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The gene encoding proglucagon is restricted in
expression to the central nervous system, endo-
crine pancreas, and intestine. Transgenic experi-
ments indicate that the proglucagon gene up-
stream enhancer {GUE) element is a principal
determinant of both the tissue specificity and the
relative level of proglucagon gene transcription.
Woe have now sequenced the rat progiucagon GUE
and analyzed the transcriptional properties of pro-
glucagon-luciferase fusion genes (that contain 5'-
and 3'-deletions in the GUE) after transfection of
islet (InNR1-GY} and enteroendocrine (STC-1 and
GLUTag) cell lines. The GUE contains both positive
and negative elements that are recognized differ-
entially in islet vs. intestinal cell lines. The tran-
scriptional properties of the GUE sequences were
more similar in cell lines of intestinal (STC-1 and
GLUTag) compared with islet {InR1-G9) pheno-
types. The electrophoretic mohitity shift assay was
used to identify specific domains of the GUE that
interacted with nuclear proteins from isiet and in-
testinal cells. Several GUE sequences recognized
proteins present in both fibroblast and endocrine
cell lines. In contrast, electrophoretic mobility shift
assay experiments also identified 1) GUE-protein
complexes common io both islet and intestinal cell
lines and 2) GUE-protein complexes specific to ei-
ther islet or intestinal lineages. One of the GUE
subdomains, designated GLUE1, displayed en-
hancer-like activity in InR1-G9 and GLUTag, but
not BHK, cell lines. Taken together, these obser-
vations demonstrate that the proglucagon GUE is
comprised of multiple positive and negative
domains that likely function in a combinatorial
fashion to regulate islet and intestinal-specific

0888-8809/95/83.00/0
Meoiecular Endocrinotogy
Copyright © 1995 by The Endocrine Sotiety

proglucagon gene transcription. (Molecular Endo-
crinology 9: 1306-1320, 1995)

INTRODUCTION

The gene encoding proglucagon is expressed in the A
cells of the pancreas, selected neurons of the central
nervous system, and enteroendocrine cells of the
small and large intestine. A single proglucagon mRNA
transcript, derived from a common transcription start
site, is identical in these tissues; however, cell-specific
posttranslational processing gives rise to a different
profile of proglucagon-derived peptides in each tissue
{1, 2). Initial interest in the biology of islet proglucagon-
derived peptide biosynthesis derived from the central
role of glucagon, secreted from the pancreas, in the
regulation of glucose, fatty acid, and amino acid me-
tabolism (3). More recent studies demonstrating that
intestinai-derived glucagen-iike peptide 1 (GL.P-1) has
potent insulinotropic properties (4-6) have also fos-
tered considerable interest in the factors that controt
the synthesis and secretion of glucagon-like peptide-1
from the intestinai L cell.

Analyses of the controf of pancreatic proglucagon
gene expression initially used islet cell lines for the
elucidation of the signal transduction pathways and
transcription facters that regulate proglucagon gene
transcription {7, 8). The results of these transfection
experiments defined specific regions within the prox-
imal rat proglucagon gene promoter that were impor-
tant for islet cell-specific proglucagon gene transcrip-
tion in vitre {9). Surprisingly, transgenic mice
containing a ~1.3-kilobase fragment of rat progluca-
gon gene 5'-flanking sequences fused to the coding
sequences for SV 40 iarge T antigen expressed the
Gl.UTag transgene in the brain and pancreas (10}, but
no fransgene expression was observed in the small or
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large intestine, suggesting that the motecuiar determi-
nants that control proglucagon gene transcription are
highly tissue specific. )

In contrast, a second line of GLUTag transgenic
mice containing upstream proglucagon gene se-
quences {~2.3 kifobases of rat proglucagon gene 5'-
flanking sequences fused to the cDNA for SV 40 large
T antigen) expressed the transgene in brain, pancreas,
and in the endocrine cells of the small and farge bowel.
Transgene expression in the large bowel of
GLUTag(2.4) mice invariably led to celiular hyperplasia
followed by the rapid development of progiucagon-
producing enteroendocrine tumeors in vivo (11). Fur-
thermore, GLUTag(2.4) mice consistently developed
islet hyperplasia and pancreatic endocrine tumors
from 4-8 weeks of age, whereas islet hyperplasia was
not detectable until 6 months of age in GLUTag(?.3)
mice. These phenotypic differences suggested that
the upstream proglucagon gene sequences present in
the larger GLUTag(2.4) transgene contain elements
important for both islet and intestine-specific proglu-
cagon gene transcription (12).

To elucidate the molecular basis for the differences
in transgene expression (and hence phenotype} be-
tween the different GLUTag transgenic mice lines, we
have initiated studies aimed at characterizing the tran-
scriptional properties of the proglucagon genhe se-
guences upstream of —1300, designated the proglu-
cagon gene upstream enhancer element (GUE). A
giucagan-producing cell line arising from the endo-
cring pancreas and two novel enteroendocrine cell
lines from the small and large intestine have been used
to examine the ceil-specific transcriptionat and DNA-
binding properties of the GUE in vitro. We now report
the results of gene transfection and electrophoretic
mobility shift assay (EMSA) experiments that identify
GUE domains important for both islet and intestinal
proglucagon gene transcription.

RESULTS

A series of 5'-and 3’-deletions were created in the
upstream rat proglucagon gene 5’'-flanking sequences
{the GUE as defined in transgenic mice experiments,
extends from —~2292 to —1253, see Fig. 2). The dele-
tions were sequenced and ligated upstream of the
luciferase-coding sequence, and the transcriptional
properties of these fusion genes were examined by
transfecting three phenotypically distinct rodent cell
lines that express the proglucagon gene at high levels:
hamster islet InR1-G2 cells, mouse small intestine
STC-1, and mouse large intestine GLUTag cells.

The transcriptional activities of the proglucagon-
luciferase fusion genes in islet and intestinal cell lines
are shown in Fig. 1, a-c. No significant luciferase ac-
tivity was seen after transfection of the progiucagon
gene-luciferase constructs inte BHK fibroblasts (Fig.
1d). In contrast, the proglucagon-luciferase plasmids
containing the GUE sequences {—1253 to —2292)
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were miuch more transcriptionally active in the
InR1-G9 islet cell line. The retative luciferase activity
observed after transfection of —2292(GLU-LUC) was
approximately 15C-fold greater than the activity ob-
tained after transfection of the promoterless iuciferase
plasmid in InR1-G9 islet cells (Fig. 1a). Luciferase ac-
tivity decreased after deletion of sequences from
—2147 to —2058. Further deletion of GUE sequences
to —1724 produced a gradual but small (2-fold) in-
crease in relative luciferase activity. In contrast, dele-
tion of GUE seguences from —1561 to — 1491 resulted
in a marked decrease in luciferase activity (~10-fold),
followed by a subsequent increase in luciferase activ-
ity after further deletion to —1439, suggesting that the
region from —1561 to —1438 contains both positive
and negative-acting DNA elements important for tran-
scriptional control in islet cells. Similar to the data
obtained with the 5'-deletions, analysis of the tran-
scriptional  properties of the 3'-deleted GUE se-
quences in INR1-GY islet cells identified both positive
and negative elements upstream of —1251.

We next analyzed the transcriptional properties of
GUE sequences after transfection of 1) the small in-
testine-derived STC-1 cell fine, and 2) the large inies-
tine-derived GLUTag mouse cell line (Fig. 1, b and c).
The relative pattern of GLU-LUC transcriptional activ-
ities observed after transfection of STC-1 cells was
clearty different compared with the profile obtained
after transfection of InR1-G2 cells. The luciferase ac-
tivity derived from the (—2282)GLU-LUC plasmid (that
contains the intact GUE) in STC-1 celis was almost
2-fold greater than the transcripticnal activity of the
{(—1257)GLU-LUC plasmid (Fig. 1b). An increase in
luciferase activity was observed after deletion of
sequences from —2292 to —2147, and deletion of
proglucagon gene sequences from —2,03¢ to —1,257
resuited in a gradual and progressive (—4-fold) de-
crease in luciferase activity, suggesting that the GUE
contains multiple positive elements differentially rec-
ognized by factors in STC-1 compared with InR1-G9
cells. Deletion of GUE 3'-sequences {from 1251 to
—1580) resulted in a progressive increase in iuciferase
activity, and further 3'-deletion to —~1683 and —1755
was associated with a decrease in luciferase activity,
again consistent with the presence of both positive
and negative elements in this region. Deletion of ad-
ditional sequences to 2050 resulted in an increase in
luciferase activity, consistent with the removal of a
negative element between —1755 and —2050. It is
possible that this negative element extends further 5°-
to —2147, as suggested by the data in Fig. th-A.
Taken together, the transcriptional properties of the
progiucagon-Luc plasmids in STC-1 cells are consis-
tent with the presence of both positive and negative
elements in the GUE sequence from —1251 to —2292.

Comparison of the transcriptional properties of the
GUE sequences in STC-1 small bowel cells compared
with the activity of the same plasmids in GLUTag large
bowel cells demonstrated considerable similarities be-
tween these two intestinal cell lines. Luciferase activity



MOL ENDO « 1995
1308

VYol 8 No. 10

Ratativa Ti

Aclivity al P Luc

Rat proglugagon gena §-Hlanking sequences

-2192

Relalive tucilerase agtivily

o

in STCA1 coke

g &

2206

-2147

-20%E

L2038

g
ZH
e

H
F—=
&

Bt
-1799
—192¢
13
BtTiY
~1¢32
[t}
stz
—n
614
-E1y
476

~2197

~330201881/1048)

SEZPEOEISIIIEL)

SRRRFIL4SS 125

-2I92LLB0/1251]

~3392016E3-3251)

L3252 14THE-12800

SPREFLBEGI120LE

CEZFTIIDIONITNIE

N

Figure 12

Relalive Yranscriptional Aclivity of Proglucagon-Lue Plagmids in InR1-GY colls
Refative luciorase aclivity
" 0 s
A
Aat proglutagon gens 5'-anking sequencos e 8 8 8
2292 Z’Zﬁ"_*
e A
wosn L
2033 VALY
s8¢ 7
1780 A—
224 ]
50l i)
Hi) H
LisT mm—'
1172 R ]
w ]
-El4 B S vy S
612 e P
n
o & 8 B
[F ERE
e %
“22970030TA1351 A{
“22971594%052000 m
e %
2220168341281 Id
T — m...u_________%
STIBINEAES Ty — %
e = wm
Figuo 1a
Refative T) Activity of tue Plagmids in GLUTag colfs
Relative lucileiase activity
- w
A
Rat proglucagon gono S-flanking sequences < 8 & §
ER] A
206 &
“asy
~2054 -
-2039 1—|
1986 ;
1739 WEXLTLLIONONE,
e 1
1361 )
1es1 A
1239 A
ars EET T
132 )
- (222
-k A
-5 3
o s {7 PR
- n o
o g 3 2
B s
2152 A
-2382Y129:01008) 2
-323213245/1251
RETTITILTYIPreT) A{
STHTIIOGEIATIL] ______m
CE s - —_— T
Figure 16

Relative Luciferase Activity

80

50

40

30

Relalive transcriptional activity of

o] o 2 =
= & o
3 & 8§ 32
x
[

Figure 1d

Froglucagon-Luc plasmids in BHK libroblasis

-811

-478

Fig. 1. Transcriptional Activity of the GUE in Pancreatic and Intestinal Cell Lines

a) InR1-GO cells: 10 ug DNA were transfected by the diethylaminoethyl-Dextran method, and the cells were harvested for
analysis of luciferase activity after 18 h. The relative luciferase activity was derived by nermalizing values obtaired in each assay
to the total amount of protein used as well as to the value obtained after transfection of the promoteriess luciferase piasmid,
8SK-LUG, in the same experiment. The data depicted here represent the mean activity + sem of three separate transfections (each
plasmid was transfected in triplicate for each experiment). For the plasmids shown schematically in panels a-c, the numbers at
the end of the constructs in A represent the 5’-end of the rat proglucagon gene sequences, whereas the 3'~-deleted GLU-LUC
plasmids depicted in B extend to nucieotide —2292 at the 5'-end, and the 5'- and 3'-boundaries of the internal deletions are
shown in parentheses. b) 3TC-1 cells: 5 g DNA were transfected into STG-1 cells by electroporation, and the cells were
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Fig. 2. DNA Sequence of Rat Progiucagon Gene 5'-Flanking Sequences inciuding the GUE
An EcoRl subcione previously isolated from a rat genomic tibrary containing exon 1 and 5'-flanking sequences was sequenced
on both strands, and the sequence was reported, with the first nucleofide of exon 1 designated as +1.

in GLUTag cells rose initialty after deletion from —2292
to —2147, then declined progressively after deletion of
GUE sequences from —2147 to —1439 {Fig. 1¢c-A). In
contrast to the results obtained with STC-1 cells, de-
letion of further proglucagon gene sequences from
—1439 to —1257 resulted in an increase in luciferase
activity in GLUTag cells, consistent with the presence
of 2 negative element in this region.

The transcriptional activity of the 3'-deleted GLU-
LUC plasmids was also different in GLUTag cells com-
pared with STC-1 cells (Fig. 1b-B and 1¢-B). The lu-
ciferase activity of —2292(1251/1045) GLU-LUC was
~25% that obtained after iransfection of
(—2292)GLU-LUC in GLUTag cells. In contrast, the
relative luciferase activity of —2292{1251/1045) GLU-
LUC was higher than the activity of ~2292(GLU-LUC)
in STC-1 cells. Delstion of sequences from —1251 to
—1445 resuited in a further increase in luciferase ac-
tivity in GLUTag cells, consistent with the presence of
negative elements in this region, in keeping with the
data obtained from transfection of the 5'-deletions
{Fig. 1c, A and B). Taken together, the relative tran-

scriptional profiles of proglucagon-luciferase fusion
genes containing the GUE sequences derived from
transfection of the two intestinal cell lines were similar
to each other and clearly different from the data ob-
tained after transfection of the INR1-G9 islet cell line.

The results of the transfection studies suggested
that the GUE is comprised of several distinct cis-
acting sequences that exhibit complex, cell-specific
transcriptional properties. The DNA sequences in the
rat proglucagon gene promoter extending to —2292
are shown in Fig. 2. The Kpnl site, previously mapped
to ~850 by Efrat et al (10) is actually located at
—-1253. The cell-specific differences in the transcrip-
tional properties of the proglucagon gene-luciferase
fusion genes were most likely attributable to cell-spe-
cific expression of DNA-binding proteins that inter-
acted with sequences in the GUE to moduiate proglu-
cagon gene transcription. A series of overlapping GUE
sequences from —1309 fo —2292 was synthesized by
polymerase chain reaction (PCR) and used for the
analysis of DNA-protein interactions by EMSA. Nu-
clear extracts were prepared from BHK fibroblasts that

harvested for analysis of luciferase activity after 16 h. The data depicted here represent the mean activity = sem of three separate
transfections (each plasmid transfected in triplicate in each experiment). ¢) GLUTag cells: 5 ng DNA were transfected into GLUTag
cells by electroporation, and the cells were harvested for analysis of luciferase activity after 24 h. The data depicted here represent

the mean activity -+

Isem} of three separate experiments (each plasmid transfected in triplicate for each experiment). d) BHK cells:

10 pg plasmid DNA were transfected by the caicium precipitation method, and the cells were harvested for analysis of luciferase
activity after 16 h. The data depicted here represent the mean x sem of three separate transfections.
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Fig. 3. DNA-Protein Interactions in Giucagon-Producing
Cel! Lines

A, EMBA using GUE sequences from 1309 to —1431.
One microgram of nuclear extrgct from BHK fibroblasts,
InR1-GY islet ceils, STC-1 intestinal cells, and Gl.UTag intes-
tinal cells was incubated with labeled probe, after which
DNA-protein complexes were resolved by polyacrylamide gel
electrophoresis and autoradiography. Free = migration po-
sition of unbound probe. Specific compiexes designated A-G
are indicated by arrows. Lanes 40, 100, and 400 contain
GLUTag nuclear extract incubated with 40- to 400-fold (re-
spectively) excess unlabeled probe in specific competition
experiments. The lane marked NSC contains GLUTag nu-
clear extract incubated with a 400-fold excess of unjabeled
nonspecific competitor (- 1583/ 1462) DNA. B, EMSA using
a Sp-1 probe, Four micrograms of nuclear extract from BHK
fibroblasts, InR1-G9 islet cells, STC-1 intestinal cells, and
GLUTag intestinal cells were incubated with labeled probe,
after which DNA-protein compiexes were resolved by poly-
acrylamide gel electrophoresis and autoradiography. Free =
migration position of unbound probe, The SP-1-specific
complexes are indicated with an arrowhead. Lanes 40x and
200x contain GLUTag nuciear extract incubated with 40- to
400-fold (respectively} excess unlabeled probe in specific
competition experiments.
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did not express the proglucagon gene, as well as the
islet and intestinal proglucagon-producing cell lines.
Nine unigue GUE DNA fragments were generated and
used as probes in the EMSA experiments (Figs. 3-12).

The EMSA experiment carried out with the —1309-
base pair (op) to —~1431-bp probe is shown in Fig, 3. A
number of distinct complexes (designated A-G) were
detected that displayed considerable heterogeneity
with regard to the cellular specificity of compiex for-
mation. Complex B was detected in both fibroblast
{BHK), istet (InR1-G9), and intestinal cell lines, and
incubation with 400-fold excess specific competitor
DNA attenuated the formation of complex B in
GLUTag cells (Fig. 3A). In contrast, complex C was
duite abundant in nuclear extracts from InR1-G9 and
GLUTag cells, barely detected in STC-1 cells, and not
detected with BHK nuclear extracts. Furthermore, the
formation of complex C using GLUTag extracts was
diminished by addition of 40-foid excess specific
competitor to the ingubation reaction and markedly
attenuated with 100-fold excess specific competitor. A
third pattern of complex formation, namely GLUTag
cell-specific DNA-protein compiex formation, was ev-
ident in the formation of complexes D, E, and G, which
were detected with nuclear exiracts from GLUTag
cells, but not with extracts from STC-1, InR1-G9, or
BHK cells (Fig. 3A). Furthermore, the formation of
complexes D, E, and G was effectively diminished in
the presence of 100- to 400-fold excess unlabeled
probe. Finally, complex F was clearly more abundant
in InR1-G9 cells, much less abundant (visible with
prolonged exposure of the autoradiographs) in STC-1
and GLUTag celis, and not detected using extracts
prepared from BHK cells. in contrast, no competition
for specific complex formation was observed in the
presence of a 400-fold excess of nonspecific compet-
itor DNA (lane NSC, Fig. 3A).

To determine whether the failure to detect complex
formation with specific GUE sequences was attribut-
able to variability in the quality of the different nuclear
protein extracts, we carried out an EMSA experiment
using the same extracts and a DNA probe containing
five copies of a Sp1-binding site. The results of this
experiment demonstrated that nuclear extracts from
all four cell lines were capable of forming complexes
with the Sp1 probe (Fig. 3B), and this binding (in
GLUTag cells) was specifically competed by 40-foid
excess unlabeled Sp1 probe.

A number of distinct complexes were also detested
using GUE seguences from —1387 to —1469 (Fig. 4).
Several of the complexes detected with this probe
appeared to be similar to those obtained using the
—1309 to — 1437 probe, likely due to overlapping DNA
sequences common to both probes. For example,
complexes A, B, G, D, E, and G in Fig. 3 appear io be
similar to complexes detected with the —1387/—1469
probe in Fig. 4. In contrast, compiex F was detected
predominantly in InNR1-G9 islet celis as a single band
with the —-1309/-1431 probe (Fig. 3), whereas a com-
piex designated F observed with the —1387/—1469



Proglucagon Gsne Transcription Role of GUE

-13B7 sssiann ~1469 Probe

Fig. 4. EMSA Using GUE Sequences from --1387 to 1469

One microgram of nuclear extract from BHK fibroblasts,
InR1-G8 islet cells, STC-1 intestinal cells, and Gi.UTag intes-
tinal cells was incubated with labeled probe, after which
DNA-protein complexes were resolved by polyacrylamide gel
electrophoresis and autoradiography. Free = migration po-
sition of unbound probe. Specific complexes designated A-G
are indicated by arrows. Lanes 40, 100, and 400 contain
GLUTag nuclear extract incubated with 40~ to 4G0-fold {re-
spectively) excess unlabeled probe in specific competition
experiments. The lane marked NSC containg GLUTag nu-
clear extract incubated with a 400-fold excess of unlabeied
nonspecific competitor (—1583/-1462) DNA.

probe, although of similar mohility to complex F in Fig.
5, migrated as a broader complex containing at least
two to three distinct bands (Fig. 4). Since the —1309/
-~ 1431 and 1387/~ 1469 probes contain 45 identical
nuclectides, we suspected that many of the similar
complexes that migrate in comparable positions in
Figs. 3 and 4 were likely attributable to interaction of
nuclear proteins with the identical proglucagon gene
DNA sequences located from —1387 to —1431. Ac-
cordingly, we performed cross-competition experi-
ments with the —1309/-1431 and -1387/-1469
probes and excess unlabeled competitor DNAs, as
shown in Fig. 5. The results of this experiment, dem-
onstrating highly efficient cross-competition, suggest
that complexes C, D, E, and G (in GLUTag celis, Figs.
3-5) likely arise as a result of the interaction of the
proglucagon gene sequences from --1387 to —1431
with GLUTag nuclear proteins.

In contrast to the cell-specific expression of ONA-
binding proteins detected with the GUE sequences
from —1308 to —1431, sequences from —1462 1o
-1583 did not result in the formation of celi-specific
complexes that could be easily competed by excess
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Fig. 5. EMSA Using GUE Sequences frem - 1308 to —1431
and —1387 to —146¢

One microgram of nuclear exiract from GLUTag intestinal
celis was incubated with iabeled probe, afier which DNA-
protein complexes were resolved by polyacrylamide gel elec-
trophoresis and autoradicgraphy. Free = migration position
of unbound probe. Specific compiexes designated A-G are
indicated by arrows. The 1309/-1431 and -1387/-1468
sequences were used in specific competition experiments
(400-fold excess).

unlabeled probe. Complex A was reduced after incu-
bation with 400-foid excess uniabeled specific com-
petitor DNA; however, complex A was ailso detected
with nuclear extracts from fibroblasts and all endo-
crine cell lings. In contrast, complexes B, D, and E
were not diminished by specific competition with ex-
cess unlabeled probe {Fig. 6). Similarly, although a
number of complexes were detected with BHK, inR1-
G9, STC-1, and GLUTag nuclear extracts using a
—1582/—1732 probe, these bands were not effectively
diminished by excess unlabeled specific competitor
DNA (Fig. 7), suggesting that the complexes may re-
sult from nonspecific DNA-protein interactions. Alter-
natively, much higher molar concentrations of specific
competifor DNA may be needed to displace the
—1582/-1732 probe from complexes A and C. Fur-
thermore, in contrast to the GLUTag-specific com-
plexes detected with various progiucagon gene frag-
ments from —1309 to —1469, no GLUTag-specific
complexes were observed with the —~1582/--1732 se-
quences; however, complex B appeared to be unique
to the STC-1 cell line.

A number of unigue complexes that were eliminated
or reduced after competifion with excess specific
competitor DNA were observed using a — 1734/~ 1866
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Fig. 6. EMSA Using GUE Sequences from 1462 to —1583

Ten micrograms of nuctear extract from BHK fibroblasts,
InR1-G3 islet cells, STC-1 intestingl cells, and Gi.UTag intes-
tinal cells was incubated with fabeled probe, after which
DNA-protein complexes were resoived by polyacryiamide gel
electrophoresis and autoradiography. Free = migration po-
sition of unbound probe. Specific complexes designated A-E
are indicated by arrows. Lanes 40, 100, and 400 contain
GLUTag nuclear extract incubated with 40- 1o 400-foid (re-
spectively) excess unlabeled probe in specific competition
experiments. The lane marked NSC contains GLUTag nu-
clear exiract incubated with a 400-fold excess of uniabeled
nonspecific competitor (—1469/~1387) DNA.

probe (Fig. 8). Complex A appeared to represent a
slowly migrating band that was detected with nuclear
extracts from InR1-G9 cells and GLUTag cells, but not
BHK ar STC-1 cells. Addition of only 40-fold excess
unlabeled specific competitor eliminated the formation
of complex A. Complex B was most abundant with
BHK nuclear extracts but was also detected with
GLUTag extracts; however, the formation of complex
B (with GLUTag extracts) was only partially reduced by
incubation with 400-fold excess specific competitor
DNA., Furthermare, although the complex designated
C appeared to be abundant using nuclear extracis
from endocrine cell lines, 400-fold excess unlabeled
competitor DNA was not very effective in diminishing
the formation of this band (using GLUTag extracts),
suggesting that complex C may not arise as a conse-
quence of specific DNA-protein interactions, or the
binding affinity of proteins present in complex C re-
quired higher concentrations of specific competitor for
displacement from the —1734/-1866 probe. Two ad-
ditional compiexes, designated D and E, appeared to
be predominanily more abundant with GLUTag ex-
tracts, yet the formation of compiexes D and E was
only partially diminished after competition with
400-fold excess specific unlabeled DNA. Similarly,
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Fig. 7. EMSA Using GUE Seguences from --1582 to —1732

Eight micrograms of nuclear extract from BHK fibroblasts,
InR1-G# islet cells, STC-1 intestinal cells, and GLUTag intes-
tinal cells were incubated with lzbeled probe, after which
DNA-protein complexes were resolved by polyacrylamide gel
electrophoresis and autoradiography. Free = migration po-
sition of unbound probe. Specific complexes designated A-D
are indicated by arrows. Lanes 40, 100, and 400 contain
GLUTag nuciear extract incubated with 40- to 400-fold (re-
spectively) excess uniabeled probe in specific competition
experiments. The lane marked NSC contains GLUTag nu-
clear extract incubated with a 400-fold excess of unlabeled
nonspecific competitor (~ 1583/ 1462) DNA.

aithough several distinct complexes were formed us-
ing DNA prohe -1867/- 1996, the formation of only
two of these complexes, designated A and D, was
diminished after incubation with excess specific com-
petitor DNA (Fig. 9). Incubation of the —~1997/-2138
probe with nuclear extracts resulted in the formation of
a major complex {A, Fig. 10) that was detected with
extract from both fibroblast and endocrine cell lines
but was not markedly diminished after incubation with
excess specific competitor DNA. Similarly, although
the three bands denoted as complex B were also
detected with nuclear extracts from all cel lines, only
partial attenuation of complex formation was observed
with 400-fold excess specific competitor DNA. The
—-2133/-2292 probe formed three major complexes
(bands A, C, and D} with nuclear extracts from
inR1-G9 cells that appeared to be distinct from the
bands observed with GLUTag nuciear extracts (bands
B and E). Nevertheless, band B was socmewhat diffuse
and was onty partially attenuated after incubation with
400-fold specific competitor DNA, whereas the forma-
tion of band E was not readily diminished after incu-
bation with excess unlabeled specific competitor DNA
(Fig. 11).

To maore precisely resolve the DNA-protein interac-
tions observed along a portion of the GUE, we used a
smaller {45-bp) probe comprising sequences from
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Fig. 8. EMSA Using GUE Sequences from — 1734 to — 1868

Ten micrograms of nuclear extract from BHK fibroblasts,
inR1-G9 islet cells, STC-1 intestinat cells, and GLUTag intes-
tinal cells were incubated with labeled probe, after which
DNA-protein complexes were resolved by polyacrylamide gel
electrophoresis and autoradiography. Free = migration po-
sition of unbound probe. Specific complexes designated A-E
are indicated by arrows. Lanes 40, 100, and 400 contain
GLUTag nuciear extract incubated with 40- to 400-fold (re-
spectively) excess uniabeled probe in specific competition
experiments. The lang marked NSC contains GLUTag nu-
clear extract incubated with a 400-fold excess of unlabeied
nonspecific competitor (—1732/—1582) DNA.

—1431 1o 1387 in EMSA experiments. This specific
sequence was selected because the region from
~1309 to —1469 appeared to generate the greatest
complexity of DNA-protein interactions in EMSA anal-
yses. The resulis of these experiments using the
smaller 45-bp probe are shown in Fig, 12, Nine com-
plexes were observed with the —1431/-1387 probe,
using extracts from InR1-G9, STC-1, and GLUTag
cells. Complexes A, B, C, H, and | were also detected
using BHK cell extracts. Whereas complexes A and B
were effectively diminished using only 25-fold molar
excess competitor fragment, the intensity of com-
plexes C, H, and | formed with InR1-G9, STC-1, and
GLUTag extract was not significantly different after
competition with even 100-fold excess competitor
DNA. Compiexes D and E were detected using both
inR1-GY and GLUTag extract, and these complexes
were diminished using only 25-fold molar excess spe-
cific competitor fragment. In contrast, complex F was
best seen with InR1-G9 cells, whereas complex G
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Fig. 9. EMSA Using GUE Sequences from —1867 to —1996

8ix micrograms of nuclear extract from BHK fibroblasts,
InR1-G9 islet ceils, STC-1 intestinal cells, and GLUTag intes-
tinal cells were incubated with labeled probe, after which
DNA-protein complexes were resolved by polyacrylamide gel
electrophoresis and autoradiography. Free = migration po-
sition of unbound probe. Specific complexes designated A-D
are indicated by arrows. Lanes 40, 100, and 400 contain
GLUTag nuciear extract incubated with 40- to 400-fold (re-
spectively) excess unlabeled probe in specific competition
experiments. The fane marked NSC contains GLUTag nu-
clear extract incubated with a 400-fold excess of unlabeled
nonspecific competitor (—1866/—1734) DNA,

appeared to be GLUTag celi-specific, and the forma-
tion of both complexes F and G was attenuated by
25-fold molar excess specific competitor, Taken to-
gether, these cbservations provide further evidence
for the complexity of DNA-protein interactions along
the GUE, even when a smaliler (45-bp) subdomain of
the preglucagon gene upstream enhancer is used as a
probe in EMSA analyses.

To ascertain whether the 45-bp —1431/—-1387 se-
quence {that generates multipie complexes in EMSA ex-
periments) displayed functional properties in progluca-
gon-praducing cells, the 45-bp sequence was inserted,
as a single copy, in either the 5'-3', or 3'-5" orientation,
immediately adjacent to the fruncated (—82 to +58)pro-
glucagon prometer in the plasmid pBLUC. The 45-bp
element did not augment the relatively low transcriptional
activity of the (—82)GLU-LUC plasmid in BHK fibroblasts
(Fig. 13A). In contrast, the identical element stimulated
{~3.5-fold) the promoter activity of the (~-82GLU-LUC
plasmid in INR1-G9 cells, and this enhancer-fike activity
was seen with the glucagon upstream enhancer 1
(GLUEN) eternent in an orientation-independent manner.
The 45-bp element was also functionally active in
GLUTag cells (1.8-2-fold activation) but not in STC-1
cells (Fig. 13). The cbservation that the GLUET element
faled to modify the transcriptionat activity of the
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Fig. 10. EMSA Using GUE Seguences from —1997 to
-2138

Nuclear extract (4.8 ug) from BHK fibroblasts, InR1-G&
islet cells, STC-1 intestinal cells, and GLUTag intestinal cells
was incubated with labeled probe, afier which DNA-protein
complexes were resoived by polyacrylamide gel eiectro-
phoresis and autoradiography. Free = migration position of
unbound probe. Specific compiexes designated A and B are
indicated by arrows. Lanes 40, 100, and 400 contain GLUTag
nuclear extract incubated with 46- to 400-fold {respectively!
excess unlabeled probe in specific competition experiments.
The lane marked NSGC contains GLUTag nuclear extract in-
cubated with a 400-fold excess of uniabeled nonspecific
competitor (—1866/--1734) DNA.

(—82)GLU-LUC plasmid in 3TC-1 cells is consistent with
the greater complexity of DNA-protein interactions de-
tected with the GLUE? probe using InR1-G9 and
Gl.UTag extracts (Fig. 12). Taken together, these exper-
iments demonstrate that specific DNA sequences in the
proglucagon gene upstream enhancer not only form
multiple distinct DNA-protein complexes with extracts
from islet and enteroendocrine ceils, but a GUE subdo-
main also displays enhancer-like activity in a cell-specific
manner.

DISCUSSION

The resuits of the transfection and EMSA experiments
presented here suggest that multiple ¢is-acting DNA
sequences in the GUE contribute to the transcriptional
control of proglucagon gene expression in both islst
and enteroendecrine cells. We focused our analysis on
the GUE due to transgenic experiments suggesting
that the presence of the GUE upstream of —1253
preduced a phenotype in transgenic experiments con-
sistent with a relatively higher level of transgene ex-
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Fig. 11. EMSA Using GUE Sequences from —2133 to
—2292

Six micrograms of nuclear extract from BHK fibroblasts,
INR1-GY islet cells, STC-1 intestinal cells, and GLUTag intes-
tinal cells were incubated with labeled probe, after which
DNA-protein complexes were resolved by polyacrylamide gel
electrophoresis and autoradiography. Free = migration po-
sition of unbound probe. Specific complexes designated A-E
are indicated by arrows. Lanes 40, 100, and 400 contain
GLUTag nuclear extract incubated with 40- to 400-fold (re-
spectively) excess unlabeled probe in specific competition
experiments. The lane marked NSC contains GLUTag nu-
clear extract incubated with a 400-fold excess of unlabeled
nonspecific competitor {~1866/-1734) DNA.

pression in the islets (11), Moreover, a GLUTag(1.3)
transgene that did not contain the GUE was not ex-
pressed in the gastrointestinal tract (10), demonstrat-
ing that the GUE is essential for intestinal-specific
proglucagon gene transcription in vivo (11).

The experiments reported here demonstrate that the
GUE contains both positive and negative transcrip-
tional elements in both islet and intestinal cell lines.
Although the transcriptional properties of the proximal
proglucagon gene promoter have been studied using
islet cell lines (8, 9), no reports have previously exam-
ined the transcriptionat properties of the GUE in islet
cells. Furthermore, the data reported here represent
the first characterization of the proglucagon promoter
and GUE using intestinal cell nes. Although several
distinct positive and negative islet celi-specific se-
quences have been identified in the proximal proglu-
cagon promoter (9, 13), our data demonstrate the ex-
istence of both positive and negative slements in the
GUE that may be important for proglucagon gene
transcription in islets. For example, a major drop in
luciferase activity (after transfection of InR1-G9 cells)
was observed after deletion of GUE sequences from
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Fig. 12, EMSA Using the Rat Proglucagon Gene Sequénces from —1387 to 1431

Five micrograms of nuciear extract {NE) from InR1-G9 islet celis, STC-1 intestinat cells, BHK fibroblast cells, or GLUTag
intestinal celis were incubated with labeled probe (0.08 ng DNA, 3 x 10% cpm) in the presence of 2 1g poly dI-dC, after which
DNA-protein complexes were resolved by poiyacrylamide gel electrophoresis and autoradiography. FP, Migration position of
unbound probe, Complexes designated A-| are indicated by arrows, The lanes NS contain 100-fold excess unlabeled nonspecific
competitor (- 1680/~ 1630) DNA. Increasing amounts of unlabeted specific competitor DNA (25-, 50-, and T00-fold molar excess)
were used for Inf1-G9 and GLUTag cells; and 50- to 100-fold excess were used for STC-1 and BHK cells to ascertain the binding

specificity.

1661 to —1491, Furthermore, we also identified an
InR1-G8-specific complex using DNA sequences from
this region (complex C, Fig. 6), raising the possibility
that the differential cell-specific activity of the GUE
may reflect differences in the expression of celi-spe-
cific DNA-binding properties. The importance of these
GUE regions for islet cell progiucagon gene transcrip-
tion may be elucidated by further characterization of
the factors that bind to this region, as well as analysis
of the functional importance of these sequences for
islet proglucagon gene expression i vivo.

A number of enteroendocrine-specific compiexes
were also detected using GUE sequences. The data
from the EMSA experiments are summarized in Fig.
14. Unigue intestine-specific compiexes were more
frequently observed using nuclear extracts from the
GLUTag cell line, with comparatively fewer complexes
observed using extracts from the STC-1 intestinal cell
line. Whether this difference refiects the site-specific
origin of the two cell lines (large vs. small intestine,
respectively), or whether the binding events are simply
attributable to cell line-specific differences in the rel-
ative expression of proglucagon gene transcription
factors remains to be determined.

Although the GUE sequences from ~ 1309 to — 1469
detected the largest number of DNA-protein com-

plexes, intestine-specific binding events were still de-
tected with more 5-GUE sequences, including the
more distal ~2202/—-2138 probe (e.g. complex E, Fig.
11). Interestingly, we also detected several complexes
common to both islet and intestinal cells (Fig. 14),
providing evidence that factors common to both islet
and intestinal cells may bind to the GUE. Furthermore,
the GLUE1 element displayed enhancer-like activity in
both islet and intestinal cell lines. These observations
provide further evidence suggesting that aithough
GUE sequences are essential for intestine-specific ex-
pression, they probably alse contribute to regulation of
progiucagon gene transcription in the endocrine pan-
creas.

A number of different experimental approaches
have been used for the study of cell-specific gene
transcription in the intestine. Analysis of gut develop-
ment in the nematode C. elegans has revealed that
multiple positive and negative cis-acting elements
contribute to intestine-specific expression of the gut-
specific ges-1 gene (14). Transgenic experiments em-
ploying the fatty acid-binding protein promoter have
defined specific spatial and temporal patterns of gene
expression in different epithelial cell types of both the
smail and large intestine in the mouse (15). Similar
studies have defined specific DNA elements neces-
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Fig. 13. Transcriptional Properties of the 45-bp (~-1431/—1387) Element

pBLUC is a promoterless luciferase reporter gene, and pGlu-LUC(-82) contains the rat progiucagon gene sequences from —82
bp o +58 bp subcloned into pBLUC. The 45-bp sequence was inserted into pGiu-LUC(-82) adjacent to the truncated ~82-bp
promoter in both the 5’ to 3', and 3'- to 5’-orientations. Ten micrograms of plasmid DNA were transfected into each cell line, and
cells were harvested for analysis of luciferase activity after 16 h. The data depicted here represent the mean = sem of three

separate transfections.
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Fig. 14. Summary of DNA-Protein Interactions on the GUE

The complexes [designated A-G, as detected in EMSA experiments (Figs. 3-12)] using specific GUE probes and nuclear
extracts from islet (InR1-G9} and intestinal (GLUTag and STC-1} cell lines are represented along the length of the GUE. The
nucteotide boundaries of the specific GUE probes are shown. £1 refers to exon 1 and the start of transcription. The proximal
promoter elements G1, G2, and G3 have been previously defined (9).

sary for the intestinal-specific expression of the su-
crose-isomaltose gene promoter both in vivo and in
vitro (16). These experiments have shown that genes
expressed in cell types residing within different regions
of the small and large intestine may require different
cis-acting seguences for correct region-specific ex-
pression along the intestine.

A complementary approach for elucidating the
molecular determinants of intestinal gene expression
involves a more direct transcription factor-based
approach. The PCR was used to identify nine different
homeobox genes expressed in mouse intestinal epi-
thelium (17). One of the genes identified in this study,
designated cdx-2, has subseguently been shown fo
be expressed specifically in cells of intestinal lineage in
a developmentally reguiated and region-specific man-
ner (18). More recent experiments have shown that
cdx-2 also binds to and activates intestine-specific
elements in the sucrase-isomaltase promoter, strongly
suggesting that genes encoding cdx-related transcrip-
tion factors are important determinants of intestine-
specific gene transcription {19).

In contrast to our increasing understanding of the
transcriptional control of gene expression in nonendo-
crine cell types of the intestinal epithelium, the mech-
anisms and regulatory factors responsible for the
specification of entercendocrine-specific gene tran-
scription remain poorly understood. Several different
peptide hormone genes are expressed in both the
endocrine pancreas and the entercendocrine cells of
the intestine. Genes such as gastrin, peptide YY {PYY),
and secretin are expressed only transiently in the fetal

endocrine pancreas, after which the pancreas-specific
expression is extinguished postnatally (20). In con-
trast, gastrin, secretin and PYY gene expression con-
tinues to be detectable in entercendocrine cells of
adult animals. Although transfection experiments em-
ploying islet cell lines have been useful for the exam-
ination of tissue-specific regulatory elements impor-
tant for gastrin and secretin gene transcription 21, 22),
the specific DNA sequences and transcription factors
that regulate enteroendocrine-specific gene transcrip-
tion remain unclear.

Both the proglucagon and somatostatin genes are
expressed in the endocrine pancreas, nervous system,
and intestine. In contrast to the extinguished expres-
sion of the gastrin, secretin, and PYY genes in the
adult endocrine pancreas, proglucagon and soma-
tostatin gene expression continues at high levels in
adult isiets. Although considerable information is avail-
able about the molecular regutation of somatostatin
gene expression in the endocrine pancreas (23, 24),
paradoxically little is known about transcriptional con-
trol of somatostatin gene expression in the intestine.
The paucity of information about the molecular deter-
minants of peptide hormone gene expression in the
enteroendocrine cell reflects, In part, the lack of suit-
able modeis for carrying out studies of intestinai en-
docrine gene transcription. The recent isolation and
characterization of two novel endocrine cell lines from
intestinal tumors (11, 25) has facilitated the analysis
presented here of proglucagon gene transcription in
cell lines of intestinal origin. STC-1 cells were isolated
from aggressive neurcendocrine small bowel tumors
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that arose in a single line of double transgenic insulin
promoter-SV 40 large T antigen/insuin promoter-poly-
oma transgenic mice (26). in conirast, the GLUTag cell
fine was derived from a large bowel endocrine tumor
that consistently arises in mice transgenic for a pro-
giucagon-8V 40 T antigen transgene {11). Despite the
different sites of origin of these two cell lines, the
relative profile of proglucagen-luciferase transcrip-
tional activities was similar after transfection of STC-1
and Gl.UTag cells. In contrast, the relative transcrip-
tional activities of the identical fusion genes differed
considerably after transfection of the InR1-G9 islet cell
line. These observations provide further support for
previous findings suggesting that the molecutar con-
trol of proglucagon gene transcription is highly tissue-
specific and differs in pancreas and intestine,

Several lines of evidence suggest that the control of
gene expression in the pancreas and intestine may be
modulated by a number of related transcriptional reg-
ulators. Transgenic mice containing a multimerized
elastase enhancer element upstream of the human GH
reporter expressed the transgene in the pancreas,
stomach, and intestine, suggesting that a transcription
factor common to these tissues may promote gastro-
enteropancreatic-specific expression (27). The isiets
of Langerhans and intestine are both thought to arise
from endoderm, suggesting that the similar embryo-
logical origin of these two tissues may give rise to a
common network of overlapping transcriptional con-
trol mechanisms. For example, the somatostatin gene
that is expressed in the islets and enieroendocrine
cells has been shown to be a target for the homeobox
transcription factor IDX-1/4PF-1 {that binds to and
transactivates the somatostatin gene promoter) that is
expressed in both the islets and intestine (28, 29).
Recent studies have also shown that members of the
HNF gene family may be important reguiators of gene
expression in both the intestine and endocrine pan-
creas (30, 31). Taken together with the observation
that a number of GUE-pretein binding events appear
to be commeon to cell lines of islet and intestinai origin,
the available data support the hypothesis that control
of proglucagon gene transcription in pancreas and
intestine is likely mediated via a combination of both
tissue-specific and shared transcriptional regulatory
mechanisms.

Although the proglucagon gene promoter se-
quences 3'- o —1252 are not sufficient for targeting
transgene expression to the intestine in vivo, we did
not observe major differences in the relative levels of
GLU-LUC expression in islet compared with intestinal
cell lines. As only a single transgene (containing pro-
glucagon promoter seguences) has been studied (11)
that targets expression to the enteroendocrine celi in
vivo, the precise boundaries of the intestine-specific
element that is functional i vivo remain unknown. The
compiexity of DNA-protein interactions along the GUE
suggests that it may be useful to carry out additional
transgenic studies further delineating the boundaries
of the GUE in vivo, as such information would greatly
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facilitate the detailed characterization of the molecular
determinants of both islet and enteroendocrine pro-
glucagon gene expression,

MATERIALS AND METHODS
Reagents

Reagents and chemicals were purchased from Sigma (St.
Louis, MQO), BDH (Toronto, Canada), and ICN Blochemicals
{St. Laurent, Canada). Restriction and modification enzymes
were products of Boehringer Mannheim (Torento, Canada),
{a-*2-P]dATP was obtained from Amersham international
(Torento, Canada). DNA sequencing kits (Sequenase version
2.0} were purchased from U.8, Biochemical (Cleveland, CH).
TA cioning kit was the product of invitrogen (San Diego, CA).

Plasmids

A fragment of the rat proglucagon gene 5'-flanking region
{32) from the EcoRl site {~2292) to the Accl site in exon
1{+58) was subcloned into the promoterless plasmid SK-Luc
immediately adjacent to the coding sequences of the firefly
luciferase reporter gene. This plasmid was desighated
(—2292) GLU-LUC. A series of 5’'-deletions (from 2292 to
476 bp} and 3'-internal deletions {from —1041 b.p.) were
generated with Exonuclease lll. The 5'- and 3'-ends of the
various deletions were sequenced to verify the precise nu-
clectide boundaries. SK-Luc and CMV-Luc were used as
negative and positive controls, respectively, in each trans-
fection experiment.

Cell Culture and Transfections

Dulbecco’s modified Eagle’s medium (DMEM, 4.5 g glucose/
fiter) was used for growing all the cell lines in this study. The
hamster islet cell line InR1-G9 {33} and baby hamster kidney
fibroblasts (BHK cells) were grown in DMEM supplemented
with 5% calf serum. The mouse small intestinal cell line
STC-1 (25) was grown in DMEM supplemented with 2.5%
fetal bovine serum and 10% horse serum. The mouse large
intestine enteroendocrine cell line GLUTag (34} was grown in
DMEM supplemented with 10% fetai bovine serum. inR1-G9
cells were transfected with 10 ug plasmid DNA/10-cm plate
by the diethylaminoethyl-dextran method {8). STC-1 celis and
GlLUTag cells were transfected with 5 ug plasmid DNA/ X
10% celis by electroporation. Cell extracts were prepared
18-24 h after transfection. For InR1-G9 celis, each set of
plasmid transfections was carried out on three separate oc-
casions, with triplicate transfections for each plasmid. For
8TC-1 and GLUTag cells, each set of plasmid transfections
was carried out on four separate occasions, with triplicate
fransfections for each plasmid. Luciferase activity was ana-
lyzed using a LKB-Wallac 1250 luminometer, and relative
luciferase activity was normalized to the protein concentra-
tion in each extract.

Gel Retardation Assay

Eight probes representing the rat proglucagon DNA se-
guences from —1308 to 2282 were generated by PCR. The
DNA fragments were cloned intc a TA vector {Invitrogen,
released by EcoRi restriction, recovered after electrophoresis
on a 12% pelyacrylamide gel, and %*-P-iabeled with Klenow
DNA pelymerase. The 45-bp GLUET element was generated
by arnealing two oligonucleotides containing the 1431/
-1387 sequence. The EMSA was performed by incubating
about 4 x 10" (cpm) end-labeled DNA probe (0.02-0.08 ng
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DNA) with nuclear protein (1-10 pg) in binding buffer (10 mm
Tris-HCI, pH 8.0, 40 mm KCi, 6% glycerol, 1 mm dithiothreitol,
and 0.05% NP-40) for 30 min at 30 C. Each incubation also
contained from 2-8 ug poly d¥dC, and the PCR-generated
proglucagon gene fragment immediately &~ or 3'- to the test
probe was used as nonspecific competitor DNA, The reaction
was then loaded onte & 5% nondenaturing polyacrylamide
gel, and after electrophoresis, the gel was exposed to x-ray
film for 18-24 h.

The specific primers used to generate the probes used in
the EMSA experimants and their corresponding relative lo-
cations in the proglucagon gene sequence are as follows. A:
-1309/-1431 )8’ CATGGCTCAGGTCTGGT-3' and b)b’'-
CACCAATGAGAAAGTGA-3'; B: —1387/-146%9 a)5'GAAGT-
CACAGCTGTATA-3' and 5'-ATCTGCCAAGAGCTGCC-37;
C: —1462/-1583 &)5-'TGG CAGATCCAGCAGAT 3' and
b)5'-AGCTCTGCGCTAAGCCA-3'; D ~1582/~1732 a)5'CT-
CGATTGCTCTTTATG-3' and h)5'-CTGGTAGTCTAAGAAAA-
3, E: —1734/-1866 )5 -TTGTGAAGCATCCCTAA-3" b)5'~
ATAGCAGAAGCCAAGTA-3'f) - 1867/-1996a)6"-GTTAGAA-
GTAACCATCC-3' b)5'-ACA GAA TGC TTC TGG AT 3'; G:
~1997/-2138 a)5 -AAAGTTCCCTTCTCTTG-3"  b)5'-GC-
CAGTGCTAAAGTTCC-3'; H: ~2133/-2292 8)5'-ACTGGC-
CTCTACTTGGC-3' b)5'-GCTGGAGCTCCACCGCG-3'. The
Sp1 probe contained five copies of the Spt recognition se-
quence formed by annealing and ligating two oligenucleo-
tides: a)5'GATCCGGGGCGGGGCGA-3 and h)5'-GATCT-
CGCCCCGCCCCa.
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