MOLECULAR AND CELLULAR BioLoGY, Dec. 1990, p. 6799-6804
0270-7306/90/126799-06$02.00/0
Copyright © 1990, American Society for Microbiology

Vol. 10, No. 12

Transcriptional Activation of the Rat Glucagon Gene by the Cyclic
AMP-Responsive Element in Pancreatic Islet Cells

WILLHART KNEPEL,* JAMES CHAFITZ, anp JOEL F. HABENER

Laboratory of Molecular Endocrinology, Massachusetts General Hospital, and Howard Hughes
Medical Institute, Harvard Medical School, Boston, Massachusetts 02114

Received 5 June 1990/Accepted 30 August 1990

The 5’-flanking region of the rat glucagon gene contains, from nucleotides —291 to —298, a sequence (TGA
CGTCA) which mediates cyclic AMP (cAMP) responsiveness in several genes (cAMP-responsive element
[CRE]). However, because of nonpermissive bases surrounding the CRE octamer, the glucagon CRE does not
confer cAMP responsiveness to an inert heterologous promoter in placental JEG cells that do not express the
glucagon gene. This report describes transient transfection experiments with glucagon-reporter fusion genes
that show that glucagon gene expression is activated by cAMP-dependent protein kinase A in a glucagon-
expressing pancreatic islet cell line. This activation is mediated through the glucagon CRE.

Cyclic AMP (cAMP) is the second messenger of one of the
major signal transduction pathways and induces the tran-
scription of various eucaryotic genes through rrans-acting
factors binding to the control region of those genes (20, 25).
The base sequence TGACGTCA (the cAMP-responsive
element [CRE]) has been identified in the control regions of
some of those genes and is essential for cAMP regulation of
transcription of those genes (20, 25). However, the func-
tional activity of the CRE depends on the bases surrounding
the CRE octamer motif, some being permissive and others
being less so or even nonpermissive (4). The multiplicity of
CRE contextual sequences and the multiplicity of CRE-
binding proteins which have already been cloned (1, 9, 10, 14
18) generate a diversity which has the potential of establish-
ing differential regulation of genes that contain CREs.

Three control elements (G1, G2, and G3) which confer
pancreatic A cell-specific expression to the rat glucagon gene
have been characterized (17, 22). In addition, the 5'-flanking
region of the rat glucagon gene contains, from nucleotides
(nt) —291 to —298, the perfect CRE octamer sequence,
TGACGTCA (22). However, cAMP induction of glucagon
gene transcription has not been demonstrated. Furthermore,
the glucagon CRE is unable to confer cAMP responsiveness
to an inert heterologous promoter in placental JEG cells,
which do not express the glucagon gene (4). This suggests
that because of nonpermissive bases surrounding the core
CRE octamer, the glucagon CRE might be functionally
inactive. This study addressed the question of whether
glucagon gene transcription can be activated by cAMP-
dependent protein kinase A in a glucagon-expressing pan-
creatic islet cell line.

Activation of glucagon gene transcription by the cAMP-
dependent protein kinase A. A total of 350 bp of the 5'-
flanking region of the rat glucagon gene was fused to the
chloramphenicol acetyltransferase (CAT) reporter gene
(—350CAT [22)) and transiently transfected into the gluca-
gon-expressing pancreatic islet cell line InR1-G9 (27) as
described previously (22), except that pRSV-luciferase (1
rg) (2, 5) was used to check for transfection efficiency.
Cotransfection (2 ug per dish, if not indicated otherwise) of
an expression vector coding for the catalytic subunit of the
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cAMP-dependent protein kinase A (19) enhanced CAT ac-
tivity about 3.5-fold (Fig. 1A). By contrast, cotransfection of
an expression vector encoding an inactive catalytic subunit
of cAMP-dependent protein kinase A (single-base mutant
[19]) did not enhance but somewhat decreased glucagon gene
transcription (Fig. 1A), suggesting that the protein kinase
A-induced increase in CAT activity is specific and related to
protein kinase A activity. The protein kinase A-induced
increase in CAT activity was correlated with an increase in
correctly initiated transcripts, as shown by primer extension
analysis (Fig. 1B), performed as described previously (21).
In contrast to protein kinase A, the cAMP analog 8-Br-
cAMP (1 mM) caused only a slight (about 1.5-fold) enhance-
ment of CAT activity in InR1-G9 cells (Fig. 1A). Previous
studies with InR1-G9 cells suggested a functional defect in
the cAMP-induced signal transduction pathway (7, 16, 24),
which may be bypassed by transfecting an expression vector
coding for the catalytic subunit of the cAMP-dependent
protein kinase. We therefore tested for cAMP regulation of
glucagon gene transcription by using another pancreatic islet
cell line, HIT-T15, which is well known to be cAMP respon-
sive (11, 26). HIT cells are a predominantly insulin-produc-
ing cell line, and the basal expression of an insulin-CAT
fusion gene, InsCAT (22), is abouit 50-fold higher than that of
the glucagon-CAT fusion gene, —350CAT (Fig. 1C). 8-Br-
cAMP caused about a fivefold increase in —350CAT expres-
sion (Fig. 1C), indicating that rat glucagon gene transcription
is regulated by cAMP in a cAMP-responsive pancreatic islet
cell line. The cAMP levels in pancreatic A cells are regulated
(15, 23). Thus, the induction of glucagon gene transcription
by cAMP-dependent protein kinase A offers a means by
which the biosynthesis of glucagon in pancreatic A cells
could be adjusted to changing demands during the regulation
of glucose homeostasis. Glucagon gene transcription may
also be induced by cAMP in intestinal L cells (3, 6).
Functional characterization of the protein kinase A-respon-
sive element. To localize the cis-acting DNA sequences of
the rat glucagon gene involved in transcriptional activation
by cAMP-dependent protein kinase A, either the 5’'-flanking
region of the rat glucagon gene was deleted from its 5’ end up
to nt —292 (—292CAT [22]), or 4 bases in the CRE octamer
motif (from nt —296 to —293) were selectively deleted with
the restriction enzyme AatlIl and T4 DNA polymerase (con-
struct —350[—297/—292]CAT). Basal reporter activity was
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FIG. 1. Induction of rat glucagon gene transcription by the cAMP-dependent protein kinase. (A) The plasmid —350CAT was transiently
transfected into InR1-G9 cells. PKA, Cotransfection with an expression vector containing the coding sequence of the catalytic subunit of the
cAMP-dependent protein kinase; PKA mut, cotransfection with an expression vector encoding an inactive catalytic subunit mutant
(single-base mutant); and 8-Br-cAMP, cAMP analog (1 mM) added to the medium for 24 h. CAT activities are expressed relative to the mean
value in each experiment of the activity observed with the CAT reporter plasmid without cotransfection or treatment (---). Values are means
(plus the standard error of the mean) of seven independent experiments, each done in duplicate. (B) Primer extension analysis. CAT mRNA
transcripts from InR1-G9 cells transfected with —350CAT and either with (lane 2) or without (lane 1) cotransfection of an expression vector
coding for the catalytic subunit of protein kinase A were analyzed. The arrow points to extension products expected for correctly initiated
transcripts. (C) The plasmids InsCAT and —350CAT were transiently transfected into the cAMP-responsive pancreatic cell line HIT. Lanes
8-Br-cAMP, cAMP analog (1 mM) added to the medium for 24 h. The autoradiogram (CAT assay) of an experiment which is representative

of four independent experiments is shown.

not changed by these deletions (Fig. 2A). However, the
protein kinase A-induced increase in glucagon gene tran-
scription was abolished by the 5’ deletion and markedly
decreased by the 4-base deletion in the CRE octamer motif
(Fig. 2A), suggesting that the glucagon CRE is a cis-acting
DNA control element involved in the effect of protein kinase
A on glucagon gene transcription. The remaining catalytic
subunit-induced activation of the —350(—297/—292)CAT
construct may be explained by either residual activity of the
mutated glucagon CRE or an additional responsive element
between nt —297 and —350.

To test whether the identified element is capable of
conferring protein kinase A inducibility, the synthetic oligo-
nucleotide Glu-CRE-27 containing the rat glucagon CRE
(from nt —280 to —306) with 5’ GATC overhangs was cloned
into the BamHI site of —136CAT (22). The promoter alone
was not responsive to the catalytic subunit, whereas the
plasmid with the glucagon CRE cassette in front of the

promoter responded with about a fivefold enhancement of
CAT activity to cotransfection of the cayalytic subunit (Fig.
2B). Cotransfection of the catalytic subunit mutant did not
stimulate CAT activity (data not shown). The ability of the
oligonucleotide to confer protein kinase A responsiveness
depended on the presence of the core CRE octamer motif,
since after a single-base deletion (converting the core CRE
octamer, TGACGTCA, into the heptamer TGAGTCA with-
out altering the 19 surrounding bases), no induction by the
catalytic subunit was found (not shown). Thus, by 5’ dele-
tion, internal deletion, and oligonucleotide cassette inser-
tion, this study shows that the glucagon CRE confers protein
kinase A responsiveness to rat glucagon gene transcription.
Remarkable is its distant location. The characterized CREs
usually lie within the first 150 bp of the 5’-flanking regions of
their genes (25), whereas in the rat glucagon gene the CRE
octamer extends from nt —291 to —298.
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FIG. 2. The glucagon CRE confers protein kinase A responsiveness to rat glucagon gene transcription. (A) Effect of a 5’ deletion or an
internal 4-bp deletion on the transcriptional induction by the catalytic subunit of protein kinase A. (B) An oligonucleotide containing the rat
glucagon CRE (Glu-CRE-27) confers protein kinase A inducibility to the nonresponsive glucagon promoter (—136CAT). Transient
transfections into InR1-G9 cells with (PKA) or without (control) cotransfection of an expression vector coding for the catalytic subunit of
protein kinase A. CAT activities are expressed relative to the mean value in each experiment of the activity observed with —350CAT (A) or
—136CAT (B) controls. Values are means (plus the standard error of the mean) of three or four independent experiments, each done in

duplicate.

Comparison of the transcriptional activities conferred by
the CRE octamer in distinct base contexts inserted into the rat
glucagon gene 5’-flanking region. The CRE octamer consen-
sus motif in the base contexts of the rat somatostatin or
human choriogonadotropin (CG) alpha gene are well de-
scribed, functionally active CREs (4, 25). To compare the
transcriptional activity conferred by the glucagon CRE with
that conferred by well-characterized CREs, 10 bp upstream
(from nt —299 to —308) and 11 bp downstream (from nt —290

to —280) of the CRE octamer motif were converted to the
corresponding ones surrounding the CRE octamer motif in
the rat somatostatin or human CG alpha genes without
otherwise disrupting the organization of the rat glucagon
gene 5'-flanking region, creating the plasmids —350(SMS-
CRE)CAT and —350(alpha-CRE)CAT, respectively (Fig.
3A). Starting with plasmid —350CAT, the 21 bases were
mutated by site-specific mutagenesis with the polymerase
chain reaction technique and a strategy outlined elsewhere
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FIG. 3. Effect of the CRE context on transcriptional induction by the catalytic subunit of protein kinase A. (A) The plasmids —350CAT,
—350(SMS-CRE)CAT, and —350(alpha-CRE)CAT were transiently transfected into InR1-G9 cells. CAT activities are expressed relative to
the mean value in each experiment of the activity observed with —350CAT without cotransfection or treatment. Values are means (plus the
standard error of the mean) of four independent experiments, each done in duplicate. The numbers above each bar give the fold increase in
the noncotransfected and nontreated groups relative to the value for —350CAT and in all other groups relative to the value for the
noncotransfected and nontreated group with the same CAT reporter. For further explanations, see the legend to Fig. 1. (B) Cotransfection
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of increasing amounts of an expression vector coding for the catalytic subunit of protein kinase A (PKA) result in parallel induction of
—350CAT and —350(SMS-CRE)CAT transcription in InR1-G9 cells. CAT activities are expressed relative to the mean value in each
experiment of the activity observed with —350CAT without cotransfection or (inset) relative to the value for its own noncotransfected group
of —350CAT or —350(SMS-CRE)CAT, respectively. Values are means of three independent experiments, each done in duplicate.

(12). Changing the glucagon CRE context into the somato-
statin or CG alpha context moderately elevated basal CAT
activity about 2.1- or 1.8-fold, respectively (Fig. 3A). All
three fusion genes responded to cotransfection of the cata-
lytic subunit of protein kinase A (Fig. 3A). Although the
CAT activity levels reached under the stimulation by the
catalytic subunit were higher than that of —350CAT, partic-
ularly for —350(SMS-CRE)CAT and less so for —350(alpha-
CRE)CAT (Fig. 3A), the protein kinase A-induced stimula-
tion of transcriptional activity was similar for the rat
glucagon wild-type construct (4.2 fold) and the mutants with
the somatostatin (4.6-fold) or CG alpha (3.2 fold) CRE
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contexts (Fig. 3A). Cotransfection of an inactive catalytic
subunit mutant did not stimulate reporter activity of these
constructs (Fig. 3A). When increasing amounts of the
expression vector coding for the catalytic subunit of protein
kinase A were cotransfected with —350CAT or —350(SMS-
CRE)CAT, transcription of the wild-type and mutant CRE
constructs increased in parallel (Fig. 3B). These data suggest
that the rat glucagon CRE at its native position mediates
protein kinase A“induction as effectively and with the same
sensitivity as does the CRE octamer in the base context of
the rat somatostatin or human CG alpha gene.

Recombinant CREB-327 binds to the glucagon CRE.
CREB-327 (14) is a CRE-binding protein and activates gene
transcription in a cAMP-dependent manner (8). To test
whether CREB-327 can bind to the glucagon CRE, the
cDNA encoding CREB-327 (13, 14) was cloned into the
procaryotic expression vector pPROK-1 (Clontech Lab.
Inc., Palo Alto, Calif.). After transformation of JM109 with
pPROK-1 or pPROK-CREB-327, the bacteria were grown
under isopropyl-B-D-thiogalactopyranoside induction, and
the bacterial lysates were subjected to 50% ammonium
sulfate precipitation. As revealed by in vitro DNase I foot-
printing (Fig. 4) performed as described previously (i.e., 72
ng of protein [17, 22]), bacterially expressed CREB-327 does
bind to the rat glucagon CRE. Because of a less permissive
contextual sequence, CREB-327 binds to the glucagon CRE
with a lower affinity than it does to the somatostatin CRE, as
indicated by competition experiments (Fig. 4).

While this study clearly indicates that the rat glucagon
CRE is a functional protein kinase A-inducible enhancer
element of the glucagon gene in a glucagon-expressing
pancreatic islet cell line, it is unable to confer cAMP
responsiveness to a heterologous CG alpha promoter in
placental JEG cells (4). This marked difference in functional
activity of the rat glucagon CRE in InR1-G9 and JEG cells
raises the possibility that the effect of cAMP and protein
kinase A on gene expression may depend on the cell type
and/or the linked promoter, a variability which may result
from the differential regulation by a multiplicity of homo-
and heterodimeric CRE-binding proteins able to selectively
interact with DNA (1, 9, 10, 13, 14, 18). Transcriptional
activation by the CRE octamer motif has been shown to be
promoter dependent (28), and some CRE-binding proteins

FIG. 4. CREB-327 binds to the rat glucagon CRE as revealed by
DNase I in vitro footprinting. The rat glucagon 5'-flanking sequence
(nt —350 to +50, 5’ end labeled on the coding strand) was incubated
with protein extracts from bacteria transformed with pPROK-1
(vector only; lane 1) or pPPROK-CREB-327 (lanes 2 through 5). The
protected sequence is shown on the right; the hypersensitivity site is
indicated by an arrow. Competitors (350-fold molar excess) were
added as indicated on top of the lanes. Note that an oligonucleotide
with the sequence of the CRE octamer and 19 bases of the rat
glucagon gene context (Glu-CRE-27, from nt —306 to —280) was
unable to block the hypersensitivity site and was less effective in
inhibiting the protection than oligonucleotides spanning the rat
somatostatin CRE (SMS-CRE, from nt—62 to —32) or the sequence
of the CRE octamer and 9 bases of the rat glucagon gene context
(Glu-CRE-17, from nt —302 to —286). An oligonucleotide with an
unrelated sequence did not compete (data not shown).
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seem to be expressed at various levels in different tissues
(18). Although this study shows that CREB-327, which is
expressed in InR1-G9 cells (G. Waeber and J. F. Habener,
unpublished observation), does bind to the glucagon CRE,
additional glucagon CRE-binding proteins may exist.
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