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Transcriptional Activity of Domain A of
the Rat Glucagon G3 Element Conferred by
an Islet-Specific Nuclear Protein That Also

Binds to Similar Pancreatic Islet
Cell-Specific Enhancer Sequences (PISCES)

ANTJE WREGE, THOMAS DIEDRICH, CHRISTA HOCHHUTH, AND WILLHART KNEPEL'
Department of Biochemical Pharmacology, University of Gottingen, Germany

A pancreatic islet cell-specific enhancer element in the rat glucagon gene, Glu-G3, contains two domains,
one of which, domain A, has been shown to be necessary for Glu-G3 activity. In the present study, the
functions of the isolated domain A of Glu-G3 were investigated by using transient reporter fusion gene
expression and DNA binding assays. A single copy of domain A was transcriptionally inactive in glucagon-
producing islet cell lines, whereas it did confer activity when combined with domain B, suggesting that
Glu-G3 may be a bipartite element. Multiple copies of domain A did function independently as transcrip-
tional enhancer in phenotypically distinct islet cell lines but not in several nonislet cell lines. Sequences
(PISCES, pancreatic islet cell-specific enhancer sequences), similar to that of domain A of Glu-G3 and
present in cell-specific control elements of the rat insulin I (Ins-E1) and rat somatostatin genes (SMS-UE),
are shown to be required for transcriptional activity of these elements. In addition, a protein was detected
in islet cell lines that bound to the PISCES motifs within Glu-G3, Ins-El, and SMS-UE. These results
support the view that cell-specific control elements of the glucagon, insulin, and somatostatin genes share a
functional regulatory sequence, PISCES, and provide direct evidence for the existence of an islet-specific,
PISCES-binding transcription factor or closely related proteins being involved in the coordinate expression
of islet hormone genes.

Glucagon Insulin Somatostatin

Transcription, tissue-specific DNA binding proteins

THE pancreatic islet hormones insulin, glucagon,
and somatostatin are important regulators of

may share transcriptional regulatory proteins di-
recting insulin, glucagon, and somatostatin gene

blood glucose levels. Studies with both normal
and transgenic mice have provided evidence sug-
gesting that islet cells may arise from a common
progenitor cell (Alpert et al., 1988). Insulin, gluca-
gon, and somatostatin appear sequentially during
development and are transiently coexpressed be-
fore terminal differentiation restricts expression to
distinct islet cell types (Alpert et al., 1988). These
observations raise the possibility that islet cells

transcription.

Glu-G3, Ins-El, and SMS-UE are cis-acting
transcriptional control elements in the 5’ flanking
region of the rat glucagon (Philippe et al., 1988;
Knepel et al., 1990, 1991), rat insulin I (Ohlsson
and Edlund, 1986; Karlsson et al., 1987; Knepel et
al., 1991), and rat somatostatin genes (Powers et
al., 1989; Knepel et al., 1991; Vallejo et al., 1992a,
1992b), respectively, that are involved in the regu-
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lation of islet cell-specific expression of their
genes. In vitro DNase I footprinting assays indi-
cate that nuclear proteins or protein complexes
binding to these control elements are not restricted
to a particular islet cell type; they are present in all
islet cell lines expressing the glucagon, insulin, or
somatostatin genes, but not in several nonislet cell
lines (Ohlsson and Edlund, 1986; Philippe et al.,
1988; Powers et al., 1989; Ohlsson et al., 1991).
Nuclear proteins in glucagon-producing InR1-G9
cells that bound to the glucagon G3 element and
that, as indicated by mutational analysis, may
represent the glucagon G3 transcription factor
(Knepel et al., 1990), bound also to undefined se-
quences within the insulin E1 and somatostatin
upstream elements (Knepel et al., 1991). By in-
spection, similarities are observed among the nu-
cleotide sequences of these insulin, glucagon, and
somatostatin enhancer elements (Knepel et al.,
1991). These homologous 12-base pair sequences,
which we now call PISCES (pancreatic islet cell-
specific enhancer sequences), define a consensus
motif (5’-TTTYACRCCTG/CA-3’) that may
represent the binding site of a common islet-
specific transcription factor or closely related pro-
teins. However, the functional significance of the
PISCES motif is not completely understood. For
example, the PISCES motif in the rat insulin I
gene has not yet been shown to mediate transcrip-
tional activation. Furthermore, the glucagon G3,
insulin E1, and somatostatin upstream elements
are functionally not equivalent, exhibiting distinct
transcriptional activities (Knepel et al., 1991).
When placed in front of a truncated promoter,
Glu-G3, but not SMS-UE, conferred transcrip-
tional activation in a glucagon-producing islet cell
line (InR1-G9), whereas in a somatostatin-
expressing islet cell line (RIN 1027-B2), SMS-UE,
but not Glu-G3, stimulated transcription. Ins-El
showed strong activity in the insulin-producing is-
let cell line HIT, but was only weakly active in
InR1-G9 cells (Knepel et al., 1991). Therefore, de-
spite their partial sequence similarity, Glu-G3,
Ins-E1, and SMS-UE are functionally distinct islet
cell-specific transcriptional regulatory elements.
Besides Glu-G3, two additional control ele-
ments (G1 and G2) have been characterized in the
rat glucagon gene 5’ flanking region that act to-
gether and confer, at least in part, pancreatic A-
cell-specific expression to the glucagon gene (Phil-
ippe et al., 1988). The structural organization of
the glucagon G3 enhancer-like element has been
studied in greater detail (Knepel et al., 1990). Us-
ing an electrophoretic mobility shift assay and nu-
clear extracts from islet cell lines, it was shown
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that the sequence of the Glu-G3 element comprises
two distinct protein binding domains: a more up-
stream domain A (5'-CGCCTGA-3’), and-a more
downstream domain B (5'-GATTGAAGGGT-
GTA-3’). These binding motifs are recognized by
distinct nuclear proteins. However, mutating do-
main B within Glu-G3 did not affect the transcrip-
tional activity of the Glu-G3 element detected in a
transient expression assay in vivo or in a cell-free
transcription assay in vitro. However, transcrip-
tional activity was abolished after mutating
Glu-G3 domain A. Based on these results, it was
concluded that, although it contains two distinct
protein binding domains (A and B), the Glu-G3
element forms a functional enhancer-like element
by a single copy of only one motif (domain A)
(Knepel et al., 1990). Noteworthy, the PISCES
motif within Glu-G3 (5’-TTTCACGCCTGA-3’,
from —263 to —252, defined by homology with
sequences in Ins-El1 and SMS-UE) contains the
bases of domain A of Glu-G3 (5'-CGCCTGA-3’,
from —258 to —252, characterized by mutational
analysis) (Knepel et al., 1990, 1991).

In the present study, the properties of the iso-
lated domain A of Glu-G3 were investigated by
using transient reporter fusion gene expression
and DNA binding assays. The results obtained
provide direct evidence for the existence of a pan-
creatic islet-specific PISCES binding protein that
may be critical for the distinct cell-specific tran-
scriptional activities of the three enhancer ele-
ments of the islet hormone-producing genes.

MATERIALS AND METHODS
Plasmid Constructions

The plasmid —136GluLuc was prepared by
subcloning a BamHI- Hincll fragment of
—136GIuCAT (Philippe et al., 1988), containing
the rat glucagon gene promoter from —136 to
+ 58, into the BamHI-Smal sites of poLuc (Bra-
sier et al., 1989). The plasmid —60GluLuc was
prepared by subcloning the BamHI-Hincll frag-
ment of — 60GIluCAT (Philippe et al., 1988), con-
taining the rat glucagon gene promoter from — 60
to + 58, into the BamHI-Smal sites of pXP2 (Nor-
deen, 1988). One, two, or four copies, as indi-
cated, of oligodeoxynucleotides with 5'-GATC
overhangs were added in the forward orientation
to the BamHI site of the respective plasmid. All
constructs were confirmed by sequencing. The
plasmids pT81Luc (Nordeen, 1988) and — 65SM-
SLuc (Schwaninger et al., 1993a) have been de-
scribed previously.
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Cell Culture and DNA Transfection

InR1-G9 (Takaki et al., 1986), «TC2 (Powers
et al., 1990), HIT-T15 (Santerre et al., 1981), RIN
1027-B2 (Philippe et al., 1987), NG108 (Fishman
and Spector, 1981), HepG2, HeLa S;, and JEG-3
cell lines were cultured as described (Fishman and
Spector, 1981; Philippe et al., 1988; Schwaninger
et al., 1993b). Islet cell lines were trypsinized and
transfected in suspension by the DEAE-dextran
method with 2 ug of indicator plasmid per 6-cm
dish. Nonislet cell lines were transfected by the
calcium phosphate technique with 10 ug of-indica-
tor plasmid per 6-cm dish. RSV-CAT or RSV-Luc
(0.4 or 2 ug per 6-cm dish for islet or nonislet cell
lines, respectively) was added as a second reporter
to check for transfection efficiency. Cells were
harvested 48 h after transfection. Transfection,
cell extract preparation, and reporter enzyme
assays were performed as described (Philippe et
al., 1988; Schwaninger et al., 1993b).

Electrophoretic Mobility Shift Assay

Nuclear extracts were prepared by the method
of Dignam et al. (1983) with the modification that
after the chromatin extraction step an ammonium
sulfate (0.3 g/ml) precipitation was included be-
fore dialysis. Oligodeoxynucleotides with 5’-
GATC overhangs were labeled by a fill-in reaction
using [e-**P]dCTP and Klenow enzyme. Using 15
pg of protein of nuclear extracts, the electropho-
retic mobility shift assay was performed as de-
scribed (Knepel et al., 1990).

RESULTS

A Single Copy of Domain A of Glu-G3
Is Not Transcriptionally Active

The Glu-G3 element extends from -—264 to
—238 as defined by DNase I footprinting assay
(Philippe et al., 1988; Knepel et al., 1990). It has
been shown previously that a synthetic Glu-G3 oli-
godeoxynucleotide (from —274 to —234) stimu-
lates basal activity when linked to 136 base pairs
of the rat glucagon promoter and transiently
transfected into the glucagon-producing islet cell
line, InR1-G9 (Knepel et al., 1990, 1991). This
activity depends on domain A of Glu-G3, as indi-
cated by a mutational analysis (Knepel et al.,
1990). To investigate whether domain A of
Glu-G3 is sufficient to confer transcriptional acti-
vation, oligodeoxynucleotides containing either
the isolated domain A (G3A, from -262 to
—247) or the entire Glu-G3 sequence (wild-type or
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mutant) were inserted upstream from the trun-
cated rat glucagon gene promoter (from — 136 to
+ 58) linked to the coding region of the luciferase
reporter gene (plasmid — 136GluLuc) (Fig. 1). The
G3A oligodeoxynucleotide also includes, extend-
ing the sequence of domain A of Glu-G3, the
Glu-G3 PISCES motif (except for a single thymine
at the 5’ end) (Fig. 1). Consistent with previous
findings, Glu-G3 wild-type sequence increased
transcription about 18-fold or 9-fold after trans-
fection into the glucagon-producing islet cell lines
InR1-G9 (Fig. 1A) or «TC2 (Fig. 1B), respec-

T
A Glu-G3, WI  CTGAAGTAGTTETICACGCCTGACTGAGATTGAAGGGTGTA
G3A TTCACGCCTGACTGAG
mBl CTGAAGTAGTTFTTCACGCCTGACGACAAGTGCCGGGTGTA
mB2 CTGAAGTAGTTETTCACGCCTGACTCAGGCGTGAAAGTGTA
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B Glu-63, WI  CTGAAGTAGTTFTTCACGCCTGACTGAGATTGAAGGGTGTA
G3a TTCACGCCTGMNCTGAG
mBl CTGAAGTAGTTITTCACGCCTGACGACARGTGCCGGGTGTA
mB2 CTGAAGTAGTTETTCACGCCTGMCTCAGGCGTGAMAGTGTA
mB3 CTGAAGTAGTTITTCACGCCTGACTC=~~~GTGAAAGTGTA
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FIG. 1. A single copy of domain A of Glu-G3 is not sufficient
for transcriptional activity. The Glu-G3 oligodeoxynucleotide
with wild-type sequence (WT) or the indicated oligodeoxy-
nucleotides containing deletions or mutations were placed in
front of the glucagon promoter (from — 136 to +58) fused
to the luciferase reporter gene (plasmid — 136GluLuc). The
constructs were transfected into the glucagon-expressing
InR1-G9 (A) or oTC2 (B) cell lines. All oligodeoxynucleotides
contain domain A of Glu-G3 (5’-CGCCTGA-3’). The mu-
tated bases are underlined. Internal base deletions are indi-
cated. The PISCES motif is enclosed by a solid line. Glu-G3
contains the bases from —274 to —234 of the rat glucagon
gene, relative to the transcription start site. The sequences of
the oligodeoxynucleotides used are presented at the top of the
figure panels (except for the linker bases with 5'-GATC over-
hang). Reporter enzyme activity is expressed relative to the
mean value in each experiment of the activity observed in the
controls (C) with the promoter alone (— 136GluLuc). Values
are means + SE of three independent experiments, each done
in duplicate.
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tively. In contrast, the isolated domain A of
Glu-G3 (G3A, from —262 to —247) did not stim-
ulate transcription (Fig. 1A,B). Also inactive or
only very weakly active were the Glu-G3 mutants
mB1, mB2, and mB3 (Fig. 1A,B). In these mu-
tants, 7-10 bases within Glu-G3 were mutated or
deleted; however, the bases within domain A of
Glu-G3 and the PISCES motif remained unaltered
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FIG. 2. G3A can function as a transcriptional enhancer when
combined with G3B or with a second copy of G3A. The indi-
cated oligodeoxynucleotides were inserted either separately or
in combination (the oligodeoxynucleotides inserted 5’ to the
other one is mentioned first) in front of the truncated glucagon
promoter (from — 136 to + 58) fused to the luciferase reporter
gene (plasmid — 136 GluLuc). The constructs were transfected
into the glucagon-expressing islet cell lines InR1-G9 (A) or
oTC2 (B). The sequences of the oligodeoxynucleotides used are
presented at the top of the figure panels (except for the linker
bases with 5’-GATC overhang). The mutated bases are under-
lined. The PISCES motif is enclosed by a solid line. Reporter
enzyme activity is expressed relative to the mean value in each
experiment of the activity observed in the controls (C) with the
promoter alone (—136GluLuc). Values are means + SE of
three independent experiments, each done in duplicate.

(Fig. 1A,B). These results demonstrate that a sin-
gle copy of the isolated domain A of Glu-G3 does
not confer transcriptional activation. Thus, the
domain A is necessary for Glu-G3 activity but it is
not sufficient.

G3A Has Latent Transcriptional Activity

In addition to the oligodeoxynucleotides con-
taining Glu-G3 or only domain A of Glu-G3
(G3A), the oligodeoxynucleotides shown in Fig. 2
containing domain B of Glu-G3 (G3B, from — 247
to —234) or a mutant of the domain A of Glu-G3
(G3Amut) were inserted either separately or in
combination upstream of the truncated glucagon
promoter (from — 136 to + 58) linked to the lucif-
erase reporter gene. In G3Amut, domain A of
Glu-G3 is mutated within the Glu-G3 PISCES mo-
tif in a way that, when introduced into full-length
Glu-G3, destroys Glu-G3 activity (mutant 6)
(Knepel et al., 1990). These constructs were trans-
fected into the glucagon-producing islet cell lines
InR1-G9 and «TC2. Like domain A of Glu-G3, a
single copy of domain B of Glu-G3 did not have
transcriptional activity (Fig. 2). However, the
combination of domain A with domain B led to
increased transcription, the activity of one of
which (G3B + G3A in oTC2 cells) was even
higher than that of Glu-G3 native sequence (Fig.
2). In InR1-G9 cells, G3A + G3B and G3B +
G3A combinations (the oligodeoxynucleotide in-
serted 5’ to the other one is mentioned first) in-
creased transcription 4- and 12-fold, respectively
(Fig. 2A). In oTC2 cells, G3A + G3B and G3B
+ G3A combinations elevated transcriptional ac-
tivity 4- and 34-fold, respectively (Fig. 2B). The
activity observed was completely abolished by the
mutations in G3A (Fig. 2). By far, the strongest
activity was observed when two copies of G3A
were combined, stimulating transcription 58-fold
in InR1-G9 cells (Fig. 2A) and 128-fold in aTC2
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cells (Fig. 2B). These data demonstrate that nei-
ther the domain A nor the domain B has signifi-
cant enhancer activity alone, but the two can func-
tion as enhancers in combination. G3A can also
function independently when two copies are com-
bined. Thus, the domain A of Glu-G3 has strong
latent transcriptional activity that becomes appar-
ent when synergizing with itself or other elements
in glucagon-producing islet cell lines. Because the
synergism between two copies of domain A of
Glu-G3 resulted in transcriptional activity that
was higher than that resulting from the syner-
gism between one copy of G3A and one copy of
G3B, the latent transcriptional activity of do-
main A of Glu-G3 may be stronger than that of
domain B.

G3A Confers Pancreatic Islet-Specific Activity

The above results show that two copies of G3A
have independent transcriptional activity in gluca-
gon-producing islet cell lines. To study the cell
specificity of this activity, four copies of G3A or
G3Amut were placed in front of the truncated
non-cell-specific thymidine kinase promoter (- 81
to + 52) of herpes simplex virus linked: to the lucif-
erase reporter gene (pT81Luc). These constructs
were transfected into phenotypically distinct islet
cell lines as well as into nonislet cell lines. As
shown in Fig. 3A, G3A showed transcriptional ac-
tivity in all islet cell lines tested. G3A stimulated
transcription about 62-fold and 166-fold in the
glucagon-producing islet cell lines o«TC2 and
InR1-G9, respectively, about 62-fold in the insu-
lin-producing islet cell line HIT, and about 3.5-
fold in the somatostatin-producing islet cell line
RIN 1027-B2 (Fig. 3A). However, G3Amut was
inactive; it did not enhance transcriptional activity
beyond the level reached by the promoter alone in
the islet cell lines tested (Fig. 3A). In the nonislet
cell lines tested, G3A was inactive (HepG2, hepa-
toma; HeLa, cervical carcinoma) or had weak ac-
tivity that was not mutationally sensitive (JEG,
choriocarcinoma; NG108, glioma X neuroblast-
oma) (Fig. 3B). Similar results were obtained us-
ing constructs with the truncated rat glucagon pro-
moter (—136 to +58) in place of the viral
thymidine kinase promoter (not shown). These re-
sults demonstrate that the transcriptional activity
of G3A is islet specific. Because the G3A sequence
contains a PISCES motif and because G3A activ-
ity depends on the PISCES motif, as indicated by
the mutant, these results suggest that the PISCES
motif as found in Glu-G3 has islet-specific tran-
scriptional activity.
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Pancreatic Islet-Specific Distribution of
Specifically G3A Binding Nuclear Proteins

Protein binding was studied by electrophoretic
mobility shift assay using the oligodeoxynucleo-
tides G3A and G3Amut as probes. When labeled
G3A was incubated with nuclear extracts prepared
from the glucagon-producing aTC2 cell line, a
major retarded band was detected representing a
protein-DNA complex (Fig. 4, indicated by an
arrow). This protein binding was sequence spe-
cific, because this complex was not formed with
labeled G3Amut (Fig. 4). A complex of similar
mobility and sequence specificity was found with
labeled G3A and nuclear proteins extracted from
the insulin-producing HIT cells and the somato-
statin-producing RIN 1027-B2 cells (Fig. 4). These
complexes (indicated by an arrow) comigrated
when also the binding reactions with oTC2 nu-
clear extracts were run on the same gel as the bind-
ing reactions with HIT and RIN 1027-B2 extracts
(not shown). RIN 1027-B2 cell extracts produced
additional faster migrating complexes, binding to
G3A but not to G3Amut (Fig. 4), as has been re-
ported previously for InR1-G9 cell extracts (Knepel
et al., 1990). In nuclear extracts from nonislet cell
lines (HeLa, HepG2), only weak protein binding to
G3A was detected and it was not mutation sensi-
tive (Fig. 4). Thus, by this assay a G3A binding
protein or protein complex of similar mobility is
found in islet cell lines but not in nonislet cell
lines, the binding of which is abolished by the
same mutation that also destroys G3A transcrip-
tional activity (Fig. 3). Labeled G3Amut binds one
or more proteins that form slower migrating com-
plexes (Fig. 4); in view of the lack of transcrip-
tional activity of G3Amut (Fig. 3), the functional
significance of these proteins remains unclear.

The PISCES Motifs Within the Enhancer-Like
Elements Insulin E1 and Somatostatin-UE
Are Necessary for Transcriptional Activity,

as in Glucagon G3

It has been shown previously (Knepel et al.,
1990) that 4- and 3-base mutations (designated
mutants 6 and 5, respectively) of the sequence 5'-
CGCCTGA-3’ within Glu-G3 (called domain A
and located within the PISCES motif; see Fig. 5)
result in a total loss of enhancer-like Glu-G3 activ-
ity. To study the functional significance of the
PISCES motif within Ins-E1 and SMS-UE, the
PISCES motifs within these elements were mu-
tated in the same way as the PISCES motif has
been mutated within Glu-G3. As shown in Fig. 5,
the homologous bases within the PISCES motifs
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FIG. 3. G3A confers pancreatic islet-specific transcriptional activity. Four copies of the oligo-
deoxynucleotides G3A or the mutant G3Amut were inserted upstream of the truncated thymi-
dine kinase promoter (— 81 to +52) of herpes simplex virus linked to the luciferase reporter
gene (plasmid pT81Luc). The constructs were transfected into phenotypically distinct islet cell
lines (A) as well as into several nonislet cell lines (B). As a positive control, the plasmid
pRSVLuc (RSV) was transfected into the nonislet cell lines. Reporter enzyme activity is ex-
pressed relative to the mean value in each experiment of the activity observed in the respective
controls with the promoter alone (TK, thymidine kinase). Values are means + SE of three
independent experiments, each done in duplicate.

were converted into the same mutant bases
(ATTA or GAC). Wild-type and mutant oligo-
deoxynucleotides were placed in front of a trun-
cated promoter linked to a reporter gene and the
resulting plasmids were transfected into preferen-
tially glucagon-producing (InR1-G9, «TC2), insu-
lin-producing (HIT), or somatostatin-producing
(RIN 1027-B2) cell lines, respectively. As shown in
Fig. 5, wild-type Glu-G3, Ins-El, and SMS-UE
enhanced transcription 6.3-, 7.7-, and 11.3-fold,
respectively. Both types of mutations within the
PISCES motifs virtually abolished the enhancer
activity of Glu-G3, Ins-El, and SMS-UE (Fig. 5).

Similar results as obtained in InR1-G9 cells were
also obtained in oTC2 cells (not shown). These
results demonstrate that the PISCES motifs of
these cell-specific enhancer-like elements are criti-
cal for function.

Binding Specificity of the Islet-Specific Nuclear
Protein Complex Formed on G3A:
PISCES-Dependent Binding to Ins-E1 and
SMS-UE as Well as to Glu-G3

The binding specificity of islet nuclear protein
complexes formed on labeled G3A was studied by
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FIG. 4. Pancreatic islet-specific distribution of G3A binding nuclear proteins as revealed
by the electrophoretic mobility shift assay. Labeled G3A or G3Amut were incubated with
nuclear extracts from the cell lines indicated and the reaction mixture was resolved by
electrophoresis on nondenaturing polyacrylamide gels. F, free probe. The arrows indicate
complexes of similar mobility formed with labeled G3A, but not with labeled G3Amut,
and nuclear proteins in phenotypically distinct islet cell lines.

competition experiments in electrophoretic mobil-
ity shift assays using nuclear proteins extracted
from phenotypically distinct islet cell lines. As
shown in Fig. 6A, G3A, but not G3Amut, did
compete for binding of the nuclear protein com-
plex formed on labeled G3A in aTC2 nuclear ex-
tracts (marked by an arrow), confirming the se-
quence specificity of binding of this complex that
was observed using labeled G3Amut (Fig. 4).
Wild-type Glu-G3, Ins-El, and SMS-UE were able
to compete for binding, whereas the respective
mutants 5 and 6 were weak competitors or did
not compete at all (Fig. 6A). Similar competition
experiments were performed using HIT (Fig. 6B)
and RIN 1027-B2 nuclear extracts (Fig. 6C). The
complexes of similar mobility (indicated by an
arrow) were also competed by wild-type Glu-G3,
Ins-El and SMS-UE, whereas the respective mu-
tants 5 and 6 had strongly reduced ability or were
unable to compete (Fig. 6B,C). These competition

experiments demonstrate that the protein com-
plexes of similar mobility formed with G3A and
nuclear extracts from phenotypically distinct islet
cell lines are able to bind to the PISCES motifs in
the cell-specific enhancer-like elements of the
three hormone-coding genes. The variability in the
ability of some of the Ins-El and SMS-UE mu-
tants to compete for G3A binding may suggest
that identical mutant bases within a somewhat dis-
tinct sequence context may be less detrimental
to binding. The observed decrease in binding is,
however, sufficient to virtually abolish function

(Fig. 5).

DISCUSSION
Evidencefor a Bipartite Nature of Glu-G3

The domain A of Glu-G3 is necessary for islet
cell-specific transcriptional activity of Glu-G3 as
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Glu-G3 (-274/-234) in Glucagon-Producing Cells, InR1-G9

GAC m5
o ATTA m6
CTGAAGTAGTTTTTCACGCCTGACTGAGATTGAAGGGTGTA WT
GACTTCATCAAAAAGTGCGGACTGACTCTAACTTCCCACAT

Ins-E1 (-332/-291) in Insulin-Producing Cells, HIT

CTTTCTGGGAAATGAGGTGGAAAATGCTCAGCCAAGGAAAAA
GAAAGACCCTTTACTCCACCTTTTACGAGTCGGTTCCTTTTT WT
ATTA mé
CAG mS

Relative Reporter Activity

SMS-UE (-118/-72) in Somatostatin-Producing Cells, RIN 1027-B2

TTCTTTGATTGATTTTGCGAGGCTAATGGTGCGTAAAAGCACTGGTG
AAGAAACTAACTAAAACGCTCCGATTACCACGCATTTTCGTGACCAC WT
ATTA mé
CAG mS5

C WT m§ mé

FIG. 5. The PISCES motif within the cell-specific enhancer-like elements Glu-G3, Ins-El,
and SMS-UE of the rat glucagon, rat insulin I, and rat somatostatin genes, respectively, is
required for their transcriptional activity. The sequences of the oligodeoxynucleotides used are
shown (except for the linker bases with 5'-GATC overhang). The PISCES motif within each
element is indicated by the solid line. Two sets of mutants (m5, m6) were created with each
element by converting homologous bases within the PISCES motif into the same mutant bases
as indicated. WT, wild-type sequence. The numbers given in parentheses correspond to the 5’
and 3’ ends of the DNA sequence, relative to the transcription start site of the gene. These
oligodeoxynucleotides were inserted in front of a minimal promoter linked to a reporter
gene (— 136GluCAT for Glu-G3, —65SMSLuc for SMS-UE, —60GluLuc for Ins-El). The
constructs were transfected into the cell lines indicated. Reporter enzyme activity is expressed
relative to the mean value in each experiment of the activity observed in the respective controls
(C) with the promoter alone. Values are means + SE of three independent experiments, each

done in duplicate.

was demonstrated by mutating base sequences
within domain A (Knepel et al., 1990). In a previ-
ous study, 3- or 4-base mutations within domain B
did not decrease transcriptional activity (Knepel et
al., 1990). However, in the present study, more
extensive 7- to 10-base mutations outside domain
A eliminated Glu-G3 activity. Furthermore, the
isolated domain A of Glu-G3 was not transcrip-
tionally active. Therefore, base sequences within
domain A of Glu-G3, although necessary, are not
sufficient for Glu-G3 activity. Thus, this study
suggests that Glu-G3 may be a bipartite element
with at least two functionally interdependent do-
mains. Consistent with this assumption, G3A was
shown to have latent transcriptional activity. G3A
and G3B did function in combination, but not
separately, as a transcriptional enhancer. When
G3A was placed 5’ to G3B, transcriptional activ-
ity was less than that conferred by wild-type Glu-
G3, possibly due to an altered spacing because
seven additional bases were inserted in between by
linker bases. However, when placed 3’ to G3B,

G3A conferred strong transcriptional activity ex-
ceeding Glu-G3 wild-type activity in o TC2 cells.
Similar to the suggested bipartite nature of Glu-
G3, numerous viral and cellular enhancer elements
are composed of multiple sequence motifs that act
together in a synergistic fashion to give a specific
enhancer effect. The virtually ubiquitous activity
of the SV40 enhancer is based on the presence of
multiple binding sites for different transcription
factors, each with a distinct and often broad cellu-
lar distribution (Maniatis et al., 1987). In the ty-
rosine aminotransferase gene, synergy between
constitutive, liver-specific elements and hormone-
responsive elements determines the tissue specific-
ity of the hormonal control (Nitsch et al., 1993).
The islet cell-specific activity of the FF minien-
hancer in the 5’ flanking region of the rat insulin
I gene depends on the synergistic interaction of at
least two sequence elements, the Far element and
the FLAT element (German et al., 1992a, 1992b).
Interestingly, FF minienhancer activity could not
be reconstituted by combining oligodeoxynucleo-
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tides containing only the Far and only the FLAT
elements (German et al., 1992a), indicating that
the two elements can only function when properly
juxtaposed. Furthermore, multiple copies of ei-
ther the Far element or the FLAT element by
themselves could not enhance transcription (Ger-
man et al., 1992a). In contrast, this study shows
that multiple copies of G3A exhibit strong tran-
scriptional activity, demonstrating that the do-
main A of Glu-G3 can function independently as
transcriptional enhancer. Although G3A and the
G3A binding protein or protein complex may
form one module, the structure and function of
the second module remains to be defined. Note-
worthy, results obtained using the in vitro DNase
I footprinting assay suggest that protein binding
to domain B may depend on protein binding to
domain A, because Glu-G3 mutant 6, which is
substituted within domain A, failed to compete
the protection of the entire Glu-G3 sequence, in-
cluding domain B (Knepel et al., 1990).

PISCES-Dependent Transcription
and Protein Binding

The PISCES motif is a partial sequence homol-
ogy between Glu-G3, Ins-E1, and SMS-UE, which
was found just by sequence comparison (Knepel et
al., 1991), and its significance was unclear. The
present study strongly suggests that the PISCES
motif is a regulatory sequence with islet-specific
activity as is indicated by the mutational analysis
of Ins-El, Glu-G3, and SMS-UE as well as by
G3A activity. Transcriptional activity of multiple
copies of domain A of Glu-G3 was not restricted
to glucagon-producing islet cell lines but was also
found in insulin- or somatostatin-producing islet
cell lines but not in several nonislet cell lines. This
islet-specific activity of domain A of Glu-G3 may
be conferred by the binding of an islet-specific
transcription factor, because a domain A-binding
protein complex with the same cellular distribu-
tion and mutation sensitivity as domain A activity
was detected by the electrophoretic mobility shift
assay. Domain A of Glu-G3 contains and depends
on the Glu-G3 PISCES motif. A regulatory role
for the PISCES motif within Ins-E1 has not been
demonstrated previously, whereas the PISCES
motifs within Glu-G3 and SMS-UE comprise the
bases required for transcriptional activation by
Glu-G3 (Knepel et al., 1990) and SMS-UE (Vallejo
et al., 1992a). The present study confirms and ex-
tends these observations. Identical 3- or 4-base
mutations  within the PISCES motifs of Ins-El,
Glu-G3, and SMS-UE were found to abolish tran-
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scriptional activity of these enhancer elements,
suggesting that Ins-El, Glu-G3, and SMS-UE
share a functional regulatory sequence, PISCES.
Furthermore, the islet-specific G3A binding pro-
tein was demonstrated to specifically bind to the
PISCES motifs in all three enhancer elements of
the islet hormone genes. Thus, by cellular distribu-
tion and binding specificity, this protein or protein
complex stands as a likely candidate for represent-
ing a common islet-specific transcription factor or
related factors directing insulin, glucagon, and so-
matostatin gene transcription through the PISCES
motif. This factor(s) appears to bind similarly to
the PISCES motifs found in Glu-G3, Ins-El, and
SMS-UE, although the DNA sequences vary from
each other, raising the possibility that the PISCES
binding protein is recognizing other factors that
are bound to DNA in this region.

The characterization of PISCES-dependent
transcription and protein binding by the present
study provides direct evidence for the existence
of an islet-specific PISCES binding transcription
factor or closely related factors being involved in
the coordinate expression of the insulin, glucagon,
and somatostatin genes in distinct islet cell types.
This PISCES binding transcription factor could
be involved in the transcriptional activation of ad-
ditional genes expressed in pancreatic islets. The
proposed role of the PISCES binding transcrip-
tion factor is reminiscent of that of cell-specific
transcription factors in other tissues. The liver-
enriched transcription factor C/EBP« activates
the transcription of several liver-specific genes
(Umek et al., 1991). Myogenin and additional
closely related proteins are expressed exclusively
in skeletal muscle and stimulate transcription
from the E box DNA motif found in the regula-
tory regions of most known muscle-specific genes
(Hughes, 1992). Whereas growth hormone and
prolactin are expressed in distinct anterior pitu-
itary cell types, both the growth hormone and pro-
lactin genes are activated by the pituitary-specific
POU domain transcription factor Pit-1, which is
ultimately present in somatotrophs, lactotrophs,
and thyrotrophs (Voss and Rosenfeld, 1992).
There is evidence to suggest that these cell-specific
transcription factors may also act as develop-
mental regulators. C/EBPq« is expressed late dur-
ing development and may participate in cell
growth arrest and terminal differentiation (Umek
et al., 1991), whereas myogenin and Pit-1 are ex-
pressed early during development and are involved
in the commitment or maintenance of cell lineages
(Hughes, 1992; Voss and Rosenfeld, 1992). These
examples raise the possibility that the PISCES
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FIG. 6. Binding specificity of islet nuclear protein complexes formed on G3A:

PISCES-dependent binding to Glu-G3,

Ins-El, and SMS-UE as revealed by

competition experiments in an electrophoretic mobility shift assay. Labeled G3A
was incubated with nuclear extracts from glucagon-producing aTC2 (A), insulin-
producing HIT (B), and somatostatin-producing RIN 1027-B2 cells (C). Com-
petitors were added at a 50-fold molar excess as indicated. The sequences of the
oligodeoxynucleotides are shown in Figs. 2 and 5. WT, wild-type sequence; F,
free probe. The arrows indicate the complexes of similar mobility formed with
G3A and nuclear extracts from phenotypically distinct islet cell lines.

binding transcription factor could have a role not
only in regulating islet hormone gene transcription
but also in specifying endocrine cell lineage in the
developing pancreatic islets.

Despite their similarities, Ins-El, Glu-G3, and
SMS-UE are functionally distinct islet cell-specific
transcriptional enhancer elements (Knepel et al.,
1991). If, as the present study suggests, these con-
trol elements share a functional PISCES motif
binding identical or related factors, we speculate
that the PISCES motif combines, in each case,
with different adjacent regulatory sequences
within the control elements to yield unique cell-
specific activities. Consistent with this explana-
tion, evidence for a modular organization has
been presented for SMS-UE (Vallejo et al., 1992a)
and Glu-G3 (this study). A mutational analysis of
the rat insulin 1 gene 5' flanking region demon-
strated a threefold reduction in activity when 8
bases within the El region and adjacent to the
PISCES motif were mutated (Karlsson et al.,

1987), suggesting that Ins-EI may also contain
regulatory sequences in addition to the PISCES
motif. The nuclear proteins that recognize se-
quence motifs adjacent to or overlapping the
PISCES motif have not been characterized for
Glu-G3, whereas these nuclear proteins may in-
clude jSTF-1 for Ins-El (Kruse et al., 1993) and
CREB, STF-1, jSTF-1 or an 0'-CBF-like transcrip-
tion factor for the SMS-UE (Vallejo et al., 1992b;
Kruse et al., 1993; Leonard et al., 1993).

In addition to the band comigrating with com-
plexes in aTC2 and HIT nuclear extracts, RIN
1027-B2 cell extracts produced three faster migrat-
ing complexes of similar binding specificity as re-
solved by native gel electrophoresis using G3A as
probe. The relationship between the bands of dif-
ferent mobility is not obvious. Because the tran-
scriptional activity of G3A in RIN 1027-B2 cells
was less than in aTC2 and HIT cells, it is one
possibility that these proteins modulate transcrip-
tional activity.
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In a subset of patients with non-insulin-
dependent diabetes mellitus an 8-base pair repeat
was found from —322 to — 315 in the 5’ flanking
region of the insulin gene (Olansky et al., 1992)
disrupting a sequence that is highly homologous
to the PISCES motif. The transcriptional activity
of the mutant human insulin promoter was found
to be reduced (Olansky et al., 1992), suggesting
that variants of the PISCES motif could contrib-
ute to the diabetes phenotype.

The molecular structure of the PISCES binding
transcription factor is unknown. In a recent study,
the trancription factor CREB was found to bind
to a region of SMS-UE containing the PISCES
motif (Vallejo et al., 1992b). However, several
lines of evidence suggest that CREB is not related
to the PISCES binding transcription factor as
characterized by electrophoretic mobility shift
assay in the present study (PISCES-TF): i) CREB
is ubiquitously expressed, whereas the PISCES-TF
is islet specific; ii) various CREB binding sites
(CREs) do not compete for PISCES-TF binding;

WREGE ET AL.

and iii) a specific anti-CREB antiserum did not
inhibit or “supershift” PISCES-TF binding
(manuscript in preparation). The 8- and §-cell-
specific protein STF-1/IDX-1 and a novel §-cell-
specific factor not yet cloned, BTF-1, were re-
ported to bind to sites partly overlapping the
PISCES motifs in SMS-UE (Leonard et al., 1993;
Miller et al., 1994) and Ins-E1 (Kruse et al., 1993),
respectively. The isolation of ¢cDNAs encoding
PISCES binding proteins may provide tools that
will be helpful to identify the PISCES binding
transcription factor(s).
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