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The proglucagon gene is expressed in a highly restricted tissue-specific manner in the A cells of the pan-
creatic islet and the L cells of the small and large intestines. The results of previous experiments indicate that
cell-specific expression of the proglucagon gene is mediated by proteins that interact with the proximal G1
promoter element. We show here that the G1 element contains several AT-rich subdomains that bind proteins
present in islet and enteroendocrine cell extracts. Electrophoretic mobility shift assay experiments using
specific antisera identified the homeobox protein cdx-2/3 (which designates the same homeobox protein called
cdx-2 for mice and cdx-3 for hamsters ) as a major component of the G1-Gc2 complex in islet and intestinal
cells. Mutations of the Gc element that decreased cdx-2/3 binding also resulted in decreased proglucagon
promoter activity in islet and intestinal cell lines. The finding that cdx-2/3 mediates activation of the proglu-
cagon promoter in both islet and enteroendocrine cells is consistent with the common endodermal lineage of
these tissues and provides new insight into the coordinate regulation of genes expressed in both pancreatic and
intestinal endocrine cell types.

The proglucagon gene is expressed in the A cells of pancre-
atic islets, selected neurons of the hypothalamus and brain
stem, and enteroendocrine cells of the small and large intes-
tines (1, 5, 6). Proglucagon gene transcription results in the
production of a single proglucagon mRNA transcript that is
identical in all three tissues (23). Posttranslational processing
of proglucagon is highly tissue specific, resulting in the libera-
tion of a unique profile of proglucagon-derived peptides in the
pancreas, intestine, and brain (23, 25). Glucagon appears to be
the most important biologically active proglucagon-derived
peptide liberated in the pancreatic islets, whereas processing of
proglucagon in enteroendocrine cells of the small and large
intestines results in the liberation of several bioactive peptides,
including oxyntomodulin, GLP-1, and glicentin, as well as
GLP-2 and two intervening peptides (23).
Experiments using islet cell lines have led to the elucidation

of both the signal transduction pathways and the cis-acting
elements that mediate regulation of islet cell-specific proglu-
cagon gene transcription (8, 27). Two enhancer-like elements
(designated G3 and G2), a cyclic AMP response element and
an islet cell-specific promoter element (G1), have been iden-
tified within the first 300 bp of the rat proglucagon gene 59-
flanking sequence (15, 16, 27). More detailed analyses of G3
and G2 subdomains have identified specific DNA sequences
that mediate inhibition of proglucagon gene transcription by
insulin and HNF-3b, respectively (29, 30). Whereas G2 and G3
appear to display enhancer-like properties, the cell-specific
promoter activity of the proglucagon gene has been mapped to
the more proximal G1 element. G1 sequences interact pre-
dominantly with proteins from islet nuclear extracts (24), sug-
gesting that the highly restricted cellular specificity of the pro-
glucagon promoter is mediated by the interaction of islet cell-

specific proteins with subdomains of the proximal G1 promoter
element (24).
Analysis of the transcriptional and DNA-binding properties

of the proglucagon gene G1 region (which extends from bp
2100 to 252) has localized the determinants of islet cell-
specific proglucagon gene transcription (24) to a specific re-
gion containing two TAAT motifs characteristic of the core
elements that bind homeobox transcription factors. These ob-
servations suggest that the islet cell-specific expression of the
proglucagon gene may be mediated by one or more homeobox
proteins expressed in the endocrine A cells of the pancreatic
islets. Although the homeobox protein STF-1/IPF-1/IDX-1 ac-
tivates the insulin promoter and is important for pancreas
formation, the lack of STF-1/IPF-1/IDX-1 expression in the
majority of glucagon-producing islet cells (18, 20, 26) suggests
that other, possibly novel, homeobox proteins regulate the
transcriptional control of the proglucagon promoter through
the G1 element.
Identification of homeobox transcription factors that bind to

islet hormone gene promoters has been undertaken by using a
number of different experimental approaches. The insulin gene
far-linked AT-rich enhancer sequence was used as a probe in
expression-cloning studies to isolate hamster far-linked AT-
rich element-binding proteins, including the LIM-domain pro-
tein lmx-1 and the caudal-related protein cdx-3 (11). An alter-
native approach for the identification of islet homeobox
sequences makes use of the high degree of conservation of
amino acid sequences within helix 3 and helix 1 of the ho-
meobox protein. This PCR-based strategy resulted in the iso-
lation of several novel homeobox sequences from rat islet
cDNA, including the STF-1/IPF-1/IDX-1 gene, and sequences
corresponding to members of the caudal gene family (20). A
similar experimental approach was used to isolate homeobox
DNA sequences from a hamster insulinoma cell cDNA library,
including eight genes not previously known to be expressed in
islet cells (33).
The restriction of proglucagon gene expression to islets and

* Corresponding author. Mailing address: The Toronto Hospital,
200 Elizabeth St., CCRW3-838, Toronto, Ontario, Canada M5G 2C4.
Phone: (416) 340-4125. Fax: (416) 978-4108.

19



intestine suggested that transcriptional regulators expressed in
both the A cells of the endocrine pancreas and the L cells of
the gastrointestinal tract may be good candidates for trans-
acting factors that control proglucagon gene transcription
through the G1 promoter element. As members of the caudal-
related homeobox gene family play a role in early Drosophila
development, are expressed during gastrulation and in intesti-
nal endoderm (12, 21, 22), and have been identified in both
islets and intestine, we reasoned that these genes were good
candidates for regulation of cell-specific proglucagon gene
transcription through the AT-rich sequences in the progluca-
gon promoter. The hamster cdx-3 cDNA (11) isolated from
islet cells shares over 90% amino acid homology with the
mouse cdx-2 sequence cloned from the intestine (14, 36), sug-
gesting that these two genes encode homologous proteins in
different species. We now report that the homeobox protein
cdx-2/3 (which designates the same homeobox protein called
cdx-2 for mice and cdx-3 for hamsters) mediates the cell-spe-
cific expression of the proglucagon gene in islets and intestine
by specifically activating the G1 element of the proglucagon
promoter.

MATERIALS AND METHODS

Plasmids. The plasmid phcdx-3 (also called pBAT7.cdx-3), as well as cdx-3
antiserum, was kindly provided by M. S. German, San Francisco, Calif. The
expression of hamster cdx-3 protein (313 amino acids) in this plasmid is under
the control of the cytomegalovirus (CMV) promoter. An antisense control plas-
mid, cdx-3(AS), was generated by cloning the cdx-3 sequence in the 39 to 59
orientation with the two NotI restriction sites in phcdx-3. Rat proglucagon gene
59-flanking sequences from bp 22292 to 158 (17) were subcloned into the
promoterless plasmid pBLuc immediately adjacent to the coding sequences of
the firefly luciferase reporter gene. This plasmid was designated (22292) Glu-
Luc. A series of 59-deleted proglucagon-luciferase fusion genes (from bp 22292
to 260) was generated with exonuclease III. The precise sequence at the 59 end
of each deletion was confirmed by DNA sequencing. CMV-Luc contains the
CMV promoter adjacent to the luciferase coding sequence in pBLuc. SMS-Luc
was generated by inserting an 800-bp XbaI fragment of the rat somatostatin
(SMS) promoter (31) upstream of the luciferase coding sequence in pBLuc.
Cell culture, RNA analysis, and transfection. All cell lines were grown in

Dulbecco’s modified Eagle’s medium (4.5 g of glucose per liter). Hamster BHK
fibroblasts and InR1-G9 islet cells (9) were supplemented with 5% calf serum.
Rat RIN1056A islet cells (28) were supplemented with 10% calf serum, and
mouse intestine STC-1 and GLUTag cell lines (7, 32) were supplemented with
2.5% fetal bovine serum plus 10% horse serum or 10% fetal bovine serum,
respectively. BHK cells and InR1-G9 cells were transfected by the calcium
phosphate precipitation method with a glycerol shock 4 h after the transfection.
STC-1 cells and GLUTag cells were transfected by electroporation. The cells
were harvested for analysis 16 to 20 h after transfection. The luciferase activity
was analyzed as described previously (4), and values were normalized to the
protein concentration in each extract. The luciferase activity of the specific
reporter plasmids was normalized relative to the background luciferase activity
obtained following transfection of the promoterless luciferase plasmid pBLuc in
the same experiment.
RNA was prepared by the acid ethanol precipitation method as previously

described (2), and RNA size separation by gel electrophoresis, blotting, hybrid-
ization, and washing was carried out as previously described (6, 7).
Nuclear protein extraction and EMSA. Nuclear proteins from three proglu-

cagon-producing cell lines, InR1-G9, STC-1, and GLUTag, and BHK fibroblasts
were prepared as previously described (35). Synthetic oligonucleotides corre-
sponding to specific G1 sequences were annealed, separated by electrophoresis
with a 5% polyacrylamide gel, and 32P labeled with the Klenow fragment of DNA
polymerase. The electrophoretic mobility shift assay (EMSA) was performed by
incubating 43 104 cpm of end-labeled DNA probe (0.02 to 0.03 ng of DNA) with
nuclear protein (0.75 to 7.5 mg) in a binding buffer (10 mM Tris-HCl [pH. 8.0],
40 mM KCl, 6% glycerol, 1 mM dithiothreitol, 0.05% Nonidet P-40) for 30 min
at 308C. For supershift experiments, nuclear proteins were premixed with diluted
preimmune or cdx-3-specific antiserum in the binding buffer at 08C for 20 min
before the addition of labeled DNA probe. The reaction mixture was then loaded
onto a 5% nondenaturing polyacrylamide gel, and following electrophoresis, the
gel was exposed to X-ray film for 16 to 24 h.
DNase I footprinting assay. Nuclear extract from the mouse large-bowel

GLUTag cell line was incubated with ;5 ng (2 3 104 cpm) of 59-end-labeled rat
proglucagon gene (bp2155 to158) fragment in a volume of 30 ml (in 13 EMSA
binding buffer in the presence of 1 mg of poly(dI-dC). The incubation was carried
out at 288C for 30 min. The DNase I digestion (0.3 to 1.2 ng) was carried out by

using the Sure Track Footprinting Kit (Pharmacia Biotech) as previously de-
scribed (27).
Western blot (immunoblot) analysis. Twenty-five-microgram portions of nu-

clear extracts from various cell lines were size fractionated on a sodium dodecyl
sulfate (SDS)–12% polyacrylamide gel and electrophoretically transferred onto
a nitrocellulose filter. cdx-2/3 immunoreactive protein was detected with the ECL
Western analysis system (Amersham Life Sciences) with the peroxidase-linked
anti-rabbit immunoglobulin as the second antibody.

RESULTS

cdx-2/3 expression in islet and intestinal endocrine cells.
Analysis of homeobox gene expression in islet and intestinal
cells by reverse transcription-PCR revealed that the cdx-2/3
gene was expressed in both tissues (20, 33). To determine if
expression of cdx-2/3 was associated with proglucagon gene
expression in different cell types, we analyzed islet and intes-
tinal proglucagon-producing cell lines for the presence of cdx-
2/3 mRNA transcripts. Using a 550-bp fragment of the hamster
cdx-3 39 coding sequences as a probe in Northern (RNA) blot
analysis (11), we detected cdx-2/3 mRNA transcripts of the
predicted size in four proglucagon-producing cell lines, the
mouse small-intestine STC-1 and large-intestine GLUTag cells
and the hamster islet InR1-G9 and rat islet RIN1056A cells,
and in one hamster insulinoma cell line, HIT cells (Fig. 1);
cdx-2/3 mRNA transcripts in RIN1056A cells were more
readily observed after a longer exposure of the blot shown in
Fig. 1. No cdx-2/3 mRNA transcripts were observed with RNA
isolated from NIH 3T3 or BHK fibroblasts or from In111
hamster insulinoma cells (Fig. 1). The absence of cdx-2/3
mRNA in various cell lines was not simply attributable to
degradation of RNA, as indicated by the intact 28S and 18S
ribosomal bands and the roughly comparable amounts of tu-
bulin mRNA transcripts detected after rehybridization of the
same blot with a tubulin cDNA probe (Fig. 1).
To ascertain whether the cdx-2/3 mRNA transcripts de-

tected in the proglucagon-producing cell lines are translated to
cdx-2/3 immunoreactive protein, we prepared extracts from
these cell lines for Western analysis with cdx-2/3 antisera. A
major cdx-2/3 immunoreactive band of;35 Da was detected in
InR1-G9, GLUTag, and STC-1 cells. In contrast, cdx-2/3 was
not detected in wild-type BHK cells; however, following trans-
fection of BHK cells with a cdx-2/3 expression vector, a cdx-2/3
immunoreactive band that comigrated with the endogenous
cdx-2/3 immunoreactive protein detected in the proglucagon-
producing cell lines was observed. Taken together, these data
indicate that cdx-2/3 mRNA transcripts and immunoreactive
protein are expressed in proglucagon-producing islet and in-
testinal cell lines.
Hamster cdx-3 activates the proglucagon promoter in BHK

fibroblasts. The detection of cdx-2/3 mRNA transcripts in all
four proglucagon-producing cell lines suggested that this gene
may be a candidate regulator of proglucagon gene transcrip-
tion. To examine this hypothesis, we transfected BHK fibro-
blasts (which do not contain cdx-3 mRNA transcripts) with a
series of proglucagon promoter-luciferase fusion genes (Fig.
2a). As expected, the level of transcriptional activity of the
proglucagon-luciferase plasmids was low in BHK cells; cotrans-
fection of the proglucagon promoter-luciferase plasmids and
hamster cdx-3 resulted in a 6- to 15-fold activation of the
proglucagon promoter (Fig. 2a). The cdx-3-dependent activa-
tion of the proglucagon promoter was observed with serially
deleted fusion genes containing the deletion of bp 22292 to
282 of rat proglucagon gene 59-flanking sequences. In con-
trast, further deletion to bp 260 resulted in a loss of cdx-3
activation. No activation of luciferase activity by cdx-3 was seen
with the promoterless luciferase plasmid pBLuc (data not
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shown). Furthermore, cotransfection with either the CMV ex-
pression vector (pBAT7) alone or the CMV expression vector
with cdx-3 coding sequences in the antisense orientation, cdx-
3(AS), did not result in activation of the proglucagon promoter
(Fig. 2a). To assess the promoter specificity of the cdx-3 acti-

vation, we cotransfected cdx-3 with luciferase plasmids con-
taining (i) a viral promoter (CMV-Luc) or (ii) the promoter
(SMS) of a gene that is also expressed in the islets and intestine
and is known to be regulated by homeobox proteins (SMS-
Luc). In contrast to the cdx-3-dependent activation of proglu-
cagon promoter sequences, cdx-3 did not activate the CMV or
somatostatin promoters (Fig. 2b and c).
To determine whether additional homeobox-containing

transcription factors were also capable of activating the bp282
proglucagon promoter, we transfected BHK cells with the
(282) Glu-Luc plasmid and the identical CMV expression
vector pBAT7 containing the homeobox transcription factors
pit-1 or isl-1. In contrast to the cdx-3-dependent activation, no
activation of the proglucagon promoter was detected following
cotransfection of the isl-1 or pit-1 plasmids (Fig. 2d).
cdx-3 activation of the proglucagon promoter correlates

with binding to proximal G1 promoter sequences from bp282
to 260. As shown in Fig. 2a, deletion of proglucagon gene
sequences from bp 22292 to 282 had no effect on cdx-3
activation of the proglucagon promoter. However, further de-
letion to bp 260 completely abolished the activation by cdx-3,
suggesting that the DNA sequences from bp282 to260 of the
rat proglucagon promoter contain target sequences for cdx-3
binding and transactivation. Analysis of DNA-protein interac-
tions by DNAse I footprinting with the 2155 to 158 proglu-
cagon gene fragment and increasing amounts of GLUTag nu-
clear extract demonstrated protection of the region from 280
to 265 on the coding strand and from 266 to 276 on the
noncoding strand, consistent with previous observations (24,
27). This region of the proximal proglucagon gene promoter
(Fig. 3a) revealed a number of AT-rich sequences that may
serve as potential targets for cdx-3 binding. Furthermore, these
sequences reside within the G1 domain of the proglucagon
promoter, a region shown to be critical for cell-specific control
of proglucagon gene transcription (24, 27).
To more precisely identify the sequences within G1 impor-

tant for cdx-3 activation, we prepared four synthetic oligonu-
cleotides that spanned this region (Ga, Gb, Gc, and Gd; Fig. 3c
and d) and used these probes in EMSA experiments. Several
specific DNA-protein complexes were generated with all four
probes and InR1-G9 nuclear extracts (Fig. 3c and d). The
formation of complexes Gc1 through Gc4 was diminished by
competition with excess unlabeled competitor (see Fig. 4c)
(data not shown). To determine whether cdx-3 was one of the
proteins present in the Gc-Gd complexes, we carried out
EMSA experiments in the presence of either preimmune or
cdx-3-specific antisera. Antisera directed against the carboxy-
terminal sequences of cdx-3 had no effect on the formation of
the major binding complexes observed with the Ga or Gb
probe (Fig. 3c, lanes 1 to 6). In contrast, of the four major
complexes observed with the Gc probe, the Gc2 band was
supershifted by the addition of anti-cdx-3 antiserum (Fig. 3c,
lane 10). No change in the mobility of the Gc2 complex was
observed with preimmune serum in the same experiment (Fig.
3c, lane 9). Similarly, the Gd probe, which is highly similar to
Gc but contains a 4-bp extension at the 59 end, generates a
series of complexes with the InR1-G9 extract (Gd1 through
Gd4) that comigrate with the complexes observed with the Gc
element (Fig. 3d). Furthermore, cdx-3 antisera diminish the
formation of the Gd2 complex and produce a supershifted
complex similar to that obtained with the Gc probe (Fig. 3c).
Similarly, BHK cells transfected with cdx-3 also generate a Gd2
complex in EMSA experiments that is diminished and super-
shifted in the presence of cdx-3 antisera. These observations
clearly demonstrate that subdomains of the G1 promoter se-
quence (as represented by oligonucleotides Ga, Gb, Gc, and

FIG. 1. Northern blot analysis of cdx-2/3 in islet and intestinal cell lines. Ten
micrograms of RNA from Swiss NIH 3T3 and BHK fibroblasts, small-bowel
STC-1 cells, large-bowel GLUTag cells, islet InR1-G9, In111, and RIN1056A
cells, and insulinoma HIT cells were size fractionated on an agarose gel, trans-
ferred to a nylon membrane, and hybridized with a hamster cdx-3 cDNA con-
taining 500 bp of hamster cdx-3 39 coding sequences. Integrity of the RNA and
equality of loading were assessed by staining of the gel with ethidium bromide
prior to transfer (bottom panel) and rehybridization of the blot with a tubulin
cDNA probe (top panel). The migration positions of the 28S and 18S ribosomal
RNAs are indicated by arrows. (B) Expression of cdx-2/3 protein in proglucagon-
producing cells. Twenty-five-microgram portions of nuclear extract from three
proglucagon-producing cell lines (InR1-G9, GLUTag, and STC-1), wild-type
BHK fibroblasts, and BHK cells transfected with cdx-2/3 were size fractionated
on an SDS–12% polyacrylamide gel and transferred to a nylon membrane elec-
trophoretically. cdx-2/3 immunoreactive protein was detected with a rabbit an-
tibody directed against the hamster cdx-3 C-terminal domain (a gift from M.
German) and visualized by using peroxidase-linked anti-rabbit immunoglobulin
and the ECL Western analysis system (Amersham Life Sciences). The migration
position of cdx-2/3 protein is slightly higher than the predicted molecular mass
(33.5 kDa) based on the cdx-2/3 open reading frame.
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Gd) form complexes with comparable mobility that may con-
tain different proteins. Furthermore, the data demonstrate that
cdx-3, present in InR1-G9 islet cell extracts, binds to sequences
within the proglucagon promoter Gc-Gd element to generate a
Gc2-Gd2 complex.
As proglucagon gene transcription is highly tissue specific

and restricted principally to islet and intestinal endocrine cells,

we hypothesized that cdx-2/3 may contribute to the regulation
of proglucagon promoter G1 activity in both pancreatic and
intestinal cell lineages. Accordingly, we prepared nuclear ex-
tracts from two enteroendocrine cell lines, small-bowel STC-1
cells (32) and large-bowel GLUTag cells (7), and compared
the Gc complexes formed with enteroendocrine and InR1-G9
islet extracts (Fig. 4). The four complexes detected with the Gc

FIG. 2. cdx-3 activates the proglucagon promoter in BHK fibroblasts. (a) A series of proglucagon-luciferase fusion genes was transfected into BHK cells alone (2)
or with the expression vector pBAT7, the cdx-3 cDNA cloned into pBAT7 in the antisense orientation (AS), or the cdx-3 sequences cloned in pBAT7 in the sense
orientation (cdx-3). Ten micrograms of DNA of the reporter plasmid was transfected into BHK cells by the calcium phosphate precipitation method with 10 mg of
plasmid DNA or 10 mg of pBAT7, cdx-3(AS), or cdx-3. The data are expressed as mean relative luciferase activity 6 standard error of the mean normalized to the
activity obtained following transfection of the promoterless luciferase plasmid in the same experiment. (b) BHK cells were transfected with CMV-Luc alone, or
CMV-Luc was cotransfected with the CMV expression vector pBAT7 or with cdx-3 subcloned into pBAT7 in the antisense (AS) or sense (cdx-3) orientation. (c) BHK
cells were transfected with SMS-Luc alone, or SMS-Luc was cotransfected with the CMV expression vector pBAT7 or with cdx-3 subcloned into pBAT7 in the antisense
(AS) or sense (cdx-3) orientation. (d) BHK cells were transfected with pBLuc alone, or 10 mg of the (282) Glu-Luc reporter plasmid was cotransfected with 10 mg
of the pBAT7 plasmid containing cDNAs for the homeodomain proteins cdx-3, pit-1, and isl-1.
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FIG. 3. cdx-3 binds to the Gc subdomain (bp 274 to250) of the G1 element
in the rat proglucagon promoter. (a) DNAse I footprinting with GLUTag nu-
clear extracts demonstrates protection of the G1 region. The rat proglucagon
gene fragment from bp 2155 to 158 was individually end labeled on both upper
(C) and lower (NC) strands, and after purification, each labeled single-stranded
fragment was incubated with DNase I and either 0, 20, or 40 mg of GLUTag
nuclear extracts. G1A sequencing reactions and DNase I digestion were carried
out with a Sure Track Footprinting Kit (Pharmacia Biotech). (b) The proximal
rat proglucagon promoter sequences and the locations of the four G1 AT-rich
subdomains are shown (27). (c) EMSA using islet InR1-G9 nuclear extract to
identify G1 binding proteins. Nuclear extracts (7.5 mg) were incubated with the
G1 probes shown in panel a either alone (2) or with 5 ml of preimmune antisera
(pi) or 5 ml of 1/10 diluted cdx-3 antibody (cdx-3), following which DNA-protein
complexes were resolved by polyacrylamide gel electrophoresis and autoradiog-
raphy. F, migration position of unbound probe. Four major DNA-protein com-
plexes observed were designated Gc1 to Gc4. Gc2/Ab, the supershifted complex
observed in the presence of cdx-3 antisera. NS, nonspecific complex not dimin-
ished by the presence of excess specific competitor DNA. (d) EMSA identifies
DNA-protein interactions with the probe Gd (bp 278 to 251). The Gd oligo-
nucleotide has a 4-bp 59 extension, compared with the 59 end of Gc. Nuclear
extract (2.5 mg) from cdx-2/3-transfected BHK cells or 7.5 mg of nuclear extract
from InR1-G9 cells was incubated with the Gd probe alone (2) or with 5 ml of
1/10 diluted antiserum (preimmune [pi] or cdx-3 antiserum) as indicated. Four
major DNA-protein complexes were designated Gd1 to Gd4.
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probe when InR1-G9 extracts were used (Gc1 through Gc4)
were also observed, albeit with some differences in relative
abundance, with extracts from STC-1 and GLUTag cells. The
formation of the Gc1 through Gc4 complexes was clearly di-
minished in the presence of excess specific Gc unlabeled com-
petitor DNA but not by excess nonspecific competitor DNA
(Fig. 4c). A faint complex, designated Gc5, was formed with
STC-1 nuclear extracts but not with protein from InR1-G9 or
GLUTag cells (Fig. 4a). To ascertain whether cdx-2/3 also
contributed to the formation of the Gc2 complex in intestinal
cells, we carried out EMSA experiments with preimmune and
cdx-3-specific antisera (Fig 4a). The cdx-3 antisera produced a
similar supershift of the Gc2 complex formed with nuclear
extracts from all three glucagon-producing cell lines (Fig. 4a),
consistent with the presence of cdx-2/3 in the Gc2 complex
generated with both islet and intestinal extracts.
Formation of the Gc2 complex in BHK cells transfected with

cdx-3. The observation that cdx-3 activates proglucagon pro-
moter activity in fibroblasts, taken together with the detection
of a specific cdx-2/3–Gc2 complex in glucagon-producing cells,
suggested that formation of the cdx-2/3–Gc2 complex may be
an important determinant for activation of the proglucagon
promoter. To ascertain whether the low basal level of proglu-
cagon gene transcription in fibroblasts was associated with a
lack of cdx-3 activity, we prepared nuclear extracts (for EMSA
experiments) from wild-type BHK cells (Fig. 4b, lane 1) and
cells transfected with the expression vector (without cdx-3)
alone (lane 2) or the expression vector containing cdx-3 coding
sequences in an antisense orientation (lane 3) and from BHK
cells transfected with cdx-3 (lanes 4 to 6). A specific Gc2
complex that comigrates with the Gc2 complex detected with
islet and intestinal extracts (Fig. 4a, lane 10) was observed only
in the BHK cells transfected with cdx-3 (lanes 4 to 6). Further-
more, this complex was supershifted by cdx-3 antisera, but not
by preimmune sera, providing further evidence that cdx-3 in-
troduced into BHK cells not only transactivates the progluca-
gon promoter but is sufficient for the formation of the Gc2
complex in vitro.
Identification of the cdx-2/3 binding site in the proglucagon

G1 region. To more precisely localize the nucleotide sequences
within the Gc subdomain that were critical for cdx-2/3 binding
to the proglucagon promoter, we synthesized a series of block
mutations in the Gc sequence (Fig. 5a) and tested the binding
properties of these mutations in EMSA experiments (Fig. 5b).
Both the M1 and M2 mutants (which contain substitutions in
the 59 AT-rich domains) displayed markedly diminished Gc2
complex formation (Fig. 5b). The M3 sequence, which contains
a block mutation in the middle of the Gc subdomain, displayed
intact Gc2 complex formation. Interestingly, although M1, M2,
and M3 displayed differences in their Gc2 binding properties,
formation of the Gc4 complex was enhanced with all three
mutants, despite their differential effects on formation of the
Gc2 complex. Furthermore, the M4 mutant displayed a modest
reduction in Gc2 formation, yet this mutation essentially elim-

inated formation of the Gc4 complex, whereas mutant M5 did
not result in impaired formation of Gc2; however, formation of
Gc3 was clearly attenuated. Similar results were obtained with
the M1 through M5 mutants and GLUTag intestinal extracts
(data not shown). Furthermore, the relative diminution of Gc2
complex formation observed with the various M1 through M5
mutants correlated with a reduction in the intensity of the Gc2
supershift detected with cdx-3 antisera in EMSA experiments
with the M1 through M5 probes and both InR1-G9 and
GLUTag extracts (data not shown). A Gc probe (M6) with
more limited replacement nucleotide substitutions in the 59
and 39 AT-rich Gc subdomains (Fig. 5a) demonstrated intact
formation of Gc3 and G4 with InR1-G9, GLUTag, and STC-1
extracts, but formation of Gc2 was clearly diminished with the
M6 probe (Fig. 5c and data not shown). Taken together, these
data provide evidence for differential nucleotide binding spec-
ificity of the various InR1-G9 and GLUTag proteins that in-
teract with the proglucagon gene Gc element in vitro.
Transcriptional properties of proglucagon promoter se-

quences harboring mutations in G1. To ascertain whether the
mutations that impair cdx-2/3 binding are associated with a
reduction in proglucagon promoter activity in glucagon-pro-
ducing cell lines, we analyzed the transcriptional properties of
proglucagon-luciferase fusion genes that contained wild-type
or mutant Gc sequences in their native genomic orientation.
The M3 mutation (which did not significantly impair Gc2 com-
plex formation) resulted in a small drop in proglucagon pro-
moter activity in islet InR1-G9 cells (274M3 [Fig. 6]). In con-
trast, the M6 mutation (which is clearly associated with
impaired cdx-2/3 binding) resulted in a marked decrease in
promoter activity in InR1-G9 islet cells. The transcriptional
activity of the identical plasmids was next assessed in the two
mouse intestinal cell lines. The results of the transfection ex-
periments demonstrated that the transcriptional activity of the
274M6 plasmid was also clearly reduced in the GLUTag and
STC-1 cell lines (Fig. 6), suggesting that the binding of cdx-2/3
to the Gc element is functionally important for the control of
proglucagon promoter activity in cells of both islet and intes-
tinal lineage.

DISCUSSION

The proglucagon gene proximal promoter element G1 (bp
2100 to 252) is sufficient for cell-specific expression of the
proglucagon gene in alpha cells (24, 27). The importance of
this element for proglucagon gene transcription is emphasized
by the 100% conservation of G1 sequences between the rat and
human proglucagon genes (27). The data presented here rep-
resent the first identification of a specific transcription factor
that mediates G1-dependent activation of proglucagon gene
transcription in both islet and intestinal cell lines. Further-
more, the expression of endogenous cdx-2/3, in both small and
large intestines (13, 14, 36) as well as in pancreatic islets, is

FIG. 4. Detection of cdx-3 binding to the Gc element in islet and enteroendocrine cells. (a) EMSA shows the specific interaction of the Gc element and nuclear
extract (7.5 mg) from InR1-G9 islet and STC-1 and GLUTag intestinal endocrine cells. Five major DNA-protein complexes observed were designated Gc1 to Gc5.
Nuclear extract (NE) was incubated with Gc alone (2) or with 5 ml of 1/10 diluted preimmune (pi) or cdx-3 antisera before the addition of labeled Gc element. Ab,
antibody; BHK,, BHK cells transfected with a cdx-3 expression vector; Gc2/Ab, the supershifted complex observed in the presence of cdx-3 antisera; F(Gc), free probe.
(b) EMSA shows the interaction of the Gc element with nuclear extracts from wild-type BHK cells (WT) and BHK cells transfected with the CMV expression vector
alone (pBAT7), the antisense cdx-3 sequences (AS), or cdx-3. NE (0.75 mg) was incubated with or without (2) 5 ml of 1/10 diluted cdx-3 antibody (cdx-3) or with
preimmune sera (pi) before the addition of labeled Gc element. Gc2 denotes the appearance of a complex with migration characteristics comparable to those of the
Gc2 complex detected with islet and intestinal extracts. Gc2/Ab, the supershifted complex observed in the presence of cdx-3 antisera. F(Gc), migration position of
unbound probe. (c) Competition for protein binding to the Gc element using islet and enteroendocrine cell NEs. The EMSA binding reactions were carried out in the
presence of a 200-fold excess of specific competitor Gc sequences (Gc) or a 1,000-fold excess of nonspecific competitor sequences (NS) (a 31-bp sequence from position
21680 to21649 of the rat proglucagon gene 59-flanking sequences). The positions of the Gc complexes and free probe (F) are indicated. Comp, competitor sequences.
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consistent with the known distribution of glucagon-producing
cell types.
The mouse cdx-2 homeobox sequence was first isolated by

reverse transcription-PCR with RNA isolated from purified
small intestinal crypts (14). Although the cdx-2 homeobox se-
quence was 88% identical (at the amino acid level) to the
previously described cdx-1 gene (12), Southern blot analysis
using the cdx-2 sequence was consistent with the presence of a
unique single copy gene, distinct from cdx-1 (14). The subse-
quent isolation of the hamster cdx-3 sequence (11), followed by
the cloning of the cDNA encoding mouse cdx-2 (13, 36), dem-
onstrated that these two sequences share 93.6% amino acid
identity, consistent with cdx-3 representing the hamster ho-
molog of mouse cdx-2. Analysis of cdx-2/3 RNA transcripts by
Northern blotting and RNase protection demonstrated that
cdx-2/3 is expressed in the small and large intestines in rat
embryos and adult mice (13, 36). Although cdx-2/3 transcripts
were not detected (by these techniques) in pancreatic RNA,
this likely reflects the difficulty in detecting low-abundance
RNA transcripts present in islet cells that contribute to only a
small percentage of total pancreatic RNA. Furthermore, as the
proglucagon-producing endocrine cell lines used in our study
are likely to be heterogeneous, only a subpopulation of them
may express both proglucagon and cdx-2/3, and this issue may

be addressed in the future by in situ hybridization and immu-
nocytochemistry.
Recent studies have demonstrated that mouse cdx-2 binds to

and transactivates the sucrase-isomaltase (SI) gene promoter
through the intestine-specific SIF1 promoter element (Fig. 7)
(36). Interaction of cdx-2 with the SIF1 element may occur
through either a monomer or homodimer conformation, with
the extent of homodimer formation dependent on the redox
state of the binding reaction (36). The redox regulation of
homeodomain binding appears to be an increasingly common
mode of regulating cooperative DNA binding and appears to
be dependent on the presence of specific cysteine residues in
homeodomain proteins (10, 34, 36). Although we detected only
a single cdx-2/3 complex with the Gc probe, the failure to
observe evidence for multiple cdx-2/3-containing complexes
when using islet or intestinal extracts may potentially be attrib-
utable to the redox state of the binding reactions or to the
unique structure of the proglucagon gene cdx-2/3 binding site.
The DNA binding specificity of caudal homeodomain pro-

teins has been carefully examined by using cHox-cad (CdxA)
and a binding site selection assay (19). This chicken homeodo-
main protein binds the consensus sequence A-(A/T)-T-(A/T)-
A-T-(A/G) (Fig. 7). Four similar binding sites for the Drosoph-
ila caudal protein in the fushi tarazu gene promoter were also

FIG. 5. Identification of Gc nucleotide subdomains important for cdx-2/3 binding. (a) The sequence of the wild-type Gc element (WT) and those of the Gc block
mutations M1 through M6 are shown, with the specific nucleotide changes underlined. (b) EMSA using the M1 through M5 probes and InR1-G9 islet nuclear extracts.
Nuclear extract (7.5 mg) was incubated with the wild-type or mutated M1 through M5 sequences. The migration positions of the Gc1 through Gc4 complexes are
indicated. F, free probe. Ab, antisera. (c) EMSA analysis of InR1-G9 nuclear extract binding to the M6 probe. InR1-G9 nuclear extract (7.5 mg) was incubated with
or without (2) cdx-3 antiserum before the addition of labeled probe GcM6 (M6). Comp, competitor sequences. Unlabeled M6 at a 200-fold molar excess was utilized
(lane 5) to verify specificity of binding events. Ab, antibody; pi, preimmune. Gc1 and Gc2 denote migration positions of the respective complexes. Gc2/Ab denotes the
position of the supershifted cdx-2/3 complex.
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previously identified (19) (Fig. 7), consistent with the observa-
tions that the caudal protein is a direct transcriptional activator
of the fushi tarazu promoter both in Drosophila embryos and in
transfected Schneider cells in vitro (3). Comparison of the
proglucagon gene G1 (Gc) element that contains the cdx-2/3
binding sites with the cdx-2/3 binding sites identified in the SI
promoter (36) reveals a number of interesting differences. The
core region of the cdx-2/3 binding site in the SI promoter is an
inverted repeat of ATAAA, separated by two nucleotides (Fig.
7). Each half site is capable of interacting with a single mole-
cule of cdx-2, forming a monomer. The cdx-2 protein also binds
as a dimer to the whole element, as influenced by the redox
state (36). If the cdx-2/3 binding half site in SIF1 is considered
to be 7 bases in length, as suggested by the cHox-cad consen-
sus, the two SIF1 half sites correspond very well to the con-
sensus sequence for caudal binding sites (19, 36). In contrast,
the two AT-rich subdomains (which interact with cdx-2/3) in
the proglucagon gene Gc element are separated by at least 7
nucleotides. Whereas the 59 half site ATTTATA (from 273 to

267) matches the caudal consensus binding site, the 39 half site
(TAATAT) is less well conserved (Fig. 7); however, replace-
ment of the AT-rich sequences in the 39 half site (as seen with
the M4 Gc mutant) clearly disrupts cdx-2/3 binding to the
proglucagon promoter. Taken together, comparison of the
data obtained from analysis of the proglucagon gene Gc ele-
ment with the results of previous studies using the SI and
insulin gene promoters (11, 36) suggests that cdx-2/3 is capable
of recognizing significantly diverse DNA target sequences. The
functional relevance of the nucleotide differences in cdx-2/3
target sequences for cdx-2/3 binding, as well as the importance
of the differences in spacing between the two half sites, remains
to be determined.
The identification of cdx-2/3 as a major component of the

proglucagon gene Gc2 complex provides an important first
step towards the identification of the specific binding proteins
that regulate proglucagon promoter specificity in islet and in-
testinal cells through the G1 element. Nevertheless, we con-
sistently observed a number of additional distinct complexes,
for example, Gc1, Gc3, and Gc4, with the proglucagon gene
Ga, Gb, and Gc probes and both islet and intestinal extracts.
Furthermore, although cdx-2/3 constitutes a major component
of the Gc2 complex detected with the Gc probe, the Gc2-like
complex formed with the Ga and Gb probes, although of sim-
ilar mobility, did not appear to contain cdx-2/3, as observed in
EMSA experiments using specific cdx-2/3 antisera. These ob-
servations are consistent with the existence of additional dis-
tinct G1-binding proteins that may also contribute to the reg-
ulation of cell-specific promoter activity through the G1
element. The identification of these proteins, and their role in
controlling proglucagon gene transcription in islet and intesti-
nal cells, as well as analysis of the functional role of cdx-2/3 in
vivo, should further our understanding of the molecular con-
trol of cell-specific gene expression in the endocrine cells of the
islets and intestine.
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lines. The data represent the mean relative luciferase activity6 standard error of the mean after normalization of the values obtained to the activity of the promoterless
plasmid pBLuc in the same transfection.
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