B that were identified in patients
diagnosed with PMD and that were found by
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ESE finder analysis to occur at ASF/SF2 and
SC35 binding motifs (Fig. 1A). ESE finder
analysis predicted that mutation c.384C>G
eliminates a SC35 site (nt. 382-389, nucleotides
were numbered starting from A of the first
ATG), while it strengthens an overlapping
ASF/SF2 site (nt. 379–385), and mutations
c.409C>T and c.409C>G eliminate an ASF/
SF2 binding motif (nucleotides 406–412)
(Fig. 1A).
We introduced each mutation in a PLP neo

minigene splicing construct containing PLP
exon 2 through exon 4 inserted in-frame with
the bacterial neo gene driven by aRous sarcoma
virus (RSV) promoter [Hobson et al., 2002] and
transfected OPCs with wild type and mutated
minigene splicing construct. Transfected OPCs
were differentiated for 72 h, total RNA was
extracted, and PLP and DM20 splice products
were analyzed by RT-PCR with primers that
amplify only plasmid-derived PLP and DM20
splice products (Fig. 1A). To detect both PLP
and DM20 splice products simultaneously, we
used a forward primer specific for PLP exon 2
and a reverse primer specific for the neo
sequences beyond exon 4 of the mini-gene, thus
spanning the alternatively spliced exon 3 to
yield both products (Fig. 1A). Quantification of
the PLP specific product was obtained by using
a primer specific for neo sequences and a primer
specific for exon 3B, the PLP specific portion of
exon 3 (Fig. 1A). To quantitate both PLP and
DM20 transcripts, PCR was carried out with
primers specific for neo sequences and for exon
3A common to bothPLPandDM20 that produce
a single band comprising both PLP and DM20
products (Fig. 1A). Endogenous GAPDH was
amplified to ensure that differences in amplified
products were not due to the differences in the
amount of RNA. To ensure that the oligoden-
drocytes had differentiated, the endogenous
PLP, and DM20 transcripts were analyzed
using the same RT reaction with primers
specific for PLP exon 2 and 4 sequences that
are not contained in the PLP-neo mini-gene
(data not shown). As shown in Figure 1B,C, the
PLP specific product is significantly reduced
(�80%–90%, mean of four independent experi-
ments) by bothmutations at nucleotide 409 that
eliminate the ASF/SF2 binding site, whereas
mutation at nucleotide 384 that eliminates the
SC35 binding site did not reduce PLP splicing
(mean of four independent experiments).On the
basis of these results, we concluded that an

enhancer is located in exon 3B at and around
409nt, and that the putative ASF/SF2 binding
motif spanning nucleotides 406–412 may con-
tribute to the enhancer function on PLP splice
site selection.

Mutations in a Putative ASF/SF2 Binding Motif
Eliminate ASF/SF2 Protein Binding

To demonstrate that ASF/SF2 binding motif
is critical for the enhancer function, we tested
whether themutations that reducePLP50 donor
site selection impair ASF/SF2 binding. We
performed biochemical studies of proteins that
bind to a synthetic RNA template spanning the
ASF/SF2 motif and containing flanking
sequences oneither side (Fig. 2). RNAtemplates
extend from nt 394 to 421 and contain the
putative ASF/SF2 binding motif (nt 406–412)
(Fig. 2A), but none of the other ASF/SF2 motifs
present in exon 3B. We carried out UV cross-
linking experiments using the 32P-labeled wild-
type RNA template (409 WT) and a purified
recombinant ASF/SF2 protein from baculovirus
(ProteinOne, College Park, MD). To determine
the sequence specificity of binding, unlabeled
10 bp oligoribonucleotides (Oligo-1, -2 and -3,
Fig. 2A) spanning the ASF/SF2 motif and the
flanking sequences were added to the reaction
mixture before UV crosslinking. As shown in
Figure 2B, the ASF/SF2 protein binds to the
wild-type RNA template and its binding is
competed by Oligo-2 that spans the ASF/SF2
binding motif, but not by oligonucleotides
spanning the flanking sequences (Fig. 2B).
These results show that purified ASF/SF2
specifically binds to the ESE in a sequence
specific fashion.

To demonstrate that ASF/SF2 binds to the
ESE in oligodendrocyte nuclear extracts and
that themutations in theASF/SF2motif disrupt
its binding, we performed IP assays with anti-
ASF/SF2 antibody following UV crosslinking of
32P labeled wild type and mutated RNA tem-
plates with nuclear extracts prepared from
differentiated Oli-neu and HeLa cells. Since
both mutations C>U and C>G gave similar
results in splicing assays and similarly reduced
PLP 50 donor site selection (Fig. 1B), for the
IP studies we used the RNA template contain-
ing the 409C>U mutation. A band with
the expected electrophoretic mobility for ASF/
SF2 (�33 KDa) was precipitated from the UV
crosslinked wild-type RNA template 409 WT
(Fig. 3A). In contrast, when the crosslinked
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409C>U RNA template was immunoprecipi-
tatedwithASF/SF2antibody theband intensity
was �80% lower than that of the wild-type
template (Fig. 3A). Considering that U is usu-
ally more reactive than C under UV cross-
linking conditions [Cartegni and Krainer,
2002], the difference in ASF/SF2 binding affi-
nity between the WT and 409C>U mutant
RNA template might even be greater than 80%.
The faint bands with molecular weight greater
than 70 kDa are non-specific since they were
immunoprecipitated by the control mouse IgG
(Fig. 3A). Similar results were obtained in UV
crosslinking/IP experiments using HeLa cell
nuclear extracts (Fig. 3B).

Taken together, UV crosslinking and IP
experiments demonstrate that the ASF/SF2
protein specifically binds to the putative ASF/
SF2 binding motif between nt 406–412 in PLP
exon 3B, and that single nucleotide mutations
in this motif that drastically reduce PLP 50

splice selection substantially decrease ASF/SF2
binding.

Effects of Overexpressed ASF/SF2 and SC35
on PLP Specific Splice Site Selection

Since an ASF/SF2motif appears to play a role
in PLP 50donor site selection, we reasoned that
ASF/SF2 may be an important protein in the
regulation of PLP alternative splicing in oligo-
dendrocytes. We assessed the effects of over-
expressed ASF/SF2 on PLP alternative splicing
and compared it with that of overexpressed
SC35 in differentiating oligodendrocytes. We
co-transfected oligodendrocytes with plasmids
expressing ASF/SF2 and SC35 under the CMV
promoter (kind gift of Dr. J. Manley) and the
PLPminigene splicing construct [Hobson et al.,
2002]. OPCs were transfected with plasmid
DNAs and differentiated for 72 h, total RNA
was extracted, and PLP and DM20 splice

Fig. 3. Immunoprecipitation (IP) of 32P labeled RNA templates
UV crosslinked with nuclear extracts. 32P labeled wild-type RNA
409 WT and mutated RNA 409C>U templates were crosslinked
with nuclear extracts (120 mg proteins/assay), followed by IP with
either anti-ASF/SF2 or mouse IgG (negative control). The
immunoprecipitated complexes were separated on 8% (HeLa
cells, B) and 10% (Oli-neu cells, A) SDS–PAGE and visualized by
PhosphorImager. The experiments were repeated at least two

times. A: A representative IP experiment using nuclear extracts
extracted from differentiated Oli-neu cells. Arrow points to the
immunoprecipitated ASF/SF2 protein-RNA complex. Protein
markers are shown on the left. B: A representative IP experiment
using HeLa cell nuclear extracts. Arrow points to the precipitated
ASF/SF2 protein-RNA complex. Protein markers are shown on
the left.
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products were analyzed by RT-PCR with pri-
mers, as described above (see Fig. 1A). Endo-
genous GAPDH was amplified to ensure that
differences in amplified products were not the
result of differences in amount of RNA. To
ensure that the oligodendrocytes had differen-
tiated, the endogenous PLP and DM20 tran-
scripts were analyzed using the same RT
reaction with primers specific for PLP exon 2
and 4 sequences that are not contained in the
PLP-neo mini-gene (data not shown).
We found that overexpression of ASF/SF2

caused approximately fourfold increase in PLP
50 donor site selection compared to the control
pcDNA3 plasmid (mean of four independent
experiments, P¼ 0.002, Fig. 4A,C), whereas
overexpression of SC35 induced approximately
a twofold increase in PLP splice selection
compared to the control pcDNA3plasmid (mean
of three independent experiments, P¼ 0.009,
Fig. 4B,D). To assess whether the increase in
PLP specific splice site selection induced by
ASF/SF2 is concentration dependent, we co-
transfected increasing amounts of ASF/SF2
expressing plasmid with the same amount of
the PLP splicing minigene into oligodendro-
cytes. We showed that the PLP specific splice
product increasedwith increasing amount of co-
expressed ASF/SF2 (Fig. 5A,B). In contrast,
when increasing amounts of SC35 expressing
plasmidwere co-transfected, we did not detect a
concentration-dependent increase in PLP splice
products (data not shown).
Both ASF/SF2 and SC35 were previously

shown to favor the proximal (i.e., the site closer
to the 30 acceptor site) of two competing 50 splice
sites in alternatively spliced exons [Fu et al.,
1992]. To exclude that the stronger effect of
ASF/SF2 versus SC35 on PLP splicing in
oligodendrocytes is simply the results of the
high number of ASF/SF2 bindingmotifs in exon
3B, we co-transfected either ASF/SF2 or SC35
expressing plasmids with the PLP minigene
construct into a fibroblast cell line (L cells), and
carried out RT-PCR from RNA prepared 48 h
after transfection. We found that both ASF/SF2
and SC35 induced approximately twofold
increase in PLP splice site selection (mean of
three independent transfections, Fig. 6A,B).
Similar results were obtained by co-transfec-
tions into HeLa cells (data not shown). These
results show that the greater number of ASF/
SF2 binding motifs versus SC35 motifs in exon
3B does not induce greater PLP 50 donor site

utilization in non-glial cells and support the
hypothesis that the cell specific context influ-
ences the function of the ubiquitous ASF/SF2
factor in PLP 50 donor site selection in oligoden-
drocytes.

We then tested whether the putative ASF/
SF2 binding motif between nt 406 and 412 in
exon 3B is functionally relevant in mediating
the increase in PLP specific splicing induced by
overexpression of ASF/SF2. OPCs were co-
transfected with the ASF/SF2 expressing plas-
mid and either a PLP neo minigene splicing
construct that contains the c.409C>Tmutation
or the wild-type PLP neo splicing construct.
PLP splice product was amplified by RT-PCR
after 72 h of differentiation and quantitated by
PhosphorImager (Fig. 7). The amount of PLP
specific product induced by the overexpressed
ASF/SF2 from the 409 mutated PLP construct
was approximately 50% lower than that from
the wild-type PLP construct (Fig. 7, mean of six
independent experiments, P¼ 0.0003). These
results suggest that disruption of the ASF/SF2
binding motif reduces the positive selection of
PLP 50 donor site induced by overexpressed
ASF/SF2.

ASF/SF2 is Expressed Throughout
Oligodendrocyte Lineage Progression

Since PLP alternative splicing is associated
with oligodendrocyte lineage progression, we
next investigated whether the expression and
subcellular distribution of ASF/SF2 is modu-
lated during oligodendrocyte lineage progres-
sion in vitro. We validated our oligodendrocyte
cultures for developmentally regulated PLP
alternative splicing and, as previously reported
[Sporkel et al., 2002] we detected PLP and
DM20 transcripts with ratios of 2:1 and 3:1 in
oligodendrocytes differentiated in T3 for 24 and
72 h, respectively (data not shown). Similar
ratios were found in oligodendrocytes cultured
in N1 medium, although the transcript levels
were significantly lower than in T3 medium
(data not shown).

Expression and subcellular distribution of
ASF/SF2 proteins were determined by Western
blot analysis of nuclear and cytoplasmic
extracts prepared from OPC, oligodendrocytes
cultured in N1 or T3 medium for 24 and 72 h
with amonoclonal antibody that reacts to theN-
terminus of ASF/SF2 and is independent from
its phosphorylation state. To assess cell-cycle
arrest, we stained for cyclin D1, which is
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expressed in OPC, and to assess lineage pro-
gression, we stained for CNPase, whose expres-
sion increases as oligodendrocytes differentiate
[Huang et al., 2002].Antibodies tob-tubulin and
to b-actin were used to control for accuracy of

protein loading of both nuclear and cytoplasmic
extracts, and to assess the purity of the nuclear
extract from cytoplasmic contamination. ASF/
SF2 was detected in similar abundance in both
nuclear and cytoplasmic extracts of OPC and

Fig. 4. Effects of overexpressed ASF/SF2 and SC35 on PLP
specific splice site selection in oligodendrocytes. A and B: RT-
PCR analyses of PLP and DM20 splice products derived from the
PLP minigene construct co-transfected with either ASF/SF2 (A) or
SC35 (B) into oligodendrocytes, as described in Methods. WT is
the wild-type PLP minigene, pcDNA is the empty plasmid
cotransfected to keep constant the total amount of DNA
transfected and the total number of CMV promoter copies. ASF/
SF2 and SC35 are the plasmids expressing ASF/SF2 and SC35
under the CMV promoter. The DNA amount used for each
plasmid construct was 0.5 mg. PLP and DM20 products were PCR
amplified as separate bands using 30 cycles with primer set IV

and V (A) and V and VI (B). A representative experiment is shown.
C and D: Bar graphs represent the relative level of PLP splice
product obtained with co-expressed ASF/SF2 (mean of four
independent experiments� SD) and SC35 (mean of three
independent experiments� SD) plasmid DNAs, respectively.
The relative level is the ratio of PLP specific product to the
PLPþDM20 product corrected by the GAPDH signal. ASF/SF2
induced approximately fourfold and SC35 induced approxi-
mately twofold increase in PLP specific splice product. The
increase in PLP specific product is significant with both ASF/SF2
(P¼ 0.002) and with SC35 (P¼0.009).
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differentiated oligodendrocytes (Fig. 8A). The
apparent molecular weight of ASF/SF2 was
lower in the cytoplasmic versusnuclear extracts
most likely reflecting different degree of phos-
phorylation (Fig. 8A).

Fig. 5. Increase in PLP splice site selection induced by
overexpressed ASF/SF2 is concentration dependent. A: RT-PCR
analyses of PLP and DM20 splice products derived from the PLP
minigene construct co-transfected with increasing amount of
ASF/SF2 into oligodendrocytes, as described in Methods. WT is
the wild-type PLP minigene, pcDNA is the empty plasmid co-
transfected to keep constant the total amount of DNA transfected/
dish and the total number of CMV promoter copies/transfection.
ASF/SF2 is the plasmid expressing ASF/SF2 under the CMV
promoter control. The numbers in brackets show the DNA
amounts used in each co-transfection. Increase in PLP specific
product is induced in concentration-dependent manner. B: Bar
graph shows the fold increase of PLP spliceproduct obtained with
increasing amount of co-expressed ASF/SF2 plasmid DNA over
the control wild-type PLP plasmid set at one (data are averages of
two independent experiments).

Fig. 6. Effects of overexpressed ASF/SF2 and SC35 on PLP
specific splice site selection in L cells. A: RT-PCR analyses of PLP
and DM20 splice products derived from the PLP minigene
construct co-transfected with ASF/SF2 and SC35 into L cells, as
described in Methods. WT is the wild-type PLP minigene,
pcDNA is the empty plasmid co-transfected to keep constant the
total amount of DNA transfected/dish, and the total number of
CMV promoter copies/transfection. ASF/SF2 and SC35 are the
plasmid expressing ASF/SF2 and SC35 under the CMV promoter
control. Increase in PLP specific product induced by both ASF/
SF2 and SC35 is of similar magnitude. This is a representative
experiment. B: Bar graph represents the relative level of PLP
splice product obtained with co-expressed ASF/SF2 (mean of
three independent experiments� SD) and SC35 (mean of three
independent experiments� SD) plasmid DNAs, respectively.
The relative level is the ratio of PLP specific product to the
PLPþDM20 product corrected by the GAPDH signal.

Exonic Splicing Enhancer and PLP Alternative Splicing 1009



To detect ASF/SF2 at the single cell level, we
stained OPC and differentiating oligodendro-
cytes with ASF/SF2 antibody. OPC and oligo-
dendrocytes differentiated for 24 (data not
shown) and 72 h stained for ASF/SF2 by
immunocytochemistry with three patterns:
(1) exclusively cytoplasmic, (2) both nuclear
and cytoplasmic, and (3) exclusively nuclear
(Fig. 8B). We found a statistically significant

decrease in the percentage of doubly stained
nuclear and cytoplasmic cells and an increase in
the percentage of exclusively nuclear stained
cells in differentiated oligodendrocytes for 72 h
versus OPC (Fig. 8C, P¼ 0.04 and P¼ 0.006,
respectively). To demonstrate the lineage spe-
cific expression of ASF/SF2, we analyzed co-
expression of ASF/SF2 and oligodendrocyte
stage specific markers in OPC and oligodendro-
cytes differentiated for 72 h, since statistically
significant differences in ASF/SF2 expression
were detected in oligodendrocytes differen-
tiated for 72 h versus OPC. As shown in
Figure 8D, OPC and differentiated oligoden-
drocytes, recognized with A2B5 and O1 anti-
body, respectively, express ASF/SF2. Taken
together, these results would suggest that
greater nuclear localization of ASF/SF2 corre-
lates with oligodendrocyte differentiation.

In contrast to ASF/SF2, SC35, which is non-
shuttling SR protein [Cazalla et al., 2002] was
detected exclusively in nuclear extracts and
appeared to be slightly more abundant in oligo-
dendrocytes differentiated for 72 h, however
because of the poor reactivity of the antibodywe
cannot draw firm conclusions (Fig. 9A). Immu-
nostaining showed that SC35 was present in
large and diffuse nuclear clusters inOPC and in
oligodendrocytes cultured for 24 h in T3 med-
ium (data not shown), whereas it was distrib-
uted in fine speckles in oligodendrocytes
differentiated in T3 for 72 h (Fig. 9B). To
demonstrate the lineage specific expression of
SC35, we analyzed co-expression of SC35 and
oligodendrocyte stage specific markers in OPC
and oligodendrocytes differentiated for 72 h,
since changes in SC35 nuclear pattern were
detected in oligodendrocytes differentiated for
72 h versus OPC. As shown in Figure 9C, OPC
and differentiated oligodendrocytes recognized
with A2B5 and O1 antibody, respectively,
express SC35. The change in SC35 clustering
may reflect changes innuclear architecture that
may correlate with differentiation of oligoden-
drocytes.

DISCUSSION

Understanding the regulation of PLP alter-
native splicing is of critical importance for
human disease since disruption of PLP alter-
native splicing is associated with a neurological
disorder, known as PMD [Hobson et al., 2002].
Furthermore, regulation of PLP alternative

Fig. 7. The c.409C> T mutation reduces the effect of over-
expressed ASF/SF2 on PLP splice site selection. A: RT-PCR
analyses of PLP and DM20splice products derived from wild type
and c.409C>T PLP constructs co-transfected with ASF/SF2
expressing plasmid. Twenty-eight cycles were used to amplify
the PLP specific products. B: Bar graph shows the PLP splice
product induced by co-expression of ASF/SF2 with the 409C> T
PLP construct relative to that obtained by co-expressed ASF/SF2
with the wild-type PLP construct (means of six independent
experiments� SD).
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splicing is associated with differentiation of
oligodendrocytes and coincides with high PLP
gene transcriptional activation, hence it is
intrinsic to the program of oligodendrocyte
development ([Timsit et al., 1992; Stecca et al.,
2000; Sporkel et al., 2002] and this study). The
preferential selection of the PLP 50 donor site in
differentiated oligodendrocytes is controlled at
multiple levels. We previously characterized
the role of an intronic splicing enhancer, and the
contribution of the PLP and DM20 splice site
strength in the regulation of PLP alternative
splicing [Hobson et al., 2002, 2005].
In thepresent study,we investigatedwhether

ESEs and their binding factors, the SR proteins
play a role in PLP splice site selection. Since the
ESE binding motifs are degenerate sequences,
putative motifs identified by bioinformatics
analysis are not necessarily functionally active
[Blencowe, 2000; Cartegni et al., 2003]. There-
fore, we examined clinically relevantmutations
that occur in PLP exon 3B, and we identified an
enhancer of PLP splicing that contains an ASF/
SF2 binding motif. Nucleotide changes in the
same position in PLP exon 3B were predicted
by bioinformatics analysis to abolish the ASF/
SF2 motif and were experimentally confirmed
to greatly reduce PLP specific splicing and to
impair binding of ASF/SF2 to the motif, thus
confirming the functional relevance of the ESE
and of ASF/SF2 in PLP splice site selection.
A potential role of ASF/SF2 in the regulation

of PLP 50 donor site was further supported by
showing that overexpressedASF/SF2positively
regulates selection of PLP splice site to a greater
extent than SC35. Previously, SC35 and ASF/
SF2 were shown to favor selection of the
proximal (equivalent to the PLP site) of two
competing 50 splice sites [Fu et al., 1992].
Although the increase in PLP splicing induced
by ASF/SF2 and to a lesser extent SC35 could
represent a general effect of SR proteins, our
data would argue that the two SR proteins are
not functionally equivalent in the context of
PLP gene in oligodendrocytes. The increase in
PLP selection induced by ASF/SF2 in oligoden-
drocytes is greater than that induced by SC35
and is concentration dependent. In contrast,
SC35 and ASF/SF2 are functionally equivalent
in increasing PLP splicing in non-glial cells (L
cells). Exon 3B contains eight ASF/SF2 binding
motifs, only two ASF/SF2 motifs are located
in exon3A, which contains a greater number of
SC35 binding sites than exon 3B, suggesting

potentially different roles for these two SR
proteins in the alternative splicing of PLP and
DM20. In the other constitutively spliced PLP
exons, ASF/SF2 sites are not as abundant as in
exon 3B, in some exons only 1 or 2 sites are
present, whereas SC35 sites are more evenly
distributed, supporting a role for ASF/SF2 in
PLP and DM20 alternative splicing.

Since mutations in the ASF/SF2 binding
motif reduce the positive selection of PLP 50

donor site induced by overexpression of ASF/
SF2, the binding motif between nucleotides
406–412 mediates at least in part PLP splice
site selection induced by overexpressed ASF/
SF2. It is not surprising that the effect of
overexpressed ASF/SF2 is only partially redu-
ced by the mutation because the other ASF/SF2
binding motifs present in exon 3B most likely
compensate for the loss of this ASF/SF2 motif.

To further establish a relationship between
ASF/SF2 and regulation of PLP alternative
splicing in differentiating oligodendrocytes, we
looked at the expression of ASF/SF2 during
maturation of oligodendrocytes. Although the
expression of ASF/SF2 did not change during
oligodendrocyte maturation in vitro, the func-
tion of ASF/SF2 may change in the differen-
tiating oligodendrocytes in response to other
functional inputs.Recently,ASF/SF2wasshown
to play a critical role in temporally regulated
alternative splicing only at specific developmen-
tal stages in cardiomyocytes [Xu et al., 2005].

Changes in the degree of ASF/SF2 phosphor-
ylation in differentiating oligodendrocytes can
modify the enhancer function [Caceres et al.,
1997; Stamm et al., 2005]. Although, we did not
assess the phosphorylation of ASF/SF2 as the
antibody used for detection reacts to the ASF/
SF2 protein independently from its state
of phosphorylation, the apparent molecular
weight of the ASF/SF2 in the cytoplasmic
extracts was lower than in the nuclear extracts
suggesting differences in phosphorylation in
these two subcellular compartments. ASF/SF2
phosphorylation depends on the activity of a
number of kinases, which could be regulated by
differentiating signals in oligodendrocytes
[Woppmann et al., 1993; Gui et al., 1994; Colwill
et al., 1996].

We found that ASF/SF2 was redistributed
from the cytoplasm to the nucleus in differen-
tiated oligodendrocytes when PLP 50 donor site
selection increases. Since even small changes in
nuclear concentration of splicing factors may
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have an impact on alternative splicing, these
changes may be of functional significance. A
possibility is that ASF/SF2 is counteracted by
an inhibitor either a tissue-specific factor or a
ubiquitously expressed RNA-binding protein,
as it has been shown in other genes [Pollard
et al., 2002; Jin et al., 2003] and even small
changes in relative levels may have an impor-
tant functional impact.

The mechanism by which the mutations at nt
409 interfere with ASF/SF2 binding and disrupt
PLP 50 donor site selection remains to be fully
investigated. A possible mechanism is that
changes in RNA secondary and tertiary struc-
tures caused by the mutations affect splicing
similarly to the fibronectin gene [Buratti et al.,
2004]. We looked at the consequences of the
c.409C>T and C>G mutations on the second-

Fig. 8.
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ary structure of PLP exon 3B, as predicted
with the Mfold program available at http://
www.bioinfo.rpi.edu/applications/mfold/old/rna/
form1.cgi, [Zuker, 2003]. We found that the
sequences between 406 and 412 are part of a
stem in a stem-loop structure. Both mutations
c.409C>T and c.409C>G modify the stem
structure and lead to changes in the secondary
structure of the stem and of the adjacent
sequences of exon 3B. These changes in secon-
dary structure may alter the interaction of
ASF/SF2 with its binding motif and also
disrupt binding of other proteins to the flanking
sequences.
There are three SC35 binding motifs in exon

3B and we have analyzed the functional rele-
vance of a singleSC35 site inwhichapathogenic
mutation in humans occurred. We show that a
mutation in this site predicted to eliminate
the motif does not have an effect on PLP
splicing. This finding suggests that this SC35
bindingmotif isnot functionally relevant toPLP
splicing. However, since the mutation is pre-
dicted to strengthen an overlapping ASF/SF2
motif, the latter may compensate for the loss
of the SC35 bindingmotif. The expression levels
of SC35 in differentiating oligodendrocytes
appear to increase but the levels could not be
quantified because of poor reactivity of the
antibody in Western blots. SC35 is localized
in fine speckles in differentiated oligodendro-
cytes most likely representing storage centers
from which factors can be mobilized in res-
ponse to stimuli [Lamond and Spector, 2003].

Whether the change in SC35 nuclear distribu-
tion in differentiated oligodendrocytes has a
functional relevance in PLP gene splicing is
an intriguing possibility that remains to be
explored.

An important contribution of this work is
that it provides evidence for the first time that
missense mutations in the PLP coding
sequences may affect the function of exonic
regulatory elements. Assuming that the muta-
tions at nucleotide 409 reduce PLP specific
splicing, this would lead to a reduced synthesis
of PLPprotein carrying themissensemutation,
potentially decreasing deleterious conse-
quences of the mutation at the protein level.
It is well documented that mutations in the
same domain of PLP may lead to phenotypes
of different severity through several molecular
mechanisms acting at the protein level (review,
[Southwood et al., 2002]. Our findings would
suggest another possible mechanism by which
mutations in the same region of the PLP
protein may lead to different phenotypes,
depending on whether they impair splicing
regulation.

In summary, our results show that ASF/SF2
plays a role in the selection of PLP splicing
in differentiating oligodendrocytes and that
mutations in an exonic enhancer containing a
putative ASF/SF2 binding motif reduce signifi-
cantly PLP splice site selection and disrupt
ASF/SF2 protein binding to the enhancer.
Future studies will investigate themechanisms
by which this motif and ASF/SF2 contribute to

Fig. 8. Analysis of ASF/SF2 expression and subcellular dis-
tribution in differentiating oligodendrocytes. A: Nuclear (N) and
cytoplasmic (C) extracts were prepared from OPC and oligoden-
drocytes cultured in N1 and T3 containing media for 24 and 72 h
(N1 24 h, T3 24 h, N1 72 h, and T3 72 h). Proteins were separated
in 10% PAGE and transferred to membranes that were probed
with antibodies to ASF/SF2, CNPase, b-tubulin, and b-actin. ASF/
SF2 was detected in both nuclear and cytoplasmic extracts in
OPC, N1 24 h, T3 24 h, and N1 24 h and T3, 72 h. The apparent
molecular weight of the band detected in the cytoplasmic
extracts is generally lower than that detected in nuclear extracts
and it may reflect differences in phosphorylation between
nucleus and cytoplasm. CNPase is mostly detected at 24 h in
both N1 and T3, and increases in N1 and T3 72 h. CNPase was
detected in small amount in the OPC as in this set of experiments
progenitor cells were not immunoselected with A2B5 after
removal of astrocytes and microglia. This is a representative
Western blot from three separate experiments. B: OPC and
oligodendrocytes differentiated for 72 h were stained with a
commercially available monoclonal antibody that recognizes
ASF/SF2 and reacted with a Rhodamine conjugated secondary
antibody. Nuclei were counterstained with DAPI. Cells were

viewed under confocal laser microscopy (Leica TCS NT) at 40�
magnification and images were captured and analyzed with LCS.
ASF/SF2 is detected in three locations: (1) nucleus (thin arrow), (2)
cytoplasm (thick arrow), (3) nucleusþ cytoplasm (arrow). C: The
number of cells with nuclear, cytoplasmic, and nuclear/
cytoplasmic ASF/SF2 staining was counted in OPC, T3 24 h,
and T3 72 h (total 600 cells/condition). Bar graph represents
percentage� SD for each localization. Reduction in ASF/SF2
nuclearþ cytoplasmic and increase in ASF/SF2 nuclear in
oligodendrocytes in T3 for 72 h versus OPC were statistically
significant, **P¼0.006, *P¼ 0.04, respectively. D: OPC were
co-stained with A2B5 antibody followed by FITC conjugated
secondary antibody and with ASF/SF2 antibody followed by
Texas Red conjugated secondary antibody. Oligodendrocytes
differentiated for 72 h were costained with O1 antibody followed
by FITC conjugated secondary antibody and ASF/SF2 antibody
followed by Texas Red secondary antibody. Nuclei were coun-
terstained with DAPI. Cells were viewed under Zeiss epifluor-
escence microscope Axiovert 100TV at 40� magnification and
digital images were captured Kodak DC 290 digital camera.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Fig. 9. Analysis of SC35 expression and subcellular distribution
in differentiating oligodendrocytes. A: Nuclear (N) and cyto-
plasmic (C) extracts were prepared from OPC and oligoden-
drocytes cultured in N1 and T3 containing media for 24 and 72 h
(N1 24 h, T3 24 h, N1 72 h, and T3 72 h). Proteins were separated
in 10% PAGE and transferred to membranes that were probed
with SC35, cyclin D1, CNPase, and b-actin. SC35 is detected
only in the nucleus of differentiating oligodendrocytes T3 24 h,
and N1 24 h and 72 h. We consistently detected only a faint band,
possibly due to poor reactivity of the antibody in Western blots.
Cyclin D1, a marker of cell proliferation is detected only in
dividing OPC. CNPase, a marker of differentiating oligodendro-
cytes is detected in oligodendrocytes after 24 h in both N1 and
T3, and increases after 72 h in N1 and T3. This is a representative
Western blot from three separate experiments. B: OPC and
oligodendrocytes differentiated for 72 h were stained with a
commercially available monoclonal antibody that recognizes
SC35 and reacted with a Rhodamine conjugated secondary

antibody. Nuclei were counterstained with DAPI. Cells were
viewed under confocal laser microscopy (Leica TCS NT) at 60�
magnification and images were captured and analyzed with
Leica Confocal Software(LCS). Inset represents the merged SC35
and DAPI images. SC35 is localized in fine speckles in
oligodendrocytes differentiated for 72 h, whereas it is in large
and diffuse clumps in OPC. C: OPC were co-stained with A2B5
followed by FITC conjugated secondary antibody and with SC35
antibody followed by Texas Red conjugated secondary antibody.
Oligodendrocytes differentiated for 72 h were costained with O1
antibody followed by FITC conjugated secondary antibody and
SC35 antibody followed by Texas Red secondary antibody.
Nuclei were counterstained with DAPI. Cells were viewed under
Zeiss epifluorescence microscope Axiovert 100TV at 40�
magnification and digital images were captured Kodak DC 290
digital camera. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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PLP specific splicing in the context of oligoden-
drocyte differentiation.
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