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PTB-like protein (PTBLP) is a new homologue of pyrimidine tract binding protein
(PTB), and has been cloned as a possible autoantigen in cancer-associated retinopathy.
PTBLP has two functional domains, the nuclear localization signal and the RNA recog-
nition motifs (RRMs). Full-length PTBLP (PTBLP-L) has four RRMs, and its alternative
splicing product (PTBLP-S) lacks the third and fourth RRMs. Although PTBLPs are
expressed in neuronal tissues, the function of PTBLPs has not been determined. We
have studed whether PTBLP plays a role in neuronal differentiation using PC 12 cells.
During the process of nerve growth factor-induced neuronal differentiation of PC 12
cells, PTBLP-L was down-regulated whereas PTBLP-S was up-regulated. Transfection of
PTBLP-L into PC 12 cells led to the suppression of neuronal differentiation. In PTBLP-S
transfected cells, however, this suppression was not evident. When both PTBLP-L and
PTBLP-S were co-transfected, the suppressive effect of PTBLP-L decreased. In differen-
tiated cells, PTBLP-S localized in the nucleus and PTBLP-L was found dispersed
throughout the cytoplasm and neuronal growth cone. These findings suggest that
PTBLP-L acts as a negative regulator of neuronal differentiation and PTBLP-S acts as a
competitor of PTBLP-L.

Key words: nerve growth factor, neuronal differentiation, PC12, polypyrimidine tract
binding protein, RNA binding protein.

Neuronal RNA-binding proteins play important roles in the
post-transcriptional regulation of gene expression, e.g., al-
ternative splicing, RNA transport, and local translation (1,
2). Several families of neuronal RNA-binding proteins have
been described. The mammalian ELAV-like neuronal RNA
binding proteins, called Hu proteins, have been identified
as autoantigens against human paraneoplastic encephalo-
neuropathies associated with small-cell lung carcinomas
(3). HuA (HuR), HuB (Hel-Nl), HuC (Ple-21), and HuD
have been cloned and characterized (3-6). One of the major
functions of the Hu proteins is to regulate mRNA metabo-
lism by binding to RNA stability elements (5, 7-11).

Musashi is another example of a neuronal RNA-binding
protein family, and members of this family can be classified
on the basis of their homology to Drosophila proteins (12-
14). Musashi is known to play a role in two successive

'This work was partially supported by Grants-in-Aid 13671829 for
Scientific Research from the Ministry of Education, Science, Sports
and Culture of Japan.
2 To whom correspondence should be addressed. Tel: +81-263-37-
2664, Fax: +81-263-32-9448, E-mail: nagaeye@hsp.md.shinshu-u.ac.
JP
Abbreviations: DMEM, Dulbecco's modified Eagle's medium; FITC,
fluorescein isothiocyanate; GAPDH, glyceraldehydes 3-phosphate
dehydrogenase; NGF, nerve growth factor; PBS, phosphate-buffered
saline; PTB, polypyrimidine-tract binding protein; RRM, RNA rec-
ognition motif; RT-PCR, reverse transcriptase-polymerase chain re-
action.

© 2002 by The JapaneseBiochemical Society.

asymmetric divisions of sensory organ precursor cells (12).-
Nova-1 is another neuron-specific RNA binding protein
that regulates alternative splicing (15-18).

Polypyrimidine tract binding protein (PTB) is a well-
known RNA-binding protein that is ubiquitously distrib-
uted in mammalian cells. PTB plays a role in the splicing of
RNA and in the regulation of translation (19-21). We have
recently cloned a homologue of the PTB from human and
rat cDNA libraries, and have shown that it is a possible
autoantigen of cancer-associated retinopathy (22, 23). This
new protein was named PTB-like protein (PTBLP) (22).
The amino acid sequence of PTBLP shows strong homology
with PTB, and the functional domains of the PTB, e.g.,
nuclear localization signal (NLS) and RNA recognition
motifs (RRMs), are highly conserved in PTBLP. Unlike
PTB, PTBLP is not a ubiquitous protein but is expressed
mainly in neuronal cells (22). Recently, mouse PTBLP was
reported to interact with Nova-1 (24).

In our previous studies, some variants of PTBLP were
isolated during the amplification of the full-length rat
PTBLP cDNA clone. The originally found PTBLP-L has
four RRMs, and PTBLP-S, an alternative spliced variant,
lacks the third and fourth RRMs of PTBLP-L. The RNA
binding ability of PTBLP-S is much weaker than that of
PTBLP-L (23). It is known that the PTB also has four
RRMs and the third and the fourth RRMs are necessary for
RNA binding and specificity (25, 26). PTB also has a se-
quence variation at nucleotide 921 generated by alternative
splicing (20), but the function of this variant is not clear.
Although it has been shown that mouse PTBLP interacts"'
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with and inhibits the ability of Nova to activate exon selec-
tion in neurons (24), the exact function of PTBLP has not
yet been determined.

The purpose of this study was to study the possible role
played by PTBLP in neuronal differentiation using pheno-
chromocytoma cell line (PC 12) cells (27, 28).

MATERIALS AND METHODS

PC 12 Cells—PC 12 cells were obtained from the Riken
cell bank (Tsukuba, Japan), and maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum, 5% horse serum, and 100 units/ml peni-
cillin G at 37°C under 5% CO2. All culture media, sera, and
antibiotics were obtained from Gibco-BRL (Grand Island,
NY, USA).

Neuronal Differentiation of PC 12 Cells—Two days after
seeding at 2 x 104 cells/cm2 in 6-well plates, PC 12 cells were
cultured in DMEM with 50 ng/ml of nerve growth factor
(2.5S NGF, Promega, Madison, WI, USA) to induce differ-
entiation. The morphological changes of the cells were ob-
served with an 1X70 epifluorescence microscope (Olympus,
Tokyo). Microphotographs were taken at designated times
by the 1X70 and SenSys™ (Photometries, Miinchen, Ger-
many). The composite Hoffman and fluorescent images
were prepared by the IPLab (Scanalytics, Faifax, VA, USA).
The total number of cells and the number of differentiated
cells were counted on the microphotographs. Neuronal dif-
ferentiation was judged to have occurred by neurite exten-
sion (29-32), and cells bearing neurites longer than two cell
diameters were counted as neurite-positive and differenti-
ated (33). The results were expressed as means ± standard
error of the means (SE).

Immunostaining—PC 12 cells were seeded at 2 x 104

cells/cm2 on a chamber slide (Iwaki, Tokyo). Twenty-four
hours later, NGF was added to induced neuronal differenti-
ation. On day 3 after the addition of NGF, the cells were
fixed in 4% paraformaldehyde-PBS and incubated with
rabbit anti-PTBLP antibody at a dilution of 1:50 with 5%
goat serum-PBST containing 0.3% Triton X-100. After
washing twice with PBST containing 0.3% Triton X-100,
FITC-conjugated anti-rabbit IgG antibody (Dako, Kyoto)
was applied as the second antibody. Analysis was per-
formed with a confocal microscope (LSM410, Zeiss, Jena,
Germany). The anti-PTBLP antibody was generated using
a 19 amino acid peptide of the PTBLP N-terminal sequence
(22).

RT-PCR—mKNA was prepared from PC12 cells using a
Micro-FastTrack Kit™ (Invitrogen, Carlsbad, CA, USA).
Reverse transcription was carried out with a First-Strand
cDNA Synthesis Kit (Amersham Pharmacia Biotech, Pis-
cataway, NJ, USA). The following primers were used.

Total PTBLP: 5'-GCTGTGACACCTCATCTTCGTAAC-3'
(sense). 5'-AGCATTAGGAATAGCCAAAGGACTG-3'(anti-
sense). These were used to amplify a 600-bp fragment of rat
PTBLP cDNA (amplification, 37 cycles).

PTBLP-L and PTBLP-S: 5'-GTCCTTTGGCTATTCCTA-
ATGCTG-3' (sense). 5'-TTCTGCCCATTAAGATGATTCAT-
G-3' (antisense). These were used to amplify 272-bp
(PTBLP-L) and 238-bp (PTBLP-S) fragments of the rat
PTBLP cDNA species (amplification, 40 cycles).

GAPDH: 5'-TGAAGGTCGGTGTCAACGGATTTGGC-3'
(sense). 5'-CATGTAGGCCATGAGGTCCACCAC-3' (anti-

sense). These were used to amplify a 983-bp rat GAPDH
cDNA (35-1017 of GenBank: M17701, amplification, 37
cycles).

PCR products were electrophoresed in a 2% agarose gel.
The nucleotide sequences of the PCR products were deter-
mined by direct sequencing using a Taq Dye Terminator
Cycle Sequencing kit and an auto-sequencer ABI Prism™1

310 Genetic Analyzer (PE Biosystems, Foster City, CA,
USA).

Western Blot Analysis—Proteins were extracted from
PC 12 cells, and the solutions were mixed with equal vol-
umes of 2% SDS in sample buffer and electrophoresed in a
10% polyacrylamide gel. The proteins were transferred to
nitrocellulose membranes, and the membranes were block-
ed in 10% blocking reagent (Roche Molecular Biochemicals,
Mannheim, Germany), 0.05% sodium azide in 0.05% Tween
20, and Tris-buffered saline (TBST). They were then incu-
bated with the anti-PTBLP antibody at a dilution of 1:200
with 1% BSA in TBS at 4°C for 12 h. After washing in
TBST, the membranes were incubated with alkaline phos-
phatase-conjugated goat anti-rabbit IgG secondary anti-
body at a dilution of 1:5,000 for 1 h. The final reaction pro-
ducts were visualized with 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) and nitro blue tetrazolium (NBT).

Construction of Expression Vectors—The cDNA clones of
full-length mouse PTBLP (PTBLP-L) and the alternatively
spliced variant, PTBLP-S, were subcloned into the mam-
malian expression vector pEGFP. pEGFP was made by
removing the internal ribosome entry site of pIRES-EGFP
vector (Clontech Laboratories, Palo Alto, CA, USA). The
pEGFP vector carries a CMV promoter. PTBLP-L and -S
were expressed fused to the N-terminus of enhanced green
fluorescent protein (EGFP, excitation maximum, 489 nm;
emission maximum, 508 nm). For co-expression of PTBLP-
L and -S, PTBLP-L was subcloned into the mammalian
expression vector pDsRedl-Nl. The pDsRedl-Nl vector,
which carries a CMV promoter, was obtained from Clon-
tech. In this case, PTBLP-L was expressed fused to the N-
terminus of a red fluorescent protein (DsRedl, excitation
maximum, 558 nm; emission maximum, 583 nm).

Transfection—Transfection of cDNA was performed by
Lipofectamine2000™ (Gibco-BRL). Briefly, PC12 cells were
cultured to subconfluency in 0.5 ml of normal medium
without antibiotics on 24-well plates. Two micrograms of
DNA was combined with 3 JJLI of Lipofectoamine 2000™ in
100 |xl of Opti-MEM® medium (Gibco-BRL) without serum
or antibiotics and incubated at room temperature for 20
min. This mixture was added directly to each well, and
incubated for 2 days at 37°C under 5% CO2.

Neuronal Differentiation of Transfected PC12 Cells—
Transfected PC12 cells were cultured in DMEM, and re-
seeded after 2 days at 2 x 104 cells/cm2 in 6-well plates.
Twenty four hours later, NGF was added and the morpho-
logical changes in the transfected cells were monitored as
described above. Each treatment group comprised 6 inde-
pendent wells, and 6 fields were randomly chosen from
each well for microphotographs. The total number of cells
and the number of neuronal differentiated cells were
counted in survey reporter protein (EGFP/DsRedl) ex-
pressed cells from the microphotographs. The ratio of neu-
ronal differentiated cells was calculated. The results were
expressed as mean ± SE. Scheffe's post hoc test was used to
assess the differences after ANOVA. p values less than 0.05
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were considered to be statistically significant.
Expression' of Neurofilaments in Transfected PC12

Cells—Transfected PC 12 cells were cultured in DMEM,
and reseeded after 2 days at 1 x 104 cells/cm2 in 24-well
plates. Twenty-four hours later, NGF was added and the
cells were harvested 3 days after the addition of NGF. The
cells were fixed and subsequently permeabilized with an
Intrastain kit (Dako), which allows easier detection of in-
tracellular antigens by flow cytometry. The cells were then
incubated with mouse anti-neurofilament H antibody
(Chemicon International Inc., Temecula, CA, USA) at a
dilution of 1:200 with 1% horse serum-PBS. After the cells
were washed in 1% horse serum-PBS for 5 min, they were
incubated with secondary anti-mouse antibody-conjugated
rhodamine (Dako) diluted 1:30 in 1% horse serum-PBS.
After incubation for 15 minutes, they were washed once for
5 minutes in 1% horse serum-PBS and fixed again with 1%
paraformaldehyde. EGFP and rhodamine-positive cells
were detected using FACSCalibur (Becton Dickinson, Fran-
klin Lakes, NJ, USA) and the ratio of both rhodamine and
EGFP-positive cells to EGFP-positive cells were evaluated
with CELLQuest™ (Becton Dickinson). Three or four inde-
pendent cells were examined. Results are expressed as
means ± SE. Student's t-test was used to assess the signifi-
cance of the differences, p values less than 0.05 were con-
sidered to be statistically significant.

short cytoplasmic extensions (spikes). After 1 day of NGF
exposure, long and branching rieurites were~produced, arid
thus, the cells became increasingly more neuronal in ap-
pearance. By 2 days, about 70% to 80% of the cells had neu-
rites (data not shown). In NGF-treated PC 12 cells that
underwent neuronal differentiation, immunostaining for
PTBLP was also detected in the nucleus. In addition, dif-
fuse immunostaining was observed in the cytoplasm and in
the neuronal growth cone (Fig. IB).

Expression of PTBLP in PC 12 Cells during NGF-Induced
Differentiation—-The expression of PTBLP, PTBLP-L and -
S was analyzed semi-quantitatively by RT-PCR analysis
during the differentiation process of PC 12 cells. The mRNA
expression for total PTBLP was higher 2 days after the
addition of NGF (Fig. 2A). In the first 2 days, PC12 cells
underwent changes such as neurite extension, and up-regu-
lation of total PTBLP. To confirm the dynamic changes in
both PTBLP-L and -S during this period, RT-PCR was per-
formed using discriminative primers. In PCR by these
primers, three multiple bands were found. The upper band
forms a hetero duplex with PTBLP-L and -S (23). Over 2
days, the expression of PTBLP-L decreased in a time-
dependent fashion while the expression of PTBLP-S in-
creased (Fig. 2B).

Western blot analysis indicated the apparent molecular
mass of PTBLP-L to be 58 kDa and that of PTBLP-S to be

RESULTS

Localization of PTBLP in PC12 Cells—PTBLP immu-
noreactivity was detected in the nuclei of untreated PC 12
cells (Fig. 1). Several hours after the addition of NGF, the
cells became spindle-shaped and flattened, and formed

Fig. 1. Confocal microscopic analysis of PC12 cells immun-
ostained with anti-PTBLP antibody. A: Non-treated PC12 cells.
Immunostaining is observed in the nucleus. B: PC12 cells treated
with NGF for 3 days. Weak cytoplasmic staining is observed in addi-
tion to the nuclear staining. The arrow indicates positive staining in
the neuronal growth cone; Scale bar, 20 (Jim.
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Fig. 2. Expression of PTBLP in PC12 cells during neuronal
differentiation induced by NGF. A: RT-PCR of total PTBLP. B:
RT-PCR of PTBLP-L and -S. RT-PCR was performed using specific
primers for total PTBLP, PTBLP-L, -S and GAPDH genes. PCR pro-
ducts were electrophoresed in a 2% agarose gel. C: Western blot
analysis of PTBLP-L and -S using anti-PTBLP antibodies. Samples
were electrophoresed in a 10% polyacrylamide gel. Bands were visu-
alized with BCIP/NBT. "'
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42 kDa (Fig. 2C). Without NGF-treatment, the expression
of PTBLP-L at the protein level was much higher than that
of PTBLP-S. The expression of PTBLP-S mRNA and pro-
tein increased for 2 to 3 days after the addition of NGF.
PTBLP-L mRNA levels decreasd in a time-dependent man-
ner whereas a small reduction in protein level was found at
168 h. The time difference in the expression levels of the
mRNA and protein may be explained by the longer lifetime
of the protein.

Effect of NGF on PTBLP-Transfected PC12 Cells—The
efficiency of transfection of empty pEGFP vector was 31.3 ±
2.8%, that of pEGFP-PTBLP-L was 10.6 ± 1.3%, that of
pEGFP-PTBLP-S was 9.4 ± 1.2%, that of empty pDsRedl
vector was 12.0 ± 1.0%, that of pDsRedl-PTBLP-L was 7.3
± 0.7%, and that of pDsRedl-PTBLP-L and pEGFP-
PTBLP-S were 6.1 ± 0.5%, (means ± SE, n = 6). EGFP was
found diffusely in the cytoplasm of PC 12 cells transfected
with the empty pEGFP vector (Fig. 3A). The NGF-treated
PC 12 cells also showed diffuse cytoplasmic fluorescence
(Fig. 3B). On the other hand, the EGFP of PC 12 cells trans-
fected with the EGFP-fused PTBLP-L or -S was localized in
the nucleus (Fig. 3, C and E). These findings seem reason-
able because both PTBLP-L and -S have nuclear localiza-
tion signals (NLS). The transfection of PTBLP did not alter
the shape of PC12 cells (Fig. 3, C and E). With NGF-treat-
ment, EGFP-fused PTBLP-L and -S were still observed in
the nucleus (Fig. 3, D and F). In PC12 cells transfected
with empty pEGFP vector, approximately 70% of cells had
neurites 3 days after the addition of NGF. This percentage

is similar to that of cells without transfection. Similar re-
sults were found for PTBLP-S transfected cells, and the dif-
ferences from cells transfected with empty pEGFP vector
were not significant. However, in PTBLP-L transfected
cells, the ratio of neurite-positive cells was only 20% 3 days
after NGF treatment. PTBLP-L transfected cells showed a
lower percentage of differentiation compared to cells trans-
fected with the empty pEGFP vector and PTBLP-S

B

Days with NGF

• Empty pEGFP vector-transfected PC12 cells

M PTBLP-L-transfected PC12 cells

• PTBLP-S-transfected PC 12 cells

Fig. 4. Time course of neurite-positive cells transfected with
PTBLP-L and -S. Values represent means ± SE. Data were ob-
tained from 6 independent samples. Scheffe's host hoc test was used
to assess the differences at each time after two-way ANOVA. There
was no significant difference between PC12 cells transfected with
PTBLP-S and empty vector. On the other hand, cells transfected
with PTBLP-L showed a significantly lower percentage of neurite-
positive cells compared to the empty-vector-transfected (,*p < 0.0001)
and PTBLP-S-transfected Cp < 0.0001) cells.

Fig. 3. Effects of NGF on PC12 cells transfected with PTBLP-
L and -S. A and B: PC12 cells transfected with empty pEGFP vec-
tors. C and D: PC12 cells transfected with PTBLP-L. E and F: PC12
cells transfected with PTBLP-S. A, C, and E: Control, no NGF. B, D,
and F: Cells treated with NGF (50 ng/ml) for 3 days. Fluorescent sig-
nals were observed in the nucleus with or without NGF-treatment.
Scale bar, 20 |im.

NGF

Vector PTBLP-L PTBLP-S

Fig. 5. The ratio of neurofilament-expressing cells in PTBLP-
L and -S transfected cells 3 days after NGF-treatment as de-
termined by flow cytometry. The values represent means ± SE.
Data were obtained from 3 or 4 independent samples and compared
by Student's i-test. In cells transfected with empty vector or PTBLP-
S, the ratio of neurofilament-positive cells increased upon the addi-
tion of NGF (*p < 0.05; fp < 0.05). On the other hand, no up-regula-
tion of neurofilaments by NGF addition was found in the PTBLP-L
transfected cells.
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throughout the follow-up period of 7 days, and the differ-
ences were statistically significant (Fig. 4,p < 0.0001).

Expression of Neurofilaments on PTBLP-Transfected
PC 12 Cells—The evaluation of the expression of neurofila-
ments had two purposes: first, to confirm that the morpho-
logical changes in transfected PC 12 cells caused by NGF
were neuronal differentiation; and, second, to obtain data
demonstrating that the NGF-induced neuronal differentia-
tion is suppressed in PTBLP-L transfected PC 12 cells (Fig.
4). Neurofilaments are known to be neuronal markers that
are up-regulated during NGF-induced neuronal differentia-
tion in PC 12 cells (34, 35). In cells transfected with both
empty pEGFP vector and PTBLP-S, the ratio of neurofila-
ment-positive cells to EGFP-positive cells increased signifi-
cantly upon the addition of NGF (Fig. 5). On the other
hand, an increase in neuronlament-positive cells following
NGF addition was not found for PTBLP-L transfected cells.
These results agree with the results of the morphological
study.

The question of whether PTBLP-L and -S induce cell
death was also examined. Cells transfected with empty
pEGFP vector, PTBLP-L or -S were stained with propidium

iodide (PI, Wako Pure Chemicals, Osaka) 3 days after the
addition of NGF, and the percentages of Pi-positive cells to
EGFP-positive cells were evaluated by flow'cytometryrThe
percentage of Pi-positive cells in the PTBLP-L transfected
group and -S transfected group was approximately 10% of
the EGFP-positive cells, and this was not significantly dif-
ferent from cells transfected with the empty pEGFP vector
in spite of NGF-treatment (data not shown). These observa-
tions suggest that the transfection of PTBLP-L and -S does
not induce apoptosis.

-£ 80 -

= 40 -

El Empty pDsRedl vector-transfected PC12 cells

@ Empty pEGFP vector-transfected PC 12 cells

• PTBLP-L-transfectedPC12 cells (pDsRedl)

• PTBLP-L and -S co-transfected PC12 cells

• PTBLP-S-transfected PC 12 cells (pEGFP)

Fig. 7. The ratio of neurite-positive cells 3 days after NGF-
treatment. The values represent means ± SE. Data were obtained
from 6 independent samples. Scheffe's host hoc test was used to as-
sess the differences after one-way ANOVA. Cells transfected with
PTBLP-L showed a significantly lower percentage of neurite-positive
cells compared to PTBLP-S-transfected cells Cp < 0.0001). The ratio
of neurite-positive cells co-transfected with PTBLP-L and -S showed
a significantly higher percentage of neurite-positive cells compared
with PTBLP-L-transfected cells (*p < 0.0001) and a smaller percent-
age compared with PTBLP-S-transfected cells (no significant differ-
ence).

Fig. 6. Effects of NGF on
PC 12 cells co-transfected
with PTBLP-L and -S. A and
B: PC12 cells transfected with
pDsRedl-PTBLP-L. C and D:
PC 12 cells transfected with
pEGFP-PTBLP-S. E, F, and G:
PC12 cells co-transfected with
pDsRedl-PTBLP-L and pEGFP-
PTBLP-S. A, C, and E: No treat-
ment. B, D, and F: Cells were
treated with NGF (50 ng/ml) for
3 days. H, I, and J: Higher mag-
nification of cells co-transfected
pDsRedl-PTBLP-L and pEGFP-
PTBLP-S. I: Localization of
DsRedl-fused PTBLP-L. Arrows
indicate the distribution of PT-
BLP-L in the neuronal growth
cone. J: Localization of EGFP-
fused PTBLP-S. Scale bar, 20
|xm.
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Co-Transfection of PTBLP-L and -S and Cellular Differ-
entiation—In the co-transfection experiment, the red color
of DsRedl was used to identify PTBLP-L and the green
color of EGFP was used to show PTBLP-S. Empty pDsRedl
vector did not alter the shape of PC12 cells (data not
shown). PC12 cells transfected with DsRedl-fused PTBLP-
L showed signal localization in the nucleus and the pattern
did not change after NGF-treatment (Fig. 6, A and B). The
percentage of neurite-positive cells was approximately 18%
3 days after NGF-treatment (Fig. 7). These findings were
not different from those of EGFP-fused PTBLP-L (Fig. 3, C
and D, and Fig. 4).

In the co-transfection experiments, PTBLP-L and -S
were co-localized in the nucleus as shown by the orange
color (Fig. 6E). Following NGF-treatment, co-transfected
cells showed an intermediate response between PTBLP-L
transfected cells and -S transfected cells. The percentage of
neurite-positive cells 3 days after the addition of NGF was
approximately 18% in PTBLP-L transfected cells, 43% in
PTBLP-L and -S co-transfected cells, and 71% in PTBLP-S
transfected cells (Fig. 7).

An interesting phenomenon was observed in this experi-
ment. In pDsRedl-PTBLP-L and pEGFP-PTBLP-S trans-
fected cells, fluorescent signals were detected in the nucleus
with or without NGF-treatment (Fig. 6, A, B, C, and D). In
PTBLP-L and -S co-transfected cells, however, the localiza-
tion pattern of fluorescence was different between neurite-
negative cells and neurite-positive cells. In the neurite-neg-
ative cells, both PTBLP-L and -S co-localized in the nucleus
(Fig. 6F). On the other hand, the red fluorescent signals of
PTBLP-L were located in the cytoplasm in neurite-positive,
differentiated cells (Fig. 6, G and H) and in the neuronal
growth cone (Fig. 61, arrows). The green fluorescent signals
of PTBLP-S remained in the nucleus (Fig. 6, H and J).

DISCUSSION

Localization and Dynamics of PTBLP—Two important
findings were made in the experiments on the immunohis-
tochemical localization of PTBLP. First, both PTBLP-L and
-S were found to be nuclear proteins, which agrees with our
previous immunohistochemical study on rat retina (22).
Second, weak PTBLP-like immunoreactivities were ob-
served in the cytoplasm and growth cone in differentiated
PC 12 cells. This suggests that PTBLP may play a role not
only in the nucleus but also in the cytoplasm and growth
cone during neuronal differentiation. Unfortunately, be-
cause PTBLP-L and -S show high molecular homology, no
discriminative antibody could be found. Therefore, we were
not able to differentiate the possible roles of PTBLP-L and
-S from their subcellular localization. However, the expres-
sion of PTBLP-L was down-regulated and that of PTBLP-S
was up-regulated during the neuronal differentiation pro-
cess in PC12 cells. These results suggest that PTBLP-L and
-S play reciprocal roles in the process.

Function of PTBLP-L and PTBLP-S—Transfection ex-
periments were performed to study the roles played by the
two proteins. We were not able to clone transfected cells,
and comparative studies were done by counting the popula-
tion of differentiated cells. Interestingly, we found that
PTBLP-L transfected cells had a much lower percentage of
neurite-positive cells, whereas, there was no difference in
the percentage of neurite-positive cells between PTBLP-S

transfected and empty vector-transfected PC 12 cells follow-
ing NGF-treatment. These results led us to conclude that
PTBLP-L inhibits the NGF-induced neuronal differentia-
tion of PC 12 cells. The results of RT-PCR and western blot
analysis support this conclusion. The results of the co-
transfection experiments and the expression of neurofila-
ments were also supportive. PTBLP-S lacks the third and
fourth RRM of PTBLP-L and the ability of PTBLP-S to
bind mRNA is much weaker than that of PTBLP-L (23).
Thus, the third and fourth RRM of PTBLP-L may play a
role in neuronal differentiation.

Another important finding is that PTBLP-L was translo-
cated from the nucleus into the cytoplasm and the growth
cone in neurite-positive differentiated cells in the co-trans-
fection experiments. The immunohistochemical data shown
in Fig. 1 agree well with these observations. Because these
phenomena were found only in neurite-positive cells, an
association between cytoplasmic localization and neurite
extension is suggested. It may well be that PTBLP-S is a
competitor of PTBLP-L during the neuronal differentiation
of PC 12 cells, and the subcellular localization of the two
proteins may determine cellular differentiation. The mam-
malian ELAV-like protein, HuD, has the ability to induce
neurite outgrowth when over-expressed in PC12 cells. For
this ability, cytoplasmic localization is required (36). The
relationship between localization and function may be a
common feature possessed by neuronal RNA-binding pro-
teins.

Generally, nuclear proteins are transported into or out of
the nucleus via a specific sequence (37-39). It is known that
the nuclear localization signals (NLS) bind to the nuclear
pore complex and translocate to the nucleoplasm through
the Ran-GTPase cycle. In a similar way, nuclear export is
specified by nuclear export signals (NESs) that reside in
the ribonucleoprotein complexes and are characterized by a
short stretch of hydrophobic, primarily leucine, amino acids
(39-41). Nucleo-cytoplasmic shuttling of HuD is mediated
by a novel NES sequence in the linker region for neurite-
inducing activity (36). HuA (HuR) is a shuttle protein act-
ing between the nucleus and cytoplasm. HuA may initially
bind to AU-rich element-containing mRNAs in the nucleus,
accompany them to the cytoplasm, and then return quickly
to the nucleus after release from the mRNA (7). Although
both HuA and PTBLP-L are translocated to the cytoplasm,
they do not have an NES-like sequence. This means that
there is an unknown shuttling system between the nucleus
and the cytoplasm that does not depend on the NESs.

PTBLP-L May Bind to GAP-43 mRNA—Recently, a
growth-associated protein (GAP-43) mRNA binding protein
was identified in neonatal bovine brain cells (42). GAP-43 is
a membrane-bound phosphoprotein found in neuronal cells
and is characterized as an inducible marker protein for
neural differentiation (43). In undifferentiated PC12 cells,
GAP-43 mRNA degrades rapidly but becomes stable when
cells are treated with NGF (44-46). The expression of GAP-
43 is controlled partly by selective changes in the stability
of its mRNA (46, 47). The stability of the GAP-43 mRNA
has been shown to be controlled within its 3'-untranslated
region (3TJTR) (48-50). The 3TJTR of mRNAs have been
demonstrated to have biological functions, including the
regulation of mRNA stability (51-53), mRNA translational
efficiency (54, 55), and mRNA localization (56-58). The
GAP-43 mRNA binding protein was identified as a trans-
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factor bound to an element of GAP-43 mENA and purified
by biochemical methods. It was shown that the protein
binds to a 26-base pyrimidine-rich sequence in the 3TJTK
of the GAP-43 mRNA. It is noteworthy that two partial
amino acid sequences derived from the tryptic peptides of
this protein completely match the amino acid sequence of
PTBLP at amino acid positions 123-134 and 297-326.
Even though the full-length amino acid sequence of the
GAP-43 mRNA binding protein has not been reported, the
protein seems to be identical to a bovine analogue of
PTBLP. Additionally, because this protein was obtained by
means of its mRNA binding ability, and its molecular size
was 60 kDa (42), it is most likely that this protein is
PTBLP-L. There are similar reports concerning Hu pro-
teins. HuD protein binds to GAP-43 mRNA (55) and p21
mRNA (59) to stabilize these mRNA. There is a possibility
that PTBLP-L binds to a 26-base pyrimidine-rich sequence
in the 3TJTR of the GAP-43 mRNA and stabilizes the GAP-
43 mRNA.

The present study reveals the roles of PTBLPs in the
neuronal differentiation of PC 12 cells. PTBLP-L acts as a
negative regulator in neuronal differentiation and PTBLP-
S acts as a competitor against PTBLP-L. The intracellular
localizations of PTBLPs may be important in their func-
tion.

We wish to thank Dr. Tohru Kamata (Shinshu University, Matsu-
moto) for his helpful suggestions.
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