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Pancreatic �-cell-type-specific expression of the insulin gene requires both ubiquitous and cell-enriched
activators, which are organized within the enhancer region into a network of protein-protein and protein-DNA
interactions to promote transcriptional synergy. Protein-protein-mediated communication between DNA-
bound activators and the RNA polymerase II transcriptional machinery is inhibited by the adenovirus E1A
protein as a result of E1A’s binding to the p300 coactivator. E1A disrupts signaling between the non-DNA-
binding p300 protein and the basic helix-loop-helix DNA-binding factors of insulin’s E-element activator (i.e.,
the islet-enriched BETA2 and generally distributed E47 proteins), as well as a distinct but unidentified
enhancer factor. In the present report, we show that E1A binding to p300 prevents activation by insulin’s
�-cell-enriched PDX-1 activator. p300 interacts directly with the N-terminal region of the PDX-1 homeodomain
protein, which contains conserved amino acid sequences essential for activation. The unique combination of
PDX-1, BETA2, E47, and p300 was shown to promote synergistic activation from a transfected insulin
enhancer-driven reporter construct in non-� cells, a process inhibited by E1A. In addition, E1A inhibited the
level of PDX-1 and BETA2 complex formation in � cells. These results indicate that E1A inhibits insulin gene
transcription by preventing communication between the p300 coactivator and key DNA-bound activators, like
PDX-1 and BETA2:E47.

Pancreatic islet �-cell-specific expression of the insulin gene
is due to a unique combination of factors that stimulate tran-
scription through an enhancer located between nucleotides
�340 and �90 relative to the transcription start site (2, 5, 55,
62). These sequences can replicate the tissue-restricted and
metabolically regulated expression pattern of the endogenous
insulin gene when linked to a reporter construct in transgenic
mice (3, 6, 20, 66) and cell lines (14, 25, 32, 56, 57, 59). C2
(�317 to �311 bp) (15, 25, 54), A3 (�201 to �196 bp) (15, 49,
50), C1 (�118 to �107 bp) (59, 73), and E1 (�100 to �91 bp)
(9, 25, 71) are the cis-acting enhancer elements within the
mammalian insulin gene that are essential for activation.
(These insulin elements are labeled in accordance with the
nomenclature proposed by German et al. [16].) Because each
of these activator-binding motifs is found within the transcrip-
tion unit of all characterized mammalian insulin genes (65), a
common regulator strategy is likely to be involved in control.

The PAX6 paired-homeodomain transcription factor acti-
vates insulin C2 element-stimulated transcription (64), and the
PDX-1 homeodomain protein mediates A3 element-activated
expression (42, 47, 49, 50). PDX-1 is the name (i.e., pancreatic
and duodenal homeobox-1) given by the International Com-
mittee on Standardized Genetic Nomenclature for Mice, but it
has also been referred to as IPF-1 (42), IDX-1 (33), and STF-1
(28). The activator of E element-directed expression is a het-
erodimer of proteins in the basic helix-loop-helix (bHLH) fam-

ily that are islet enriched, BETA2 (36) (also known as Neu-
roD1 [26]), and ubiquitously distributed, E47 (3, 8, 17, 59) and
HEB (51). The C1 activator, RIPE3b1 (56, 59, 73), has not
been isolated. In addition, PDX-1 (29, 31, 44, 50), RIPE3b1
(44, 56, 73), and BETA2:E47 (14, 39, 56) activation is con-
trolled by glucose, the principal physiological regulator of
�-cell gene expression.

Gene targeting experiments performed on PAX6, PDX-1,
and BETA2 have also demonstrated their contribution to pan-
creas formation. Thus, PDX-1 expression in a common pro-
genitor cell population appears to be essential for development
of both the endocrine and exocrine compartments of the pan-
creas, by permitting proliferation, branching, and differentia-
tion of the pancreatic epithelium (1, 24, 40). In contrast, PAX6
(54, 69) and BETA2 (37) act downstream of PDX-1 in the islet
endocrine cell differentiation pathway. Collectively, these re-
sults have established a central role for each of the isolated
insulin gene transcription factors in islet cell development and
function.

Preventing PDX-1, BETA2:E47, PAX-6, or RIPE3b1 bind-
ing drastically reduces insulin enhancer-driven transcription as
well as promoter activation from a number of other islet-
enriched genes, including glucokinase, GLUT2, somatostatin,
and glucagon (reviewed in references 5, 55, and 62). The data
suggest that these activators are components of regulatory
circuits that respond in a synergistic fashion to mediate tran-
scription. Although the exact mechanisms involved in control
are unclear, experiments performed in other systems imply
that transactivation is dependent upon the arrangement of
activator recognition sites and a precise complement of bound
activators that together form a unique network of protein-
protein and protein-DNA interactions.
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The non-DNA-binding p300 coactivator and its paralogue
CBP are involved in transducing transcriptional signals be-
tween RNA polymerase II and a number of the essential DNA-
bound activators (reviewed in references 12 and 60), including
the insulin gene BETA2:E47 activator (35, 52). In this study,
p300 is also shown to enhance PDX-1 activation and to act in
conjunction with the BETA2:E47 activator to synergistically
stimulate insulin gene transcription. Our results further sug-
gest that transcriptional stimulation requires direct interac-
tions between the insulin enhancer-bound activators and the
p300 coactivator, presumably enabling each to communicate
signals through the coactivator to the basal RNA polymerase II
transcriptional complex.

MATERIALS AND METHODS

DNA constructs. The GAL4:PDX-1(1–79)�ABC mutant was constructed
from full-length GAL4:PDX-1�ABC (48) by restriction enzyme digestion. The
�ABC mutation removes evolutionarily conserved amino acids (aa) 13 to 22 (A),
32 to 38 (B), and 60 to 73 (C) from the transactivation domain region (aa 1 to 79)
of the rat PDX-1 protein (48). The GST:PDX-1 chimeras were constructed by
subcloning PCR-amplified rat PDX-1 fragments into pGEX2T (Pharmacia) to
create in-frame glutathione S-transferase (GST) fusion proteins. The correctness
of each plasmid was verified by restriction enzyme digestion and partial DNA
sequence analysis.

The construction of the cytomegalovirus (CMV)-driven wild-type and mutant
PDX-1 expression vectors was described previously (48). The adenovirus type 5
E1A expression plasmids encode the wild-type 243 aa protein and mutants
deficient in p300 binding (E1A �2–36; internal deletion of aa 2 to 36 [63]) and
Rb pocket protein binding (E1A 928; cysteine 124 to glycine [34]). The CMV-
driven wild-type (27) and p300 dl10 mutant (deletion of aa 1680 to 1811) (27), as
well as the wild-type (27), Np300 (aa 1 to 1257) (27), Cp300 (aa 1258 to 2414)
(27), and Cp300�Q (deletion of aa 1945 to 2377) (52) in vitro translation mutants
of p300 have been described.

E47 is expressed from the simian virus 40 (SV40) enhancer/promoter in pJ3�
(48). The CMV BETA2 expression vectors contain either the complete coding
sequence of the hamster protein or lack aa 156 to 355 (BETA2 1–155) (52); this
mutant contains the bHLH region (i.e., aa 100 to 155) and dimerizes with E47.
Myc epitope sequences were fused in frame to the BETA2 sequences (52, 58).
GST:TAL1 (22) and GST:BETA2 (52) are in-frame GST fusions of the full-
length mouse and hamster proteins, respectively. The �238 insulin-chloram-
phenicol acetyltransferase (CAT) expression plasmids contain wild-type rat in-
sulin II gene sequences from bp �238 to �2 and E1 or A3 element mutants (53).
The construction of the rat insulin I minienhancer (�247 to �197 bp; FF CAT)
constructs in tkCAT (pTE2�S/N) has been described previously (15).

Cell culture and transfections. The � (HIT T-15 2.2.2 and �TC3) and non-�
(HeLa) cell lines were maintained as described previously (53). The insulin-CAT
constructs were transiently transfected by the calcium phosphate coprecipitation
procedure (70). The SV40 enhancer-driven luciferase (LUC) expression plasmid
SV2 LUC (11) was used as a recovery marker. Extracts were prepared 40 to 48 h
after transfection, and LUC and CAT enzymatic assays were performed as
described by DeWet et al. (11) and Nordeen et al. (38), respectively. The CAT
activity from the reporter construct was normalized to the LUC activity of the
cotransfected internal control plasmid. Each experiment was repeated several
times with at least two different plasmid preparations.

Electrophoretic mobility shift assays. HIT T-15 cells were transiently trans-
fected with GAL4:PDX-1(1–79) or GAL4:PDX-1(1–79)�ABC and
(GAL4)5E1bCAT and assayed for CAT and gel shift activity. The nuclear extract
was prepared as described previously (48). Double-stranded oligonucleotides to
the GAL4 (5�-GGCGGAAGACTCTCCTCCG-3�) DNA-binding element were
end labeled using [�-32P]dATP and T4 polynucleotide kinase. The reactions were
performed using 2.5 �g of nuclear extract in binding buffer (25 mM HEPES [pH
7.9], 0.1 mM EDTA, 10 mM MgCl2, 0.1 mM dithiothreitol [DTT], 10% glycerol,
0.5 �g of salmon sperm DNA), and labeled probe; each sample was incubated for
15 min at room temperature. A polyclonal antibody raised to the GAL4 DNA-
binding domain (Santa Cruz Biotech, Santa Cruz, Calif.) was used to localize the
GAL4:PDX-1(1–79) complexes. The samples were resolved on a 6% nondena-
turing polyacrylamide gel (acrylamide-bisacrylamide ratio, 29:1) and run in TGE
buffer (50 mM Tris, 380 mM glycine, 2 mM EDTA, pH 8.5). The gel was dried
and subjected to autoradiography.

In vitro translation and GST binding assay. Interactions between PDX-1 and
p300 were assessed by examining binding of in vitro-translated p300 with GST:
PDX-1. Wild-type and mutant GST:PDX-1 proteins were prepared using the
manufacturer’s conditions (Pharmacia), and [35S]methionine-labeled p300 was
synthesized using the TNT Kit (Promega). Labeled p300 protein was incubated
for 1 h in binding buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% NP-40,
2 mM EDTA, 10 mM MgCl2, 20 �M ZnCl2) with GST:PDX-1 coupled to
glutathione-Sepharose beads (Pharmacia). The beads were washed three times
with binding buffer, and the bound protein complexes were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autora-
diography.

Immunoprecipitation and Western blotting. HIT T-15 and HeLa cells were
transfected with PDX-1, BETA2-Myc, E1A, and p300 expression plasmids and
harvested after 24 h for immunoprecipitation and Western blot analyses. The
cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-
HCl, pH 8.0, 140 mM NaCl, 0.025% NaN3, 0.5% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, 2 �g of aprotinin
per ml) and incubated overnight at 4°C with antiserum to PDX-1, p300 (RW128
(Upstate Biotechnology, Lake Placid, N.Y.), MN11 (10)), FLAG (M2; Tony
Weil, Department of Molecular Physiology and Biophysics, Vanderbilt Univer-
sity), Myc (9E10; Sigma, St. Louis, Mo.), or normal immunoglobulin G (IgG).

PDX-1 polyclonal antiserum were developed to N- (aa 1 to 75 [48]) or C-
terminal (aa 271 to 283 [68]) epitopes. The monoclonal antibodies to p300
(MN11 and RW128) were raised to distinct peptide domains. The proteins were
immunoprecipitated with either protein A- or protein G-Sepharose beads (Sig-
ma, St. Louis, Mo.), washed three times with RIPA buffer, subjected to SDS-
PAGE, and then electrotransferred to Immobilon polyvinylidene difluoride
membrane (Millipore, Bedford, Mass.). The blot was incubated for 1 h at 4°C in
blocking buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20, and 5%
nonfat dry milk) and then at 4°C overnight with either PDX-1, p300, or Myc
antiserum. Detection was performed using enhanced chemiluminescence
(Pierce, Rockford, Ill.) after incubation with a horseradish peroxidase-conju-
gated secondary antibody.

RESULTS

Adenovirus E1A inhibits A3/A4 element activation. The ob-
servation that adenovirus E1A inhibited activation directed by
the bp �238 to �101 region of the rat insulin II enhancer
demonstrated that a control element(s), distinct from the E1
element at �100/�91, was a target of repression (64). The
PDX-1 and RIPE3bl activator binding sites at �201 to �196
bp (i.e., A3) and �115 to �107 bp (i.e., C1) are the principal
conserved control elements within this area, although previous
studies have shown that E1A does not influence C1-mediated
activation (52).

To test the effect of E1A on A3 element activation, regula-
tion from an insulin enhancer-driven CAT expression con-
struct spanning nucleotides �247 to �197 of the rat insulin I
gene was examined in HIT T-15 � cells. Stimulation by this
minienhancer region (termed FF) is mediated by the A3, A4,
and E2 elements (15) (Fig. 1A). Upon cotransfection of E1A,
the level of FF CAT activation was reduced markedly (Fig.
1B). In contrast, E1A had no effect on the activity of the parent
tkCAT cloning vector pTE2�S/N. The level of repression was
also unaffected in the E element binding site mutant (E2 mt in
Fig. 1B), suggesting that stimulation by A3 and/or A4 was
altered by E1A.

E1A influences cellular gene transcription by binding to
coregulatory factors (7) like the retinoblastoma (Rb) pocket-
binding proteins (i.e., p105, p107, and p110 [19, 45]) and p300
(12, 60). To investigate whether these factors were involved in
E1A-mediated inhibition of A3/A4-directed transcription, spe-
cific mutants that fail to bind either p300 (E1A�2–36 [63]) or
Rb (E1A.928 [34]) were used. In contrast to wild-type E1A, the
E1A�2–36 mutant was unable to inhibit A3/A4-dependent
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transcription effectively, whereas E1A.928 fully repressed ac-
tivity (Fig. 1C). In addition, wild-type p300 and a mutant that
lacks the E1A binding domain, p300 dl10, increased FF CAT
activity (Fig. 2A).

p300 also stimulated both A3/A4-and E2-dependent activity
(Fig. 2B). These data strongly implicate p300 in both A3/A4
and E element-dependent transcription. Because the A3 site
and not the A4 site is conserved among the mammalian insulin
genes (13, 15), the following experiments were designed to
determine if stimulation by its activator, PDX-1, was affected
by p300.

p300 interacts with PDX-1. To test if stimulation by PDX-1
was influenced by p300, � cells were cotransfected with expres-
sion plasmids producing p300 and either wild-type PDX-1 or
N- and C-terminal deletion mutants fused in frame to the
DNA-binding domain of the Saccharomyces cerevisiae GAL4
transcription factor. The GAL4:PDX-1 fusions represented
regions of PDX-1 important in activation (aa 1 to 79) and
DNA binding (homeodomain, aa 146 to 206) (Fig. 3A). Be-
cause p300 contains two distinct activation domain regions

(72), we reasoned that functional interactions between PDX-1
and p300 would enhance transcription from the GAL4 DNA
binding site-driven reporter, (GAL4)5E1bCAT, as observed
with the insulin gene activators BETA2 and E47 (52) and other
p300-regulated transcription factors (12, 60).

Indeed, p300 stimulated GAL4:PDX-1 activity from the
wild-type and aa 1 to 79 activation domain-spanning constructs
in �TC-3 and HIT T-15 cells (Fig. 3B). In contrast, p300 did
not affect activation from the homeodomain and C-terminal
region GAL4:PDX-1 construct [i.e., GAL4:PDX-1(79–283)] or
an activation-defective mutant of the aa 1 to 79 region [GAL4:
PDX-1(1–79)�ABC in Fig. 3B]. Gel shift and (GAL4)5

E1bCAT reporter assays performed on transfected HIT T-15
cells demonstrated that p300 affected GAL4:PDX-1(1–79) ac-
tivation, and not protein expression (Fig. 3C).

To determine if p300 physically interacted with PDX-1, af-
finity chromatography methods were developed using regions
of PDX-1 fused in frame to the GST gene. GST:PDX protein
was expressed in bacteria and immobilized on glutathione
beads. In vitro-labeled p300 translation products were incu-

FIG. 1. Repression of A3/A4 element-driven activity by the p300 binding region of adenovirus E1A. (A) Schematic representation of the FF
region in the rat insulin I gene, illustrating the E2 (�239/�228 bp), A4 (�221/�217 bp), and A3 (�212/�208 bp) elements. The nonallelic rat
insulin I gene, unlike the rat II or human insulin gene, contains a second upstream E-element (termed E2) (65). The mutant element is denoted
mt. FF CAT contains three copies of the �247 to �197 region (15). (B) HIT T-15 cells were transfected with wild-type (WT) FFCAT, mutant (mt)
FFCAT, or pTE2�S/N (2.5 �g) in the presence or absence of E1A (2.5 �g), and a recovery marker (1.0 �g) for transfection efficiency, pSV2 LUC.
(C) E2 mt FF CAT (2.5 �g) was transfected into HIT T-15 cells in the presence of wild-type E1A (2.5 �g) or a p300 (E1A�2–36)- or Rb (E1A.928)
binding-defective mutant. The normalized activity 	 standard error of the mean (SEM) is presented relative to FFCAT alone (B and C), which
in the absence of E1A corresponded to 1.36 
 106 cpm/reaction, 0.72 
 106 cpm/reaction, 6.10 
 106 cpm/reaction, 0.27 
 106 cpm/reaction, and
0.08 
 106 cpm/reaction for the FF WT, FF A4 mt, FF A3 mt, FF E2 mt, and pTE2�S/N, respectively. The relative activity of the various FF CAT
constructs in HIT T-15 cells is similar to that described previously (15). FF E2mt activity was not statistically changed in the presence of E1A�2–36,
but was with wild-type or 928 mt E1A (P � 0.05).
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bated separately with GST:PDX and GST control resin, and
the bound material was eluted and analyzed by SDS-PAGE.
Little if any of the radiolabeled p300 proteins bound to the
GST resin alone (Fig. 4). In contrast, p300 bound to the GST:

PDX fusions spanning the activation domain (full length, aa 1
to 149, and aa 1 to 79). The level of PDX-1 binding to p300 was
comparable to that of BETA2 (Fig. 4).

To localize the PDX-1 interaction domain in p300, various

FIG. 2. p300 coactivator potentiates A3/A4-mediated activation. (A) p300 or p300 dl10 (5, 10, or 20 �g) was transfected with FFCAT (2.5 �g)
into HIT T-15 cells. The sequences in p300 required for E1A association (aa 1680 to 1811) are missing in p300 dl10 (26). The ability of p300 dl10
to stimulate more effectively than p300 has also been found with other insulin-driven reporter genes (52). (B) WT, E2 mt, and A3 mt FF CAT (2.5
�g) were cotransfected into HIT T-15 cells in the presence (10 �g) or absence of p300 or p300 dl10 (10 �g). Relative activity 	 SEM is calculated
as the normalized activity of FFCAT plus E1A divided by that of FFCAT alone.

FIG. 3. p300 activates PDX-1 dependent transcription. (A) Diagrammatic representation of PDX-1 illustrating the location of the homeodo-
main region (Homeo; aa 146 to 206) and conserved amino acid segments (A, 13 to 22; B, 32 to 38; C, 60 to 73) within the aa 1 to 79 activation
domain (AD) (48). (B) The transcriptional activity of the wild-type and mutant GAL4:PDX-1 fusion proteins was examined in �TC-3 and HIT
T-15 cells. The PDX-1 sequences within the GAL4 chimeras are noted in parentheses. Each transfection contained GAL4:PDX-1 (2.5 �g), p300
or p300 dl10 (10.0 �g), (GAL4)5E1bCAT (2.5 �g), and pSV2 LUC (1.0 �g). The normalized fold p300 activation 	 SEM is the ratio of
GAL4:PDX-1 and p300 to GAL4:PDX-1 alone. (C) HIT T-15 cells were transfected with GAL4:PDX-1(1–79) or GAL4:PDX-1(1–79)�ABC (2.5
�g), p300 or p300 dll0 (10.0 �g), and (GAL4)5E1bCAT (2.5 �g). The extracts were assayed for both CAT and GAL4 DNA-binding activity, and
the CAT activity from each GAL4:PDX-1 construct was normalized to the level of GAL:PDX-1 binding activity in the gel shift assay. The ratio
of the normalized GAL4:PDX-1 activity with p300 to GAL4:PDX-1 alone from a representative experiment is shown.
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p300 mutant proteins were analyzed for binding to GST:PDX
resins. GST:TAL1 (22) and GST:BETA2 (52) binding to the
N- or C-terminal p300 regions served as controls. PDX-1 bind-
ing was only detected with the C-terminal p300 expression
construct (i.e., aa 1258 to 2414), an interaction lost in the
activation domain dysfunctional mutant GST:PDX(1–
79)�ABC (Fig. 4). Furthermore, removing the glutamine-rich
sequences from the C-terminal region of p300 prevented both
PDX-1 (Cp300�Q in Fig. 4) and BETA2 (52) binding. The
results demonstrate that the N-terminal activation domain re-
gion of PDX-1 interacts with C-terminal sequences of p300.

Having established that PDX-1 and p300 directly bind in
vitro, we asked whether this complex could be detected in vivo.
Immunoprecipitation assays were performed in HIT T-15 cell
extracts with antibodies to p300 (RW128 and MN11) and
PDX-1 (N- and C-terminal). Western blotting revealed that
PDX-1 was coprecipitated with p300 antibodies (Fig. 5A), and
p300 was coprecipitated with PDX-1 antibodies (Fig. 5B).
These complexes appear to be specific, as neither the unrelated
anti-FLAG monoclonal antibody (M2), mouse IgG, nor rabbit
IgG precipitated p300 or PDX-1 (Fig. 5). These results dem-
onstrated that p300 and PDX-1 also associate in vivo.

p300 cooperates with PDX-1 and BETA2:E47 to induce in-
sulin gene transcription. The results presented above and else-
where have shown that p300 interacts directly with PDX-1 and
BETA2:E47 (35, 52) to stimulate transcription. Because insu-
lin enhancer activation is drastically reduced when the binding
site for either factor is mutated, we considered that p300 might
mediate the synergy between PDX-1 and BETA2:E47.

To test this possibility, p300, PDX-1, E47, and BETA2 ex-
pression constructs were cotransfected with an insulin enhanc-
er/promoter-driven reporter construct (�238 CAT) into a cell
line (HeLa) that does not produce insulin or the islet-enriched

transcription factors BETA2 or PDX-1. As expected, this re-
porter does not respond to p300 or any of the individual DNA-
binding activators (Fig. 6A). p300 also has little or no influence
on activation by BETA2 plus E47 or PDX-1 alone. However,
transactivation by PDX-1, E47, and BETA2 was potentiated
when these factors were combined, an activity induced to a
much higher level in the presence of p300 and not by the
coactivator binding-defective mutant p300�Q. In addition,
wild-type E1A but not the p300 binding-defective E1A mutant
E1A�2–36 prevented activation (Fig. 6A).

Stimulation of �238 CAT activity by p300, PDX-1, E47, and
BETA2 was also dependent upon activator binding, as the
PDX-1 (A3 mt) and BETA2:E47 (E1 mt) binding site mutants
were inactive, even in the presence of p300 (Fig. 6B). The p300
binding sequences within each activator were necessary for
stimulation, as neither PDX-1�ABC nor BETA2(1–155) could
support p300-mediated synergistic activation (Fig. 6C).
BETA2(1–155) contains an intact bHLH region, which is nec-
essary for DNA binding and dimerization with E47, but lacks
the C-terminal p300 binding and transactivation domains (52,
58). Together, these results strongly indicate that communica-
tion between p300, PDX-1, E47, and BETA2 plays a key role
in regulating insulin gene transcription.

PDX-1 and BETA2:E47 complex formation in vivo is medi-
ated by p300. To further investigate the basis for cooperation
between the insulin activator factors, we tested whether phys-
ical interactions between PDX-1 and BETA2 were detected in
vivo. HIT T-15 cells were transfected with PDX-1 and BETA2,
and an immunoprecipitation analysis was performed with an-
tibodies that recognized the introduced PDX-1 and BETA2
proteins. BETA2 was detected in a complex with PDX-1 and
not PDX-1�ABC (Fig. 7A and B), although similar amounts of
protein were made.

To examine if p300 was involved in formation of the PDX-
1:BETA2 complex, an �-p300 immunoprecipitation was con-
ducted with cells transfected with p300 binding-defective mu-
tants of PDX-1 (PDX-1�ABC) and BETA2 [BETA2(1–155)].
As expected, p300-insulin activator complex formation was not
detected with either of these mutants [PDX-1�ABC, Fig. 7C;
BETA2(1–155), data not shown].

Collectively, our results suggested that the PDX-1 and

FIG. 4. In vitro interactions between p300 and PDX-1. Schematic
representation of the 35S-labeled in vitro-synthesized human p300 pro-
teins. The cysteine/histidine-rich (CH/1, CH/2, and CH/3), bromo-rich,
and glutamine-rich (Q-rich) domains that are involved in protein-
protein interactions are shown (12, 60). Radiolabeled p300 was incu-
bated with purified GST, GST:PDX, GST:BETA2 or GST:TAL1 pro-
tein bound to glutathione-Sepharose beads. Bound p300 was eluted,
separated by SDS–10% PAGE, and detected by autoradiography. The
input lane represents 5% of the total volume used in the binding assay.
GST:TAL1 (22) and GST:BETA2 (52) served as positive controls for
Np300 and Cp300 binding, respectively.

FIG. 5. p300 and PDX-1 associate in vivo. Immunoprecipitation
analysis was performed with HIT T-15 nuclear extract using (A) p300
(RW128 and MN11) antiserum, FLAG (M2) antiserum, and normal
mouse IgG or (B) PDX-1 antiserum (N-terminal and C-terminal) and
normal rabbit IgG. The precipitate was washed with RIPA buffer, and
the released proteins were separated by SDS–10% PAGE and immu-
noblotted (IB) with (A) PDX-1 (N terminal) or (B) p300 (RW128)
antiserum.
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BETA2 sequences required in physical (Fig. 3 and 4) and
functional interactions (Fig. 6) with p300 were also necessary
for formation of a BETA2 and PDX-1 precipitation complex in
cells. If so, we predicted that E1A should inhibit the formation
of the PDX-1:BETA2 complex. To test this proposal, HIT
T-15 cells were transfected with BETA2, PDX-1, and E1A, and
an immunoprecipitation analysis was performed with p300,
BETA2 (i.e., Myc tag), and PDX-1-specific antisera. The pre-
cipitated proteins were probed for the presence of BETA2 and
PDX-1. The addition of E1A profoundly reduced the amount
of BETA2 and PDX-1 coprecipitating with either p300 (Fig.
8A), PDX-1 (Fig. 8B), or BETA2 (Fig. 8C). In contrast, E1A
did not affect PDX-1 or BETA2 protein expression (see TL in
Fig. 8).

As the BETA2:PDX-1 complex levels were reduced by E1A
to a similar low in the p300, PDX-1, and BETA immunopre-
cipitations (Fig. 8), we propose that interactions between these
DNA-binding factors are principally, if not exclusively, medi-
ated through p300. Most significantly, when these results are
considered together with the transfection and biochemical ex-
periments performed with p300, our data strongly indicate that

the recruitment of this coactivator by PDX-1 and BETA2:E47
plays an essential role in controlling insulin gene transcription
in vivo.

DISCUSSION

PDX-1 and BETA2:E47 act upon the insulin enhancer to
control �-cell-specific insulin gene transcription. This unique
combination of activators promotes the RNA polymerase II
machinery to stimulate insulin gene transcription synergisti-
cally. The greater-than-additive effect results from multiple
protein-protein interactions between activators and the gen-
eral transcriptional machinery, as a consequence of activator
binding directly to the RNA polymerase II transcriptional ap-
paratus and/or through a bridging coactivator(s).

Previously we had shown that adenovirus E1A protein bind-
ing to the p300 coactivator blocked insulin gene transcription

FIG. 6. PDX-1, BETA2: E47 and p300 synergistically stimulate
insulin enhancer-driven reporter expression. The rat insulin II (A and
C) WT, (B) E1 mt, and (B) A3 mt �238 CAT reporter (1.0 �g), and
expression vectors encoding E47 (2.5 �g), p300 (10 �g), BETA2 (2.5
�g), PDX-1 (2.5 �g), and E1A (2.5 �g) were transfected into HeLa
cells, as indicated. Values are expressed as the normalized fold induc-
tion 	 SEM relative to the reporter gene alone.

FIG. 7. The p300 binding sequences in PDX-1 are important for
complex formation with BETA2 in vivo. Expression plasmids (2.5 �g
each) encoding Myc epitope-tagged BETA2 (BETA2-Myc), wild-type
PDX-1, PDX-1�ABC, and p300 were transfected into (A and B) HIT
T-15 and (C) HeLa cells, as indicated. The extracts were immunopre-
cipitated (IP) with (A) �-PDX-1 (N terminal), (B) �-Myc, or (C)
�-p300 (RW128) antibody. BETA2-Myc and PDX-1 in the precipitates
were analyzed by immunoblotting (IB) with Myc and PDX-1 (N-ter-
minal)-specific antisera. The total lysate (TL; approximately 5% of
total) shows the expression level of the transfected BETA2-Myc and
PDX-1 proteins.

FIG. 8. Adenoviral E1A reduces PDX-1:p300:BETA2 complex lev-
els. HIT T-15 cells were transfected with the E1A (5 �g), PDX-1 (2.5
�g), and BETA2-Myc (2.5 �g) expression plasmids, as indicated. Nu-
clear extracts were immunoprecipitated (IP) with (A) �-p300
(RW128), (B) �-PDX-1 (N terminal), or (C) �-Myc antibody and
immunoblotted (IB) with (A and B) Myc and (A and C) PDX-1 (N
terminal)-specific antisera. (A) BETA2 and PDX-1 were reduced to
0.03 and 0.09 of the no-E1A-transfected control, respectively; (B) 0.16;
(C) 0.15. BETA2 and PDX-1 are expressed at similar levels under
these conditions (5% of total lysate [TL]).
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in islet � cells (63), at least in part due to actions on BETA2
and E47 (52). In this study, we found that E1A also inhibits
PDX-1 activation through binding to p300. PDX-1 and BE-
TA2:E47 were shown to act together with p300 to stimulate
insulin gene transcription, with p300 complex formation in-
volving activation domain sequences within each factor. Our
results suggest that p300 provides a docking and recruitment
interface between PDX-1, BETA2:E47, and the general tran-
scriptional machinery.

PDX-1 became a candidate for p300 regulation due to the
ability of E1A to influence insulin A3/A4 element activation
(Fig. 1). As the A3 site and not the A4 site is conserved among
the mammalian insulin genes (13, 15), our experiments focused
on determining if E1A specifically affected activation by the A3
activator, PDX-1. Interestingly, the HNF1� transcription fac-
tor, which can bind to the mouse (13) and human (43) A4
elements in gel shift assays, also appears to be regulated by
p300 (61). However, chromatin immunoprecipitation assays
performed with HNF1� antiserum strongly suggest that this
factor does not bind to the A4 element in vivo (46). In contrast,
a similar analysis performed with BETA2- and PDX-1-specific
antisera confirmed that each bound within the enhancer region
of the endogenous insulin gene (M. Cissell and R. Stein, data
not shown).

Stimulation by PDX-1 and BETA2 was shown to be medi-
ated by the p300 coactivator in both immunoprecipitation and
insulin gene reporter transfection experiments performed in �
and non-� cells. The p300 binding surface within PDX-1 [aa 13
to 22 (A), 32 to 38 (B), and 60 to 73 (C), Fig. 4 and 7] was
mapped by in vitro GST pulldown and in vivo immunoprecipi-
tation assays to sequences essential in activation domain func-
tion. Ashara et al. (4) also found that N-terminal trans-activa-
tion domain-spanning sequences of PDX-1 (aa 1 to 140) were
bound to CBP, the paralog of p300. The activation domain
region of BETA2 was also necessary in p300 binding (i.e.,
within aa 156 to 355) (52). Both PDX-1 and BETA2 associate
with p300 through the C-terminal glutamine-rich domain (Fig.
4), whereas E47 interacts with the N-terminal cysteine/histi-
dine-rich domain of p300 (52).

PDX-1 has also been shown to bind directly to BETA2 and
E47 by in vitro GST pulldown analysis (41). The sequences
involved in BETA2 (aa 94 to 162) and PDX-1 (aa 138 to 213)
binding were distinct from those involved with p300. Interest-
ingly, we found that the reduction by E1A of PDX-1-, BETA2-,
and E47-mediated activation (Fig. 1 and 6) (52) closely paral-
leled the loss in PDX-1:p300 and BETA2:p300 complex for-
mation in � cells (Fig. 8). Glick et al. (18) have also shown that
PDX-1, BETA2, and E47 act cooperatively to activate insulin
enhancer-directed expression. Although potentiation by p300
was not investigated, these investigators found that the C-
terminal p300-binding region of BETA2 was involved in acti-
vation. p300 also enhances transactivation by PAX6 on the
glucagon gene (23). Collectively, the data strongly indicate that
insulin gene transcription is mediated by p300 association with
the key �-cell-enriched activators.

Synergistic transcription results from multiple interactions
between activators and the general transcriptional machinery.
Activator-activator interactions between PDX-1, BETA2, and
E47 have been shown to promote cooperative DNA binding on
insulin enhancer DNA in vitro (3.5-fold between E47 and

PDX-1) (41). These results imply that cooperative binding of
activators to DNA, and possibly direct contacts between acti-
vator and the basal transcriptional machinery, are involved in
insulin gene activation. However, as p300 binding to E1A re-
sulted in a profound and parallel loss in the capacity of PDX-1
and BETA2 to interact in vivo and activate insulin gene tran-
scription, we propose that functional interactions between
these DNA-binding factors are principally, if not exclusively,
mediated through p300.

Binding between p300 and basal factors, like the TATA-
binding protein (TBP) and TFIIB (12, 60), are presumably
essential in this process. In addition, the intrinsic acetyltrans-
ferase activity of p300 and the p300-associated factor P/CAF
may contribute to activation through modifications of histone
proteins (12, 60) and/or the insulin activators directly. The
adenovirus E1A protein appears to inhibit insulin transcription
by either preventing assembly of or destabilizing the p300
complex formed with the insulin enhancer factors PAX6 (23),
PDX-1, and BETA2 and the general transcriptional machinery
(Fig. 8).

The ability of the � cell to provide insulin in sufficient
amounts to meet the body’s needs is compromised in type 2
diabetes mellitus patients with mutations in BETA2 (30) and
PDX-1 (21, 67). As mutations within the p300 binding domain
of each factor, Q59L and D76N in PDX-1 (21) and 206�C in
BETA2 (30), have been identified in diabetic families, a defect
in p300:activator complex formation could be the cause of
�-cell dysfunction. Thus, p300-mediated activation of the in-
sulin gene would be inhibited in these mutants if BETA2:E47
or PDX-1 could not engage in combinatorial interactions with
p300. In addition, as both BETA2:E47 (14, 39, 56) and PDX-1
(29, 30, 44, 50) control glucose-regulated transcription of the
insulin gene, metabolic signaling may also be disrupted in these
mutants. Experiments are in progress to test whether p300
provides PDX-1 and BETA2 the transactivation capacity to
support metabolic and differentiation control.
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