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Homeodomain proteins specify developmental path-
ways and cell-specific gene transcription whereby pro-
teins of the PBC subclass can direct target gene speci-
ficity of Hox proteins. Proteins encoded by nonclustered
homeobox genes have been shown to be essential for cell
lineage differentiation and gene expression in pancre-
atic islets. Using specific antiserum in an electro-
phoretic mobility shift assay and in vitro transcribed/
translated proteins, the nuclear proteins binding
domain B of the G3 enhancer-like element of the gluca-
gon gene were identified in the present study as het-
erodimers consisting of the ubiquitously expressed ho-
meodomain protein Prep1 and the also widely expressed
PBC homeoprotein Pbx (isoform 1a, 1b, or 2). These het-
erodimeric complexes were found to bind also to the
glucagon cAMP response element and to a newly iden-
tified element termed G5 (from 2169 to 2140). Whereas
the expression of Prep1 or Pbx forms alone had no ef-
fect, coexpression of Pbx1a/1b-Prep1 inhibited the glu-
cagon promoter when activated by cotransfected Pax6
or another transcription factor in non-glucagon-produc-
ing cells. In contrast, in glucagon-producing pancreatic
islet cells, Pbx-Prep1 had no effect on GAL4-Pax6-in-
duced mutant glucagon promoter activity or on Pax6-
dependent wild-type glucagon promoter activity. Fur-
thermore, 5*-deletion of G5 enhanced glucagon
promoter activity in a non-glucagon-producing cell line
but not in glucagon-producing islet cells. This study
thus identifies a novel target and Hox-independent
function of Pbx-Prep1 heterodimers that, through re-
pression of glucagon gene transcription in non-gluca-
gon-producing cells, may help to establish islet cell-spe-
cific expression of the glucagon gene.

The homeodomain protein superfamily comprises a large
number of sequence-specific transcription factors sharing a
highly conserved DNA-binding homeodomain. Homeodomain
proteins of the HOM/Hox gene clusters in Drosophila and ver-
tebrates are critical regulators of cell fate and segment iden-
tity, differentiation, and cellular transformation during early
development (1–3). Also, the nonclustered homeobox genes
play critical roles in directing and maintaining cellular differ-

entiation in many organs, including the pancreatic islets. The
pancreatic islets of Langerhans are composed of four different
cell types, a-, b-, d-, and pancreatic polypeptide cells, which
produce the hormones glucagon, insulin, somatostatin, and
pancreatic polypeptide, respectively (4, 5). Phenotypic analysis
of null mutant mice bearing targeted disruptions of homeobox
genes established an essential role for homeodomain factors in
pancreas organogenesis, including the homeodomain proteins
Pdx1, Hlxb9, and Nkx2.2, the LIM-homeodomain protein lsl-1,
and the paired homeodomain proteins Pax4 and Pax6 (6–14).
These proteins are also expressed in the adult pancreas, and it
is becoming clear that most homeodomain proteins possess
early functions involved in the differentiation of the various
islet cell types as well as late functions involved in mainte-
nance, function, and the optimal expression of hormone genes
in mature islet cells (15, 16).

Glucagon is a functional antagonist of insulin. It raises blood
glucose levels by stimulating glycogenolysis and gluconeogen-
esis (5). In diabetes mellitus, relative hyperglucagonemia con-
tributes to hyperglycemia (17). The glucagon gene is expressed
early in development at embryonic day 9.5 in the mouse, con-
comitantly with the appearance of the dorsal pancreatic bud
(4). The a-cell specificity of glucagon gene expression is con-
ferred by the 59-flanking region of the glucagon gene (18–22)
and depends on homeodomain protein binding to several regu-
latory DNA control elements (23). The glucagon G1 promoter
element is bound by the POU homeodomain protein Brain-4
up-regulating glucagon gene transcription (24). Additional pos-
itively acting G1-binding homeodomain factors have been iden-
tified as lsl-1 (25) and the caudal-related homeodomain protein
Cdx-2/3 (26–28). One of the major islet-specific glucagon en-
hancer elements, G3, comprises two distinct protein binding
domains, A and B (29). The glucagon G3A-binding protein has
been identified as Pax6 (30, 31). In addition to its role as
G3-stimulating factor, Pax6 functionally synergizes with Cdx-
2/3 on G1 (29, 32–34). Thus, homeodomain proteins binding to
the glucagon gene seem to play a bivalent role as cell lineage-
determining factors during embryonic islet cell differentiation
and as transcriptional regulators critically involved in the
maintenance of a-cell-specific cellular phenotype and glucagon
gene transcription in the adult islet.

In this study, the nuclear proteins binding to domain B of the
G3 enhancer-like element of the glucagon gene are molecularly
identified as heterodimers consisting of Pbx1/2, which are
members of the PBC family of homeodomain proteins, and
Prep1, which is related to the Drosophila HTH and vertebrate
Meis homeodomain proteins. Pbx-Prep1 act as transcriptional
repressors of glucagon gene transcription in non-glucagon-pro-
ducing cells but not in glucagon-expressing pancreatic islet
cells. These proteins have previously been shown to form com-
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plexes with various Hox proteins and thereby play important
roles in regulating the specific activity of homeotic selector
proteins (35). The results of the present study define a novel
target and Hox-independent function of Pbx-Prep1 het-
erodimers that may help to establish a-cell-specific expression
of the glucagon gene.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Plasmids 4xG3T81Luc (36), 4xG3AT81Luc,
2136GluLuc (37), 4xG3BT81Luc (38), 2350GluLuc (39), 2200GluLuc,
and 2169GluLuc (40) have been described previously. Transcription
factors encoding expression vector pBAT14-mPax6 (31), pCMV-HNF-3b
(41), pSG5c-ets-1p68 (42), pSG5-Prep1, or pSG5-Pbx1b (43, 44) have
also been described in previous reports. An expression vector encoding
a GAL4-Pax6 fusion protein and plasmid 2350(mutG1/G3)GluLuc has
been described elsewhere.1 To construct the plasmid 2350(mutG3B)-
GluLuc base pairs 2240 to 2245 of the glucagon promoter within
2350GluLuc were replaced by an EcoRI restriction site using a com-
mercial PCR kit (Taq PCR Core Kit, Qiagen, Hilden, Germany). Two
fragments were obtained by using 2350GluLuc as PCR template in
combination with the following primer pairs (recognition sites of the
indicated restriction enzyme are underlined): primer pair 1, upstream
primer 59-CGTACTCGAGATGGCCAAATAGCACATCAAGG-39 (XhoI)
and downstream primer 59-CGGGAATTCTCTCAGTCAGGCGTGAAA-
AAC-39 (EcoRI); primer pair 2, upstream primer 5-CGGGAATTCGGT-
GTATTTCAAACTACCCTT-39 (EcoRI), downstream primer 59-GTAGA-
TCTAGACAGGTGGAGCTCCTTTGG-39 (BglII). PCR was performed
according to the manufacturer’s instructions with an annealing tem-
perature of 70 °C, respectively. PCR products were gel-purified, di-
gested with the corresponding restriction enzymes, and cloned into the
XhoI–BglII sites of pXP2 (45). Expression vector pBK-Pbx1a was con-
structed by inserting an EcoRI fragment of pSP65-Pbx1a (46) contain-
ing the entire Pbx1a cDNA (1819 bp)2 into the EcoRI site of the pBK-
CMV expression vector (Stratagene, Heidelberg, Germany). According
to manufacturer’s instructions, lac promoter sequences of pBK-CMV
were excised by SpeI/NheI restriction enzyme digestion, and the linear
vector was religated in order to get optimized eucaryotic expression of
Pbx1a under control of a CMV promoter. All constructs were sequenced
by the enzymatic method to confirm the identity and the orientation of
the inserts.

Cell Culture and Transfection of DNA—JEG-3 choriocarcinoma cells
(47) were grown in Dulbecco’s modified Eagle’s medium (4.5 g of glu-
cose/liter) supplemented with 10% fetal calf serum, 100 units of peni-
cillin/ml, and 100 mg of streptomycin/ml. Glucagon-producing pancre-
atic aTC2 cells (48) were grown in Dulbecco’s modified Eagle’s medium
(4.5 g of glucose/liter) supplemented with 2.5% fetal calf serum, 15%
horse serum, and antibiotics as described above. Glucagon-producing
pancreatic InR1-G9 cells (49) were grown in RPMI 1640 medium sup-
plemented with 10% fetal calf serum and antibiotics as described above.
JEG-3 cells were transfected by the calcium phosphate precipitation
method (3 mg of indicator plasmid/6-cm dish), and aTC2 and InR1-G9
cells were transfected by the DEAE-dextran method (2 mg of indicator
plasmid/6-cm dish). Where indicated, expression plasmid pBAT14-Pax6
(12 or 23 ng/6-cm dish), pGAL4-Pax6 (900 ng/6-cm dish), pCMV-
HNF-3b (12 ng/6-cm dish), pSG5c-ets1p68 (750 ng/6-cm dish), pSG5-
Prep1 (750 or 2250 ng/6-cm dish), pSG5-Pbx1b (1 mg/6-cm dish), or
pBK-Pbx1a (23 or 75 ng/6-cm dish) was cotransfected. These cotrans-
fections were done with a constant DNA concentration, which was
maintained by adding Bluescript (Stratagene, Heidelberg, Germany).
The transfection efficiency and possible unspecific squelching effects
were checked by cotransfection of pGFPtpz-cmv[R] vector (Canberra-
Packard, Dreieich, Germany) encoding a green fluorescent protein mu-
tant (50 or 500 ng/6-cm dish). Cell extracts were prepared 48 h after
transfection, and the luciferase assay was performed as described pre-
viously (39). Fluorescence signals were determined by using 50 ml of cell
extract per well in a 96-well microplate (Greiner, Frickenhausen, Ger-
many), which was analyzed in a Fluorocount fluorometer (Canberra-
Packard) equipped with a 485-nm (excitation)/530-nm (emission) filter
pair.

Nuclear Extracts—Nuclear extracts were prepared from aTC2 cells

by the method of Dignam et al. (50) with the modification that after the
chromatin extraction step an ammonium sulfate (0.3 g/ml) precipitation
was included to concentrate proteins before dialysis.

In Vitro Transcription/Translation—For use in in vitro transcrip-
tion/translation reactions, the following cDNA constructs under the
control of the SP6 or T7 promoter were used: pSP65-Pbx1a, pSP64-
Pbx2, pSP65-Pbx3a (46), pSG5-Prep1, pSG5-Pbx1b (43, 44). The cDNA
expression vectors were transcribed and translated in vitro using the
TNT coupled transcription-translation reticulocyte lysate system
(Promega) according to the manufacturer’s instructions, including
SP6 or T7 polymerase and [35S]methionine (Amersham Pharmacia
Biotech). Plasmids were added either alone (1 mg of plasmid/reaction)
or co-translated by mixing 750 ng of pSG5-Prep1 and 1000 ng of
Pbx-encoding plasmids/reaction. Translation products were analyzed
by SDS-polyacrylamide gel electrophoresis and visualized with a Fuji
PhosphorImager.

Electrophoretic Mobility Shift Assay—Synthetic complementary oli-
gonucleotides with 59-GATC overhangs were annealed and labeled by a
fill-in reaction with [a-32P]dCTP (ICN, Eschwege, Germany) and Kle-
now enzyme. Nuclear extracts (20 mg of protein) or 2 ml of reticulocyte
lysate were incubated with 2 mg of poly(dI-dC) as nonspecific competitor
and with specific competitors, if indicated, in 20 ml (total volume) of 20
mM HEPES, pH 7.9, 1 mM EDTA, 0.5 mM dithiothreitol, 140 mM KCl,
and 10% glycerol for 10 min on ice. The assay was then performed as
described (29). In some binding reactions, specific antibodies to various
homeodomain proteins were used. Nuclear extracts were incubated
with 2 ml of antibody in 20 ml (total volume) of 10 mM Tris, pH 7.5, 50
mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, and 5% glycerol for 30 min
at room temperature. Following a 10-min incubation on ice with 2 mg of
poly(dI-dC), the labeled oligodeoxynucleotides were added, and the
assay was then performed as described (29).

Oligonucleotides—The sequences of the G3, G3B, TTR-HNF3, TTR-
HNF4, and glucagon cAMP-responsive element (GluCRE) oligonucleo-
tides used as probes or competitors in electrophoretic mobility shift
assays have been described before (36, 51). The sequences of the Pbx-
HoxCon oligonucleotide containing the Pbx-responsive sequence (52)
and of the 136/169 oligonucleotide-containing glucagon gene 59-flanking
sequences from bp 2133 to 2170 were as follows (only one strand with
the 59-GATC overhang is shown): 59-GATCCCGCATCAATCAATTTC-
GA-39 (PbxHoxCon) and 59-GATCCTCTGAGGTCTCACCCCGGTATC-
AGCGTGAGGAGCAGA-39 (136/169).

Antibodies—Homeodomain protein-specific antibodies against Pax6
(aPax6) (53), Meis1 (aMeis1) (54), Cdx-2 (aCdx-2) (55), and Engrailed-
1/2 (aEnhb-1) (56) have been described previously. An anti-glucagon
antibody was obtained from Biotrend Chemikalien (Cologne, Germany).
Antibodies against Prep1 and Pbx proteins were obtained from Santa
Cruz Biotechnology, Inc. (Heidelberg, Germany). The antibodies aPbx1,
aPbx2, and aPbx3 are directed against isoform-specific N-terminal
parts of the corresponding protein; aPbx1 and aPbx3 thereby simulta-
neously recognize the long and short splice variants 1a/1b and 3a/3b,
respectively. aPbx1/2/3 specifically detects a C-terminal peptide com-
mon to long Pbx1a, Pbx2, and Pbx3a isoforms.

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)—
Poly(A)1 RNA was extracted from aTC2 cells using a commercial kit
(Fast Track 2.0TM; Invitrogen). The quality of the RNA was assessed by
electrophoresis in a 1% formaldehyde-agarose gel. RT-PCR was per-
formed using a rTth DNA polymerase-including commercial kit (Gene
AmpTM Thermostable rTth Reverse Transcriptase RNA PCR Kit, Roche
Molecular Systems) with primers as follows: primer pair Prep1, up-
stream primer 59-AAGATCTCAGCATCTTGC-39 and downstream
primer 59-TGTTGACTTGGAGTAGTGTC-39 (size of the expected prod-
uct: 183 bp); primer pair Pbx1, upstream primer 59-CACTGCTAC-
CAATGTGTC-39 and downstream primer 59-TCCATCACTGTATC-
CTCC-39 (size of the expected products: 229 bp (Pbx1a) and 116 bp
(Pbx1b)); primer pair Pbx2, upstream primer 59-GCCACAGCCGCAC-
CAGCTCC-39 and downstream primer 59-CCTTAGAGGCCCCATTCT-
TCC-39 (size of the expected product: 503 bp) (46); primer pair Pbx3,
upstream primer 59-GCACACGCAGTAGCAGCAGC-39 and down-
stream primer 59-TGTGGCCAGAGATTAGTTAG-39 (size of the ex-
pected products: 381 bp (Pbx3a) and 269 bp (Pbx3b)) (46). The PCRs
were conducted as follows: 1 min at 95 °C, 1 min at 55 °C, and 1.5 min
at 72 °C for 35 cycles. Control for DNA contamination was performed by
omitting the reverse transcriptase step in parallel samples. After aga-
rose gel electrophoresis, the products obtained were verified by extrac-
tion, subcloning (pCR® 2.1, Invitrogen), and cycle sequencing (Thermo
sequenase fluorescent labeled primer cycle sequencing kit, Amersham
Pharmacia Biotech; IRD-800 labeled primers, MWG Biotech (Ebers-
berg, Germany)).

1 Grzeskowiak, R., Amin, J., Oetjen, E., and Knepel, W. (2000) J. Biol.
Chem., in press.

2 The abbreviations used are: CRE, cAMP-response element; CMV,
cytomegalovirus; PCR, polymerase chain reaction; RT-PCR, reverse
transcriptase-PCR; HNF, hepatocyte nuclear factor.
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Immunohistochemistry—Healthy tissue of a partially inflamed hu-
man pancreas was formalin-fixed, paraffin-embedded, and cut into
2-mm-thick sections. Prior to incubation with primary antibodies, sec-
tions to be stained were placed in 10 mM citrate buffer at pH 6.0 and
irradiated by microwaves at 750 W for 15 min. Every 5 min, evaporated
citrate buffer was replaced by fresh buffer. Subsequently, sections were
incubated for 30 min at room temperature with antibodies against
glucagon (a-glucagon), Prep1 (aPrep1), or Pbx1a, -2, and -3a (aPbx1/
2/3) at a dilution of 1:10. Unbound primary antibodies were then rinsed
off with Tris, pH 7.4, before being stained with a commercial ChemMate
kit (Dako, Hamburg, Germany). The slides were then rinsed with water
and counterstained with hematoxylin for 2 min at room temperature.
Finally, slides were rinsed again with water and coverslipped. For a
negative control, incubation with the primary antibody was omitted.

RESULTS

Nuclear Proteins Binding to Domain B of the G3 Enhancer-
like Element Are Recognized by Antiserum Directed against Pbx
and Prep1 Homeodomain Proteins—G3B-binding proteins
(G3B-BP) have been characterized in nuclear extracts from
various islet cell lines as well as non-islet cells. In the electro-
phoretic mobility shift assay, G3B-BPs typically form two pro-
tein complexes with slightly different mobilities (29, 33). Their
binding to a labeled G3B probe is competed by an oligonucleo-
tide containing a winged helix protein binding site from the
transthyretin promoter (TTR-HNF3) (36). Using mRNA from
pancreatic islet cells (aTC2, InR1-G9, HIT, or mouse islets) and
a pair of degenerate primers targeting highly conserved se-
quences within the winged helix DNA binding domain (57),
cDNAs encoding the members of the winged helix family of
transcription factors HNF-3b, HNF-3g, ILF, MNF, and FKH4
were obtained by RT-PCR. After expression in bacteria, these
proteins did not bind G3B in the electrophoretic mobility shift
assay (data not shown), suggesting that the nuclear G3B-BPs
may belong to a different class of DNA-binding proteins. Se-
quence comparison reveals that the sequence of domain B of
the glucagon G3 element is similar to known DNA-binding
sites of three families of interacting homeodomain proteins, the
Hox, PBC, and HTH/Meis/Prep1 families of homeoproteins
(Fig. 1) (35). As shown in Fig. 2A, an oligonucleotide (PbxHox-
Con), containing a consensus binding site (Pbx-responsive se-
quence) for Pbx-Hox or Pbx-Prep1 heterodimers (52), competed

for the binding of G3B-BPs to labeled G3B in the electro-
phoretic mobility shift assay. It did so with higher potency than
TTR-HNF3 (Fig. 2A). To test more directly whether nuclear
G3B-BPs contain homeodomain proteins, specific antibodies
were used. The Pbx proteins are members of the PBC family of
homeodomain proteins and comprise three highly related pro-
teins, Pbx1, -2, and -3, that are encoded by distinct genes. Two
forms of Pbx1 and Pbx3, designated a and b, result from dif-
ferences in splicing in the 39-portion of their transcripts (46, 58,
59). The alternative b forms of Pbx1 and Pbx3 are C-terminally
truncated and thus shorter (about 40 kDa) than Pbx1a, Pbx2,
and Pbx3a (all about 50 kDa) (46). As shown in Fig. 2B, the
addition of a Pbx-specific antibody (aPbx1/2/3), which recog-
nizes the 50-kDa Pbx isoforms 1a, 2, and 3a, completely dis-
rupted the binding of the slower migrating G3B-BP complex,
whereas the faster migrating complex remained unaffected.
This suggests the presence of a long Pbx form within the slower
G3B-BP complex (Fig. 2B, lane 3). In contrast, the binding of
nuclear G3B-BPs was not affected by antiserum directed
against the homeodomain protein Cdx2 (60) or the G3A-bind-
ing protein Pax6, which in addition to a paired domain also
contains a homeodomain (61) (Fig. 2B, lanes 2 and 7). The
mammalian Pbx proteins and their homologue EXD from Dro-
sophila have been shown to bind certain DNA elements coop-
eratively with other homeodomain proteins including En-
grailed-2 (62–64), Meis1, or Prep1 in mammals (43, 53, 65, 66)
and EN or HTH in Drosophila (67, 68). This prompted us to test
whether one of these proteins may be contained in the nuclear
G3B-BP complexes. Whereas preincubation of binding reac-
tions with antibodies against Meis1 or Engrailed-1/2 (aMeis1,
aEnhb1) had no effect on the binding of G3B-BP (Fig. 2B, lanes
5 and 6), the addition of Prep1 antibodies completely abolished
the binding of the slower migrating G3B-BP complex and
strongly reduced the intensity of the faster migrating G3B-BP
complex (Fig. 2B, lane 4). These results indicate that Prep1
proteins are present in both G3B-binding complexes and (in the
case of the slower migrating complex) combine with a long Pbx
variant to form binding activity on G3B.

To further define the Pbx isoforms binding to G3B, addi-

FIG. 1. DNA sequences within the rat glucagon gene 5*-flanking region display similarities with consensus binding sites for three
families of interacting homeodomain proteins, the Hox, PBC, and HTH/Meis/Prep1 families of homeodomain proteins. Upper panel,
control elements in the 59-flanking region of the glucagon gene. 11 indicates the transcription start site. Relative positions of control elements are
indicated by bp numbers with regard to the transcription start site. Lower panel, sequence of the G3 enhancer-like element (from bp 2238 to 2268),
which contains two distinct protein binding domains, A and B (29). Domain A of G3 contains a sequence motif, PISCES (pancreatic islet cell-specific
enhancer sequence), that is also found in the G1 element as well as in the rat somatostatin and insulin I genes (29, 33); it defines a subclass of
binding sites of the transcription factor Pax6 (30, 31). The PISCES consensus sequence (33) is shown together with the consensus binding site of
the Pax6 paired domain (paired) (100). The sequence of domain B of G3 is similar to known binding sites of distinct members of the homeodomain
family of transcription factors: homeodomain (PRS), Pbx-responsive sequence (52); homeodomain (R3), sequence of the third repeat of a Pbx-Hoxb1
binding site in the autoregulatory b1-ARE element of the Hoxb1 gene (102). Dots (l) indicate sequence identities. CRE, octameric core motif of the
CRE; G1, glucagon element 1; G2, glucagon element 2; G3, glucagon element 3.
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tional gel shift experiments were performed using antibodies
that are specifically directed against N-terminal parts of Pbx1,
-2, or -3 (aPbx1, aPbx2, or aPbx3, respectively). Thus, aPbx1
and aPbx3 recognize both the long and short splice variants
Pbx1a/1b and Pbx3a/3b, respectively. When an oligonucleotide
(G3) containing domain A and B of the G3 element (Fig. 1) was
used as probe, three retarded bands were detected (Fig. 2C,
lane 6). The complex in addition to the G3B-BPs represents the
binding of Pax6 through its paired domain to domain A of G3
(15, 29, 30) as confirmed by the addition of a Pax6 antiserum
(data not shown). Both G3B-BP complexes were disrupted by
Prep1-specific antibodies (Fig. 2C, lane 1), whereas antibodies
specifically detecting the long Pbx forms interfered only with
the slower migrating G3B-BP complex (aPx1/2/3; Fig. 2C, lane
2), thus confirming the results obtained by using G3B as probe
(Fig. 2B). Formation of the faster migrating G3B-BP complex
was prevented by aPbx1 directed against Pbx1a and -1b, sug-
gesting the presence of Pbx1b within this complex (Fig. 2C,
lane 3). On the other hand, antibodies against Pbx2 (aPbx2)
markedly reduced the intensity of the slower complex but did
not affect the faster one (Fig. 2C, lane 4). Although aPbx1 alone
did not inhibit the binding of the slower migrating G3B-BP
complex (Fig. 2C, lane 3), aPbx1 decreased the intensity of this
complex when added in addition to aPbx2 (Fig. 2C, compare
lanes 7 and 4), suggesting that the slower migrating G3B-BP
complex may contain also some Pbx1a protein in addition to
Pbx2. Antibodies against Pbx3a and 3b (aPbx3) had no effect on
the binding of G3B-BP (Fig. 2C, lane 5). None of the Prep1 or
Pbx antibodies affected the binding of Pax6 (Fig. 2C), demon-
strating their specificity. Taken together, these experiments
suggest that the nuclear G3B-BPs are heterodimers consisting
of the homeodomain proteins Prep1 and Pbx1a/2 (slower mi-
grating complex) or Pbx1b (faster migrating complex).

In Vitro Transcribed and Translated Pbx-Prep1 Het-
erodimers Bind G3B and Comigrate with Nuclear G3B-BP—To
further support this conclusion, Prep1 and Pbx proteins were
transcribed and translated in vitro using a reticulocyte lysate
system, and their binding to G3B was investigated in electro-
phoretic mobility shift assays. As shown in Fig. 3A, the trans-
lated proteins migrated on an SDS gel as expected. When
added alone, neither Prep1 nor any of the Pbx proteins bound
to labeled G3 or labeled PbxHoxCon (Fig. 3B, lanes 12–21). In

by the electrophoretic mobility shift assay. A, competition exper-
iments. Labeled G3B oligonucleotide was incubated with nuclear ex-
tracts from the glucagon-producing pancreatic islet cell line aTC2.
Protein complexes formed specifically with labeled G3B are marked as
G3B-BP. Indicated competitors were added at a 50-fold (lanes 4 and 7),
250-fold (lanes 3, 5, and 8), and 1250-fold (lanes 6 and 9) molar excess,
respectively. F, free probe. Lane 1, no nuclear extract. B, G3B-binding
protein complexes are specifically detected by antibodies directed
against long isoforms of homeodomain proteins Pbx and by antibodies
directed against the homeodomain protein Prep1. Labeled G3B oligo-
nucleotide was incubated with nuclear extracts from aTC2 cells. Pro-
tein complexes formed specifically with labeled G3B are marked as
G3B-BP. The indicated antibodies were directed against Pax6 paired
domain (aPax6), long Pbx isoforms 1a, 2, and 3a (aPbx1/2/3), Prep1
(aPrep), Meis1 (aMeis1), Engrailed-1/2 (aEnhb1), and Cdx-2 (aCdx2),
respectively, and were incubated with nuclear extracts prior to the
addition of the labeled G3B probe. F, free probe. C, Prep1 forms slower
migrating complexes with Pbx long isoforms 1a and 2 and a faster
migrating complex with Pbx isoform 1b. Labeled G3 oligonucleotide was
incubated with nuclear extracts from aTC2 cells. Bands representing
protein binding to domain B are marked as G3B-BP. Pax6 binding to
domain A is indicated as Pax6. Specific antibodies were directed against
Prep1 (aPrep1), long Pbx isoforms 1a, 2, and 3a (aPbx1/2/3), Pbx iso-
form 1 (long splice variant 1a and short splice variant 1b; aPbx1), Pbx
isoform 2 (aPbx2), and Pbx isoform 3 (long splice variant 3a and short
splice variant 3b; aPbx3), respectively, and were incubated with nu-
clear extracts prior to the addition of the labeled G3 probe. The binding
reaction in lane 7 contained aPbx1 and aPbx2 antibodies. F, free probe.

FIG. 2. Domain B of the glucagon G3 enhancer element is rec-
ognized by Pbx and Prep1 homeodomain proteins as revealed
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contrast, in vitro cotranslated Pbx1a-Prep1, Pbx1b-Prep1,
Pbx2-Prep1, and Pbx3a-Prep1 gave rise to specific retarded
complexes on labeled G3 (Fig. 3B, lanes 2–5) as well as on
labeled PbxHoxCon (Fig. 3B, lanes 6–9), indicating that Pbx-
Prep1 heterodimers can bind to G3. Noteworthy, Pbx1a-Prep1
and Pbx2-Prep1 complexes on labeled G3 comigrated with the
slower migrating nuclear G3B-BP complex, whereas the
Pbx1b-Prep1 complex on G3 comigrated with the faster migrat-
ing nuclear G3B-BP complex (Fig. 3B, compare lanes 2–4 with
lane 1). Furthermore, the binding of in vitro transcribed and
translated Pbx2-Prep1 and Pbx1b-Prep1 heterodimers to la-
beled G3 (Fig. 3C, lanes 1 and 7) was competed for by unlabeled
G3, G3B, TTR-HNF3, and PbxHoxCon but not by an unrelated
oligonucleotide (TTR-HNF4) (Fig. 3C, lanes 2–6), consistent
with the DNA binding specificity of the nuclear G3B-binding
proteins (Fig. 2A). When taken together, these results support
the conclusion that the nuclear G3B-BP complexes consist of
Pbx1a/1b/2-Prep1 heterodimers and may contain no additional
proteins.

Pbx-Prep1 Expression as Revealed by RT-PCR in a Glucagon-
producing Pancreatic Islet Cell Line and by Immunohistochem-
istry in Normal Human Pancreatic Islets—The use of anti-
serum in the electrophoretic mobility shift assay indicated (Fig.
2, B and C) that Prep1, Pbx1a, Pbx1b, and Pbx2 are expressed
in the glucagon-producing pancreatic islet cell line aTC2 and
bind as Pbx-Prep1 heterodimers to the glucagon G3 element.
To examine the expression of Prep1 and Pbx isoforms in these
cells independently of antiserum, an RT-PCR analysis was
performed. Primer pairs specific for Prep1, Pbx1, Pbx2, and
Pbx3 were used. The primer pairs for Pbx1 and Pbx3 amplified
fragments that include or exclude the alternatively spliced
exon, depending on the splice variants a and b (46). As shown
in Fig. 4, fragments of the expected size were obtained for
Prep1, Pbx1a, Pbx1b, and Pbx2 but not for Pbx3. The cDNA
fragments were verified by subcloning and sequencing (not
shown). No cDNA fragments were obtained when in parallel
control reactions the reverse transcription step was omitted
(Fig. 4). Thus, these results confirm at the mRNA level the
expression of Prep1 and the Pbx isoforms 1a, 1b, and 2 in these
glucagon-producing pancreatic islet cells and thereby support
their identification as glucagon G3B-binding proteins.

To examine Pbx-Prep1 expression in human pancreatic is-
lets, consecutive sections of normal human pancreatic tissue
were immunohistochemically stained with antibodies detecting
glucagon, Prep1, or Pbx (recognizing the isoforms 1a, 2, and 3a;
aPbx1/2/3). In controls, no primary antibodies were used. As
shown in Fig. 5, specific staining for Prep1 and Pbx was found
in cells throughout the pancreatic islets. Glucagon immunore-
activity was localized to discrete cells within the islets (Fig. 5).
While the staining for Prep1 and Pbx in islets was specific, the
subcellular localization of Pbx-Prep1 within islet cells and their
expression in the exocrine pancreas remain unclear due to
technical limitations when collecting pancreatic tissue from
human donors. Taken together, these results demonstrate that
the G3B-binding proteins Pbx-Prep1 are expressed in normal
human pancreatic islets most likely in glucagon-producing but
clearly also in non-glucagon-producing cells.

Pbx-Prep1 Heterodimers Can Inhibit Glucagon Gene Tran-

aTC2 cells incubated with labeled G3. Bands representing nuclear
protein binding to G3B are marked as G3B-BP. Pax6 binding to G3A is
indicated as Pax6. F, free probe; NE, aTC2 nuclear extract. C, compe-
tition experiments. In vitro co-translated Pbx2-Prep1 and Pbx1b-Prep1
were incubated with labeled G3 oligonucleotide. Protein complexes
representing Pbx-Prep1 binding are indicated by arrows. The indicated
competitors were added at a 500-fold molar excess. F, free probe.

FIG. 3. Binding to G3B of in vitro transcribed and translated
Pbx and Prep1 proteins in electrophoretic mobility shift assays.
A, analysis of in vitro translated Pbx and Prep1 proteins by SDS-
polyacrylamide gel electrophoresis. Pbx isoforms 1a, 2, 1b, and 3a and
Prep1 were either translated separately (lanes 1–5) or co-translated by
mixing expression plasmids encoding Prep1 and the indicated Pbx
protein in the same translation reaction using reticulocyte lysate (lanes
7–10). A degradation product is visible in Prep1-containing reactions as
observed previously (lanes 5 and 7–10) (65). Lane 6 shows a control
reaction containing only lysate with no expression plasmid added. B,
binding to G3 requires both heterodimerization partners, Pbx and
Prep1. The labeled oligonucleotides G3 or PbxHoxCon (containing a
consensus binding site (PRS) for Pbx-Hox or Pbx-Prep1 heterodimers)
were incubated with in vitro translation reactions containing either
co-translated Pbx-Prep1 proteins (lanes 2–9) or Pbx proteins or Prep1
alone (lanes 12–21). Translation reactions containing only lysate were
incubated with G3 or PbxHoxCon as specificity controls (lanes 10 and
11). Lane 1 shows a binding reaction containing nuclear extracts from

Pbx-Prep1 Homeodomain Protein Binding to the Glucagon Gene 27993



scription—To study the transcriptional activity conferred by
Pbx-Prep1 heterodimers binding to glucagon gene sequences,
four copies of an oligonucleotide containing domain B of the G3
enhancer-like element were placed in front of the truncated
thymidine kinase promoter (from 281 to 152) of herpes sim-
plex virus linked to the luciferase reporter gene (construct
4xG3BT81Luc). After transfection into the non-glucagon-pro-
ducing choriocarcinoma cell line JEG-3, G3B did not confer
transcriptional activity to the promoter, nor did overexpression

of Pbx1a plus Prep1 stimulate G3B activity (not shown). To
study the effect of Pbx-Prep1 on glucagon promoter activity, the
transcription start site and part of the 59-flanking region of the
rat glucagon gene from 2350 to 158 were fused with the
luciferase reporter gene (construct 2350GluLuc). These gluca-
gon gene sequences have been shown to confer islet cell-specific
gene expression in cell lines (22). Multiple transcription fac-
tors, whose expression is not restricted to glucagon-producing
pancreatic islet a-cells, are known to bind to the glucagon
promoter including Pax6, which binds to a sequence motif
(PISCES) within domain A of the G3 element and also within
the G1 element (Refs. 23, 29–31, and 33; see also Fig. 1). After
transfection into JEG-3 cells, glucagon promoter activity was
stimulated 25-fold by cotransfection of an expression vector
encoding Pax6 (Fig. 6, left panel). The overexpression of only
Prep1 or Pbx1b had no effect on 2350GluLuc activity in the
absence or presence of Pax6 (not shown). However, when Prep1
and Pbx1b were expressed together, they inhibited basal and
Pax6-dependent glucagon promoter activity to about 50% of
controls (Fig. 6, left panel). The coexpression of Prep1 with
Pbx1a was similarly effective (Fig. 6, left panel). In contrast,
Pbx1b-Prep1 and Pbx1a-Prep1 had no effect on Pax6-depend-
ent activity of the truncated glucagon promoter (2136GluLuc)
(Fig. 6, right panel). These results indicate that Pbx-Prep1
heterodimers can inhibit glucagon promoter activity.

Pbx-Prep1 Heterodimers Inhibit Glucagon Gene Transcrip-
tion through Domain B of the G3 Element as Well as through
Additional Elements—Four copies of oligonucleotides contain-
ing the G3 element or domain A of the G3 element were placed
in front of the truncated thymidine kinase promoter linked to
the luciferase reporter gene (constructs 4xG3T81Luc and
4xG3AT81Luc, respectively). The activity of both constructs
was stimulated more than 10-fold by cotransfection of Pax6 in
JEG-3 cells (Fig. 7A). The expression of Prep1 plus Pbx1a or
Prep1 plus Pbx1b inhibited Pax6-dependent G3 activity by
about 25% (Fig. 7A, left panel), whereas G3A activity remained
unaffected (Fig. 7A, right panel), indicating that Pbx-Prep1
heterodimers can inhibit transcription through domain B of the
G3 element. To study the role of domain B of the G3 element in
the inhibition by Pbx-Prep1 of Pax6-dependent glucagon pro-
moter activity, 6 bp of domain B of the G3 element were
mutated inside the glucagon promoter (from TTGAAG into
GAATTC; see Fig. 1), yielding the construct 2350(mutG3B)-

FIG. 4. Prep1 and Pbx isoforms 1a, 1b, and 2 are expressed in
the glucagon-producing pancreatic islet cell line aTC2 as re-
vealed by RT-PCR. Poly(A)1 RNA from aTC2 cells was used with
primer pairs specific for Prep1 or Pbx 1, 2, or 3. Specific RT-PCR
products with the expected size for Prep1, Pbx1a/1b, and Pbx2 are
indicated by arrows. The RT-PCR products were verified by subcloning
and sequencing. 200 bp/100 bp, sizes of the corresponding molecular
weight marker (lanes 1 and 6); 1 RT, reactions were performed with a
reverse transcriptase step (lanes 2–5); 2RT, reverse transcriptase step
was omitted (lanes 7–10).

FIG. 5. Pbx and Prep1 are expressed in normal human pancre-
atic islets as demonstrated by immunohistochemistry. Parallel
sections of formalin-fixed and paraffin-embedded human pancreatic
tissue were incubated with primary antibodies directed against gluca-
gon (upper right panel), Prep1 (lower left panel), or long Pbx isoforms
1a, 2, and 3a (lower right panel). Binding of primary antibody was
detected with Fast Red color (Dako, Germany). Sections were counter-
stained with hematoxylin. Control, incubation with primary antibody
was omitted (upper left panel). Magnification was 3 80.

FIG. 6. Pbx-Prep1 inhibit glucagon gene transcription. Plas-
mids 2350GluLuc or 2136GluLuc were transfected together with ex-
pression plasmids pBAT14-mPax6, pSG5-Prep1, pBK-Pbx1a, and
pSG5-Pbx1b, as indicated, into the nonpancreatic choriocarcinoma cell
line JEG-3. Luciferase activity is expressed relative to Pax6-induced
reporter gene activity. Values are means 6 S.E. of three independent
experiments, each done in duplicate. *, p , 0.05 compared with
Pax6-induced reporter gene activity (one-way analysis of variance,
Bonferroni’s method).
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GluLuc. These bp have been shown before to be essential for
G3B binding (29). As shown in Fig. 7B, the inhibition by Pbx1a-
Prep1 of Pax6-induced glucagon promoter activity was reduced
but not abolished by mutating G3B (inhibition to 69 6 3% as
compared with inhibition to 52 6 2% in the wild type). This
suggests that, although domain B of the G3 element mediates
part of the inhibition, other elements may also be involved.

To functionally characterize additional Pbx-Prep1-respon-
sive elements in the glucagon gene 59-flanking region, 59-de-
leted glucagon promoter constructs were used. As shown in Fig.
7C, the expression of Pbx1a and Prep1 inhibited Pax6-depend-
ent glucagon promoter activity by about 50% when the gluca-
gon promoter was deleted from its 59-end to 2200 or 2169.

Since 2136GluLuc was not inhibited (Fig. 6), these results
suggest that an additional Pbx-Prep1-responsive element may
be located between 2169 and 2136. To test whether this Pbx-
Prep1 response may include binding of Pbx-Prep1 to the 2169/
2136 fragment, electrophoretic mobility shift assays were per-
formed. As shown in Fig. 7D, the binding of nuclear Pbx-Prep1
to labeled G3B was competed for by an oligonucleotide contain-
ing the sequence from 2169 to 2136 of the glucagon promoter,
whereas an unrelated oligonucleotide (TTR-HNF4) did not
compete. When taken together with the functional data, these
results indicate that Pbx-Prep1 can inhibit glucagon promoter
activity not only through binding to G3B but also through
binding to a sequence between 2169 and 2136. This region

FIG. 7. Pbx-Prep1 inhibit glucagon gene transcription through domain B of G3 and through additional elements of the glucagon
gene. A, Pbx-Prep1 negatively regulate Pax6-mediated G3 but not G3A multimerized minienhancer transcriptional activity in JEG-3 cells.
Plasmid 4xG3T81Luc or 4xG3AT81Luc was transfected together with expression plasmids pBAT14-mPax6, pSG5-Prep1, pBK-Pbx1a, and
pSG5-Pbx1b, as indicated, into JEG-3 cells. Luciferase activity is expressed relative to Pax6-induced reporter gene activity. Values are means 6
S.E. of three independent experiments, each done in duplicate. *, p , 0.05 compared with Pax6-induced reporter gene activity (one-way analysis
of variance, Bonferroni’s method). B, mutation of domain B of G3 diminishes inhibition of glucagon gene transcription by Pbx-Prep1. Plasmid
2350GluLuc or 2350(mutG3B)GluLuc was transfected together with expression plasmids pBAT14-mPax6, pSG5-Prep1, and pBK-Pbx1a, as
indicated, into JEG-3 cells. Luciferase activity is expressed relative to Pax6-induced reporter gene activity. Values are means 6 S.E. of three
independent experiments, each done in duplicate. *, p , 0.05 compared with Pax6-induced reporter gene activity (one-way analysis of variance,
Bonferroni’s method). C, Pbx-Prep1 can repress glucagon gene transcription through DNA sequences between 2169 and 2136 of the glucagon gene
59-flanking region. Plasmid 2200GluLuc or 2169GluLuc was transfected together with expression plasmids pBAT14-mPax6, pSG5-Prep1, and
pBK-Pbx1a, as indicated, into JEG-3 cells. Luciferase activity is expressed relative to Pax6-induced reporter gene activity. Values are means 6 S.E.
of three independent experiments, each done in duplicate. *, p , 0.05 compared with Pax6-induced reporter gene activity (one-way analysis of
variance, Bonferroni’s method). D, Pbx-Prep1 binding to the 2136/2169 fragment of the glucagon gene 59-flanking region and the GluCRE as
revealed by the electrophoretic mobility shift assay. In competition experiments, labeled G3B oligonucleotide was incubated with nuclear extracts
from aTC2 cells. Protein complexes representing Pbx-Prep1 binding are marked with arrows. Indicated competitors were added at a 50-fold (lanes
2, 4, 6, and 8) and 500-fold (lanes 3, 5, 7, and 9) molar excess. F, free probe.
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contains a sequence similarity with G3B and homeodomain
binding sites including the Pbx core sequence TGAT (from
2146 to 2149) and is bound by nuclear proteins with Pbx-like
immunoreactivity when used as probe in an electrophoretic
mobility shift assay (not shown). Thus, this newly identified
element is termed G5, in continuation to G1, G2, G3 (22), and
G4 (69).

Notably, an oligonucleotide containing the glucagon CRE
(from 2306 to 2280) also competed for the binding of Pbx-
Prep1 (Fig. 7D), suggesting the presence of at least three Pbx-
Prep1 binding sites in the glucagon gene 59-flanking region.
Overall, these results suggest that Pbx-Prep1 heterodimers
inhibit glucagon gene transcription through domain B of the G3
element as well as through additional elements (G5, CRE).

Pbx-Prep1 Heterodimers Inhibit Glucagon Gene Transcrip-
tion Depending on the Transcriptional Activators and Fail to
Do So in Glucagon-producing Pancreatic Islet Cells—To exam-
ine whether Pbx-Prep1 heterodimers can inhibit glucagon gene
transcription activated by transcription factors others than
Pax6, cotransfection experiments were performed in JEG-3
cells. The glucagon promoter contains, among others, binding
sites for HNF-3b and members of the Ets family of transcrip-
tion factors (40, 23). The expression of Ets-1 stimulated gluca-
gon promoter activity (Fig. 8, left panel), whereas the expres-
sion of HNF-3b did not (not shown) as has been reported
previously (40). The coexpression of Pbx1a and Prep1 inhibited
the Ets-1-induced glucagon promoter activity by about 50%
(Fig. 8, left panel). However, when glucagon promoter activity
was stimulated by Ets-1, Pax6, and HNF3b together, Pbx1a-
Prep1 had no effect on glucagon gene transcription (Fig. 8,
right panel). Thus, although Pbx-Prep1 heterodimers can in-
hibit glucagon promoter activity when stimulated by transcrip-
tion factors other than Pax6, these results suggest that the
ability of Pbx-Prep1 to inhibit glucagon gene transcription may
depend on the nature and combination of glucagon promoter-
binding transcription factors.

Glucagon gene transcription in glucagon-producing pancre-
atic islet cells depends on the synergistic interaction between
multiple transcription factors including Pax6 (22, 23, 30, 31,

33). To examine the effect of Pbx-Prep1 on glucagon promoter
activity induced by Pax6 in the presence of all glucagon pro-
moter-binding transcription factors that are expressed in glu-
cagon-producing pancreatic islet cells, the Pax6 binding sites
within domain A of G3 and within the G1 element were mu-
tated into binding sites of the yeast transcription factor GAL4
(construct 2350(mutG1/G3)GluLuc). In the glucagon-produc-
ing pancreatic islet cell line aTC2, this mutation decreased
glucagon promoter activity to about 1% of wild-type activity
(not shown), indicating the functional importance of Pax6 that
is expressed in this glucagon-producing islet cell line. When an
expression vector encoding Pax6 fused to the DNA-binding
domain of GAL4 was transfected together with 2350(mutG1/
G3)GluLuc into aTC2 cells, the transcriptional activity of the
mutant glucagon promoter was raised to a level similar to that
of wild type promoter activity (Fig. 9, left panel). The expres-
sion of Prep1 and Pbx1a had no effect on GAL4-Pax6-induced
2350(mutG1/G3)GluLuc activity in aTC2 cells (Fig. 9, left pan-
el). However, they did inhibit in JEG-3 cells (not shown). Sim-
ilarly, Pbx1a-Prep1 had no effect on wild type glucagon pro-
moter activity in aTC2 cells (Fig. 9, right panel) or in another
glucagon-producing pancreatic islet cell line, InR1-G9 (not
shown). In contrast, the expression of Pbx1a-Prep1 inhibited
4xG3T81Luc activity in aTC2 cells (not shown), similar to the
inhibition by Pbx1a-Prep1 of Pax6-induced 4xG3T81Luc activ-
ity in JEG-3 cells (see above). Thus, these results suggest that
Pbx-Prep1 heterodimers are not able to inhibit glucagon gene
transcription stimulated by a combination of transcription fac-
tors that confers pancreatic islet cell-specific activity to the
glucagon gene.

As shown above, Pbx-Prep1 heterodimers can bind to multi-
ple sites within the glucagon promoter, the most proximal one
being within the G5 element (from 2169 to 2140). As shown in
Fig. 10, a 59-deletion of G5 led to enhanced promoter activity in
choriocarcinoma JEG-3 cells, whereas it had no effect in glu-
cagon-producing aTC2 cells (Fig. 10) and InR1-G9 cells (22).
These results indicate that a Pbx-Prep1 binding site confers
transcriptional repression to the glucagon promoter in non-
glucagon-producing cells but not in glucagon-producing pancre-
atic islet cells.

FIG. 8. Effect of Pbx-Prep1 on glucagon gene transcription
activated by Ets-1 or by a combination of Ets-1, HNF-3b, and
Pax6 in JEG-3 cells. Plasmid 2350GluLuc was transfected together
with expression plasmids pBAT14-mPax6, pCMV-HNF-3b, pSG5c-
ets1p68, pSG5-Prep1, and pBK-Pbx1a, as indicated, into the nonpan-
creatic choriocarcinoma cell line JEG-3. Luciferase activity is expressed
relative to reporter gene activity induced by Ets-1 (left panel) or by a
combination of Ets-1, HNF-3b, and Pax6 (right panel). Values are
means 6 S.E. of three independent experiments, each done in duplicate.
*, p , 0.05 compared with Ets-1-induced reporter gene activity (one-
way analysis of variance, Bonferroni’s method).

FIG. 9. Lack of inhibition of glucagon gene transcription by
Pbx-Prep1 in glucagon-producing pancreatic islet aTC2 cells.
Plasmid 2350GluLuc or 2350(mutG1/G3)GluLuc was transfected to-
gether with expression plasmids pGAL4-Pax6, pSG5-Prep1, and pBK-
Pbx1a, as indicated, into aTC2 cells. In the plasmid 2350(mutG1/
G3)GluLuc, the Pax6 binding sites in the G1 and G3 elements of the
glucagon gene 59-flanking region are mutated into GAL4 binding sites.
Luciferase activity is expressed relative to GAL4-Pax6-induced reporter
gene activity (left panel) or relative to 2350GluLuc basal activity (right
panel). Values are means 6 S.E. of three independent experiments,
each done in duplicate.
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DISCUSSION

How the PBC homeodomain proteins EXD in Drosophila and
vertebrate Pbx specify developmental pathways and cell-spe-
cific gene transcription is incompletely understood (35, 70).
Initial genetic and biochemical evidence showed that PBC pro-
teins act as transcriptional co-factors of homeodomain proteins
of the Hox cluster that are critical regulators of cell fate and
segment identity (3). Through cooperative DNA binding, PBC
factors increase Hox target gene specificity and affinity (71–
76). Furthermore, the transcriptional activity of certain pre-
formed Hox-Pbx complexes can be modulated by the recently
cloned and closely related homeodomain proteins Meis, HTH,
and Prep1 (43, 77–80). However, it is becoming increasingly
clear that PBC proteins in complex with Meis/HTH/Prep1 also
perform Hox-independent functions. A first example was the
recent demonstration that HTH and EXD dictate antennal
development in Drosophila (35, 81). The results of the present
study identify a novel target and Hox-independent function of
Pbx-Prep1 heterodimers that is proposed to help to establish
pancreatic islet a-cell-specific transcription of the glucagon
gene.

The proteins binding domain B of the G3 enhancer-like ele-
ment are identified in the present study as distinct members of
the three-amino acid loop extension (TALE) class of homeodo-
main transcription factors. Based on their binding specificity
and their immunoreactivity and in comparison with in vitro
transcribed/translated proteins, the G3B-binding proteins are
heterodimers consisting of Prep1 and the Pbx isoform 1a, 1b, or
2. Pbx-Prep1 binds to additional sites within the glucagon gene
59-flanking region, one being located within the newly identi-
fied G5 element (from 2169 to 2140) and the other within the
glucagon CRE. Notably, a sequence similarity between G3B
and the glucagon CRE includes a sequence (59-TTCATTC-39)
that has previously been shown to bind a nuclear protein com-
plex that can repress CRE function (82). Consistent with the
ubiquitous distribution of G3B-BPs (29), Pbx-Prep1 is ex-
pressed in almost every tissue in the mouse, although the Pbx
isoforms may vary (83). This study shows by immunohisto-
chemistry that Pbx-Prep1 is expressed also in human islets
including non-glucagon-producing cells. Prep1 shares with
Meis and Drosophila HTH two conserved amino-terminal re-

gions, termed HR1 and HR2 (65). HR1 and HR2 bind the
N-terminal region of Pbx and are essential for Pbx-Prep1 het-
erodimerization (65). This association with Pbx increases the
affinity of Prep1 for DNA such that heterodimerization is vir-
tually required for DNA binding as has been shown previously
at the human urokinase enhancer (65) and holds true also for
the G3B binding site in the rat glucagon gene (this study). The
Pbx-Prep1 complexes are very stable and form independently
of DNA (65, 83). Thus, although Pbx can cooperatively bind
with various proteins including Hox proteins (68, 70, 71, 84,
85), Pdx1 (86), and Engrailed (62, 63), Prep1 is the predomi-
nant partner of Pbx proteins in adult mouse tissues as demon-
strated by immunoprecipitation studies (83). Whereas this sug-
gests potentially widespread functions for Pbx-Prep1 that are
likely to play key roles in the regulation of coordinated gene
transcription, explicit examples for functionally significant
Pbx-Prep1-directed transcription are limited to the human
urokinase (87) and rat somatostatin genes (88). The present
study provides the glucagon gene as a novel target of Pbx-
Prep1 heterodimers.

The expression of Pbx-Prep1 failed to activate transcription
through multimerized glucagon G3B binding sites. This is con-
sistent with previous data showing lack of transactivation by
Pbx-Prep1 complexes themselves (43). They might rather mod-
ulate the activity of other transcription factors. Thus, a muta-
tion, specifically destroying the Pbx-Prep1 binding site (UEF3)
in the human urokinase gene enhancer weakens the response
of the enhancer to a protein kinase C-activating phorbol ester,
indicating that a Pbx-Prep1 heterodimer together with addi-
tional proteins allows the cooperation between two flanking
AP-1 sites (65, 87, 89). Furthermore, the expression of Pbx-
Prep1 had no effect on somatostatin promoter activity in a
colon carcinoma cell line but enhanced the transcriptional re-
sponse to cotransfected Pdx1 (88). In contrast to these stimu-
latory effects in previous investigations, the present study pro-
vides direct evidence that Pbx-Prep1 heterodimers can also
repress transcription as Pbx-Prep1 inhibited glucagon pro-
moter activity when stimulated by Pax6. Such a repressive
action of Pbx-Prep1 may be more common, since the Drosophila
homologue of Pbx, EXD, together with HTH, suppresses eye
development in Drosophila, and among the many nuclear fac-
tors required for eye development, the Drosophila homologue of
Pax6, EYELESS, is a candidate for this suppressive interaction
with EXD/HTH (90). Furthermore, Pbx-Prep1 recognizes a
sequence (NIP) that appears to negatively modify the efficiency
of phorbol ester-responsive elements in the interleukin-3 gene
(91, 92). The mechanism of inhibition of transcription by Pbx-
Prep1 is unclear. The fact that both proteins are needed and
the 59-deletion analysis suggest that Pbx-Prep1 heterodimer-
ization and DNA-binding are required. Pbx1b-Prep1 was as
effective as Pbx1a-Prep1; thus, transcriptional repression does
not appear to depend on the unique C-terminal domain in
Pbx1a that associates with the corepressors SMRT and NCoR
(93). Another potential repression domain has been character-
ized in Pbx, which lies upstream of the homeodomain and is
highly conserved among Pbx proteins (74).

Although the present study shows that Pbx-Prep1 het-
erodimers can inhibit the glucagon promoter when activated by
transcription factors other than Pax6, it also presents evidence
that the ability of Pbx-Prep1 to repress glucagon gene tran-
scription may depend on the nature and/or combination of
glucagon promoter-binding proteins. Interestingly, the N-ter-
minal repression domain of Pbx proteins has been shown to be
functional against some transcription factors but not others
(74). In particular, Pbx-Prep1 failed to inhibit GAL4-Pax6-
induced mutant glucagon promoter activity and Pax6-depend-

FIG. 10. 5*-Deletion of the G5 element (from 2169 to 2140),
containing the proximal Pbx-Prep1 binding site, relieves gluca-
gon gene transcription in non-glucagon-producing JEG-3 cells
but not in glucagon-producing pancreatic islet aTC2 cells. Plas-
mids 2169GluLuc and 2136GluLuc were transfected into JEG-3 or
aTC2 cells. 2136GluLuc, luciferase activity is expressed relative to
2169GluLuc activity. Values are means 6 S.E. of three independent
experiments, each done in duplicate. *, p , 0.05 compared with
2169GluLuc activity (one-way analysis of variance, Bonferroni’s
method).
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ent wild-type glucagon promoter activity in glucagon-producing
pancreatic islet cells. This suggests that the unique synergistic
combination of transcription factors, which confers islet a-cell-
specific activity to the glucagon gene, is not sensitive to Pbx-
Prep1. When taken together, our data thereby suggest that
Pbx-Prep1 heterodimers may inhibit glucagon gene transcrip-
tion preferentially in non-glucagon-producing cells. Cell speci-
ficity of gene transcription is well known to be conferred by a
combination of positively and negatively acting transcription
factors as exemplified in yeast, where MATa2p represses a-spe-
cific genes in a cells (94). None of the transcription factors that
are known to activate the glucagon gene in pancreatic islet
a-cells are restricted in their expression to this cell type (23).
They are also expressed in other islet cell types (e.g. Pax6,
HNF-3b) and in other organs like liver (HNF-3b) (95, 96) and
brain (Pax6, Brain-4) (61, 97). Furthermore, many transcrip-
tion factors in diverse tissues may recognize binding sites in
the glucagon promoter due to overlapping binding specificity.
Pbx-Prep1 may repress this erroneous activation. Consistent
with this view, the 59-deletion of G5, containing the proximal
Pbx-Prep1 binding site, enhanced activity of the glucagon pro-
moter in a non-glucagon-expressing cell line but not in gluca-
gon-expressing pancreatic islet cell lines (this study). Similarly,
the 59-deletion of a Pbx-Prep1 binding site (G3B) enhanced
glucagon promoter activity in a plurihormonal intestinal cell
line (98). Homeodomain proteins like Brain-4, Cdx2/3, and Isl-1
show a restricted tissue distribution and appear to play a key
role in establishing islet a-cell-specific glucagon gene transcrip-
tion by binding to the proximal promoter element G1 and
stimulating transcription synergistically with other transcrip-
tion factors (24, 25, 27, 28). In contrast, Pbx-Prep1 are distinct
members of the homeodomain family of transcription factors
(99); our data are consistent with a model according to which
Pbx-Prep1 heterodimers bind more distal glucagon promoter
elements and help to establish cell-specific glucagon gene tran-
scription by inhibiting promoter activity in non-glucagon-pro-
ducing cells. Their ubiquitous expression is ideal to subserve
this function.

The Pax6 protein contains a paired type homeodomain,
which is located about 80 residues downstream of the paired
domain (61). The homeodomain and the paired domain of Pax6
are able to interact cooperatively in DNA binding (100). Inter-
estingly, it has been shown recently that full binding of Pax6 to
the G3 enhancer-like element requires both the Pax6 paired
domain and homeodomain (34). When taken together with
previous evidence that G3B can positively modulate G3 activity
(36, 37), the identification by the present study of G3B as a
homeodomain binding site suggests a dual function of domain
B of G3. On the one hand, Pbx-Prep1 homeodomain proteins
bind to G3B and repress transcription in non-glucagon-produc-
ing cells. On the other hand, Pax6 may contact domain B
through its homeodomain, which promotes Pax6 binding to
domain A of G3 through its paired domain and thereby en-
hances G3 activity. This is consistent with recent evidence that
sequences outside the paired domain recognition sequence sta-
bilize Pax6 binding to the somatostatin gene (101). Competitive
binding at one of the three known Pbx-Prep1 binding sites in
the glucagon gene may thus in some cells be part of the repres-
sion of the glucagon gene by Pbx-Prep1 homeodomain proteins.
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