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The proglucagon gene encodes pancreatic glucagon and
the glucagon-like peptides, which exert diverse effects
on nutrient absorption and assimilation. The therapeu-
tic potential of glucagon-like peptide-1 (GLP-1) has
fostered interest in development of cellular engineering
approaches to augment endogenous intestinal-derived
GLP-1 for the treatment of type 2 diabetes. We have
used adenovirus technology to examine the potential
roles of the transcription factors Cdx-2/3 and Pax-6 as
activators of endogenous proglucagon gene expression
in enteroendocrine cell lines and in nontransformed rat
intestinal cells. Adenoviral-expressed Cdx-2/3 and
Pax-6 activated proglucagon promoter-luciferase activ-
ity in baby hamster kidney (BHK) fibroblasts, HEK 293
cells, and enteroendocrine cell lines. Pax-6, but not
Cdx-2/3, induced expression of the endogenous proglu-
cagon gene in enteroendocrine cell lines, but not in
heterologous fibroblasts. Furthermore, transduction of
primary rat intestinal cell cultures in vitro, or the rat
colonic epithelium in vivo, with Ad-Pax-6 activated en-
dogenous proglucagon gene expression. These data
demonstrate that Pax-6, but not Cdx-2/3, is capable of
activating the endogenous proglucagon gene in both
immortalized enteroendocrine cells and the nontrans-
formed intestinal epithelium in vivo. Diabetes 52:
425-433, 2003

lucagon and the glucagon-like peptides (GLPs)
are encoded by a single proglucagon gene in
mammals. Post-translational processing of pro-
glucagon results in the formation of glucagon in
the pancreas and GLP-1 and GLP-2 in the intestine (1).
Pancreatic glucagon is a key counter-regulatory hormone
that opposes the actions of insulin in regulating hepatic
glucose production and maintaining physiological levels of
plasma glucose. Gut-derived GLP-1 and GLP-2 are secreted
into the circulation by enteroendocrine L-cells following
nutrient ingestion. GLP-1 regulates glucose homeostasis
by stimulating insulin and inhibiting glucagon secretion.
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DMEM, Dulbecco’s modified Eagle’s medium; EMSA, electrophoretic mo-
bility shift assay; GLP, glucagon-like peptide; MOIL, multiplicity of infection;
PFU, plaque-forming unit; PGDP, proglucagon-derived peptide; RT+, pres-
ence of reverse transcriptase; RT—, absence of reverse transcriptase; SI,
sucrase isomaltase.
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GLP-1 also inhibits food intake, delays gastric emptying,
and stimulates islet proliferation, differentiation, and neo-
genesis (2-5). In contrast, GLP-2 maintains the integrity of
the intestinal epithelium via effects on intestinal cell
proliferation and apoptosis (6).

The pleiotropic effects of the GLPs have fostered inter-
est in their potential use in the treatment of disorders such
as obesity, diabetes, and intestinal failure (2,7). GLP-1 and
its analogs effectively lower blood glucose in short and
long-term studies of diabetic rodents (6). More recent
studies have shown that GLP-1 agonists also exert benefi-
cial effects in the treatment of human subjects with
diabetes (2,8,9). Hence, understanding the molecular reg-
ulation of intestinal proglucagon gene expression may
facilitate development of strategies directed at enhancing
endogenous production of GLP-1 in vivo.

Our current understanding of the molecular control of
proglucagon gene expression is mainly limited to informa-
tion derived from studies of immortalized pancreatic a-cell
lines (10-16). Much less is known about the factors
regulating intestinal proglucagon expression. Two of the
transcription factors identified in studies of islet progluca-
gon gene expression—the caudal factor Cdx-2/3 and the
paired domain transcription factor Pax-6—have been
shown to activate the transfected proglucagon gene pro-
moter in both islet and intestinal cell lines (17-19). As
targeted inactivation of the murine Cdx-2/3 gene results in
embryonic lethality (20), whether Cdx-2/3 is essential for
proglucagon gene transcription remains unclear. In con-
trast, Pax-6 "'~ mice exhibit reduced numbers of islet a
cells, and mice homozygous for the dominant negative
Pax-6 Sey"®" mutation exhibited markedly decreased lev-
els of proglucagon mRNA transcripts and immunoreactive
proglucagon-derived peptides (PGDPs) in the small and
large intestine (19,21). However, these studies do not
permit a determination of whether Pax-6 plays a direct
role in controlling intestinal proglucagon gene expression
or, alternatively, is primarily responsible for specifying
enteroendocrine cell development. To investigate the roles
of Pax-6 and Cdx-2/3 in the control of intestinal progluca-
gon gene transcription and GLP-1 biosynthesis, we have
now utilized adenoviral vectors for analysis of transcrip-
tion factor expression in enteroendocrine cell lines and in
the normal nontransformed intestinal epithelium. Our data
show that Pax-6, but not Cdx-2/3, is capable of activating
proglucagon gene expression in the nontransformed intes-
tinal epithelium.

RESEARCH DESIGN AND METHODS

Cell culture. The mouse small bowel- derived intestinal cell line, STC-1 cells
(22), were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing
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10% horse serum and 2.5% FBS. GLUTag cells, derived from a murine large
intestinal glucagonoma, were cultured in DMEM containing 10% FBS as
described previously (23). Caco-2 intestinal cells and HEK 293 and baby
hamster kidney fibroblast (BHK) cell lines were obtained from American Type
Culture Collection (ATCC, Gaithersburg, MD). Cells were trypsinized, distrib-
uted into 6-cm plates, and grown to ~90% confluence before transfection or
adenoviral transduction. Intestinal epithelial cells were isolated from embry-
onic day 19-20 fetal rats and cultured in DMEM containing 5% FBS as
described (24). Primary intestinal cell cultures were incubated at 37°C under
5% CO, and 95% O, atmosphere for 24 h before viral transduction studies.
Briefly, cell lines or primary cells were incubated with adenoviruses for 1 h
and then washed and incubated for an additional 24 h in a culture medium
containing 5% FBS before harvesting for RNA or protein analysis.
Preparation of recombinant adenoviruses. cDNAs encoding for wild-type
hamster Cdx-2/3, the dominant negative Cdx-2/3 (Cdx-2/3-HD) encoding the
homeodomain and COOH-terminal peptide (180-313 amino acids) (30), and
mouse Pax-6 and Sey™*" genes (kind gifts from Dr. M.S. German, University of
California, San Francisco, CA) were subcloned into pACCMV-pLpA vector and
cotransformed with pJM17 plasmid into 293 cells (25). Successful homologous
recombination between these two plasmids resulted in recombinant viruses
encoding the specific transcription factors (Ad-Pax-6, Ad- Sey"“", and Ad-Cdx-
2/3, Ad-Cdx-2/3-HD) and the control Ad-Bgal. After plaque purification, viruses
were amplified in 293 cells and purified by CsCl gradient centrifugation to
enrich the viral stocks as previously described (25). Plaque-forming units
(PFUs) were assayed using the Adeno-X rapid titer kit (Clontech, Palo Alto,
CA). Adenoviral titrations were 2.2 X 10'*° 1 PFU/ml and 2.5 X 10'° PFU/ml for
Ad-Pax-6 and Ad-Cdx-2/3, respectively. Similar viral titers were obtained for
Ad-pgal (2.0 X 10'° PFU/ml) and Ad-Sey™" (2.1 X 10'° PFU/ml). In vitro
transductions of viruses into STC, GLUTag, 293, or Caco-2 cell lines were
completed after 1-h incubation at 37°C, whereas in BHK cells the transduction
time was extended to 2 h.

Northern blotting. Total RNA was isolated by the Trizol method (Life
Technologies, Gaithersburg, MD) from STC-1, GLUTag, primary intestinal cell
cultures, or rat intestine. RNA was electrophoresed on a 1.2% formaldehyde
agarose gel, transferred to Hybond-N plus, and hybridized to *?P-labeled
glucagon cDNA probes as described (26,27).

RT-PCR. Semiquantitative RT-PCR was used to determine expression levels
of Cdx-2/3, Pax-6, and proglucagon according to the protocol from Clontech
(Palo Alto, CA). The following primers were used for PCR amplification:
5'-AAGAGTGGCGACTCCAGAAGTTG-3' and 5'-ACCACACCTGTATCCTTGCT
TCAG-3' for Pax-6; 5'-AGCTTCAGTCCCACAAGGCAGAAT-3" and 5'-GGCCG
CAGGAGATGTTGTGAAGAT-3" for proglucagon; 5'-ATGTACGTGAGCTACC
TTCTGGAC-3" and 5'-GGAGCCACCATTGAGGCCGTGGGC-3" for Cdx-2/3;
5'-CATGACCACAGTCCATGCCATC-3' and 5'-CACCCTGTTGCTGTAGCCAT
ATTC-3' for the control transcript GAPDH. A forward primer 5'-GTGTGTACT
TGTGGAGCACTGCCC-3" priming within intron-B sequences of mouse pro-
glucagon gene and a reverse primer 5'-CGGTTCCTCTTGGTGTTCATCAAC
C-3' locating in the exon-3 were used in RT-PCR to quantitate newly syn-
thesized proglucagon primary RNA transcripts in GLUTag cells transduced
with Ad-Bgal or Ad-Cdx-2/3-HD. For RT-PCR experiments shown in Fig. 5,
specific primers were designed to amplify cDNA fragments of 297 and 545 bp
for Cdx-2/3 and Pax-6, respectively. Semiquantitative measurements of newly
synthesized proglucagon primary RNA were obtained by RT-PCR studies.
Total RNA (2.5 pg) was digested with 10 units of RNase-free DNase at 37°C for
1 h. After heat inactivation of DNase at 95°C for 10 min, RNA was reverse
transcribed with random hexamers in the presence of reverse transcriptase
(RT+) or absence of reverse transcriptase (RT—). The resultant cDNA was
amplified using Tag polymerase (44).

Electrophoretic mobility shift assays. After adenoviral transduction,
STC-1 or GLUTag cells were grown for an additional 24 h and nuclear proteins
were isolated as described (17). Synthetic oligonucleotides corresponding to
rat proglucagon promoter G1 or G3 sequences (10) were end-labeled with
32P-ATP by T4 kinase, purified by G25 spin column (Pharmacia, Montreal, PQ),
and incubated with 2—-4 pg nuclear proteins. The reaction mixes were loaded
onto a 5% nondenaturing polyacrylamide gel, and, after electrophoresis, the
gel was exposed to X-ray film for 16-24 h.

In vivo infusion of Ad-Pax-6 and Ad-Bgal into rat colon. A solution of
~1 X 10'2 virions of either Ad-Pax-6 or Ad-Bgal was infused into the large
colon of Wistar rats via a modified rectal approach developed in our
laboratory. Briefly, animals were fasted for 48 and 16 h before viral infusion,
and colonic fecal material was completely cleansed by feeding animals with
GoLytely solution (Baxter, Mississauga, ON), followed by three additional
bowel irrigations with PBS buffer. To disrupt intestinal mucous, a mucolytic
agent, acetylcysteine, was introduced into the rectum and maintained for 30
min before viral infusion. After being mildly sedated with halothane, animals
were infused with a viral solution via the rectum by using a 10-cm modified
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gavage and were kept in the Trendelenburg position for at least 30 min to
enhance transduction of adenoviruses into the large intestine. Because the
rapid turnover of intestinal epithelium may result in diminished Pax-6
expression in newly formed epithelial cells, animals were killed on day 3 after
the viral infusion. The entire colon was excised, cleaned, quickly frozen in
liquid nitrogen, ground into fine powder, and used for RNA isolation.

RESULTS

Characterization of recombinant Pax-6 and Cdx-2/3
expression in BHK fibroblasts and 293 cells. To char-
acterize adenoviral-derived Pax-6 and Cdx-2/3, we ana-
lyzed expression of these transcription factors in BHK and
293 cells transduced with an increasing multiplicity of
infection (MOI of 2.5, 10, and 25). Western blot analyses
revealed dose-dependent increases in levels of Cdx-2/3 and
Pax-6 in both cell lines (Fig. 1A4).

To study the transcriptional activation of the rat proglu-

cagon promoter by adenoviral-derived Cdx-2/3 and Pax-6,
293 and BHK fibroblasts were transfected with a reporter
plasmid containing 300 bp of the rat proglucagon promoter
linked to a luciferase reporter gene [—300]GLU-Luc and
transduced with increasing MOI of Ad-Cdx-2/3 and Ad-
Pax-6 alone or in combination. Both Cdx-2/3 and Pax-6
increased proglucagon promoter activity (Fig. 1B) and,
consistent with previous reports (14,28), coexpression of
Cdx-2/3 and Pax-6 produced a synergistic activation of
proglucagon promoter activity (Fig. 1B). Nuclear extracts
isolated from 293 or BHK cells transduced with various
viruses at different MOI were used in electrophoretic
mobility shift assay (EMSA) experiments with progluca-
gon promoter G1 and G3 probes (Fig. 1C and D). As shown
in Fig. 1C, no detectable DNA-protein G3 complex was
observed in cells transduced with increasing MOI of
Ad-Bgal or Ad-Cdx-2/3. By contrast, a dose-dependent
increase in the formation of a Pax-6-G3 complex was
observed in cells transduced with increasing MOI of
Ad-Pax-6. Cells cotransduced with both Ad-Pax-6 and
Ad-Cdx-2/3 appeared to contain a somewhat less abundant
G3 complex compared with cells expressing Ad-Pax-6
alone. Similar findings were observed using the G1 oligo-
nucleotide probe, which preferentially binds Cdx-2/3 (Fig.
1D). Moreover, co-transduction of both Ad-Pax-6 and
Ad-Cdx-2/3 into 293 or BHK cells at either low or high MOI
did not result in detectable formation of a higher molecu-
lar weight complex that might be suggestive of hetero-
dimer formation (Fig. 1C and D).
Expression of Pax-6, Cdx-2/3, and Sey"*" via recom-
binant adenovirus in enteroendocrine cells. To assess
the effect of adenoviral-derived Pax-6 and Cdx-2/3 expres-
sion in enteroendocrine cells, we studied mouse GLUTag
cells. Basal expression of endogenous Pax-6 and Cdx-2/3
was detectable in GLUTag cells infected with the control
Ad-Bgal virus (Fig. 2A). An approximate three- to fivefold
increase in levels of Pax-6 or Cdx-2/3 was observed
following viral transduction, with adenovirus-derived
Pax-6 and Cdx-2/3 migrating at the same electrophoretic
positions as the endogenous GLUTag (Fig. 2A) or STC-1
proteins (data not shown).

GLUTag cells transduced with Ad-Cdx-2/3 or Ad-Pax-6
exhibited increased proglucagon promoter activity (Fig.
2B), whereas cells infected with a truncated Pax-6 cDNA,
Ad-Sey™" did not exhibit significant differences in the
transcriptional activity of the identical proglucagon pro-
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FIG. 1. Characterization of Ad-Pax-6 and Cdx-
2/3 in 293 and BHK cells. A: Expression of
Pax-6 and Cdx-2/3 in 293 and BHK cells by
Western blot analysis. Cells were transduced
with Ad-Pax-6, Ad-Cdx-2/3, or Ad-Pax-6 + Ad-
Cdx-2/3 in three different MOI of 2.5, 10, or 25
for 1 h. Control cells were transduced with
Ad-pBgal. After a 24-h incubation, cells were
suspended in PBS buffer containing 0.1% Tri-
ton and sonicated for 5 s at 4°C. Total protein
extract (30 pg) was analyzed by 10% SDS-
PAGE, and after transfer the membrane was
immunoblotted with anti-Cdx-2/3 antiserum
(1:2,000 dilution) (upper panel) or anti-Pax-6
antiserum (1:1,000 dilution) (lower panel). B:
Transcriptional activation of the rat progluca-
gon gene promoter by recombinant Pax-6 and
Cdx-2/3. HEK 293 (upper panel) or BHK cells
(lower panel) were transfected with 2.5 pg of
a proglucagon promoter-luciferase plasmid
[—300]GLU-Luc. After an 8-h incubation, trans-
fected cells were further transduced with vari-
ous viruses at MOI of 2.5, 10, and 25 for a
total of 24 h, after which cells were lysed and
assayed for luciferase activity as described (17,
18). Transfection/transduction studies were
performed in triplicate and were repeated on
three separate occasions. C: Transcription fac-
tor binding to the proglucagon G3 promoter
sequence. Nuclear proteins isolated from virus-
transduced cells at different MOI were mixed
with [>2P]-ATP-labeled proglucagon G3 oligo-
nucleotides and subjected to EMSA. The major
complex is designated by an arrow. FP, free
probe. D: Transcription factor binding to the
proglucagon G1 promoter region. Nuclear pro-
teins isolated from virus-infected cells at the
MOI shown were mixed with [32P]-ATP-labeled
proglucagon G1 oligonucleotides and subjected
to EMSA. The major complex is designated by
an arrow. FP, free probe.
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FIG. 2. Expression of Pax-6, Cdx-2/3 and Sey"“" in GLUTag cells. A: GLUTag cells were transduced with Ad-Cdx-2/3, Ad-Pax-6, or Ad-Sey"“" for
24 h, after which cells were lysed for protein isolation. Protein extract (30 pg) was resolved by 10% SDS-PAGE, and after transfer, the membrane
was immunoblotted with a 1:1,000 dilution of anti-Pax-6 antiserum (upper panel) (gift from Dr. Saule, Lille, France) or 1:2,000 dilution of
anti-Cdx-2/3 antiserum (lower panel). The truncated Sey"°" mutant which lacks the COOH-terminal domain of Pax-6 is not detected by this
anti-Pax-6 antiserum. B: Transcriptional activity of a transfected proglucagon promoter-luciferase plasmid in adenovirus-transduced GLUTag
cells. GLUTag cells were first transfected with [-300]-GLU-Luc, cultured for 8 h, and then transduced with Ad-pgal, Ad-Cdx-2/3, Ad-Pax-6, or
Ad-Sey"“" for an additional 24 h. Cells were collected and assayed for luciferase activity. Transfection/transduction studies were performed in
triplicate, and the data shown represent the mean from three different experiments. *P < 0.02.

moter plasmid (Fig. 2B). Hence, the adenoviral-derived
Cdx-2/3 and Pax-6 function as transcriptional regulators of
the proximal rat proglucagon promoter in gut endocrine
cells (14,17,28-31).

Activation of endogenous proglucagon gene expres-
sion by Ad-Pax-6. To ascertain whether enhanced ex-
pression of Pax-6 or Cdx-2/3 leads to increased levels of
intestinal proglucagon mRNA transcripts, and not just
proglucagon promoter activity, we transduced GLUTag
cells with Ad-Cdx-2/3, Ad-Pax-6, or Ad-Bgal for 24 h. The
levels of proglucagon mRNA transcripts were increased in
GLUTag cells transduced with Ad-Pax-6, in a dose-depen-
dent manner (Fig. 3A). In contrast, GLUTag cells trans-
duced with Ad-Cdx-2/3 or the control Ad-Bgal virus did not
exhibit changes in levels of endogenous proglucagon gene
expression (Fig. 3B). Furthermore, GLUTag cells trans-
duced with Ad-Pax-6 also exhibit increased biosynthesis
and secretion of the PGDPs, as assessed by radioimmuno-
assays for GLP-1 of cell and media contents following viral
transduction (data not shown).

To assess whether the Pax-6—dependent activation of
enteroendocrine proglucagon gene expression is cell-type
specific, we transduced Ad-Pax-6 into HEK 293 cells and
BHK fibroblasts, nonendocrine cells that do not normally
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express the proglucagon gene. In contrast to the activation
of endogenous proglucagon gene expression observed in
GLUTag endocrine cells, no induction of proglucagon
mRNA transcripts was observed in these nonendocrine
cell lines following transduction with Ad-Pax-6 (Fig. 3B).
Effect of Pax-6 on proglucagon gene expression in
cell lines. To determine whether Pax-6 or Cdx-2/3 is
capable of activating proglucagon gene expression in
enteroendocrine cells derived from both the large and
small intestine, we transduced GLUTag cells (derived from
endocrine cells of the large bowel) and STC-1 cells (de-
rived from endocrine tumors arising from the small bowel)
with Ad-Pax-6, Ad-Cdx-2/3, and Ad-Sey"®" viruses. As
shown in Fig. 44, both GLUTag and STC-1 cells transduced
with Ad-Pax-6 exhibited similar increases in proglucagon
mRNA transcripts relative to levels observed in cells
infected with Ad-Bgal. In contrast, proglucagon mRNA
transcripts were not increased in GLUTag or STC-1 cells
transduced with Ad-Cdx-2/3 (Fig. 4). Furthermore, we did
not observe additive increases in the levels of proglucagon
mRNA transcripts in enteroendocrine cells transduced
with both Ad-Cdx-2/3 and Ad-Pax-6 (Fig. 4). Indeed, cells
transduced with both Ad-Cdx-2/3 and Ad-Pax-6 did not
exhibit the increase in proglucagon mRNA transcripts
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detected in cells transduced with Ad-Pax-6 alone (Fig. 4),
suggesting that Cdx-2/3 may actually inhibit the stimula-
tory effects of Pax-6 on the intestinal proglucagon pro-
moter.

To determine whether basal levels of endogenous Cdx-
2/3 contributed to control of enteroendocrine proglucagon
gene expression, we transduced GLUTag cells with the
dominant negative Cdx-2/3-HD virus (Fig. 5). A marked
reduction of proglucagon promoter activity was observed
following transduction of Ad-Cdx-2/3-HD (Fig. 5A). To
assess the effect of blocking endogenous Cdx-2/3 activity
on newly synthesized proglucagon mRNA transcripts, we
performed semiquantitative RT-PCR using specific primers
amplifying sequences between intron-B and exon-3 of the
mouse proglucagon mRNA transcript. In contrast to the
potent inhibition of proglucagon promoter activity (ob-
served in Fig. 5A), we did not observe a reduction in levels
of endogenous proglucagon RNA transcripts (Fig. 5B) in
GLUTag cells.

Effect of Pax-6 on proglucagon gene expression in
primary intestinal cell cultures and in rat intestine.
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To ascertain whether Pax-6 activates endogenous proglu-
cagon gene expression in normal intestinal endocrine
cells, we isolated small-bowel epithelial cells from fetal
rats and cultured cells for 24 h in vitro before adenoviral
transduction. Proglucagon mRNA transcripts were clearly
increased in a dose-dependent manner following Ad-Pax-6
transduction. In contrast, proglucagon mRNA transcripts
were not increased following infection of primary intesti-
nal cells with Ad-Bgal, Ad-Cdx-2/3, or Ad-Sey"" (Fig. 6A).
Similar to findings in GLUTag and STC-1 cells (Fig. 4),
coinfection of primary intestinal cell cultures with both
Ad-Pax-6 and Ad-Cdx-2/3 abrogated the induction detected
with Ad-Pax-6 alone (Fig. 6A). These results demonstrate
that Pax-6, but not Cdx-2/3, is sufficient for induction of
proglucagon gene expression in both transformed and
nontransformed intestinal cells.

To determine whether Pax-6 is also capable of increas-
ing endogenous expression of the intestinal proglucagon
gene in the intact gastrointestinal tract of a living animal,
we performed an in vivo infusion of Ad-Pax-6 virus directly
into the rectum and distal portion of the large bowel of
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transcripts. The ratio of proglucagon to 18S RNA transcripts from several independent experiments is shown below.

Wistar rats. The large bowel of rats transduced with experiment showed that animals given Ad-Pax-6 exhibited
Ad-Pax-6 exhibited an approximate twofold increase in an approximate three- to fourfold increase in proglucagon
levels of Pax-6 RNA transcripts, with no difference de- mRNA transcripts in the large bowel relative to control
tected in the levels of endogenous Cdx-2/3 after Ad-Pax6 animals infused with Ad-Bgal (Fig. 6B).
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FIG. 5. Expression of a dominant negative Cdx-2/3 cDNA
in GLUTag cells. 2.5 pg of proglucagon promoter-lucif-
erase plasmid [—300]Glu-Luc was mixed with lipo-
fectamine reagent (Life Technologies, Gaithersburg,
MD) and used to transfect 85% confluent GLUTag cells.
Culture medium was changed 6 h later and various MOI
of Ad-pgal or Ad-Cdx-2/3-HD viruses were used to trans-
duce cells for 1 h. Transduced cells were cultured for
an additional 24 h and used for luciferase assay (A) or
total RNA isolation and RT-PCR (B). Experiments were
performed in triplicate and repeated on four separate
occasions. The luciferase activity obtained following
transduction with different viruses was expressed as
a percentage of the activity obtained in transfected
GLUTag cells in the absence of adenoviral transduc-
tion. The relative densitometric ratios for proglucagon/
GAPDH mRNA transcripts from four independent exper-
iments are shown below the RT-PCR data in panel B.
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of proglucagon gene expression in islet and enteroendo-
crine cells prompted us to assess the transcriptional
activity of the Ad-Cdx-2/3 virus in Caco-2 cells, a Cdx-2/3—
responsive intestinal epithelial cell line (32). Caco-2 cells
transduced with Ad-Bgal or Ad-Pax-6 contained compara-
ble levels of endogenous sucrase isomaltase (SI) mRNA
transcripts compared with nontreated Caco-2 cells (Fig.
7A). In contrast, the levels of SI mRNA transcripts were
induced following transduction of Caco-2 cells with Ad-
Cdx-2/3 (Fig. 7A). These findings demonstrate that the
failure of Cdx-2/3 to activate endogenous enteroendo-
crine proglucagon gene expression was not attributable
to the presence of a transcriptionally defective Ad-Cdx-
2/3 virus.

To exclude the possibility that the effect of Ad-Pax-6 on
intestinal proglucagon gene expression requires coexpres-
sion of adenoviral proteins or cofactors that directly or
indirectly enhance the levels of proglucagon mRNA tran-
scripts, we performed lipofectamine-mediated DNA trans-
fection of a plasmid vector (pBAT7) containing the Pax-6
cDNA alone or with cotransduced Ad-Bgal (expressing
adenoviral proteins/cofactors). The results of this experi-
ment (Fig. 7B) showed that STC-1 cells transfected with
Pax-6 also exhibited increased levels of proglucagon
mRNA transcripts compared with cells transfected with
empty vector pBAT7 alone (Fig. 7B). No additive increases
in proglucagon gene expression were observed in cells
transfected with Pax-6 in the presence of Ad-Bgal. Taken
together, these studies demonstrate that Pax-6 alone,
whether delivered via a plasmid or adenovirus, is sufficient
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FIG. 6. Proglucagon gene expression in normal intesti-
nal cells and in the colon of Wistar rats transduced with
Ad-Pax-6. A: Ad-Pax-6 increases proglucagon gene ex-
pression in primary rat intestinal cell cultures. The
small intestine from fetal rats (E 19-20) was dissoci-
ated and used for primary cell culture as described
(24). Viral transduction was carried out 48 h before
RNA isolation. Identical results were obtained in three
separate experiments. B: Animals were infused with 1 x
10'2 virions of Ad-Pax-6 or Ad-Bgal via the rectal ap-
proach as described in RESEARCH DESIGN AND METHODS.
RNA was isolated from the colon after 3 days and
analyzed by Northern blotting. The relative ratios of
the proglucagon to GAPDH transcripts are shown below
each panel in A and B.

for activation of proglucagon gene expression in enteroen-
docrine cells.

DISCUSSION

Transcription factors regulating expression of the proglu-
cagon gene in islet cells include Brn4, Pax-6, Pax-2,
Cdx-2/3, Isl-1, CREB, Maf factors, HNF-33, and HNF-3«
(12,16,18,19,31,34-39). The majority of evidence linking
these transcription factors to proglucagon gene expres-
sion is derived from transfection experiments studying the
proglucagon promoter in immortalized islet cell lines.
However, there is little genetic evidence from human
studies linking mutations in these candidate transcrip-
tion factor genes to abnormalities in proglucagon gene
transcription.

Pax-6 was first identified as a proglucagon gene tran-
scription factor in studies of Pax-6 knockout and Pax-6
Sey™®" mutant mice (21,31). Both lines of mice exhibit
marked defects in formation of normal islets, with reduced
numbers or absent islet a-cells and with concurrent reduc-
tions in islet proglucagon mRNA transcripts. Pax-6 binds
to rat proglucagon gene promoter sequences and transac-
tivates the promoter in transfection experiments. Intrigu-
ingly, our data demonstrate that although abrogation of
Pax-6 transcriptional activity markedly reduced progluca-
gon promoter activity, no effect on proglucagon mRNA
transcripts was detected in the same experiment using the
mutant Pax6 cDNA. These data illustrate that analysis of
relative promoter activity represents only one component
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FIG. 7. Differential effects of Pax-6 and Cdx-2/3 on intestinal gene
expression. Caco-2 (A) cells were transduced with specific viruses,
following which RNA was isolated after 24 h and analyzed by Northern
blotting for SI gene expression. B: Effect of plasmid-derived Pax-6 on
intestinal proglucagon gene expression. STC-1 cells were transfected
with 10 pg of pBAT7 plasmid vector alone or the pBAT7-Pax-6 plasmid
DNA (lanes 1 and 3) with (lane 3) or without (lane 1) coinfection with
Ad-Bgal (MOI of 5). RNA was isolated from cells after a 24-h incuba-
tion. The arrows indicate the migration positions of proglucagon or 18s
RNA transcripts.

of the complexity of factors regulating steady-state levels
of RNA transcripts. Furthermore, the essential importance
of Pax-6 for the developmental formation of islet cells
precludes assessment of a potentially independent role for
Pax-6 in the control of proglucagon gene expression in the
adult pancreas in vivo.

Pax-6 is also essential for the formation of subsets of gut
enteroendocrine cells. Pax-6"/~ mice exhibit reduced
numbers of duodenal gastrointenstinal polypeptide (GIP)
cells and decreased numbers of gastric cells immunoposi-
tive for gastrin and somatostatin (40). Analysis of endo-
crine cell populations in the gut of Sey"" mice expressing
a dominant negative Pax-6 protein revealed almost com-
plete absence of enteroendocrine cells containing GLP-1
or GLP-2 immunopositivity and a marked decrease in the
levels of proglucagon mRNA transcripts in the small and
large intestine (19). Nevertheless, it is not possible to
infer from these studies whether the reduction in gut
proglucagon gene expression is attributable to the impor-
tance of Pax-6 as an essential factor for enteroendocrine
cell development, or whether the primary role of Pax-6
resides at the level of controlling proglucagon gene ex-
pression once enteroendocrine cell development has pro-
ceeded normally.

Our results clearly show that Pax-6 alone is sufficient for
activation of endogenous proglucagon expression both in
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vitro and in vivo. This is the first demonstration that
enhanced expression of a single transcription factor is
capable of activating proglucagon gene expression in
isolated cell lines, primary cell cultures, and in the context
of the intact intestinal epithelium in vivo. Taken together,
these studies provide additional evidence linking the level
of Pax-6 expression to the control of intestinal progluca-
gon gene expression both in vitro and in vivo. In contrast,
our data demonstrate that enhanced expression of Cdx-2/3
in primary intestinal cell cultures, or in the intact intestinal
epithelium, is not sufficient for activation of enteroendo-
crine proglucagon gene expression. Hence, although Cdx-
2/3 may activate the transfected proglucagon promoter,
our data do not support using Cdx-2/3 alone for the
enhancement of intestinal proglucagon gene expression.

The finding that GLP-1 agonists ameliorate diabetes in
rodents has sparked considerable interest in the potential
use of GLP-1 for the treatment of human subjects with
type 2 diabetes. Similarly, the intestinotrophic and cyto-
protective effects of GLP-2 have prompted studies of the
potential use of GLP-2 analogs for the treatment of human
patients with intestinal failure (2). An alternative approach
to the therapeutic administration of GLPs involves strate-
gies designed to increase the synthesis and secretion of
the intestinal GLPs from normal gut endocrine cells in
vivo. The gut represents a potentially attractive target for
peroral delivery of viral vectors, and several studies have
demonstrated the utility of targeting the gut with gene
therapy approaches in vivo (41-43). Our studies identify
Pax-6 as the first transcription factor capable of enhancing
proglucagon gene expression within the context of the
normal rodent gut epithelium in vivo. Future studies
directed at examining the utility of adenoviral-delivered
Pax-6 targeted to the gut epithelium for the enhanced
production of GLP-1 and GLP-2 in the setting of experi-
mental diabetes or intestinal disease in vivo appear
warranted.
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