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AP-1-Mediated Expression of Brain-Specific Class IVa p-Tubulin in P19 Embryonal
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aBsTRACT. Expression of brain-specific phenotypes increased in all frans retinoic acid (ATRA)-induced neural differentiation of mouse
P19 embryonal carcinoma cells. Among these phenotypes, expression of class [Va B-tubulin isotype (TUBB4a) was particularly enhanced
in neural differentiation. Transient transfection assays employing a reporter construct found that ATRA-mediated regulatory region of the
TUBB4a gene lay in the region from —83 nt to +137 nt relative to the +1 transcription start site. Site-directed mutagenesis in the AP-1
binding site at —29/—17 suggested that the AP-1 binding site was a critical region for ATRA-mediated TUBB4a expression. Chromatin
immunoprecipitation experiments suggested participation of JunD and activating transcription factor-2 (ATF2) in TUBB4a expression.
Additionally, exogenous induction of the dominant-negative (dn) type of JunD canceled ATRA-induced upregulation of TUBB4a, and the
dn type of ATF2 suppressed even the basal activity. Further immunoblot study revealed an ATRA-mediated increase in JunD protein, while
a significant amount of ATF2 protein was constantly produced. These results suggest that differentiation-mediated activation of JunD results

in enhanced TUBB4a expression.
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Microtubules are composed of a heterodimer of a- and
B-subunits and are dynamic structures that are constantly
growing and shortening. Among these subunits, B-tubulins
are classified into classes I, II, III, IVa, IVb, V and VI and
highly conserved across vertebrate species with an isotype-
specific variable region at the carboxyl terminus [3, 4, 21,
35]. Differential expression of B-tubulin isotypes has been
observed during cellular differentiation in relation to organo-
genesis [15, 16, 35] or tumorigenesis [8, 21] and with the
emergence of sublines that are resistant to anti-microtubule
agents [5, 13, 18, 26, 30]. Some isotypes of B-tubulin mani-
fest a characteristic cell-type distribution. In normal tissues
of the nervous system, the class II isotype (TUBB?2) is the
major one [3, 4, 21], while class III (TUBB3) is known to be
the neuron-specific isotype and is often used as a marker for
neuronal differentiation [13]. In contrast, class [Va B-tubulin
(TUBB4a) has been reported to be restricted to central nerve
tissue [3, 21].

The mouse embryonal carcinoma cell line, P19, is derived
from an embryo-derived teratocarcinoma and can differenti-
ate into all three germ layers cell types [23]. P19 cells can
differentiate into extraembryonic endoderm-like cells with-
out the use of inducing factors [19] and into muscle-like cells
in the presence of 1% DMSO [10, 14]. It is known that a low
concentration (10 nM) of all #rans retinoic acid (ATRA) can
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induce aggregated P19 cells to differentiate into primitive
endoderm-like cells [22], whereas, at higher concentrations
(0.5-1 uM), they differentiate into neurons and glial cells
[1, 27, 29, 33]. Following ATRA-stimulated neural differ-
entiation, it was found that P19 cells induced expression of
TUBB3 [9, 11, 13] and neurofilament-M (NF-M) [32, 33].

It has been described that the effects of ATRA are medi-
ated by ligand-dependent activation of RA receptors (RAR)
that act directly as transcription factors modulating gene ex-
pression by interacting with RA response elements (RARE)
in the regulatory region [34]. On the other hand, ATRA
induced stimulation of ERK1/2 followed by rapid and sus-
tained phosphorylation of the cyclic AMP response element
binding protein (CREB) on neurite extension in rat neuronal
cells [7]. Additionally, ATRA induced caspase-3-dependent
apoptosis in Sertoli cells by activation of the MEK-ERK
cascade [36]. These studies pointed out the RAR/RXR-
independent mechanism in ATRA-mediated differentiation
and apoptosis.

During examination of mechanism of ATRA-mediated
upregulation of TUBB4a, we found that an AP-1 binding
site in the promoter region was the critical element for
mTUBB4a gene expression in neuronal differentiation in
P19 cells. Consequently, we suggested that activation AP-1
upregulated the level of TUBB4a.

MATERIALS AND METHODS

Cell culture and neuronal differentiation: The P19
embryonal carcinoma cell line was purchased from the
American Type Culture Collection (ATCC, Manassas, VA,
U.S.A.), and the cells were cultured in a-MEM (Invitrogen
Corp., Carlsbad, CA, U.S.A.) supplemented with 10% fetal
calf serum (FBS, Sigma-Aldrich Chemical Co., St. Louis,
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Table 1. Primer sets for quantitative RT-PCR

Gene Upper Lower Annealing temp Size
NF-L 5-GAAGAAGAAGGTGGTGAG-3' 5'-GAATAGTTGGGAATAGGG-3' 49.2°C 127 bp
NF-M 5'-TAATGGCTTAGATGTGAG-3' 5-TGATGTATTTGGTAGCAC-3' 48.3°C 128 bp
MAP2 5-GGAAGATGTAGGAGTGTC-3' 5'-ACTGTCTCTGTTTGATGC-3' 47.0°C 137 bp
TUBB2 5-AACCTTTGTGTCCTAACG-3’ 5'-CTTCTCATTGTTGGATTG-3' 47.0°C 208 bp
TUBB3 5-GAGGAGGAGGGGGAGATG-3' 5'-GGCTAAAATGGGGAGGAC-3' 56.3°C 271 bp
TUBB4a  5-CTCTCACCTTGCCTTACC-3' 5'-ATTTATTGATGGAGGGTC-3' 53.1°C 229 bp
GAPDH 5'-CTCCCACTCTTCCACCTTCG-3' 5'-CCACCACCCTGTTGCTGTAG-3' 53.4°C 110 bp
Table 2.  Primer sets for amplification of regulatory regions in the mTUBB4a gene
Construct Sequence Site Annealing Size Cloning site
name temp
mTUBB4alL Upper 5-GGCACGCGTGCAAGGAACACAGCAAGTAGCAC-3' -1145/-1123  63.1°C 1649 bp Miul
Lower 5-GGCAAGCTTTGTTAGTCGGGAAGGGCTGAGAG-3' +484 / +504 Hindlll
mTUBB4aM  Upper 5'-GGCACGGCTCAGAGTGGAAAGAAAGAATGGTG-3' —360/-338 63.5°C 894 bp Mlul
Lower 5-GGCAAGCTTGTGCTAAGATGTCAGAGTGGGTC-3' +511/+534 Hindlll
mTUBB4aS Upper 5-GGCACGGCTCTCCGCAGCCATCTCGTC-3' —83/-66 63.6°C 220 bp Miul
Lower 5-GGCAAGCTTTTCCTGGGTGAGCCTTGG-3' +120/+137 Hindlll

The underline area in each sequence indicates an artificially-introduced cutting site of the restriction enzyme for subcloning into the pGL3 plasmid

vector.

MO, U.S.A.) supplemented with a penicillin-streptomycin-
neomycin mixture (Invitrogen) in an atmosphere of humidi-
fied air and 5% CO, at 37°C. Subconfluent P19 cells that had
been propagated in a monolayer were used as the control
(C). For neural differentiation, P19 cells were seeded in a
bacterial grade petri dish with medium containing 0.5 yM
ATRA and cultured for 4 days, and then cell aggregates were
washed with PBS, trypsinized, plated onto a gelatin-coated
culture dish and cultured in the absence of ATRA to pro-
mote neurodifferentiation (D; differentiated cells). Total cell
RNA was extracted with TRIZOL (Invitrogen) according to
the manufacturer’s instructions. Complementary DNA was
prepared by reverse transcription with Transcriptor Reverse
Transcriptase (Roche Diagnostics, Mannheim, Germany)
and used for quantitative RT-PCR (qRT-PCR) using SYBR
Premix Ex Taq II (Takara Bio Inc., Otsu, Japan). Primer sets
for qRT-PCR are listed in Table 1. The levels of each mRNA
were normalized against the GAPDH mRNA level. Three
independent experiments from each cell culture sample were
performed.

Construction of a reporter plasmid and site-directed
mutagenesis: The promoter region of the mouse TUBB4a
gene (mTUBB4a) was amplified by PCR using LATaq DNA
Polymerase (Takara). Mouse genomic DNA was prepared
from the C57BL/6 mouse liver and used as the template for
PCR. The three primer sets listed in Table 2 were designed
using the sequence derived from GenBank accession No.
AKO013717. These amplification products (1649 bp, 894
bp and 220 bp fragments, respectively) were digested with
Mlul and HindlI and subcloned into the pGL3 basic vector
(Promega, Madison, WI, U.S.A.); the modified vectors were
designated as pmTUBB4aL-luc (—1145/+504), pmTUB-
B4aM-luc (-360/+534) and pmTUBB4aS-luc (—83/+137),

respectively (see Fig. 2A). A QuikChange XL Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, U.S.A.) was used
to introduce a point mutation into the potential AP-1 bind-
ing site at —29/—17 in pmTUBB4aS-luc (see Fig. 3A) and
designated AP-1m. Briefly, the AP-1 sequence was changed
from CATCAGACGCCAC to CATCAGACGCttt; the mu-
tated site is indicated with lowercase letters. The mutation
constructs were verified by DNA sequencing. Plasmids
were purified using an EndoFree Plasmid Maxi kit (Qiagen,
Inc., Valencia, CA, U.S.A.) according to the manufacturer’s
instructions and used for the transfection experiments de-
scribed below.

Electrophoresis mobility shift assay (EMSA): A comple-
mentary single-strand oligonucleotide containing the puta-
tive AP-1 site (5'- CCGGTCGACACCCGTCCATCAGAC-
GCCACCA-3', —46/—14) was annealed and 3’ end-labeled
with DIG-11-ddUTP (Roche Diagnostics) using terminal
transferase (Roche Diagnostics). The mutated probe (5'-
CCGGTCGACACCCGTCCATCAGACGCtttCA-3";  the
mutated site is indicated with lowercase letters) was des-
ignated as AP-1m. Nuclear proteins were extracted with a
CelLytic Nuclear Extraction Kit (Sigma-Aldrich) accord-
ing to the manufacturer’s instruction. An equal amount of
nuclear protein was mixed with Gel Shift Binding Buffer
(Promega) and DIG-endo-labeled duplex oligonucleotide
and then incubated for 15 min at room temperature. For the
competition assay, an excess amount of unlabeled probe
corresponding to the AP-1 consensus sequence (5'- CGCTT-
GATGACTCAGCCGGAA-3', Santa Cruz Biotechnology
Inc., Santa Cruz, CA, U.S.A.) or the mutation-introduced
probe (AP-1m) was incubated with nuclear extracts prior to
being mixed with the labeled probe. DNA-protein complexes
were separated on 5% non-denaturing polyacrylamide gels
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Fig. 1. Quantitative RT-PCR (qRT-PCR) analysis of the mRNA

level corresponding to NF-L, NF-M. MAP2, TUBB2, TUBB3
and TUBB4a. P19 cells in the growth phase were treated with
0.5 uM ATRA for 4 days to form neurospheres, and then the
neurospheres were dispersed and cultured on gelatin-coated
dishes for 2 days to induce neural differentiation (D). Total
RNA was extracted and analyzed by qRT-PCR. The values
shown are means + SD of three independent experiments.
Asterisks indicate a significant difference (P<0.05) from
undifferentiated control cells (C).

supplemented with 3.33% Rhinohide Polyacrylamide Gel
Strengthener (Molecular Probes Inc., Eugene, OR, U.S.A.)
in 0.25 x Tris borate/EDTA at 4°C and 50 V. Gels were
transferred onto a positively charged nylon membrane. After
the separated fragments were fixed by UV cross-linking,
the positive signals were visualized using the CSPD (Roche
Diagnostics)-mediated chemiluminescence method. Positive
signals were obtained by exposure to X-ray film (Hyperfilm
ECL, GE Healthcare, Buckinghamshire, U.K.).

Cell transfection and luciferase assay: Transient trans-
fection of P19 cells was performed using the FuGENE
HD transfection reagent (Roche Diagnostics). P19 cell
aggregates, which had been treated with ATRA for 4 days,
were trypsinized, and 5 x 10* cells were seeded onto gelatin-
coated 12-well culture plates (3.8 cm?/well). The same
number of control P19 cells was seeded onto similar plates.
Following overnight culture, the medium was replaced with
5% FBS/0-MEM, and then control and ATRA-treated P19
cells in each well were transfected with a mixture containing
6 ul of FuGENE HD and 1 ug of a construct in 100 u/ of
Opti-MEM 1 (Invitrogen). To assess transfection efficiency,
2.5 ng of pRL-tk vector (Promega), which encodes a Renilla
luciferase gene downstream from a thymidine kinase (zk)
enhancer and immediate-early promoter, was systemically
added to the transfection mixture. In the case of forced ex-
pression experiments, 1 ug of dominant-negative-type c-Jun
[2], JunD [24], c-Fos [28], CREBI [28] or ATF2 [6] was
added to the transfection mixture. The total amount of DNA
for each transfection was kept constant using the empty vec-
tor pcDNA3.1 (Invitrogen). Five hours after transfection, cell
layers were replaced with 10% FBS/a-MEM and cultured
for additional 24 hr. At the end of culture, cell layers were
harvested with 100 u/ of Passive Lysis Buffer (Promega),
and the luciferase activity was assayed with a dual-luciferase

1611

A
-1145 -360 -83 +137 +504 +534

L L1 | |

mTUBBAaL —/f |
mTUBBdaM B
mrusBdas —f}—
B
4 7 *

L]

= 37

€

T

o«

~ 2 A

)

=

g

[ *

0 :
cC D cCD cCD cD
pGL3-basic mTUBB4al mTUBB4aM mTUBB4aS
Fig. 2. Schematic representation of the promoter region of the

mTUBB4a gene. Three different lengths of PCR products were am-
plified and subcloned into pGL3-basic vector. The closed box indi-
cates the first exon. P19 cells were pretreated to form neurospheres
as described above, and then the neurospheres were dispersed and
cultured on gelatin-coated dishes. After overnight culture, control
(C) and ATRA-treated P19 cells (D) were transfected with pGL3-
basic vector subcloned with mTUBB4aL (—1145/+504), mTUB-
B4aM (—360/+534) and mTUBB4aS (—83/+137), respectively, and
then cultured overnight. At the end of cultivation, the luciferase
activity in the supernatant of cell lysate was analyzed. The values
shown are means + SD of three independent experiments. Asterisks
indicate a significant difference (P<0.05) from undifferentiated
control cells (C).

reporter assay system (Promega) using a microtiter plate
luminometer (Luminescencer JNR, ATTO, Tokyo, Japan).
The activities of firefly luciferase were normalized against
Renilla luciferase activity.

Chromatin immunoprecipitation (ChIP): A ChIP assay
was performed using a commercial kit (Upstate Biotechnol-
ogy, Charlottesville, VA, U.S.A.) according to the manufac-
turer’s instructions. Briefly, control and ATRA-treated cells
were immediately fixed with 1% paraformaldehyde for 10
min at 37°C and sonicated. One percent of sheared DNA was
saved as input DNA, and the other was immunoprecipitated
with antibodies to c-Jun, JunD, c-Fos, CREB1, ATF-2 (all
from Santa Cruz) or histone H3 (Cell Signaling Technology,
Danvers, MA, U.S.A.). Precipitated DNA-protein com-
plexes were digested with proteinase K and purified with a
spin column. The resulting DNA fragments along with input
DNA were used for quantitative PCR (qPCR) using an upper
primer (at —80/-63; 5'-CGCAGCCATCTCGTCCAG-3") and
a lower primer (at +113/+130; 5'-GTGAGCCTTGGGAGA-
GCC-3"), which amplified a 210 bp fragment. The data are
represented as the percentage vs. input DNA.

Immunoblot analysis: To compare the levels of JunD
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A. Presumptive transcription factor binding sites of the promoter region and first intron of mTUBB4aM and TUBB4aS. A. The

sequence contained within nucleotides =360 and + 534 nt of the mTUBB4aM gene was analyzed using a web-based search engine. Two
putative AP-1 sites (closed box) and five Sp1 sites (closed oval) are indicated, and the first exon of the gene is boxed; an asterisk indicates
a transcription start site. Two arrows indicate primer sites of the amplified region for the ChIP assay. The mutant in the AP-1binding site
(—29/—17) within the promoter region of mTUBB4aS is indicated as AP-1m. The sequence of the AP-1 site is CATCAGACGCCAC,
while that of AP-1m is CATCAGACGCttt; lowercase letters indicates the mutation site. B. EMSA was performed using DIG-labeled
wild and AP-1-mutated probes. Nuclear protein extracted from undifferentiated P19 cells and cells undergoing neural differentiation:
lanes 1 and 5, nuclear protein from control cells; lanes 2—4 and 6, nuclear protein from neurodifferentiated P19 cells. Competition experi-
ments were performed with a 250-fold excess of an unlabeled consensus AP-1 probe (lane 3) and the mutated probe (lane 4). EMSA with
a DIG-labeled mutated probe is shown in lanes 5 and 6. C. Control (C) and ATRA-treated P19 cells (D) were transfected with 1 ug of the
pmTUBB4aS-luc or its mutants and 100 ng of pRL-tk for 5 hr. The medium was replaced, incubation was performed overnight, the cell
layers were harvested, and then the luciferase activity was measured and normalized to Renilla luciferase activity. The values are means
+ SD and are representative of three independent experiments. D. Control (C) and ATRA-treated P19 cells (D) were used for ChIP-qPCR.
The antibodies to c-Jun, JunD, c-Fos, CREB1 and ATF2 used for immunoprecipitation are indicated. Anti-histone H3 antibody (H3) was
used for the positive control. Data are shown as means + SD of three independent experiments.

and ATF2 proteins in control and neurodifferentiated cells,
immunoblot analysis of nuclear lysates was performed.
Protein bands separated by SDS-PAGE were transferred
onto a PVDF membrane and incubated with the appropri-
ate antibody. After washing, the membrane was incubated
with an HRP-labeled second antibody, and then the positive
signals were detected on X-ray film with ECL Advance (GE
Healthcare).

Statistical analysis: Statistical differences between the
values of the respective experimental groups and controls

were determined by Mann-Whitney’s U test, and a value of
P<0.05 was considered significant.

RESULTS

Enhanced TUBB4 expression in neural differentiation of
P19 cells: All neural phenotypes examined in this study in-
creased in ATRA-treated cells. Among these, NF-L, NF-M,
microtubule associated protein-2 (MAP2) and class II and
class III B-tubulin were upregulated 2- to 5-fold compared
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with the control. On the other hand, expression of TUBB4a
was extremely increased in differentiating cells, and the
mRNA level was 100-fold greater than that in control cells
(Fig. 1).

Characterization of the differentiation responsive region
in the mTUBB4a gene: To investigate the regulation of
mTUBB4a gene transcription during neural differentiation
of P19 cells, three different lengths of PCR fragments were
amplified and subcloned into pGL3 basic vector, and then
a luciferase assay was performed. As a result, all luciferase
constructs showed increased activities in neurodifferenti-
ated P19 cells, and the shortest construct, pmTUBB4aS-luc,
had the highest activity among the three constructs (Fig. 2).
These results suggested that suppressor cis-elements lay in
the upstream or downstream region of mTUBB4asS. Puta-
tive transcription factor binding sites were identified using
the web-based search engine TRANSFAC (http://www.
biobase-international.com/product/transcription-factor-
binding-sites) to examine the PCR product; this analysis
found two potential AP-1 sites (at —150/—139 and —29/—17)
and one Spl site (at —167/—154) in the promoter region,
and four Spl sites (at +154/+163, +200/+212, +291/303
and +358/4+368) were identified in the first intron of mTUB-
B4aM, while mTUBB4aS contained only one AP-1 site (at
—29/-17, Fig. 3A). Mutations were introduced into the AP-1
site found in mTUBB4aS (AP-1m), with the mutated sites
being confirmed by competitive EMSA. The DNA-protein
complex was very weak in the control cells and elevated in
ATRA-induced P19 cells. Competition with the consensus
AP-1 probe completely neutralized the positive signal,
while the mutated probe lost the competition activity (Fig.
3B). Mutation of an AP-1 site prevented ATRA-mediated
upregulation of the luciferase activity of mTUBB4aS (Fig.
3C), suggesting the participation of AP-1 family transcrip-
tion factors in the expression of mTUBB4a. To identify AP-1
family member participating ATRA-mediated stimulation
of mTUBB4a expression, ChIP followed by qPCR (ChIP-
qPCR) was performed. ChIP-qPCR revealed that ATRA
treatment promoted a 5-fold increase in JunD and that bind-
ing of ATF2 also increase slightly, whereas c-Jun, c-Fos and
CREBI1 were unaffected (Fig. 3D). Histone H3 was used as
a positive control for the ChIP assay. The results indicated
binding of JunD and ATF2 in the AP-1 site.

Effect of forced expression of transcription factors in
the AP-1 family on the luciferase activity of TUBB4 gene:
The ChIP assay indicated that JunD and ATF2 bound to the
regulatory region of the mTUBB4a gene. To further confirm
this, forced expression of AP-1 family genes in P19 cells
was performed. As a result, co-transfection of dominant-
negative JunD or ATF2 abrogated the effect of ATRA on the
transcriptional activity of mTUBB4aS (Fig. 4A), whereas the
dominant-negative form of c-Jun, c-Fos and CREB1 did not
affect ATRA-mediated upregulation of the promoter activ-
ity. Additionally, dominant-negative ATF2 suppressed the
basal luciferase activity of mTUBB4aS. Further, immunoblot
analysis confirmed an elevated amount of JunD protein in
the nuclear extract from ATRA-treated neurodifferentiated
cells (Fig. 4B); a considerable amount of ATF2 protein was
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Fig. 4. A. Effect of the dominant-negative forms of c-Jun, JunD

c-Fos, CREBI or ATF2 on the stimulation of promoter activity
for mTUBB4aS mediated by neuronal differentiation. Control (C)
and ATRA-treated (D) P19 cells transfected with pmTUBB4aS-
luc, pRL-tk and one of the expression vectors or the empty vector
pcDNA3. Luciferase activity was measured and normalized against
the Renilla luciferase activity. The values shown are mean + SD of
three representative and independent experiments. Asterisks indi-
cate a significant difference (P<0.05) from undifferentiated cells.
B. Western blot of cellular protein extracts from control (C) and
differentiated (D) P19 cells using an antibody to JunD or ATF2.
mw: molecular weight.

synthesized in the ATRA-untreated cells, but it was not af-
fected by ATRA treatment.

DISCUSSION

Expression of TUBB4a was previously shown to be highly
restricted to central nerve tissue [3, 21], but the mechanism
responsible for this transcriptional regulation remained un-
clear. In this study, we showed that TUBB4a was extremely
increased in neurodifferentiated P19 cells compared with
other well-known neuronal phenotypes including neurofila-
ments and TUBB3, and we identified a regulatory element
of the mTUBB4a gene that was related to ATRA-mediated
neural differentiation. To identify the regulatory region of
mTUBB4a, we examined the region from —1145 nt to +534
nt in the mTUBB4a gene and suggested that the —83 upstream
or +137 downstream region might contain a suppressor of
the gene expression. Comparing three luciferase constructs,
it was revealed that response elements for expression of
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the gene during neural differentiation were present in the
—83/+120 region and that there was an AP-1 binding site at
—29/=17 in this region. Mutation of the AP-1 site (AP-1m)
inhibited differentiation-mediated upregulation of the lucif-
erase activity of mTUBB4asS, and further ChIP experiments
showed binding of JunD and ATF2 to the region around
the AP-1 binding site. These observations were confirmed
by the results of exogenous overexpression of dominant-
negative vectors, and differentiation-mediated upregulation
of the luciferase activity was canceled by co-transfection
of dominant-negative JunD or ATF2. Further, immunoblot
analysis demonstrated an elevated level of JunD in differen-
tiated P19 cells, suggesting that JunD could be a component
of the AP-1 complex, while a high level of ATF2 proteins
was observed even in undifferentiated P19 cells.

It was reported that ATF-2 plays a critical role in differ-
entiation in P19 cells and overexpression of the dominant-
negative form of ATF-2 reduced the promoter activities of
several specific genes and inhibited differentiation of P19
[25]. Additionally, ATF-2 has been shown to be ubiquitously
expressed in various human embryonic tissues and cell lines,
with the highest expression level being observed in the brain
[31]. Our present study showed the binding of ATF2 in the
regulatory region of the mTUBB4a gene and showed that
dominant-negative ATF2 suppressed the basal level in ad-
dition to the ATRA-mediated increase in expression. These
results suggested that ATF2 played a significant role in regu-
lation of the expression of the mTUBB4a gene in P19 cells.
On the other hand, ATRA activates c-Jun amino-terminal
kinase (JNK) through MAPK kinase 4 (MKK4) during
induced neural differentiation in P19 cells [1]. ATRA also
activates c-Jun, JunD and Fra-2 during the differentiation of
P19 cells into cardiomyocytes [12]. In another embryonal
carcinoma cell line, mouse F9, ATRA-dependent upregula-
tion of c-Jun is mediated by an interaction of ATF-2 and p300
[20], and ATRA-induced differentiation results in a increase
of c-Jun in the differentiation of F9 cells, suggesting that
the activation of AP-1 by ATRA may play an important role
in the events that result in differentiation [17]. Collectively,
upregulation of mTUBB4a during ATR A-induced neural dif-
ferentiation in P19 cells appears to be mediated by activation
of the AP-1 complex. Further studies on signal transduction
and the subsequent activation of JunD by ATRA together
with the cooperation of JunD and ATF2 will be necessary to
fully elucidate this process.

Taken together, our data presented here indicate that
ATRA-induced neurodifferentiation of P19 cells could in-
duce an enhanced TUBB4a mRNA level through activation
of AP-1.
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