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Pax4 is a paired-domain (PD)-containing transcription factor which plays a crucial role in pancreatic 3/6-
cell development. In this study, we characterized the DNA-binding and transactivation properties of mouse Pax4.
Repetitive rounds of PCR-based selection led to identification of the optimal DNA-binding sequences for the
PD of Pax4. In agreement with the conservation of the optimal binding sequences among the Pax family tran-
scription factors, Pax4 could bind to the potential binding sites for Pax6, another member of the Pax family
also involved in endocrine pancreas development. The overexpression of Pax4 in HIT-T15 cells dose depen-
dently inhibited the basal transcriptional activity as well as Pax6-induced activity. Detailed domain mapping
analyses using GAL4-Pax4 chimeras revealed that the C-terminal region of Pax4 contains both activation and
repression domains. The activation domain was active in the embryonic kidney-derived 293/293T cells and em-
bryonal carcinoma-derived F9 cells, containing adenoviral E1A protein or E1A-like activity, respectively but
was inactive or very weakly active in other cells including those of pancreatic 3- and «-cell origin. Indeed, the
exogenous overexpression of type 13S E1A in heterologous cell types could convert the activation domain to an
active one. On the other hand, the repression domain was active regardless of the cell type. When the repres-
sion domain was linked to the transactivation domain of a heterologous transcription factor, PDX-1, it could
completely abolish the transactivation potential of PDX-1. These observations suggest a primary role of Pax4
as a transcriptional repressor whose function may involve the competitive inhibition of Pax6 function. The
identification of the E1A-responsive transactivation domain, however, indicates that the function of Pax4 is
subject to posttranslational regulation, providing further support for the complexity of mechanisms that reg-

ulate pancreas development.

The Pax genes constitute a small family of conserved genes
encoding paired box-containing transcription factors. They
play a major role in embryonic pattern formation, as illustrated
by the dynamic expression patterns during ontogenesis and
their association with mouse developmental mutants and hu-
man disease syndromes (32). The nine mammalian Pax genes
reported to date are classified into five different subclasses
according to structural similarities (57). Two Pax genes, Pax4
and Pax6, were recently shown to be essential for endocrine
pancreas development (49, 50).

Endocrine cells of the adult pancreas are composed of four
major islet cell types, «, B, 8, and PP cells, which synthesize
glucagon, insulin, somatostatin, and pancreatic polypeptide,
respectively. The development of these four endocrine cell
types starts with a common endocrine precursor, and the ter-
minal differentiation leading to the expression of one hormone
in each islet cell type occurs late in development (47, 53).
During mouse development, Pax6 is first detectable in the
pancreatic bud at embryonic day 9 (E9.0); its expression is
maintained in a subset of cells throughout development of the
pancreas and becomes restricted to the islets of Langerhans in
newborn animals (50, 56). Besides being involved in pancreas
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development, Pax6 also functions as a key regulating molecule
for the development of the eye and the central nervous system
(16, 32). On the other hand, the expression of Pax4 is detect-
able in the pancreas at E9.5 in mice and is maintained in cells
within the dorsal pancreas at around E10.5 and in the ventral
pancreas at around E11.0. In newborn animals, its expression
is restricted to the insulin-producing B cells (49). Although
Pax4 is also expressed in extrapancreatic tissue such as the
ventral spinal cord, the physiological significance of the factor
is evident only in the developing pancreas: null mutant mice
for Pax4 lack the insulin- and somatostatin-producing cells
(49). This contrasts with the phenotypes of the natural or
artificial mutants of Pax6, which manifested as partial or total
deficiency of glucagon-producing « cells and reduction of
cells (45, 50). Thus, Pax4 was shown to be essential for 8/3-cell
development, whereas Pax6 is important for islet cell develop-
ment with particular commitment to a-cell differentiation.
To understand the functions of transcription factors, it is
essential to clarify the target genes of their regulation. How-
ever, this is often difficult, especially when null mutations in
genes encoding those transcription factors prevent the devel-
opment of an organ. In terms of the target of its function, Pax6
was shown to bind to the cis-acting element called PISCES
(pancreatic islet cell enhancer sequence) that is a common and
crucial element in the glucagon, insulin, and somatostatin pro-
moters and thereby activates the expression of those genes
(45). In contrast, no information is yet available as to the
mechanism of Pax4 involvement in B- and 8-cell development.
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In this study, we examined the DNA-binding and transacti-
vation properties of Pax4. We here report an optimal binding
sequence for mouse Pax4, which is similar to the previously
described Pax6 consensus binding motifs. Indeed, Pax4 binds
to the PISCES elements of glucagon, insulin, and somatostatin
gene promoters as does Pax6. Also, we have identified in the
C-terminal region of Pax4 juxtaposed transactivation and re-
pression domains that can independently function as regula-
tory modules when linked to a heterologous transcription fac-
tor. While the transactivation domain (TAD) can be active in
the presence of adenoviral E1A, the repression domain of Pax4
appeared to be active regardless of cell type, suggesting a
primary role of Pax4 as a transcriptional repressor.

MATERIALS AND METHODS

Materials. Restriction enzymes, DNA polymerases, and other modification
enzymes were purchased from commercial suppliers (Toyobo, Tokyo, Japan;
Takara, Kyoto, Japan; Stratagene, San Diego, Calif.; Promega Biotec, Madison,
Wis.; New England Biolabs, Beverly, Mass.), and radioisotopes were from Am-
ersham Japan (Tokyo, Japan). Tissue culture media were purchased from Na-
calai Tesque (Tokyo, Japan), and fetal bovine serum was from ICN Biomedicals,
Inc. (Costa Mesa, Calif.). Oligonucleotides were synthesized with a DNA/RNA
synthesizer (model 394; Applied Biosystems, Tokyo, Japan). Anti-HA (hemag-
glutinin epitope) monoclonal antibody 12CAS5 was purchased from Boehringer
Mannheim Co. Ltd. (Tokyo, Japan).

Library screening. A mouse MING6 cell-derived cDNA library (25) constructed
on the Lambda ZAPII vector (Stratagene) was a kind gift from H. Ishihara
(University of Tokyo, Tokyo, Japan). The probe for the screening was a short
fragment of Pax4 cDNA corresponding nucleotides 75 to 350 of previously
reported partial Pax4 sequence (accession no. Y09584) and was prepared by
reverse transcription-PCR (RT-PCR) starting with 1 pg of total RNA of BTC1
cells. For library screening, Escherichia coli XL-1 Blue MRF was infected with
phage (7 X 10° plaques in total) and plated on 10 agar plates (150-mm diameter).
Library screening followed a standard protocol. After a 16-h incubation at 37°C,
phage plates (7 X 10* plaques per 150-mm-diameter plate) were overlaid with
Optitran BA-S reinforced nitrocellulose filters (Schleicher & Schuell, Dassel,
Germany). Filters were then hybridized with 3°P-labeled mouse Pax4 cDNA
probe by using standard protocols. Plaques giving positive signals were isolated
and subjected to secondary and tertiary screenings to ensure plaque purification.
The cDNA inserts from plaque-purified clones were sequenced.

Cell culture and transfection. The B-cell-derived BTC1 cells, HIT-T15 cells,
and the a-cell-derived a TC1 cells were grown in RPMI 1640 medium supplement-
ed with 10% heat-inactivated fetal calf serum (FCS), penicillin, and streptomy-
cin. 293/293T (human embryonic kidney-derived) cells and HeLa cells grown in
Dulbecco’s modified Eagle’s medium with 10% FCS, penicillin, and streptomy-
cin. CHO-K1 cells (Riken Cell Bank, Tsukuba, Japan) were maintained in
F-12-Ham medium supplemented with 10% FCS, penicillin, and streptomycin.
Twenty-four hours before transfection experiments, the cells were replated in
100-mm-diameter plates for 293/293T cells and HeLa cells (approximately 3 X
10° cells) or 60-mm-diameter plates for CHO-K1 cells (approximately 10° cells).

Plasmid construction. A full-length cDNA clone for the mouse Pax6 gene
(kindly provided by P. Gruss) (58) was cloned into an expression plasmid
pcDNA3 to produce the Pax6 expression vector pcDNA3Pax6. The Pax-respon-
sive luciferase (Luc) reporter construct (Pax)sTKLuc was created by cloning five
copies of high-affinity Pax6-binding site (5'-TCGAGAAAATTTTCACGCTTG
AGTTCACAGCTCGAG-3") (12) into the Sall site of TK (thymidine kinase)-
Luc (kindly provided by K. Umesono).

Pax paired domain (PD)-glutathione S-transferase (GST) fusion protein
preparations. A full-length cDNA clone for mouse Pax4 and Pax6 genes were
used as templates in a PCR with primers selected to amplify the sequence
corresponding to amino acids (aa) 1 to 149 for Pax4 and aa 1 to 179 for Pax6. The
PCR products were cloned into the BamHI-EcoRI site of pGEX-3T (Pharma-
cia), and the resulting clones were verified by sequencing. E. coli JM109 was
transformed, and the fusion proteins were purified according to the standard
protocol, using glutathione-agarose beads (Pharmacia). For electrophoretic mo-
bility shift assay (EMSA) reactions, 50 ng of each fusion protein was used.

DNA-binding site selection. DNA-binding site selection was performed by
using a modification of the strategy described by Chittenden et al. (4). A 71-bp
oligonucleotide, 5" CTCGGTACCTCGAGTGAAGCTTGA(N),sGGGAATTC
GGATCCGCGGTAAC 3, was used for the DNA-binding site selection assay.
The second strand of this oligonucleotide was synthesized with Klenow polymer-
ase and 22-mer 3’ primer (5'-GTTACCGCGGATCCGAATTCCC-3") and pu-
rified on a 12% polyacrylamide gel in 1X Tris-borate-EDTA buffer. The double-
stranded pool was incubated 60 min at 4°C with 20 pl of GST-Pax4 Sepharose
beads in 300 pl of binding buffer containing 20 mM Tris (pH 7.4), 50 mM NacCl,
1 mM dithiothreitol, 1 mM EDTA, 5% glycerol, 1 mg of bovine serum albumin
per ml, and 5 pg of poly(dI-dC). The mixture was centrifuged, and the pellet was
washed twice in binding buffer. The pellet was resuspended in 30 wl of water,
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FIG. 1. Translation of a 38-kDa protein from a mouse Pax4 mRNA. (A) In
vitro translation of mouse Pax4 cDNA. A plasmid containing mouse Pax4 cDNA
was isolated from a B-cell-derived cDNA library and subjected to in vitro transcrip-
tion and translation using a TNT coupled reticulocyte lysate system (Promega). The
reaction mixture was incubated in the presence of pCS2 Pax4 (lane 2) or the mock
vector pCS2 (54) (lane 1) and then analyzed by SDS-PAGE on a 5 to 20% acryl-
amide gradient gel (Bio-Rad). (B) Exogenous expression of Pax4 protein in 293T
cells. Nuclear extracts were isolated from 293T cells that had been transiently
transfected with HA-Pax4 expression plasmid (lane 2) or the control plasmid
(lane 1). Aliquots of the extracts were separated by SDS-PAGE, transferred to
a membrane, and allowed to react with anti-HA monoclonal antibody 12CAS.

boiled for 3 min, and centrifuged. The eluted oligonucleotides were amplified by
PCR using 24-mer 5" and 22-mer 3’ primers, purified on polyacrylamide gels, and
used in a second round of selection. The oligonucleotides selected after the fifth
cycle were subjected to five additional rounds of binding and selection, using
preparative EMSA performed as described below. The shifted oligonucleotides
were excised from the gel, eluted, and amplified by PCR. After the final cycle, the
selected oligonucleotides were digested by Xhol and EcoRlI, ligated into a Blue-
script vector (Stratagene), and sequenced.

DNA sequencing. DNA sequencing of oligonucleotide inserts in the DNA-
binding site selection and PCR products used in the plasmid construction was
performed by the dideoxy-chain termination method using an ABI Prism 310
automated sequencer (Applied Biosystems).

EMSA. The double-stranded oligonucleotide probes were end labeled with T4
polynucleotide kinase and [y->’P]ATP. Purified fusion proteins (50 ng) or nu-
clear extracts (5 wg) were preincubated for 20 min at room temperature with 1.5
ng of poly(dI-dC) in a buffer containing 10 mM Tris (pH 7.4), 50 mM NaCl, 1
mM dithiothreitol, 1 mM EDTA, 1 mg of bovine serum albumin per ml, and 10%
glycerol in a final volume of 20 1. After addition of the probe (3 X 10* cpm), the
samples were incubated for 15 min at room temperature, and then electrophore-
sis was performed on 5% nondenaturing polyacrylamide gels in 0.5X Tris-borate-
EDTA buffer for 90 min at 150 V at 4°C. In the competition studies, a 10-, 100-,
or 200-fold molar excess of unlabeled oligonucleotide competitor was added with
the probe.

Transient expression of HA-tagged Pax4 protein and detection by Western
blot analysis. A DNA fragment encoding a portion of homophilic influenza virus
HA (MYPYDVPDYAS) (3) was linked to the amino terminus of mouse Pax4
c¢DNA (clone A) and cloned into an expression plasmid pcDNA3 to produce
pcDNA3HA-Pax4. The sequence fidelity of DNA fragments was confirmed by
sequencing. 293T cells were replated in a 100-mm-diameter dish (approximately
3 X 10° cells) 24 h before transfection. Eight micrograms of pcDNA3HA-Pax4
or the mock vector pcDNA3 was transfected into 293T cells by the lipofection
method using LipofectAMINE reagent (Life Technologies, Tokyo, Japan).
Forty-eight hours after transfection, the cells were harvested and nuclear extracts
were prepared as described previously (43). Ten-microgram aliquots of nuclear
extracts were resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on a 5 to 20% gradient gel (Bio-Rad) and electrotrans-
ferred to a polyvinylidene difluoride membrane (Immobilon-P; Nihon Millipore,
Tokyo, Japan). The membrane was probed with anti-HA monoclonal antibody
12CAS. Immunoreactive bands were detected by autoluminography with an
enhanced chemiluminescence detection kit (Amersham).

GAL4 fusion protein reporter gene analyses. The GAL4 fusion constructs
were generated by isolating (by PCR) and introducing appropriate DNA frag-
ments of mouse Pax4, Pax6, and PDX-1 into the Kpnl-Xbal sites of a pSG424
plasmid (44) which contained the DNA-binding domain (positions 1 to 147) of
GALA4. The GALA-responsive reporter plasmid (GAL4)sEIbTATA Luc gener-
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5-CTCGGTACCTCGAGTGAAGCTTGA NNNNNNNNNNNNNNNNNNNNNNNNNGGGAATTCGGATCCGCGGTAAC-3'
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FIG. 2. Strategy for PCR-mediated DNA-binding site selection. (A) DNA sequences of synthetic oligonucleotides. The 72-mer oligonucleotide contained a 25-base
consecutive randomized sequence flanked by the defined terminal ends of 24 bases and 22 bases. The 24- and 22-mer oligonucleotides were used as primers for the
PCR amplification of the 72-mer oligonucleotide. (B) Protocol of the PCR-mediated binding site selection for Pax4 PD. Each round of selection consisted of incubation
of 72-bp oligonucleotide DNA with GST-Pax4 PD for the binding, subsequent purification (with Sepharose beads or with EMSA as shown), and PCR amplification

of the bound DNA, which was then carried forward to the next round of selection.

ated from GAL4EIbCAT (minimal promoter containing a TATA box) (28) by
replacing the chloramphenicol acetyltransferase reporter with luciferase struc-
tural gene was a kind gift from K. Nakajima (Osaka City University School
of Medicine, Osaka, Japan). Another GAL4-responsive reporter plasmid,
(GALA4),TKLuc (same as MH100x4-TK-Luc in reference 33, which has four
copies of GAL4-binding sites upstream of the TK promoter linked to Luc
structural gene) was a kind gift from K. Umesono (Kyoto University, Kyoto,
Japan). Two micrograms of each GAL4 fusion plasmid was cotransfected into
host cells by the lipofection method along with 2 ug of (GAL4)sE1bTATALuc
and 1 pg of plasmid pEFBOSB-Gal. The luciferase activity from the reporter
plasmid was normalized with respect to the B-galactosidase (B-Gal) activity of
the cotransfected internal control plasmid pEFBOSB-Gal.

Nucleotide sequence accession numbers. The nucleotide sequences of clones
A and B can be obtained from GenBank under accession no. AB010557 and
AB010558, respectively.

RESULTS

Determination of the optimal binding sequence for the Pax4
PD. By screening of a mouse B-cell tumor-derived cDNA li-
brary (25), two clones, A and B, comprised of 1,295 and 1,310
bp, respectively, were isolated and identified as encoding Pax4.
The two cDNA clones had the same 5" end and used the same
polyadenylation site, but only the longer cDNA clone (clone B)
had a 15-bp insertion within its 5" noncoding sequence, which
may be derived from an alternative spliced exon. The predicted
amino acid sequence of Pax4 is identical to a recently pub-
lished Pax4 sequence obtained from the same B-cell line via

TABLE 1. Summary of sequences selected with the Pax4 PD

Sequences selected with the Pax4 PD*

Nucleotide
-4 -3 -2 -1 C1 C2 C3 C4 C5 c6 C7 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10
G 8§ 26 10 16 25 3 14 6 6 34 7 33 7 23 5 12 11 13 8 4 6
A 4 1 6 11 3 0 0 36 11 0 3 3 0 7 8 6 4 10 8 2 6
T 7 4 10 0 12 40 0 0 21 5 3 4 27 3 8 8 1 3 7 8 4
C 7 4 16 15 3 4 29 1 5 4 30 3 7 5 11 4 14 5 6 13 9
Consensus” G GT T CG A TA G C G T G G/T G/C G/A T/C

“ Sequences corresponding to the 25 consecutive random nucleotides were aligned so as to maximize the homology as shown, and the number of each nucleotide

in each position was calculated.

> Optimal binding sequence, determined by alignment of frequently observed nucleotides.
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FIG. 3. Comparison of the putative Pax4 PD-binding motif with those of
other Pax family proteins. The obtained sequence for the optimal binding of Pax4
PD was aligned with the binding consensus sequences for other Pax family
proteins. The core motif is boxed. References for the selected binding sites: Pax4
PD, this study (Table 1); Pax6 PD, 12; Pax8 PD, 22.

RT-PCR (20). For the expression studies described below,
clone A was used.

To examine the integrity of the encoded gene product, we
allowed Pax4 mRNA to be transcribed and translated in vitro,
using a rabbit reticulocyte lysate system. As shown in Fig. 1A,
the mouse Pax4 mRNA could be translated into a single pro-
tein of 38 kDa in accordance with the size predicted by the
nucleotide sequence (data not shown). We also verified that
the mouse Pax4 protein could be expressed in mammalian cells
by transient transfection. Forty-eight hours after transient trans-
fection of the embryonic kidney-derived 293T cells and CHO-K1
cells, the Pax4 protein with an HA tag (HA-Pax4) could be iden-
tified as a single band of 38 kDa in Western blot analysis using
an anti-HA monoclonal antibody (Fig. 1B and data not shown).

A modified version of the PCR-mediated DNA-binding site
selection was used to determine the optimal DNA-binding
sequences for Pax4. Oligonucleotides containing 25 consecu-
tive random nucleotides were prepared (Fig. 2A) and allowed
to bind to bacterially synthesized fusion proteins of GST and
the Pax4 PD. Multiple rounds of selection were performed
under the protocol illustrated in Fig. 2B. Following amplifica-
tion by PCR, the oligonucleotides selected were radiolabeled

Competitor -
wT +
Mut 1 +
Mut 2 +
Mut 3 +

MoL. CELL. BIOL.

and used in EMSA to verify the progressive enrichment for
Pax4 PD-binding oligonucleotides (data not shown). After the
last round of selection, individual oligonucleotides were cloned
for DNA sequencing.

Alignment of nucleotide sequence data revealed the optimal
binding sequence for Pax4 PD (Table 1). In terms of the 7-bp
core motif (C1 to C7 in Table 1), which shows high conserva-
tion among all Pax proteins characterized to date (Fig. 3), clear
nonrandom distribution of nucleotides was observed. Addi-
tional nucleotides surrounding the core motif also showed
some nonrandom distribution. In particular, three consecutive
nucleotides located just 3" downstream of the core motif (po-
sitions +1 to +3 in Table 1) were as well conserved as those in
the core motif.

To assess the feasibility and specificity of the obtained bind-
ing consensus for Pax4 PD and to determine the nucleotide
residues essential for the binding specificity, we performed
EMSAs. As shown in Fig. 4A, the binding of Pax4 PD to the
consensus binding site was well competed by addition of wild-
type competitor (lane 2). Mutations introduced into the core
region of the binding site significantly reduced the efficiency of
competition (lanes 3 and 4). As expected from the high level of
conservation observed within the surrounding sequences of the
core region, destruction of those sequences also reduced to
some extent the efficiency of competition (lane 5). These re-
sults indicate that the Pax4 binding to the proposed sequence
is specific and that the specificity depends on the core region
and, to some degree, its surrounding sequences.

In agreement with the high similarity in the binding consen-
sus between the Pax4 and Pax6 PDs, Pax4 could bind to the
Pax6 binding sites. The EMSA results (Fig. 5SA) indicated that
the binding of Pax4 PD to the Pax4 consensus is well competed
by the addition of Pax6 consensus oligonucleotides. Also, Pax4
PD could bind to some of the putative target sequences for
Pax6, such as the G3 element (PISCES) of the glucagon gene
promoter and PISCES elements in the insulin and somatosta-

B
WT (Pax4 Con) GCGGTCATGCGTGCGC
Mut 1 GCGCTCATAAGTGCGC
Mut 2 GCGGATTTGCGTGCGC
Mut 3 AATGTCATGCAACGCC

FIG. 4. (A) Specificity of Pax4 PD binding to putative recognition sequences. EMSAs were performed with purified GST-Pax4 PD chimeric protein and a labeled
double-stranded oligonucleotide probe (5'-GGTGCGCGGTCATGCGTGCGCGACCGCTCCATG-3") representing the putative binding sequence for Pax4 PD. (B)
Mutations introduced into unlabeled competitors. Lengths of the competitors were the same as that of the binding probe (33-mer). Each competitor was added at a
100-fold molar excess. Similar results were obtained in three independent experiments. WT, wild type; Con, consensus.
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FIG. 5. Conserved DNA-binding specificity for Pax4 PD and Pax6 PD. (A)
The Pax6 consensus sequence competes against the Pax4 consensus for binding
to Pax4 PD. EMSAs were performed with purified GST-Pax4 PD protein and the
oligonucleotide representing the Pax4 PD consensus (see Fig. 4 for sequence) as
the binding probe. Unlabeled probe (lanes 5 to 7) or an oligonucleotide repre-
senting the Pax6 PD consensus (5'-AAAATTTTCACGCTTGAGTTCACAGC
TCGA-3' [12]; lanes 2 to 4) was added to the binding reactions, and the efficiency
of competition was evaluated. (B) Pax4 PD binds to the putative Pax6 target
sites. EMSAs were performed with purified GST-Pax4 PD and GST-Pax6 PD.
Sequences of the probes used: Pax6 consensus, as described above; glucagon G3
element, 5'-GTAGTTTTTCACGCCTGACTGAGATTGAAGGGT-3' (45); in-
sulin PISCES (C2 element), 5'-CTTTCTGGGAAATGAGGTGGAAAATGCT
CAGCCAA-3" (45); somatostatin PISCES, 5'-TGATTTTGCGAGGCTAATG
GTGCGTAAAAGCACTG-3' (45); Even-skipped ES, 5'-CCGCACGATTAGC
ACCGTTCCGCTCAGGCTCGG-3' (5). Similar results were obtained in three
independent experiments.

tin gene promoters (Fig. 5B) (45), although with lower affinity
than Pax6.

Within the well-conserved core region of the consensus mo-
tifs for Pax proteins, the nucleotide residue at position C1 of
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the Pax6 consensus (T in Fig. 3) differs from that (G) for the
other Pax consensus sequences. This difference has been dis-
cussed with respect to possible association with the difference
in one amino acid residue within the PD (5): the amino acid at
position 47, which is Asp in Pax6 but His in Pax2, Pax5, and
Pax8. According to crystal structure analysis, the amino acid at
position 47 seems to be in contact with the 5’ end of the core
in the major groove and may thus determine the preference of
the nucleotide residue at position C1 in the core motif, i.e., G
when His is at position 47 and T when Asp is at position 47.
In the case of Pax4, the amino acid residue at position 47 is
Asp. While the nucleotide residue at position C1 in the Pax4
consensus that we determined was G or T, we further evalu-
ated the possible association between the nucleotide residue at
position C1 and the amino acid residue at position 47. We
examined the effect of conversion of the G residue at position
Cl1 to the T residue on the efficiency for the Pax4 PD binding.
As shown in Fig. 6, Pax4 seems to bind to the sequence with G
at position C1 at least as efficiently as to the sequence with T
at the same position. Thus, the association in binding prefer-
ence between the nucleotide residue at position C1 and the
amino acid residue at position 47 observed for Pax6 may not be
applicable for Pax4. Whereas the amino acid residues at posi-
tion 42 and 44 were also suggested to be critical for the DNA
binding (5), the difference in these residues between Pax4 and
Pax6 (Ser versus Ile at position 42 and Lys versus Gln at
position 44) may be responsible for this observation.
Evaluation of transactivation properties of Pax4. We next
evaluated the transactivation properties of Pax4 in reporter
gene analyses. An artificial enhancer-promoter reporter con-
struct which contained five copies of the consensus binding
sequence for Pax6 linked to the TK gene promoter and a Luc

Competitor (-)
Pax4 Con (T) —_]
Pax4 Con (G) x200
x100 100200
x10 x10

FIG. 6. Effect of a single nucleotide substitution (G to T) on the binding
affinity for Pax4. Significance of the nucleotide residue at position C1 of the core
region (Fig. 3) for Pax4 binding was evaluated by EMSA. The purified GST-Pax4
PD chimeric protein was bound to a y-*?P-labeled double-stranded oligonucle-
otide probe representing the putative binding sequence for Pax4 PD (5'-GGTG
CGCGGTCATGCGTGCGCGACCGCTCCATG-3'). The cold probe (lanes 5
to 7) or its variant in which a single G residue was changed to T (5'-GGTGCG
CGTTCATGCGTGCGCGACCGCTCCATG-3'; lanes 2 to 4) was used as a
competitor, being added at a 10-fold (lanes 2 and 5), 100-fold (lanes 3 and 6), or
200-fold (lanes 4 and 7) molar excess. No competitor was added to the lane 1
sample. Similar results were obtained in three independent experiments.
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FIG. 7. Pax4 displays transcriptional repression activity and inhibits Pax6-
induced transactivation. The effects of Pax4 and Pax6 on the target promoter
were evaluated by reporter gene analyses in HIT-T15 cells (A) and 293T cells
(B). The reporter plasmids used were (Pax)sTKLuc, which contained five copies
of the Pax6-binding sequence (12) linked to the TK gene promoter (filled bars),
and TK-Luc, the enhancerless control (blank bars). Together with the reporter
plasmid (Pax)sTKLuc or TKLuc (2 pg), the Pax6 (pcDNA3Pax6) and/or Pax4
(pcDNA3Pax4) expression plasmids were cotransfected into the cells, and the
effects of Pax6 and Pax4 on reporter activity were evaluated. In lanes 2 to 4 and
5 to 7, 100, 200, and 500 ng, respectively, of pcDNA3 Pax6 and of pcDNA3 Pax4
were used; in lanes 8 to 10, pcDNA3 Pax4 was added at 100, 200, and 500 ng,
respectively, along with a fixed amount (500 ng) of pcDNA3 Pax6. To make the
total amount of DNA transfected into the cells the same for all lanes, an appro-
priate amount of the empty expression vector pcDNA3 was also added. The results
were normalized to the B-Gal activity derived from cotransfected pEFBOSB-Gal
and presented as means = SD of at least three independent experiments.

reporter [(Pax)sTKLuc] was used. Prior to this experiment, we
allowed the full-length Pax4 and Pax6 to be transiently ex-
pressed in 293T cells and verified that both can bind to the
Pax6 consensus sequence (data not shown). The reporter plas-
mid was cotransfected into HIT-T15 cells with various amounts
of the Pax4-expressing plasmid (pcDNA3Pax4), the Pax6-ex-
pressing plasmid (pcDNA3Pax6), or both expression plasmids.
As shown in Fig. 7, Pax6 stimulated the promoter activity
containing the Pax6 and Pax4 binding sites in HIT-T15 cells
and 293T cells (lanes 2 to 4 in both panels). In contrast, the
Pax4 overexpression dose dependently suppressed the same
enhancer-promoter in HIT-T15 cells (Fig. 7A, lanes 5 to 7).
Also, when the Pax4 expression plasmid was cotransfected into
HIT-T15 cells together with a fixed amount of Pax6 expression
plasmid and the reporter plasmid, Pax4 dose dependently sup-
pressed the Pax6-induced activation of its target enhancer re-
porter (Fig. 7A, lanes 8 to 10). Because no changes in the
promoter activities were observed with the enhancerless TK-
Luc promoter, these suppressive effects of Pax4 depended on
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its binding to the target sequence. Similar transcription-sup-
pressing effects of Pax4 were observed in BTC1 and HeLa cells
(data not shown).

In contrast to these observations obtained with HIT-T15
cells and other cell types, the transcription-suppressing effects
of Pax4 were not evident in embryonic kidney-derived 293T
cells (Fig. 7B, lanes 5 to 7). Also, the effect on the action of
coexpressed Pax6 was trivial if any (Fig. 7B, lanes 8 to 10).
These results thus indicated that Pax4 functions as a transcrip-
tional repressor rather than an activator in most of the cells
investigated. Also, when coexpressed with Pax6, it may inhibit
the Pax6 function in those cells. This transcription-repressing
effect of Pax4 was not evident in 293T cells.

Identification of transactivation and repression domains in
the C-terminal region of Pax4. C-terminal portions of Pax
family proteins have been shown to constitute a potent trans-
activation domain (10, 52). Moreover, in the case of Pax2,
Pax5/BSAP, and Pax8, there seems to be a region in the ex-
treme C terminus that negatively regulates the function of the
adjacent transactivation domain (10). To address the molecu-
lar basis of the Pax4 function, we characterized the transacti-
vation property of the C-terminal region of Pax4 by using the
Saccharomyces cerevisiae GAL4 fusion protein reporter system.
The C-terminal region of Pax4 (aa 232 to 349) or its deleted
fragment was fused in frame to the heterologous DNA-binding
domain of the GALA4 transcription factor (Fig. 8). These chi-
meric GAL4-Pax4 fusion proteins were expressed in various
cells, and effects on the GAL4 reporter were evaluated. The
expression of each fusion protein was verified by EMSA. Nei-
ther lack of expression nor greatly reduced expression of the
fusion proteins was observed (data not shown).

In contrast to the comparable region of Pax6, the C-terminal
region of Pax4 revealed transcriptional suppression activity in
most of the cell types investigated including CHO-K1, BTCI1,
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Reporter constructs used :

FIG. 8. Evaluation of transactivation/repression potential of the C-terminal
region of Pax4. Schematic representation of the GAL4-Pax4 chimeras (left) and
their transactivation/repression potential in CHO-K1 and 293T cells (right) are
shown. The fusion proteins GAL4-Pax4 and GAL4-Pax6 were obtained by fusing
the DBD of GALA4 (aa 1 to 147) to the C-terminal region of mouse Pax4 and
mouse Pax6, respectively. The deletion endpoints of Pax4 and Pax6 in each
GALA4 chimera are indicated. Cells were transfected with 2 pg of a GAL4-
responsive reporter plasmid [(GAL4),TKLuc for CHO-K1 cells or (GAL4)s
E1bTATALuc for 293T], 2 pg of GAL4-Pax4 (or GAL4-Pax6) chimera, and 1 pg
of an internal control, pPEFBOSB-Gal. Luciferase results were normalized with
respect to the transfection efficiency assessed by B-Gal assay. The data are
presented as relative activities (means = SD) to those obtained in the cells
cotransfected with the empty expression vector (pcDNA3), arbitrarily set at 100
(for CHO-K1) or 1 (for 293T).
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TABLE 2. Transactivation and repression properties of GAL4-Pax4
chimeras in various cell types”

Relative activity (mean * SD)

Construct® GAL4-Pax4é  GALA-Paxd
GAL4DBD 73 3490 2323145
(GAL4),EIbTATALuc®
293 1.11 £ 0.3 157 1.7 351+99
293T 144+02  127+19  424+94
F9 1.07 £ 0.3 0.37 = 0.15 11.7 £ 5.4
(GALA4),TKLuc*
BTCI1 102+ 105 309 +103 972+ 16.6
aTC1 101 = 14.2 61.0 = 29.1 98.4 = 15.2
HIT-T15 106 =234 497 +57 144 = 34.0
HeLa 98 +9.0 155 3.5 73.7 = 24.9
CHO-K1 101 £ 6.9 72 +0.9 85.0 £ 6.2

“Two micrograms of an expression plasmid (pcDNA, GAL4 DBD, GAL4-
Pax4 232-349, or GAL4-Pax4 232-314), 1 pg of pEFBOSB-Gal, and 2 pg of a
GALA reporter plasmid [(GAL4)sE1IbTATALuc or (GAL4),TKLuc] were used.
The data are presented as activity relative to that obtained in cells transfected
with the empty vector (pcDNA3), arbitrarily set at 1 [for (GAL4)sEIbTATALuc]
or 100 [for (GAL4),TKLuc].

b Structure is illustrated in Fig. 8.

¢ Structure and origin are described in Materials and Methods.

aTC1, HeLa, and HIT-T15 cells (Fig. 8 and Table 2). When
the entire C-terminal region of Pax4 (aa 232 to 349) was fused
to the GAL4 DBD, the promoter activity of the (GAL4),
TKLuc plasmid was reduced by approximately 93% in CHO-
K1 cells, 69% in BTCI1 cells, and 50% in HIT-T15 cells. Thus,
the C-terminal region of Pax4 functions as an active repressor
of transcription in these cells.

However, in the case of 293T cells, the Pax4 C-terminal
region activates the GAL4 DBD-containing reporter; when the
(GAL4)sE1bTATALuc plasmid, which has a relatively low
background promoter activity, was used, the activation was
more than 10-fold (Table 2 and Fig. 8). Although the fold
induction was lower than this, promoter activation by the Pax4
C-terminal region (105 * 5.6 [mean * standard deviation
{SD} to 157 =+ 21.2; approximately 1.5-fold induction) was also
observed with the (GAL4),TKLuc plasmid, which had a rela-
tively high background promoter activity. This pattern of cell-
type dependency was consistent with the results obtained with
the nonchimeric, wild-type Pax4 overexpression and the Pax6/
Pax4-binding-site-containing reporter in those cells (Fig. 7).
Thus, the function of the C-terminal region of Pax4 varies
depending on the cell types in which it functions. In most cell
types, it exerts transcription repression activity but in some,
such as 293/293T cells, it can function as a transcriptional
activator.

The results of detailed domain mapping analyses are shown
in Fig. 8. Deletion in the extreme C terminus (aa 314 to 349)
almost perfectly masked the transcription-suppressing activity
of the Pax4 C-terminal region in CHO-K1 cells (lines 2 and 3).
In 293T cells, the deletion of this region caused further in-
crease in the transactivating activity, suggesting that this region
of Pax4 constitutes a transcriptional repression domain and
that although the transactivation potential of the C-terminal
region can be seen in 293T cells, the repression domain is also
active in the 293T cells.

Although the region between aa 314 and 349 was not suffi-
cient, the region between aa 302 and 349 was enough to cause
transcriptional suppression in CHO-K1 cells (Fig. 8, lines 9 and
10) when linked to a heterologous DBD and thus constituted
an active repression domain. This transrepression activity was
also detectable in 293T cells when the (GAL4),TKLuc plas-

Pax4 AS A TRANSCRIPTIONAL REPRESSOR 8287

mid, with a relatively high background promoter activity, was
used (105 = 5.6 to 39.2 = 6.6 [data not shown]), although it
was not as intense as that observed in CHO-KI1 cells (101 =
6.9 to 9.1 = 0.4 [Fig. 8]). This may be due to some residual
transactivation potential derived from the TAD, a part of
which was likely included in the region between aa 302 and
349. Alternatively, the efficiency of repression may depend on
the cell type. Thus, these observations suggest that the extreme
C-terminal region of Pax4 (aa 278 to 349) functions as a tran-
scription repression domain regardless of cell type.

The deletions between aa 232 and 302 had no significant
effects in CHO-K1 cells (Fig. 8, lines 2 and 6 to 9). In contrast,
the same deletion caused a stepwise reduction of the transcrip-
tional activity in 293T cells; when the region between aa 232
and 278 was deleted, the transactivation potential, which had
been detectable in 293T cells but not in CHO-K1 cells, was lost
(line 8). Also, a similar stepwise reduction of transcriptional
activity was observed in 293T cells when the region between aa
314 and 276 was deleted (lines 3 to 5). Such reduction was not
observed in CHO-K1 cells. Thus, the C-terminal region of
Pax4 contains a TAD (aa 232 to 314) which functions in a
cell-type-dependent manner. Because the deletion between aa
314 and 302 reduced the transactivation potential of the
GALA4-fused protein (lines 4 and 3) and the deletion between
aa 302 and 314 (lines 9 and 10) masked the transrepression
activity, the C-terminal end of the activation domain and N-
terminal end of the repression domain reside within this nar-
row range, between aa 302 and 314. Thus, the transactivation
and repression domains may be very closely located or even
overlap each other.

Adenoviral E1A product can potentiate the transactivation
activity of Pax4. Among the cells used in our GAL4 reporter
experiments, 293 and 293T cells and embryonal carcinoma-
derived F9 cells allowed us to detect the TAD of Pax4 (Table
2). The same region of Pax4 did not show comparable trans-
activation potential in other cell types. The 293 and 293T cells
are known to be transformed with adenoviral E1A gene and to
continue expressing this viral product (51). Also, F9 cells are
known to have intrinsic E1A-like activity (19). Accordingly, we
examined the possibility that adenoviral E1A is involved in the
difference in the function of the Pax4 C-terminal region. The
12S and 13S fragments of E1A were expressed in CHO-K1
cells by transient transfection of expressing plasmids, and ef-
fects on the transactivation potential of Pax4 in these cells were
investigated.

As shown in Table 3, exogenous expression of the E1A 128

TABLE 3. Effects of adenoviral E1A products on the
transactivation potential of Pax4“

Relative activity (mean * SD [n = 3])

Plasmid
pRSVH,0O pRSVSE1AC pRSVIF124
GAL4 DBD 104 = 7.8 111 =13 106 = 6.6
GAL4-Pax4 232-349" 7.1+1.2 60 = 20.8 17+74
GALA4-Pax4 232-314° 138 = 28.0 495 + 35.0 160 = 18.5
GAL4-Pax4 278-349" 10 = 2.1 18 4.2 18 +3.3

“ One microgram of an E1A expression plasmid (pRSVH,O [empty vector],
pRSVSEIA, or pRSVIF12), 1 pg of a GALA4-Pax4 chimera expression plasmid
(pcDNA, GAL4 DBD, GALA-Pax4 232-349, GAL4-Pax4 232-314, or GALA4-
Pax4 278-349), 2 pg of (GAL4),TKLuc, and 1 ng of pEFBOSB-Gal were tran-
siently transfected into CHO-K1 cells. The data are presented as activity relative
with that obtained in cells transfected with the empty vector (pcDNA3), arbi-
trarily set at 100.

b Structure is illustrated in Fig. 8.

¢ Expression plasmid for wild-type E1A including both 12S- and 13S-type E1A.

@ Expression plasmid for 12S-type E1A.
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FIG. 9. Pax4 contains a portable transcription repression domain. Shown on
the right is a schematic representation of the chimeric proteins used in the assay.
The fusion protein construct GAL4-PDX-1 TAD (lane 3) was designed to
express the DBD of GALA4 linked to the previously described N-terminal TAD
of mouse PDX-1 (aa 1 to 149) (38). The constructs for the GAL4-PDX-1 TAD-
Pax4/Pax6 fusion proteins (lanes 4 to 6) encoded the same GAL4 DNA-binding
domain and PDX-1 TAD linked to the Pax4 repression domain (aa 278 to 349;
lane 4), a part of the Pax4 TAD (aa 232 to 302; lane 5) and an extreme C-
terminal region of Pax6 (aa 344 to 422; lane 6), respectively. The constructs used
in lanes 7 to 9 were the same as those used in lanes 4 to 6, respectively, except
that they lacked the PDX-1 TAD. Each GALA4 fusion protein expression plasmid
was cotransfected into CHO-K1 cells with the (GAL4)sE1bTATALuc and pEF-
BOSB-Gal plasmid; 48 h after transfection, luciferase and B-Gal assays were
performed. The luciferase results were normalized with respect to transfection
efficiency, using the results of B-Gal assays. The data are expressed as relative
light units (means = SD of three independent experiments), with transfection of
the same amount of an insertionless expression plasmid, arbitrarily set at 1.

and 13S fragments increased the transactivation potential of
the TAD (aa 232 to 314) of Pax4 (138 to 495%). It did not
significantly affect the function of the transrepression domain
(aa 278 to 349) of Pax4, in agreement with the observation that
the transrepression domain functions in a cell-type-indepen-
dent manner (Fig. 8). In total, the overall repression activity of
the entire C-terminal region (aa 232 to 349) was significantly
weakened (from 7.1% up to 60% [Table 3]) by coexpression of
the E1A 128 and 13S fragments. Because this was not observed
with the expression of E1A 12S only (Table 3), the 13S frag-
ment of E1A would primarily be responsible for the activation
of the TAD of Pax4. We also introduced the E1A 12S and 13S
expression plasmids into 293 cells, but no further activation
of the Pax4 TAD was observed (data not shown). Thus, these
observations suggest that the E1A 13S fragment, which is
present in 293/293T cells, is involved in the cell-type-depen-
dent activation of the Pax4 TAD.

Pax4 contains a portable transcription repression domain.
As a step toward characterizing the mechanism underlying the
transcriptional repression by Pax4, we examined whether the
repression domain of Pax4 can also function in a heterologous
transcription factor. The C-terminal 72 aa (aa 278 to 349) of
Pax4 were fused to the TAD of PDX-1 (38), and the transac-
tivation (or transrepression) potential of this chimeric protein
was evaluated in the GAL4 reporter system (Fig. 9). Compa-
rable expression of the fusion proteins used in this experiment
was verified by their DNA-binding characteristics in EMSA
(data not shown). As shown in Fig. 9, while the PDX-1 TAD
could activate the GAL4 reporter approximately 30-fold (lane
3), the fusion protein containing the same region of PDX-1
TAD and the Pax4 transrepression domain (aa 278 to 349 [lane
4]) suppressed the basal promoter activity of the GAL4 re-
porter gene by 75%. This did not occur when a different por-
tion of Pax4 with a similar length (lane 5) or a comparable
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region of Pax6 (lane 6) was linked to PDX-1 TAD. These
results thus indicated that the transrepression domain of Pax4
can totally abolish the transactivation potential of PDX-1 TAD
and even reveal the fusion protein to be a transcriptional
repressor rather than an activator.

DISCUSSION

In this study, we have shown that Pax4 is a potential repres-
sor of transcription. The C-terminal region of the protein con-
tains an active and transferable transrepression domain and a
TAD, which was active only in the cells with adenoviral E1A or
E1A-like activity. We also determined the optimal binding
sequence for Pax4 and found it to be similar to those for other
Pax family proteins such as Pax6 (Fig. 3). Indeed, Pax4 binds to
the putative Pax6-binding motif (Fig. 5 and data not shown).

Because Pax4 fused to the GAL4 DBD repressed transcrip-
tion (Fig. 8), Pax4 appears to be able to exert its active tran-
srepression effect even in the absence of positive transcription
factors. However, if it is coexpressed with other Pax family
proteins and homeodomain (HD)-containing transcription fac-
tors which recognize a common binding motif, Pax4 will be a
potential antagonist of those proteins with which it may be in
competition for binding. In support of this view, we have shown
that when Pax4 is coexpressed with Pax6 in HIT-T15 cells, it
dose dependently suppressed the Pax6-induced transactivation
of the reporter gene (Fig. 7A). Also, Smith et al. (48) have
shown that in vitro-transcribed/translated Pax4 binds to the
PISCES sequences in insulin, somatostatin, and glucagon genes,
to which Pax6 also binds, and that those promoters could be
suppressed by exogenous expression of Pax4. During pancreas
development, Pax4 seems to be expressed in relatively restrict-
ed cell lineages (49), while Pax6 is expressed broadly in the
endocrine pancreas (50). A similar rule may also be applicable
to the timing of expression; the Pax6 expression seemed to be
maintained to adulthood in islets, but Pax4 expression was un-
detectable after birth (48). Thus, most, if not all, Pax4-express-
ing cells in the pancreas also would express Pax6, supporting
the idea that Pax4 functions as a negative regulator of Pax6 in
vivo.

As can be expected from the structural similarity among Pax
family proteins, the extreme C-terminal regions in Pax2, Pax5,
and Pax8 (collectively referred to as Pax2/5/8) may also func-
tion as a repression domain. According to the report by Dor-
fler and Busslinger, when the extreme C-terminal regions in
Pax2/5/8, which corresponds to the aa 315-349 region of Pax4,
were removed, their transactivation potentials became in-
creased (10). In contrast to our observations with Pax4 (Fig. 8),
the extreme C-terminal regions of Pax2/5/8, when fused to a
heterologous transcription factor, failed to function as an ac-
tive repression domain (10). However, the authors themselves
pointed out that this did not totally eliminate the possibility of
Pax2/5/8 having an active repression domain as Pax4 does. The
C-terminal region of Pax5 with which they evaluated the port-
ability of the transrepression activity corresponded to aa 314 to
349 in Pax4 and was shorter than the portion of Pax4 that we
used in the present study (aa 278 to 349 or 302 to 349). Indeed,
the comparable region of Pax4 (aa 314 to 349), when linked to
the GAL4 DBD, was able to suppress the activity of the target
reporter by only 36% (Fig. 8). Thus, it is still possible that a
transrepression domain like that identified in Pax4 operates in
some other Pax family proteins as well. However, this does not
seem to be the case for Pax6; deletion of the comparable
C-terminal region in Pax6 even decreased transcriptional ac-
tivity (52). Although it was recently shown that Pax6 represses
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transcription of the BB1-crystalline gene, the HD appears to be
primarily responsible for the transcriptional suppression (11).

It remains to be clarified how the transrepression domains of
Pax4 or other Pax family proteins exert their effects. Because
the domain in Pax4 was shown to be transferable to a heter-
ologous transcription factor, it is likely to function by interact-
ing with a certain molecule which can negatively regulate the
transactivation potency rather than by some intramolecular
events such as physical masking of the activation domain as
characterized in C/EBPB (NF-M) (26). Apart from Pax family
proteins, several putative repression domains have been found
and analyzed to date. They were identified in the Drosophila
and mammalian transcription factors Engrailed, Even-skipped,
Kriippel, Hairy/Hes-1, WT1, and Mad/MXI1 (17, 37). Al-
though little is known about the structures and functions of
those repression domains, they seem to exert their effects
through multiple mechanisms. Note that some repression do-
mains have been shown to recruit a corepressor, a mediator of
transcription-repressing activity; Hairy/Hes-1, Mad/MXI1, and
basic Kriippel-like factor recruit their specific corepressors,
Groucho (37), SIN3A/SIN3B (1), and mCtBP2 (55), respec-
tively. Interestingly, these corepressors seem to be shared by
some other transcription factors as well (21, 55). Because the
C-terminal repression domain of Pax4 could function regard-
less of the cell types, the repression domain may interact with
an ubiquitously expressed corepressor and thereby achieve its
function. Alternatively, the repression domain of Pax4 may
exert its effect through direct interaction with a component of
the basal transcription machinery such as TATA-binding pro-
tein (TBP), as recently suggested in the unliganded thyroid
hormone receptor- or Even-skipped-mediated transcriptional
repression (13, 27).

In addition to the transferable repression domain, detailed
domain mapping analyses allowed us to identify an activation
domain which functions in a cell-type-dependent manner. The
transactivation potential derived from the domain was evident
only in 293/293T cells and F9 cells, which contain adenoviral
E1A oncogene products or intrinsic E1A-like activity. Indeed,
the exogenous expression of E1A in a heterologous cell line
(CHO-K1) could convert the activation domain into an active
one, whereas it did not affect the function of the repression
domain (Table 3). During revision of this report, Kalousova et
al. reported that whereas Pax4 and Pax6 have similar DNA-
binding specificities, the Pax4 C-terminal region can activate
the GALA4 reporter 2.5-fold less than the comparable region of
Pax6 (23). Their experiments used 293 cells, and the relative
potency of transactivation by Pax4 to that by Pax6 was consis-
tent with the data that we obtained for 293T cells (Fig. 8).
Although they suggested that Pax4 may act as a Pax6 repressor
in a passive manner due to competition for binding sites and
lower transactivation potential, our present results indicate
that Pax4 is an active repressor in most of the cell types.

The adenovirus E1A gene encodes multifunctional products,
which are involved in a wide variety of biological events such as
transcriptional activation and repression, immortalization, in-
hibition of cell differentiation, promotion of cell proliferation,
and stimulation of DNA synthesis (46, 59). Two major E1A
proteins are translated from the differentially spliced 13S and
12S mRNAs, which consist of 289 and 243 amino acid residues,
respectively. While the E1A proteins contain three conserved
regions, designated as CR1, CR2, and CR3, CR1 and CR2 are
included in both 12S and 13S but CR3 is unique to 13S E1A
(34). Because 13S but not 12S E1A activated the transactiva-
tion potential of the domain (Table 3), CR3 should be essential
for the phenomenon.

E1A has been shown to regulate gene transcription through
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several putative mechanisms. In terms of the transcriptional
suppression by E1A, it is known that E1A interacts with p300/
CBP and thereby interferes with the association between tis-
sue-specific transcription factors such as c-Myb, MyoD, and
p300/CBP (7, 40). Indeed, E1A inhibits insulin gene transcrip-
tion by sequestering p300 from BETA2/NeuroD, E12/E47, and
HEB, which bind to and activate the E-box enhancer in the
insulin gene promoter (41). On the other hand, several mech-
anisms have been identified for E1A-mediated gene activation.
First, E1A is known to interact directly with DNA-bound tran-
scription factors such as TBP, USF, ATF2/CRE-BP1, Sp1, and
c-Jun via its promoter-targeting region located within CR3
(29). E1A can simultaneously associate with the basal tran-
scription machinery (2), which can lead to the recruiting of
sequence-specific transcription factors to the basal transcrip-
tion components. To investigate whether E1A activates the
Pax4 TAD through a similar mechanism, the possible direct
interaction between Pax4 and E1A needs to be examined. The
observation that the 13S E1A, which encodes CR3, is required
for the activation domain of Pax4 to work supports this pos-
sibility. Second, E1A can activate transcription by chelating
negative regulators of transcription. For example, the E1A-
mediated activation of a transcription factor E2F involves neu-
tralization by E1A of the retinoblastoma gene product (pRb),
p107, and p130. E1A tightly traps pRb and the two other
proteins, which otherwise bind with E2F and silence its func-
tion (35). However, since E1A seemed to act not on the tran-
srepression domain but on the TAD (Table 3), a similar mech-
anism is unlikely to operate for the Pax4 activation.

Even in the absence of adenovirus infection, intrinsic E1A-
like activity was shown to be expressed in murine oocytes,
developing embryos, and adult ovaries, and this activity has
been suggested to be a marker of the undifferentiated cell state
(9). In embryonal carcinoma-derived F9 cells, which also has
intrinsic E1A 13S-like activity (19), activation of the TAD
could be observed. Therefore, if some intrinsic E1A-like activ-
ity is expressed during pancreas development, it may modulate
the Pax4 function as a repressor of transcription and thus be
involved in regulating development.

In the case of ATF2/CRE-BP1, the activation by 13S E1A is
suggested to involve the phosphorylation of Thr-69 and Thr-
71, located on the activation domain of ATF2 (30). This phos-
phorylation is considered to be mediated by 13S E1A-activated
kinases, possibly mitogen-activated protein kinase (MAPK)/
stress-activated protein kinase (SAPK) family serine/threonine
kinases (8, 30). During pancreas development, various growth
factors such as hepatocyte growth factor, heparin-binding epi-
dermal growth factor-like growth factor (HB-EGF), and ac-
tivin A and their associated factors are expressed and may
exert effects on growth and differentiation (15, 24, 36), and at
least some of them were shown to activate MAPK/SAPK fam-
ily serine threonine kinases (18, 42). Therefore, as is the case
with ATF2 activation, the function of Pax4 could also be reg-
ulated through activation of the MAPK/SAPK family kinases
even in the absence of the E1A-like activity. Support for this
possibility comes from the fact that the transactivation domain
of Pax4 contains a PXSP sequence, a putative target motif for
MAPK family. Also, we found that the activation potential of
the C-terminal region of Pax4 did indeed increase in response
to serum stimulation (14).

In this study, we used only the PD of Pax4 as a bait for the
DNA-binding site selection assay. While HDs are known to
bind to AT-rich sequences such as TAAT, the PD is considered
to be important primarily for the specificity of DNA binding
and has therefore been used in similar experiments for other
Pax family proteins such as Pax6 (6, 12). Thus, the use of Pax4
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PD allowed us to compare the consensus obtained with those
of other Pax family transcription factors reported previously
(Fig. 3). However, it has been suggested that the HDs of Pax
proteins cooperatively function with PDs and thus play an
essential role in achieving high-affinity binding to their target
sites (22, 39). In this context, we note the outcome of the
binding site selection assay that Smith et al. (48) performed
with a truncated Pax4 containing both PD and HD. The con-
sensus that they obtained includes a region (CACC) which can
be attributable to the binding with PD as well as an AT-
rich region (ATTA) to which the HD of Pax4 should bind.
Using the same truncated Pax4 containing both PD and HD,
they also showed that Pax4 binds to the insulin gene C2 ele-
ment with rather high affinity. This contrasts with our present
results obtained with the PD of Pax4, revealing rather low
affinity for the same site (Fig. 5B, lane 3), thus suggesting that
the cooperativity of the HD of Pax4 also contributes to the
determination of the binding preference for Pax4.

Although the GAL4-fused chimeric protein containing the
entire C-terminal region of Pax4 (GAL4-Pax4 232-349) re-
vealed a strong transactivating potential in 293/293T cells (Ta-
ble 2), this was not evident when the whole molecule of Pax4
was expressed in the same cells (Fig. 7B). This may be due to
an additional transcription repression activity which resides
outside of the C-terminal region. Indeed, when GAL4-Pax4
172-349, which contains the entire HD and C-terminal region
of Pax4, was expressed in CHO-K1 cells, a repression more
profound than that found with GAL4-Pax4 232-349 was ob-
served (14). Similar results were also obtained by Smith et al.
(48). While the HD of Pax3 appears to mediate transcriptional
suppression by interacting with corepressors such as pRb (60)
and HIRA (31), the HD of Pax4 may also function as another
transrepression domain.

In summary, our present observations indicated Pax4 to be a
potential repressor of transcription. The extreme C-terminal
region as well as HD would be responsible for its transcription-
repressing activity. Because the optimal binding sequence for
Pax4 seemed similar to that for Pax6, it may inhibit the expres-
sion of putative Pax6 target genes during pancreas develop-
ment and thus contribute to B-cell differentiation. Interest-
ingly, Pax4 also has a TAD whose function can be modified by
the presence of adenoviral E1A, suggesting the possible impli-
cation of posttranslational regulation of the Pax4 function.
These observations provide further support for the complexity
of the mechanisms underlying pancreas development.
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