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NeuN (neuronal nuclei) is a neuron-specific nuclear protein
which is identified by immunoreactivity with a monoclonal anti-
body, anti-NeuN. Anti-NeuN has been used widely as a reliable
tool to detect most postmitotic neuronal cell types in neuro-
science, developmental biology, and stem cell research fields as
well as diagnostic histopathology. To date, however, the identity
of its antigen, NeuN itself, has been unknown. Here, we identify
NeuN as the Fox-3 gene product by providing the following evi-
dence: 1) Mass spectrometry analysis of anti-NeuN immunore-
active protein yields the Fox-3 amino acid sequence. 2) Recom-
binant Fox-3 is recognized by anti-NeuN. 3) Short hairpin RNAs
targeting Fox-3 mRNA down-regulate NeuN expression. 4)
Fox-3 expression is restricted to neural tissues. 5) Anti-Fox-3
immunostaining and anti-NeuN immunostaining overlap com-
pletely in neuronal nuclei. We also show that a protein cross-
reactive with anti-NeuN is the synaptic vesicle protein, synapsin
I. Anti-NeuN recognizes synapsin I in immunoblots with one
order of magnitude lower affinity than Fox-3, and does not rec-
ognize synapsin I using immunohistology. Fox-3 (also called
hexaribonucleotide-binding protein 3 and D11Bwg0517e) con-
tains an RNA recognition motif and is classified as a member of
the Fox-1 gene family that binds specifically to an RNA element,
UGCAUG. We demonstrate that Fox-3 functions as a splicing
regulator using neural cell-specific alternative splicing of the
non-muscle myosin heavy chain II-B pre-mRNA as a model.
Identification of NeuN as Fox-3 clarifies an important element
of neurobiology research.

Mullen et al. (1) have reported a monoclonal antibody
(mAb)?, which was generated using brain cell nuclei as anti-
gens. This mAb recognizes 2—-3 protein bands with apparent
molecular masses of 46 —48 kDa following SDS-PAGE that are
expressed in neuronal tissues. Intensive immunohistochemical
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analyses using embryonic and adult murine tissues have dem-
onstrated that this mAb stains exclusively neuronal cells in the
central and peripheral nervous systems, especially postmitotic
and differentiating neurons, as well as terminally differentiated
neurons. The mAb staining is localized primarily to nuclei.
Thus, the authors named the antigen recognized by this mAb
NeuN for “Neuronal Nuclei.” The original study and subse-
quent studies by others have shown that anti-NeuN stains most
types of neurons throughout the nervous system with few
exceptions (1, 2). In no case has NeuN expression been
observed in glial cells. This mAb can detect the NeuN antigen in
a wide range of vertebrate species, including mammals, birds,
and amphibians. Because of its high specificity for postmitotic
neurons, its broad specificity for most types of neuronal cells,
and its cross-reactivity with multiple species, anti-NeuN has
gained widespread acceptance as a reliable tool to detect neu-
ronal cells in neuroscience and developmental biology research
and in diagnostic histopathology for neural diseases and tumors
(3-10). More recently, it has also been used to monitor neuro-
nal differentiation of stem cells (11-15).

Despite widespread use of NeuN as a general neuronal
marker for over 15 years, only a few studies have addressed the
biochemical properties and the potential function of NeuN (1,
16). To date, there is still no definitive characterization for
NeuN, and in this post-genome era, molecular identification of
NeuN is anticipated. In this study, we determine the gene that
encodes NeuN using the following criteria: 1) Its protein prod-
uct reacts with anti-NeuN. 2) Its protein products have appar-
ent molecular masses similar to 46 —48 kDa in SDS-PAGE. 3)
Its expression is restricted to neuronal tissues. 4) Its protein
products localize predominantly to the nuclei of neurons. We
present evidence that NeuN is the Fox-3 gene product, a mem-
ber of the RNA-binding protein Fox-1 gene family, and that
Fox-3 functions as a splicing regulator. We also address the
identity of the ~70-kDa protein(s) which cross-react with
anti-NeuN.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Short Hairpin (shRNA) RNA—
P19 cells were obtained from ATCC and maintained in MEMa«
(Invitrogen) containing 7.5% bovine calf serum and 2.5% fetal
bovine serum (FBS). To induce neural differentiation of P19
cells, 1 X 10° cells were cultured in a bacteria grade Petri dish in
10 ml of medium containing 5 X 107 m all-trans retinoic acid
(Sigma) for 4 days. The cell aggregates were resuspended by
mild pipetting and trypsin/EDTA treatment. The resuspended
cells were then transferred to a poly-p-lysine-coated tissue cul-
ture dish and cultured in retinoic acid-free medium for an addi-
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tional 4 days. To establish shRNA-expressing P19 cells, the cells
were transfected with pRS-shRNA constructs encoding shRNA
against mouse Fox-3 or green fluorescent protein (GFP, Ori-
Gene) using the Effectene transfection reagent (Qiagen). The
stably transfected clonal cells were selected with 2 ug/ml puro-
mycin and maintained in 1 ug/ml puromycin. The pRS-shRNA
constructs ID T1543802 (target CGCACAGACTCATCCTGA-
GCAGCCAGGCA), T1543803 (target TTGAAACTAGCTCA-
GATGCTGACCGAGCC), and TR30003 (non-effective nega-
tive control) are shown as shRNA T-2, T-3, and GEFP,
respectively, in Fig. 1E. The human embryonic kidney cell line
HEK-293 and the human neuroblastoma cell line SK-N-SH
cells were maintained in Dulbecco’s modified Eagle’s medium
containing 10% FBS and MEMa containing 10% FBS, respec-
tively. Effectene transfection reagent was used for transfection
of the plasmid constructs.

RNA Preparation and RT-PCR—Total RNA was isolated from
adult mouse tissues using an RNeasy mini kit (Qiagen). RT-PCR
was performed using Superscript III RNase H™ reverse tran-
scriptase (Invitrogen) and Pfu Turbo DNA polymerase (Strat-
agene). The PCR primers used for Fig. 1B were as follows: for
Fox-35'-CCAGGCACTGAGGCCAGCACACAGC-3"and5'-
CTCCGTGGGGTCGGAAGGGTGG-3'; for B-actin 5'-ATC-
GTGGGCCGCCCTAGGCA-3" and 5'-TGGCCTTACCCTT-
CAGAGGGG-3'. The PCR primers to obtain the full-length
coding region of Fox-3 cDNAs were 5'-ctcaggcctccactagtgAT-
GGCCCAGCCCTACCCCCCTG-3'" and 5'-ctcaggcctectctag-
aaGTAGGGGGTGAAGCGGCTGTA-3'. Lowercase letters
represent adapter sequences including restriction enzyme sites.
RT-PCR for the minigene-derived mRNAs was carried out as
previously described (17).

Construction of Expression Plasmids and Minigenes—The
full-length coding regions of the Fox-3 cDNAs were introduced
into a plasmid pCS3+MT, which contained 6 copies of a Myc
epitope (Figs. 24, 6, and 8). Defined cDNA fragments encoding
various domains of Fox-3 were generated by PCR with appro-
priate sets of primers and cloned in the pEGFP-C3 vector
(Clontech) or the pFN2A(GST)Flexi vector (Promega) which
had been modified to delete the Barnase sequence (Fig. 2, B-D).
For preparation of antigen, the Fox-3 cDNA fragment encoding
amino acids 1-97 was generated by PCR and cloned in the
pGEX-5X-1 vector (GE Healthcare). The expression plasmids
for Fox-1 and Fox-2 (Fig. 2A) have been described previously as
A016 and FO11, respectively (17). The expression plasmids for
synapsin la (Figs. 5C and 7, Band C) and Ila were obtained from
Open Biosystems and OriGene, respectively. The synapsin Ia
c¢DNA insert was cut out from the pCMV-SPORT6 vector using
Smal and Xbal and was transferred to the pCS3+MT vector
between the Stul and Xbal sites (Fig. 6). Minigene constructs
(Fig. 8) used to analyze splicing activity were described previ-
ously (17).

Generation of Fox-3 Antisera and Other Antibodies (Abs)—
The N-terminal 1-97-amino acid fragment of Fox-3 fused to
glutathione S-transferase (GST) was expressed in BL21 bacteria
and purified by a GSTrap FF column (GE Healthcare). The
GST-Fox-3-(1-97) fusion protein was digested with Factor-Xa
and the cleaved Fox-3-(1-97) protein fragment was purified
using Benzamidine Sepharose 4 FF and GSTrap FF columns.
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Purified Fox-3-(1-97) protein was used to generate polyclonal
anti-Fox-3 in rabbits (Biosynthesis, Inc). The primary Abs used
in this study were mouse monoclonal anti-NeuN (Millipore),
mouse monoclonal anti-Myc (Invitrogen), mouse monoclonal
anti-GAPDH (Biodesign), mouse monoclonal anti-synapsin I
(Synaptic Systems), rabbit polyclonal anti-GFP (Clontech), and
rabbit polyclonal anti-non-muscle myosin heavy chain II-B
(18).

Preparation of Extracts, Immunoprecipitation, and Immuno-
blot Analysis—Whole tissue or cell extracts were prepared
using radioimmune precipitation assay buffer (Sigma) supple-
mented with a protease inhibitor mixture (Sigma). Nuclear
extracts were prepared using a NE-PER kit (Pierce) from single
cell suspensions, which were prepared by passing the tissue
through a cell strainer. For immunoprecipitation, the extracts
containing 0.5-1 mg of protein in 5-10 ml of Co-IP buffer
(Pierce Biotechnology) were incubated with the primary Abs
overnight at 4 °C. The immunocomplexes were collected by
incubation with protein A/G PLUS-agarose (Santa Cruz Bio-
technology) and washed in the Co-IP buffer. The complexes
were solubilized in a SDS sample buffer and subjected to SDS-
PAGE using a 4—20% gradient polyacrylamide NuPAGE Bis-
Tris gel and a NuPAGE MOPS SDS running buffer (Invitrogen).
ProSieve color protein markers (Lonza) were used as M, stand-
ards. Total cell lysates from cultured cells were prepared by
direct addition of SDS sample buffer to whole cells. For immu-
noblot analysis, the protein samples were transferred to a nitro-
cellulose membrane following SDS-PAGE. Binding of antibod-
ies was detected by the SuperSignal system (Pierce).

Mass Spectrometry—Following SDS-PAGE, the Coomassie
Blue-stained protein bands were digested in the gels with tryp-
sin. The recovered peptides were analyzed using an Applied
Biosystems 4700 MALDI-TOF/TOF to acquire tandem
MS/MS spectra. A compiled protein data base was searched for
the peptide sequences.

Flow Cytometry—Brain tissues were passed through a cell
strainer to prepare a single cell suspension. The cells were
washed in phosphate-buffered saline containing bovine serum
albumin and then fixed and permeabilized in Fix/perm buffer
(eBioscience). Nonspecific binding sites were blocked with 5%
goat serum for 30 min at 4 °C, and then the cells were labeled
with either anti-NeuN alone, anti-Fox-3 alone, or both Abs at a
final dilution of 1:100 for 45 min at 4 °C. The cells were further
incubated with Alexa-594 or Alexa-488-conjugated goat Abs
against mouse IgG and rabbit IgG (Molecular Probes), respec-
tively, at a 1:500 dilution for 15 min at 4 °C. The resulting cells
were analyzed using FACSCalibur (BD Biosciences).

Immunofluorescence Microscopy—HEK-293 cells trans-
fected with a synapsin Ia expression plasmid were fixed with 4%
paraformaldehyde and permeabilized with 0.5% Triton X-100
in phosphate-buffered saline. Mouse brains and spinal cords
were processed as described previously (19). Briefly, paraform-
aldehyde-fixed tissues were embedded in paraffin and cut into
4-pum sections. Antigen retrieval was performed on hydrated
sections by immersing them in 10 mm sodium citrate (pH 6.0) and
microwaving for 10 min. The primary Abs are described above.
The Alexa-488- and Alexa-594-conjugated goat Abs against
mouse IgG and rabbit IgG were used as secondary Abs. Nuclei
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FIGURE 1. Identification of the protein recognized by anti-NeuN as Fox-3. A, tryptic peptide sequences of the 40-kDa protein identified as Fox-3 by MS
analysis. The 40-kDa protein immunoprecipitated by anti-NeuN was subjected to MS analysis. * indicates the C-terminal end peptide. B, brain-restricted
expression of Fox-3 mRNA. Expression of Fox-3 mRNAs in the indicated tissues from adult mice was analyzed by RT-PCR. B-Actin mRNA is used as a positive
control. Ethidium bromide-stained agarose gels are shown. C, detection by anti-Fox-3 of proteins immunoprecipitated by anti-NeuN and detection by
anti-NeuN of proteins immunoprecipitated by anti-Fox-3. Nuclear extract of brain and spinal cord was immunoprecipitated with nonspecific mouse immu-
noglobulin (IgG), anti-Fox-3 (a-Fox-3), and anti-NeuN (a-NeuN). Immunoprecipitation (/P) was followed by immunoblot (/B) analysis with anti-Fox-3 (lanes 1-4)
oranti-NeuN (lanes 5-8). D, neural differentiation results in expression of protein(s) detected by anti-NeuN and anti-Fox-3. Whole cell extracts of P19 cellsin the
undifferentiated (Un.) and neurally differentiated (Dif.) stages were analyzed by immunoblots using the indicated Abs. GAPDH serves as a loading control.
E, down-regulation of NeuN expression by the Fox-3-targeting shRNAs. P19 cells expressing the indicated shRNAs were treated with retinoic acid. Whole cell
extracts were analyzed by immunoblots using the indicated Abs. GFP shRNA is used as a non-effective negative control.

were counterstained with 4,6-diamidino-2-phenylindole (DAPI).
The specimens were examined using a Zeiss LSM 510 Meta con-
focal laser-scanning microscope.

RESULTS

Identification of the 40 —50-kDa NeuN Antigen as Fox-3—Be-
cause mouse brain cell nuclei were originally used as antigens to
generate the mAb anti-NeuN and NeuN is enriched in nuclei,
we first used mouse brain nuclear extracts as source materials
to identify the NeuN protein. In agreement with the original
report (1), anti-NeuN detects two major bands with approxi-
mate masses of 40 and 50 kDa by immunoblot analysis follow-
ing SDS-PAGE (Fig. 1C, lane 5). These estimated masses are
slightly different from those in the original report (46 — 48 kDa),
presumably due to differences in the buffer conditions during
SDS-PAGE and the M, markers used. We then carried out immu-
noprecipitation using anti-NeuN to isolate these proteins from
crude nuclear extracts. Although the 50-kDa band co-migrated
with the immunoglobulin heavy chain following SDS-PAGE, the
40-kDa band separated from it and was subjected to mass spec-
trometry (MS) analysis. The largest numbers of peptide sequences
obtained are derived from the product of a gene called
D11Bwg0517e in mice, and its orthologs in other species called
hexaribonucleotide-binding protein 3 and FOX3. Hereafter we
designate it as Fox-3. The amino acid sequences of the tryptic pep-
tides obtained for Fox-3 are listed in Fig. 1A. The full-length Fox-3
amino acid sequence is in supplemental Fig. S1. Fox-3 is predicted
to be an RNA-binding protein. However its expression and its
function have not been characterized. Therefore, we next analyzed
the expression of Fox-3 mRNA in various mouse tissues by RT-
PCR. Fox-3 expression is confined to the brain (Fig. 1B), consistent
with the neuron-specific expression of NeuN.

In an effort to generate antibodies (Abs) against Fox-3, we
cloned its cDNAs and bacterially expressed the N-terminal
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region of Fox-3 (amino acids 1-97), which was used to immu-
nize rabbits. Using the rabbit polyclonal anti-Fox-3 that was
generated, we analyzed immunoblots from mouse brain
nuclear extracts or immunoprecipitates of extracts with anti-
NeuN or anti-Fox-3. Anti-Fox-3 detects the same M, proteins
detected by anti-NeuN in all three samples (Fig. 1C, left panel),
providing strong evidence that NeuN and Fox-3 are the same
proteins. Of note, despite performing MS analysis using only
the 40-kDa protein, anti-Fox-3 detects both the 40- and 50-kDa
proteins. This result indicates that both the 40- and 50-kDa
proteins are Fox-3 gene products, presumably generated by
alternative splicing (see “Discussion”). Reciprocal immunopre-
cipitation and immunoblot analysis demonstrate that the pro-
teins immunoprecipitated with anti-Fox-3 are also detected by
anti-NeuN (Fig. 1C, right panel). Moreover the observation that
the relative ratio of the band intensities in the input extracts
versus the immunoprecipitates on the immunoblot using anti-
Fox-3 is similar to that on the immunoblot using anti-NeuN
(compare the ratio of lanes 1 versus 4 to that of lanes 5 versus 8)
supports the notion that anti-NeuN and anti-Fox-3 are immu-
noprecipitating and detecting the same proteins.

To further verify the identity of 40 -50-kDa NeuN as Fox-3
by manipulating NeuN expression or Fox-3 expression in cell
culture, we made use of the mouse embryonic carcinoma cell
line P19. It has been reported that NeuN expression is up-reg-
ulated in P19 cells during neural differentiation triggered by
retinoic acid treatment (1). As shown in the immunoblot in Fig.
1D, undifferentiated and proliferating P19 cells do not express
NeuN at a detectable level. Upon retinoic acid treatment, they
withdraw from the cell cycle and extend dendrites. In this post-
mitotic, neurally differentiated stage, P19 cells now express
NeuN at 40 and 50 kDa. Anti-Fox-3 also detects the same M,
bands under the differentiated condition (Fig. 1D). Notably,
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FIGURE 2. Recognition and epitope mapping of recombinant Fox-3 by anti-NeuN. A, recognition of recombinant Fox-3 by anti-NeuN. The expression
constructs encoding Myc-tagged Fox-1, -2, and -3 and the empty vector were transfected in SK-N-SH cells. Total cell lysates were analyzed by immunoblots
using the indicated Abs. B, schematic representation of full-length and deletion constructs of Fox-3 fused to GFP or GST. Each construct includes the region
indicated by the boxes and deletions are indicated by the broken lines or the empty spaces. Numbers represent amino acids. GenBank™ accession numbers for
mouse Fox-3-L and Fox-3-S are FJ958310 and FJ958311, respectively. C, detection of the N-terminal 1-205-amino acid fragment of Fox-3 by anti-NeuN. The
indicated GFP fusion constructs were transfected into HEK-293 cells. Total cell lysates were analyzed by immunoblots using the indicated Abs. Anti-GFP (a-GFP)
verifies the expression of each protein. D, detection of the bacterially expressed N-terminal 1-106-amino acid fragment of Fox-3 by anti-NeuN. The indicated
GST fusion constructs were expressed in bacteria. Purified proteins were analyzed by immunoblot using anti-NeuN. Approximately 0.1% of the protein
amounts shown in the Coomassie Blue-stained gel (Coom.) were loaded for the immunoblot analysis.

both NeuN and Fox-3 have the same M, isoforms with a similar
ratio, suggesting that NeuN is Fox-3. Next, we attempted to
down-regulate Fox-3 expression using shRNAs. P19 cells were
stably transfected with the construct encoding shRNA T-2 or
T-3, which target different regions of Fox-3 mRNA, and then
these cells were treated with retinoic acid. For mock transfec-
tion, the construct which encodes shRNA targeting GFP
mRNA was used. The GFP shRNA-expressing cells continue to
express Fox-3 proteins with masses of 40 and 50 kDa (Fig. 1E,
upper panel, lane 1). However, as expected, the Fox-3 protein
expression is down-regulated in the T-2 and T-3 shRNA-ex-
pressing cells (Fig. 1E, upper panel, lanes 2 and 3). Importantly,
in these cells anti-NeuN also fails to detect the same M, pro-
teins, whereas it detects them in the control GFP shRNA-ex-
pressing cells (Fig. 1E, middle panel). These data support the
idea that NeuN is the product of Fox-3 mRNAs.

To definitively determine that NeuN is Fox-3, the full-length
coding region of one of the Fox-3 isoforms was cloned and
exogenously expressed in SK-N-SH cells, which do not express
endogenous Fox-3. The Myc-tagged recombinant Fox-3 is
indeed detected by anti-NeuN as well as by anti-Fox-3 and anti-
Myc (Fig. 24, lane 4), indicating that Fox-3 is bona fide NeuN.

Data base analysis has revealed that there are two genes,
Fox-1 and Fox-2, which are closely related to Fox-3 in mamma-
lian genomes (supplemental Fig. S1) (20). Fox-1, -2, and -3 con-
tain an almost identical RNA recognition motif (RRM,
95-100% amino acid identity). These three genes are predicted
to express proteins with a similar range of M, and all are
expressed in brain (17, 20-23). Therefore we checked the pos-
sibility that anti-NeuN might cross-react with Fox-1 or Fox-2.
Myc-tagged Fox-1 and Fox-2 were also expressed in SK-N-SH
cells. Anti-Myc verifies that similar levels of Fox-1, -2, and -3
are expressed (Fig. 24, third panel). Neither Fox-1 nor Fox-2 is
detected by anti-NeuN (Fig. 24, top panel), demonstrating the
specificity of anti-NeuN for Fox-3.
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Epitope Mapping of Anti-NeuN to the N-terminal Region of
Fox-3—Next, we determined which region of the Fox-3 protein
is recognized by anti-NeuN. During the course of cDNA clon-
ing for Fox-3, we found that there are at least two alternatively
spliced mRNA variants, Fox-3-L and Fox-3-S, which include or
exclude 141 nucleotides encoding 47 amino acids located at
amino acid 252 (supplemental Fig. S1 and Fig. 2B). The full-
length, N-terminal half of Fox-3 including the RRM (N-RRM)
and the C-terminal half (C-L, C-S) were fused to GFP, as
depicted in Fig. 2B, and the fusion proteins were expressed in
HEK-293 cells. Anti-NeuN detects both the full-length Fox-3-L
and -S and the N-RRM fragment, but not the C-terminal C-L
and C-S fragments (Fig. 2C). To further define the region rec-
ognized by anti-NeuN and to examine whether a post-transla-
tional modification unique to mammalian cells is required for
Ab recognition, the N-terminal one-third of Fox-3 (N) and the
RRM were separately fused to GST and were expressed in bac-
teria. Anti-NeuN recognizes the N-terminal region but not the
RRM (Fig. 2D), consistent with the lack of recognition of Fox-1
and -2 (see supplemental Fig. S1 for sequence comparison). The
epitope recognized by anti-NeuN is mapped to the N-terminal
1-106-amino acid region of Fox-3. Mammalian post-transla-
tional modification appears not to be required for the Ab rec-
ognition. Taken together, all the above biochemical analyses
establish that the 40 —50-kDa proteins detected by anti-NeuN
in immunoblots are Fox-3 gene products and that the epitope
resides in the first 106 amino acids.

Restricted Localization of Fox-3 to Neuronal Nuclei, Identical
to NeuN—We next extended our analysis to determine whether
Fox-3 met histological criteria for identity with NeuN. Anti-
NeuN has been utilized extensively in histological and cell bio-
logical analyses and primarily stains nuclei of most neuronal
cell types with a few exceptions, including cerebellar Purkinje
cells (1, 2). We compared the staining patterns of anti-Fox-3 to
those of anti-NeuN by co-staining with both Abs. Fig. 3 shows
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FIGURE 3. Co-localization of Fox-3 and NeuN in the mouse central nervous system. The sagittal section of
the brain and the transverse section of the spinal cord (A, B, C, and D, as indicated) from postnatal day 10 mice
were co-stained for NeuN (green) and Fox-3 (red). DAPI was used to stain nuclei (blue). Bars indicate 50 um.
Arrows in B point to motor neurons. EGL, external germinal layer; ML, molecular layer; PL, Purkinje cell layer; IGL,

internal granular layer.
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FIGURE 4. Co-expression of Fox-3 and NeuN demonstrated by FACS anal-
ysis. Dissociated mouse cerebral cells were stained for either Fox-3 alone (left
panel), NeuN alone (middle panel), or both Fox-3 and NeuN (right panel). The
number in each quadrant represents % of cell numbers.

confocal immunofluorescence images of various regions of
mouse brain and spinal cord at postnatal day 10. Careful inspec-
tion of these images as well as others reveals that anti-Fox-3
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staining and anti-NeuN staining
exactly overlap in every single cell.
Both Abs stain nuclei of a majority
of neural cells. Characteristically,
however, the nuclei of Purkinje cells
and external germinal cells in the
cerebellum are devoid of staining
with anti-Fox-3, similar to anti-
NeuN (Fig. 34, PL, EGL). In the case
of some of the large neurons, such as
motor neurons in the spinal cord,
the cytoplasm of the soma is also
diffusely stained with anti-NeuN,
and this is also the case with anti-
Fox-3 (Fig. 3B, arrows). The tissue
distribution as well as subcellular
localization of Fox-3 are the same as
those of NeuN. Thus, Fox-3 fulfills
the original histological definition
for NeuN, Neuronal Nuclei.

We also undertook a second
approach to verify cytologically
whether Fox-3-positive brain cells
exactly equated to NeuN-positive
cells. Dissociated cells from the
adult mouse cerebrum were labeled
with anti-NeuN and anti-Fox-3 and
were subjected to fluorescence-acti-
vated cell sorting (FACS) analysis.
As shown in Fig. 4, practically all
double-labeled cerebral cells are
sorted out either in the double-pos-
itive (67.5%) or double-negative
(29.2%) quadrant (right panel). The
left and center panels show the sort-
ing profiles of cells labeled with
either one of the two Abs to adjust
the quadrants. These histological
and cytological analyses further
establish the identity of NeuN as
Fox-3.

Cross-reactivity of Anti-NeuN Ab
with Synapsin I in Immunoblot Analysis—For nearly two
decades during the widespread use of anti-NeuN, a number of
investigators have experienced cross-reactivity of this mAb to
an ~70-kDa protein(s) using immunoblot analysis (2, 24).
Therefore we undertook to identify these proteins. Because
detection of the 70-kDa proteins in our nuclear extracts was not
consistent, we used total extracts of mouse brains and spinal
cords without subcellular fractionation to avoid losing these
proteins. As shown in Fig. 54, anti-NeuN detects the 70-kDa
proteins as doublet bands with similar intensity to the 40 —50-
kDa proteins in total extracts. We first asked whether these
70-kDa proteins could be additional Fox-3 gene products or not
by immunoprecipitation using anti-Fox-3. Anti-Fox-3 fails to
immunoprecipitate the 70-kDa proteins (Fig. 54, lane 3). We
then performed immunoprecipitation using anti-NeuN, fol-
lowed by MS analysis. The majority of the peptide sequences
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FIGURE 5. Cross-reactivity of anti-NeuN with synapsin . A, failure of anti-Fox-3 to cross-react with the 70-kDa proteins detected by anti-NeuN. Nonspecific
IgG or anti-Fox-3 were used to immunoprecipitate proteins from whole tissue extract of brain and spinal cord. Immunoprecipitation (/P) was followed by
immunoblot (/B) analysis with anti-NeuN (a-NeuN). The arrows indicate doublet band. B, detection by anti-NeuN of proteins immunoprecipitated by anti-
synapsin |. 1gG or anti-synapsin | (a-SynT) was used to immunoprecipitate from whole tissue extract of spinal cord. Inmunoprecipitation (/P) was followed by
immunoblot (/B) analysis using the indicated Abs. C, recognition of recombinant synapsin la by anti-NeuN. HEK-293 cells were transfected with increasing
amounts (0.1,0.3, 1,3 ug, indicated by triangle) of the expression construct encoding mouse synapsin la. Total cell lysates were analyzed by immunoblots using

the indicated Abs. 0, the empty vector alone.
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FIGURE 6. Differentimmunoreactivities of anti-NeuN with Fox-3 and syn-
apsin I. HEK-293 cells were transfected with either Myc-tagged Fox-3-S or
Myc-tagged synapsin la expression constructs. Various amounts of total cell
lysates indicated by 7X-8X (the numbers reflect relative amounts in each lane)
were analyzed in parallel by immunoblotting using anti-Myc (a-myc) and
anti-NeuN (a-NeuN). Immunoblots using anti-Myc show relative amounts of
the expressed proteins in both panels. 0, untransfected cell lysates.

from each of the doublets are products of synapsin I (supple-
mental Fig. S2). The synapsin I gene generates two alternatively
spliced isoforms, synapsin Ia and Ib with masses of 74 and 70
kDa, respectively (25, 26). Only a small region of sequence at the
C-terminal differs between Ia and Ib. The peptide sequences
from the upper band included a sequence unique to synapsin Ia
and those from the lower band are all common to both iso-
forms. Therefore, the lower band could be synapsin Ib or a
proteolytic fragment of synapsin Ia. Synapsin I is relatively well
characterized and its specific Ab and cDNA clone are readily
available. As shown in Fig. 5B, the 70-kDa proteins immuno-
precipitated with anti-synapsin I are recognized by anti-NeuN
using immunoblotting (lane 3). The ratio of band intensity in
the input extracts versus the immunoprecipitates on the immu-
noblot using anti-NeuN is similar to that obtained with anti-
synapsin I (compare the ratio of lanes 1 versus 3 to that of lanes
4 versus 6 in Fig. 5B), suggesting that anti-NeuN and anti-syn-
apsin I react with the same proteins, and not to co-precipitated
proteins. Finally, recombinant synapsin Ia exogenously
expressed in HEK-293 cells cross-reacts with anti-NeuN in a
dose-dependent manner (Fig. 5C, left panel). However, as
shown in Fig. 6, the immunoreactivity of anti-NeuN to synapsin
I and that to Fox-3 differ in degree. Immunoblots of various
amounts of cell lysates which contain the Myc-tagged synapsin
Ia and the Myc-tagged Fox-3-S were analyzed in parallel using
anti-NeuN and anti-Myc. Anti-Myc detects the same epitope of
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both proteins and determines the relative amounts of both
Myc-tagged synapsin I and Fox-3. By quantifying immunoblot
signals, we estimated that the reactivity of anti-NeuN to Fox-3
is ~20-fold greater than that to synapsin 1.

The finding that the 70-kDa anti-NeuN-reactive proteins are
synapsin Is is consistent with the failure to detect them in
nuclear extracts, since synapsin I is known to be localized to the
cytoplasmic surface of synaptic vesicles in the presynaptic ter-
minals (26). Immunofluorescence staining of mouse cerebel-
lum with anti-synapsin I shows a punctate staining pattern in
the molecular layer where dendrites from cerebellar neurons
form extensive synapses (Fig. 7A, left panel). This staining pat-
tern is quite different from that of anti-NeuN shown in Fig. 3A.
The specimen shown in Fig. 7A has been co-stained with anti-
Fox-3 rather than with anti-NeuN, since the staining patterns
of two Abs completely overlap (Fig. 3). Unlike anti-NeuN and
anti-synapsin I which were produced in mouse hybridomas,
anti-Fox-3 was generated in rabbits, so use of Abs from differ-
ent species was technically easier for double staining. Although
anti-Fox-3 and anti-NeuN show extranuclear staining to some
extent, their staining is diffuse in soma and not punctate in
dendrites (Fig. 3). These observations indicate that anti-NeuN
does not recognize synapsin I in tissue sections. The exog-
enously expressed synapsin Ia in HEK-293 cells was stained by
either anti-synapsin I or anti-NeuN following fixation with
paraformaldehyde and permeabilization with Triton X-100.
Anti-synapsin I shows diffuse staining with strong punctate
staining in the cytoplasm (Fig. 7B). On the other hand, anti-
NeuN staining is hardly detected. We can only detect small
amounts of punctate staining in the cytoplasm with an
increased microscope gain (Fig. 7C). In addition to the lower
affinity of anti-NeuN to synapsin [, it appears that paraformal-
dehyde fixation also contributes, at least in part, to the inability
of anti-NeuN to detect synapsin I in tissue sections and cell
culture.

Function of Fox-3/NeuN as Splicing Regulator—Although
anti-NeuN shows cross-reactivity to synapsin I in immuno-
blots, the true antigen for anti-NeuN is Fox-3. Therefore we
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A Syn1

Syn1 Syn1/l1I-B € NeuN NeuN/II-B

FIGURE 7. Failure of anti-NeuN to cross-react with synapsin I in fixed tissues and cells. A, different staining
pattern of anti-synapsin | from that of anti-NeuN or anti-Fox-3. The mouse cerebellar section was co-stained with
anti-synapsin | (red) and anti-Fox-3 (green). Compare thisimage with that in Fig. 3A. DAPI stains nuclei. ML, molecular
layer; IGL, internal granular layer. B and C, failure of anti-NeuN to cross-react with synapsin I. HEK-293 cells were
transfected with the expression construct encoding synapsin la. The fixed and permeabilized cells were stained with
anti-synapsin | (B, green) or anti-NeuN (C, green) together with anti-NMHC II-B (red). Bars indicate 20 um. Syn1,
synapsin I: /I-B, NMHC II-B.
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FIGURE 8. Activation of N30 splicing by Fox-3. A, schematlc dlagrams ofNMHC 1I-B gene, minigene constructs and
IDDEs. Native gene shows only a part of the human NMHC II-B gene surrounding exon N30. E5 and E6 are constitu-
tive exons, and N30 and R18 are alternative exons. The IDDE is an intronic region consisting of 201 nucleotides and
is located ~1.5-kb downstream of N30 in the native gene. Rectangles and horizontal lines in the diagrams indicate
exons and introns, respectively. Exon size and the IDDE are not drawn to scale. Minigenes include the NMHC II-B
genomic DNA fragments indicated by brackets, which are flanked by exons E2 and E3 of the rat preproinsulin gene
(PPI). The wild-type (wt) and mutant (ma, mb, and mc) IDDEs are inserted at the indicated location in the minigene.
Transcription of the minigene is driven by the Rous sarcoma virus long terminal repeat (RSVLTR). Arrows above E5
and PPIE3 indicate the location of the primers used for RT-PCR. B, dose-dependent activation of N30 splicing by
Fox-3. Increasing amounts (0.03, 0.1, 0.3, and 1 pg, indicated by triangle) of the expression constructs encoding
Myc-tagged Fox-3-L and -S were co-transfected into SK-N-SH cells with the wild-type minigene. The mRNAs derived
from the minigene were analyzed by RT-PCR (upper panel). The upper band includes N30 (+) and the lower band
excludes N30 (—).Immunoblots using anti-Myc (lower panel) show relative amounts of the expressed proteins. 0, the
empty vector alone; M, molecular size marker. C, UGCAUG-dependent activation of N30 splicing by Fox-3. The
minigenes containing wild-type (wt), mutations (ma, mb, and mc) and deletion (—) of the IDDE were co-transfected
into SK-N-SH cells with the expression constructs encoding Myc-tagged Fox-3-L and -S. RT-PCR of the minigene
mMRNAs (upper panel) and immunoblots for the expressed proteins (lower panel) are shown.
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addressed a potential function of
Fox-3. Because the Fox-3 amino
acid sequence shows high homology
to Fox-1 and Fox-2, which have
recently been characterized as regu-
lators of alternative pre-mRNA
splicing (17, 20, 23, 27-30), we
asked whether Fox-3 is capable of
regulating alternative splicing of
pre-mRNA. We used neural cell-
specific alternative splicing of exon
N30 of the non-muscle myosin
heavy chain (NMHC) II-B gene as a
model. The cassette type alternative
exon N30 encoding 10 amino acids
is included in the mRNAs from
some neural cells, but is skipped in
all other cells (19, 31). We have
previously established a minigene
reporter system which can be used
to analyze RNA elements and pro-
tein factors that regulate alternative
splicing of N30 (17, 32). The mini-
gene which consists of exon N30
and the flanking exons and introns
is outlined in Fig. 8A. Following
transfection of the minigene in SK-
N-SH cells, the mRNA derived from
the minigene was analyzed by RT-
PCR. Using endogenous splicing
factors, most of the mRNAs from
the wild-type minigene exclude N30
as shown in Fig. 8B (lanes I and 6).
Exogenous expression of Fox-3-L or
-S results in a dose-dependent
increase of N30 inclusion in the
minigene mRNAs with slightly
higher activity using Fox-3-L com-
pared with Fox-3-S (compare lanes
3 versus 8 and lanes 4 versus 9 in Fig.
8B). Previous studies have defined
the intronic region downstream of
N30, called the intronic distal
downstream enhancer (IDDE), as
the critical region for activation of
N30 splicing (17, 32). Within the
IDDE, there are two copies of
UGCAUG elements. Mutation of
one of two copies does not affect
Fox-3-induced splicing of N30 (Fig.
8C, lanes 7,8, 12, and 13). Mutation
of both copies of this element abol-
ishes the enhancement effects of
Fox-3-L and -S on N30 splicing (Fig.
8C, lanes 9 and 14). Therefore, at
least, one copy of the UGCAUG ele-
ment is required for Fox-3 to exert
its effect on N30 splicing. Consis-
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tent with the dependence of Fox-3 enhanced splicing on a
UGCAUG element, deletion of the IDDE also abolishes the
effects of Fox-3 (Fig. 8C, lanes 10 and 15). These results indicate
that Fox-3 can function as a splicing activator for exon N30 of
NMHC II-B via the intronic UGCAUG element. The nucleo-
tide sequences for Fox-3-L and Fox-3-S have been deposited in
the GenBank™ database under GenBank™ Accession Num-
bers FJ958310 and FJ958311, respectively.

DISCUSSION

The aim of this study was to determine the molecular
identity of NeuN. We conclude that NeuN is Fox-3, based on
the following findings: 1) MS analysis of the anti-NeuN
immunoreactive protein yields the Fox-3 amino acid
sequence. 2) The anti-Fox-3 immunoreactive protein is also
recognized by anti-NeuN and vice versa. 3) NeuN protein
expression is decreased by the shRNA for Fox-3. 4) Recombi-
nant Fox-3 is recognized by anti-NeuN. 5) Anti-Fox-3 staining
and anti-NeuN staining overlap completely at the cellular and
subcellular levels. 6) Fox-3 is expressed only in neural tissues.
Furthermore, we demonstrate that Fox-3 serves as a regulator
of alternative splicing of pre-mRNA.

The Fox-3 gene was first recognized in a genome-wide search
for RNA-binding proteins. Its mRNA expression has been
shown to be restricted to the post-mitotic region of the devel-
oping brain at embryonic day 13.5 and postnatal day 0 by in situ
hybridization (33). We have demonstrated that its expression is
also confined to the brain among all major organs in adult mice.
The Fox-3 expression pattern is consistent with NeuN expres-
sion reported previously (1). Our cDNA cloning and analysis of
the EST and other sequence databases have revealed that the
Fox-3 pre-mRNA undergoes alternative splicing in at least two
regions. Alternative 3’ splice site usage of an internal exon and
the last exon generates protein isoforms which include or
exclude 47 and 13 amino acids, respectively (see supplemental
Fig. S1). The predicted 4 isoforms would have masses ranging
from 34 to 41 kDa. These masses are slightly smaller than those
estimated by SDS-PAGE (40 —50 kDa). The Myc-tagged recom-
binant Fox-3 expressed in cultured cells also migrates more
slowly than the M, calculated from the amino acid sequence.
Moreover the migration of Fox-3 proteins is affected by the
polyacrylamide concentration and the buffer system. There-
fore, the discrepancy in M,s estimated by the primary sequence
and SDS-PAGE could be explained by protein conformation or
post-translational modification. However, we cannot rule out
the possibility that some of the isoforms might use a more
upstream initiating codon that we have not yet identified,
although the 5" cDNA sequences obtained so far using rapid
amplification of 5" cDNA end analysis give the same initiating
codon.? This study also does not completely exclude the possi-
bility that the multiple protein bands of Fox-3/NeuN could
result from proteolysis despite our use of proteolytic inhibitors.

In this study, we have also provided evidence that the 70-kDa,
anti-NeuN immunoreactive proteins include synapsin I gene
products Ia (74 kDa) and/or Ib (70 kDa). Synapsins are a family
of neuron-specific synaptic vesicle-associated phosphoproteins

3 K. K. Kim and S. Kawamoto, unpublished observation.
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FIGURE 9. Amino acid alignment of Fox-3 and synapsin | and their fami-
lies. Fox-3 amino acids 1-106 and full-length synapsin la (SynT) were sub-
jected to a homology search using the ExPASy Proteomic Server program.
Only one homology alignment composed of 14 amino acids was found. The
sequences of Fox-1 and -2 homologous to Fox-3 and those of synapsin Il and
Il (Syn2 and 3) homologous to Syn1 are also included. Amino acids with a gray
background are identical to both Fox-3 and Syn1. The numbers represent the
starting amino acids.

that play a role in synaptogenesis and modulation of neuro-
transmitter release (26). Three genes, synapsin I, II, and III
make up the synapsin gene family. The predicted masses of
synapsin IIa, IIb, and IIl isoforms are 63, 52, and 63 kDa, respec-
tively. We have not detected the protein bands corresponding
to these masses and recombinant synapsin Ila is not recognized
by anti-NeuN (data not shown). It appears that anti-NeuN
cross-reacts with only synapsin I but not other synapsins. The
finding that the monoclonal anti-NeuN recognizes Fox-3 and
synapsin I, which belong to quite different gene families is
somewhat unexpected, so we have tried to estimate a potential
epitope for anti-NeuN. Because the epitope recognized by anti-
NeuN is located in the N-terminal 1-106-amino acid region of
Fox-3, we have searched for a homologous sequence between
Fox-3 amino acids 1-106 and the full-length synapsin Ia amino
acids 1-586. A best alignment is a stretch of 14 amino acids and
is shown, together with the sequences of other members of the
two gene families, in Fig. 9. Several amino acids within this
14-amino acid segment from other members are also aligned to
some extent with Fox-3 and synapsin I. However, since Fox-1
and -2 and synapsin II are not recognized by anti-NeuN, we
speculate that the core sequence of the epitope for anti-NeuN
might include PPAQ. There is a report suggesting that the
phosphorylation of NeuN is required for Ab recognition (16).
Although a tyrosine residue exists within the 14-amino acid
segment of Fox-3, we do not know whether it is phosphorylated
in mammalian cells or bacteria.

Another puzzling observation is that the anti-NeuN does not
recognize synapsin I in tissue sections or cell culture, despite its
ability to recognize it as an SDS-denatured form or a native
form in extracts. This is presumably due to the inaccessibility of
the epitope, resulting from the process of fixation and embed-
ding for sectioning. Cross-linking of synapsin I intra-molecu-
larly and inter-molecularly with associated proteins in situ by
paraformaldehyde during the fixation process is likely one of
the causes of a lack of synapsin I staining by anti-NeuN, as
demonstrated in Fig. 7. Another reason is that anti-NeuN has
only a low affinity for synapsin I, as shown in Fig. 6, and there-
fore it might not detect synapsin I iz situ. For immunoblotting,
however, the lower affinity of anti-NeuN for synapsin I would
be compensated for by the high concentration of synapsin I in
extracts, since synapsins are known to be the most abundant
phosphoproteins in the brain (26). The fact that anti-NeuN can
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cross-react with synapsin I calls for caution in the use of this
mAb and interpretation of results.

What might be the function of NeuN/Fox-3? Since NeuN is
predominantly localized to nuclei, it has been thought to func-
tion in regulating gene expression such as transcription and
RNA processing. An attempt to detect NeuN binding to DNA
has been reported without addressing whether the binding is
direct or indirect and whether the binding has any sequence
specificity (1). Now, we have identified NeuN as Fox-3 and we
provide the primary sequence of Fox-3. Fox-3 contains a single
copy of an RRM at the middle part of the molecule. This RRM
shows high homology (only 4 amino acids are substituted for
out of 77 amino acids) to that of Fox-1 (also called A2BP1,
Hrnbp1) and Fox-2 (also called Rbm9, Fxh, Hrnbp2, RTA) and
these three genes constitute the Fox-1 gene family (see supple-
mental Fig. S1 for the sequence alignment). Fox-1 and -2 have
an identical primary sequence for the RRM in humans and mice
and this sequence is well conserved in vertebrates. The RNA
sequences bound by zebrafish Fox-1 and human Fox-1 have
been determined to be GCAUG and UGCAUG, respectively
(23, 27). Further, the solution structure of the RRM of human
Fox-1 in complex with UGCAUGU has been determined (34).
The RRM of Fox-3 has the identical amino acid residues that are
important for RNA binding, as well as those important for
sequence specificity. Therefore, it is very likely that Fox-3 can
bind specifically to UGCAUG. Since the discovery of the target
RNA sequence of Fox-1, several laboratories, including ours,
have reported that Fox-1 and Fox-2 are capable of regulating
alternative splicing of pre-mRNAs in a UGCAUG sequence-
specific manner in a number of model systems (17, 20, 23,
27-30). In addition to the RRM, the C-terminal region follow-
ing the RRM, which seems to be important for regulation of
alternative splicing, contains a number of segments highly con-
served among Fox-1, -2, and -3. We demonstrated that Fox-3
can activate neural cell-specific splicing of a cassette exon, N30,
of the NMHC II-B pre-mRNA. This activation is absolutely
dependent on the downstream intronic element UGCAUG,
consistent with the idea that Fox-3 binds to the UGCAUG ele-
ment. These observations suggest that Fox-3 plays a role in
neuron-specific alternative splicing.

The brain is the organ where alternative splicing occurs most
frequently (35, 36), presumably to generate large numbers of
neuronal cell types and to support their diverse functions. Glo-
bal computational analysis of intronic sequences and genome-
wide splicing microarrays have revealed that UGCAUG is over-
represented in the introns in which splicing is regulated in a cell
type- and developmental stage-specific manner, compared
with constitutively spliced introns (37—-40). Fox-1 is expressed
in brain and striated muscles and Fox-2 is expressed ubiqui-
tously (17, 20-23, 27). In contrast, Fox-3 expression is
restricted to neurons. Therefore, Fox-3 is an attractive candi-
date to act as a determinant factor of neural specificity during
splicing. It is tempting to speculate that alternative splicing reg-
ulated by Fox-3 would play a key role in regulation of neural cell
differentiation and development of the nervous system. Future
studies will determine whether Fox-3 expression plays a causal
role in neurogenesis or is instead only a convenient marker for
neural differentiation. This study identifying NeuN as Fox-3
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affords an opportunity to re-interpret previous studies of
NeuN. Our findings should promote future work on neural
development and disease in relation to Fox-3 function.
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