MOLECULAR AND CELLULAR BIoLOGY, Apr. 1990, p. 1564-1572
0270-7306/90/041564-09$02.00/0
Copyright © 1990, American Society for Microbiology

Vol. 10, No. 4

Identification of a Pancreatic B-Cell Insulin Gene Transcription
Factor That Binds to and Appears To Activate Cell-Type-Specific
Expression: Its Possible Relationship to Other Cellular Factors That
Bind to a Common Insulin Gene Sequence
JAMES WHELAN, SUSAN R. CORDLE, EVA HENDERSON, P. ANTHONY WEIL, aNnD ROLAND STEIN*

Department of Molecular Physiology and Biophysics, Vanderbilt University School of Medicine,
Nashville, Tennessee 37232-0615

Received 29 September 1989/Accepted 21 December 1989

The insulin gene is expressed almost exclusively in pancreatic 3-cells. Previous work in our laboratory has
shown that pancreatic B-cell-specific expression of the rat insulin II gene is controlled by a number of positive
and negative cis-acting DNA elements within the enhancer. We have shown that one element within the
enhancer, located between nucleotides —100 and —91 (GCCATCTGCT; referred to as the insulin control
element [ICE)) relative to the transcription start site, is controlled by both positive- and negative-acting cellular
transcription factors. The positive-acting factor appears to be uniquely active in B-cells. To identify the
nucleotides within the ICE that mediate positive cell-type-specific regulation, point mutations within this
element were generated and assayed for their effects on expression. Base pairs —97, —94, —93, and —92 were
found to be crucial for the activator function of this region, while mutations at base pairs —100, —96, and —91
had little or no effect on activity. The gel mobility shift assay was used to determine whether specific cellular
factors associated directly with the ICE. Several specific protein-DNA complexes were detected in extracts
prepared from insulin-producing and non-insulin-producing cells, including a complex unique to B-cell
extracts. The ability of unlabeled wild-type and point mutant versions of the ICE to compete for binding to
these cellular factors demonstrated that the B-cell-specific complex appears to contain the insulin gene activator
protein(s). Interestingly, the adenovirus type 2 major late promoter upstream element (USE; GCCACGTGAC)
also competed in the gel mobility shift assay for binding of cellular proteins to the ICE. These results suggested
that the cellular factor that binds to the USE (i.e., USF) also interacts with the ICE. This was directly
demonstrated by showing that ICE and USE sequences competed for the USF required for adenovirus type 2
major late promoter transcription in vitro and by showing that reticulocyte lysate-translated human USF
products bound to the ICE. However, the USE sequences were unable to stimulate B-cell-type-specific activity
in vivo. We discuss the possible relationship of these observations to positive and negative control mediated by

the ICE.

In a multicellular organism, many genes are under devel-
opmental control and are transcribed in specific differenti-
ated cell types. The mechanisms by which tissue-specific
transcriptional control is achieved is currently the subject of
extensive investigation. Cell-type- and tissue-specific regu-
lation of eucaryotic gene transcription appears to be medi-
ated by binding of regulatory proteins (trans-acting factors)
to specific DNA sequences (cis-acting elements) usually, but
not always, located in the 5'-flanking region of the gene
(promoters-enhancers; for a review, see reference 27). Both
enhancers and promoters consist of multiple short DNA-
binding sites which are bound by trans-acting factors. There
is increasing evidence that sequence-specific DNA-binding
proteins confer transcriptional activity and specialized reg-
ulatory properties on enhancer-promoter elements (12, 17,
24, 40). Many trans-acting factors are constitutively active in
various cell types (3, 4, 20, 39, 41), but others are unique to
certain cell types (19, 23, 35, 45) or are inducible in response
to extracellular stimuli that modulate gene expression (1, 24,
37, 42). The variety of binding sites and their combinatorial
and spatial arrangements suggest that regulation of gene
transcription results from complex interactions between
multiple trans-acting factors. Many observations suggest,
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for example, that genes can be both positively and negatively
regulated by interaction of multiple factors with overlapping
binding sites, suggesting that promoter-enhancer geometry
plays an important role in gene regulation (2, 14, 36, 49, 50).
In addition, subtle differences in factor structure or small
variations in the binding affinities of the factors might also be
sufficient, in the appropriate context, to mediate specific
regulatory events (18, 38, 44, 45). Together, these findings
raise the possibility that different cell types contain related
sets of DNA-binding proteins capable of interacting with
overlapping DNA-regulatory elements in both stimulatory
and inhibitory ways. Thus, gene regulation might result from
small alterations in structure or relative concentrations of
these interacting sets of binding proteins.

Our studies have been aimed at identifying the cis-acting
elements and trans-acting factors involved in cell-specific
control of rat insulin II gene transcription. Rats have two
nonallelic insulin genes (termed I and II) which are almost
equally transcribed in rat pancreas B-cells and are not
expressed in other cell types (7, 8). Several lines of evidence,
including transgenic mouse experiments, have demonstrated
that B-cell-specific expression is regulated by 5’-flanking
insulin gene enhancer and promoter sequence elements (10,
13, 16, 47). Analysis of the expression of various mutant rat
insulin genes has demonstrated that cell type-specific
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expression is directed by the insulin gene enhancer, which
lies between nucleotides —340 and —90 relative to the
transcription start site.

Insulin gene enhancer-stimulated expression is mediated
by multiple cis-acting elements (9, 10, 49). The activity of the
enhancer appears to be controlled by both positive- and
negative-acting cellular transcription factors. We have re-
cently demonstrated that the activity of the cis-acting ele-
ment located between —100 and —91 in the rat insulin II gene
enhancer (referred to as the insulin control element [ICE]) is
regulated by both of these cellular activities (49). Both the
ICE and the corresponding elements in the rat insulin I gene.
which are located between nucleotides —241 and —233 and
—112 and —104, play a critical role in insulin enhancer
expression (21). The importance of the ICE in B-cell-type-
specific expression has recently been addressed. Multiple
copies of this element were shown to be sufficient to selec-
tively drive B-cell-specific expression of heterologous pro-
moter expression vectors (22, 49). The ICE is found in the
transcription units of all characterized insulin genes, and its
core sequence motif (5 —100 GCCATCTG -93 3') is
absolutely conserved (5). These results indicate that this
element serves an important and general role in B-cell-
specific expression of the insulin gene as a consequence of
interaction with a B-cell-specific transcription factor.

To define the ICE and its role in cell-type-specific expres-
sion of the rat insulin II gene more clearly, we examined the
effects of individual point mutations throughout this ele-
ment. This analysis resulted in identification of a number of
bases which are critical for activation of transcription by this
element in B-cells. Using the gel mobility shift assay, we
detected four cellular factor-DNA complexes which are
formed with this sequence element. One of these four
protein-DNA complexes was uniquely present in B-cell
extracts. Formation of these complexes was differentially
affected by the presence of wild-type or point mutant forms
of the ICE. Pancreatic B-cell-type-specific expression ap-
pears to be mediated by an insulin activator factor(s) (IAF)
found in the complex uniquely formed in extracts from these
cells. Interestingly. one of the ubiquitously distributed fac-
tor-ICE complexes contained the specifically bound adeno-
virus type 2 upstream transcription factor (USF). However.
additional in vitro and in vivo experiments demonstrated
that USF does not function like a B-cell-specific activator.
These results are discussed in regard to the possible involve-
ment of the IAF, USF, and other ubiquitous factors in the
generation of B-cell-specific transcription of the insulin gene.

MATERIALS AND METHODS

Cell lines. HeLa cells were grown in Spinner cultures in
Dulbecco modified Eagle medium supplemented with 2.5%
(vol/vol) fetal bovine serum, 2.5% (vol/vol) calf serum, 1 mM
L-glutamine, and 1 mM nonessential amino acids. HeLa cells
were grown in monolayer cultures in Dulbecco modified
medium containing 10% (vol/vol) fetal bovine serum and 50
ug each of streptomycin and penicillin per ml. Insulin-
producing cell lines HIT T-15 2.2.2 (HIT) and BTC-1 were
grown in Dulbecco modified medium supplemented with
15% (vol/vol) horse serum, 2.5% (vol/vol) fetal bovine se-
rum, and 50 pg each of streptomycin and penicillin per ml.
HIT T-15 (10) and BTC-1 (11) cells are simian virus 40 (SV40)
large-T-antigen-transformed hamster and mouse pancreatic
B cells.

DNA transfection. Approximately 18 h before transfection.
HeLa, BTC-1. and HIT cells were plated onto 100-mm*
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plates at densities of 0.5 x 10° 2 x 10° and 2 x 10°,
respectively. Transfection of plasmid DNA was performed
by the calcium phosphate coprecipitation method under
conditions described previously (49). At 4 h after addition of
the calcium phosphate-DNA precipitate, the HIT and BTC-1
cells were exposed to 209% glycerol for 2 min. The amounts
of plasmid DNA used in each transfection are indicated (see
legend to Fig. 1). Each experiment was repeated several
times with at least two different plasmid preparations.

Plasmids. The SV40 enhancer plasmids used in this study
were prepared as follows. pSV—100 and pSV—99 contain
the 2%x72 SV40 enhancer insert from p2x72~ (34) cloned
into the Hindlll site of the —100 and —90 rat insulin II
chloramphenicol acetyltransferase (CAT) expression plas-
mids (49). The —100 to —91 wild-type and point mutation
constructs were constructed by cloning into the Xbal-Sall
site, 5’ to the rat insulin II promoter (residues —90 to +8
[49]). oligonucleotides containing wild-type or single non-
complementary transversion mutations (A to C and T to G)
in the rat insulin II sequences from —100 to —91. The
sequences of all of the resulting plasmid constructs were
confirmed by DNA sequencing. Insulin-CAT riboprobe
expression plasmid pPGEM-7 was prepared by subcloning rat
insulin II-CAT sequences from —100 to +250 base pairs of
the —100 rat insulin II CAT expression plasmid (49) as a
HindllI-EcoRI fragment into pGEM-3Zf(+) (Promega Bio-
tec. Madison, Wis.). Plasmids were prepared by being
banded twice to equilibrium in cesium chloride gradients
(26).

RNase mapping. The —100 to +250 coding strand tran-
scription product was produced from Hindlll-linearized
pGEM-7 by using T7 RNA polymerase by a modification of
the procedure described by Zinn et al. (52). One microgram
of the linearized plasmid was transcribed in a 20-ul reaction
with 50 pCi of [a-**P]JUTP (specific activity, 800 Ci/mmol) at
a final UTP concentration of 12 uM. The labeled RNA (5 X
10° dpm) transcript was hybridized overnight at 45°C in 30 pl
with 50 wg of total cellular RNA isolated by the guanidinium
isothiocyanate method of Chirgwin et al. (6). Hybridization
conditions, RNase treatment, and gel electrophoresis were
conducted as described by Zinn et al. (52).

In vitro transcription assays. Cell-free transcription reac-
tions contained 8 mM HEPES (N-2-hydroxyethylpiperazine-
N’'-2-ethanesulfonic acid) (pH 7.9): 8% (vol/vol) glycerol: 7
mM MgCl,; 2 to 2.5 pg of template DNA: 1 mg of bovine
serum albumin per mi: 75 mM KCI: 80 uM EDTA: 80 uM
EGTA [ethylene glycol-bis(B-aminoethylether)-N.N.N’,N'-
tetraacetic acid], 80 uM dithiothreitol; and 500 uM each
ATP, UTP. GTP, and CTP in a final assay volume of 25 pl.
Approximately 100 pg of HeLa cell nuclear extract protein
was incubated with template DNA and ribonucleotides at
30°C for 1 h. RNA was extracted with phenol-chloroform
and analyzed by the primer extension method (28), and the
primer extension products were visualized by autoradiogra-
phy.

Extract preparation. HeLa and rat liver cell nuclear ex-
tracts were prepared as described by Shapiro et al. (43) and
Gorski et al. (15). respectively. BTC-1 and HIT cell nuclear
extracts were prepared as described by Shapiro et al. (43).
Whole-cell extracts were prepared from BTC-1 and HIT cells
as follows. Cells (approximately 1 x 10° to 2 x 10°) were
harvested and suspended in 20 ml of ice-cold buffer contain-
ing 400 mM ammonium sulfate, 20 mM HEPES (pH 7.9), 0.2
mM EDTA, 0.2 mM EGTA, 0.2 mM dithiothreitol, 0.2 mM
benzamidine. and 5 mg each of leupeptin, pepstatin, anti-
pain. and chymostatin per ml. The cells were homogenized
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three times for 10 s each time with a Ultraturex brand
homogenizer, and the homogenate was centrifuged at
100,000 x g for 60 min at 4°C. Solid ammonium sulfate was
added, with stirring, to the supernatant (0.33 g/ml) and
allowed to dissolve. The precipitate was collected by cen-
trifugation at 100,000 x g for 20 min at 4°C and suspended in
2 ml of dialysis buffer (20 mM HEPES [pH 7.9], 0.2 mM
EDTA, 0.2 mM EGTA, 0.2 mM dithiothreitol, 0.2 mM
benzamidine, 10% [vol/vol] glycerol). Dialysis was per-
formed for 4 h at 4°C. The extracts were then centrifuged at
10,000 x g for 5 min. Aliquots of the resulting supernatant
were quick frozen on dry ice and stored at —70°C until use.

Gel shift assays. Double-stranded oligonucleotides con-
taining the ICE (5'-TCTGGCCATCTGCTGATCCTCTG
GCC-3') and USE (5'-TAGGTGTAGGCCACGTGACCGG
GTGTTC-3') sequences were end labeled with 32P-labeled
deoxynucleotides and the Klenow fragment of Escherichia
coli DNA polymerase 1. Binding reactions contained 25 mM
HEPES (pH 7.9); 5 mM dithiothreitol; 0.2 mM EDTA; 0.1
ng of poly(dI-dC) per ul; 0.1 pg of single-stranded DNA per
ul; 9% (vol/vol) glycerol; 10 fmol of a 3?P-labeled double-
stranded oligonucleotide (~5,000 dpm/fmol); 10 wg of ex-
tract protein; and 50, 125, or 200 mM KCI. Each 20-pl
reaction was incubated at 4°C for 30 min. Samples were
subjected to electrophoretic separation at 4°C on a 4%
nondenaturing polyacrylamide gel at 200 V for 1.5 to 2 h by
using the high-ionic-strength polyacrylamide gel electropho-
resis conditions described by Carthew et al. (4). Following
electrophoresis, the gels were dried and labeled DNA was
localized by autoradiography.

In vitro transcription and translation. The plasmid contain-
ing the USF c¢cDNA (kindly provided by P. Gregor and R.
Roeder, manuscript in preparation) was linearized by diges-
tion with Xhol. The in vitro transcription reaction was
performed as described by Melton et al. (29), using 3 pg of
the linearized plasmid. In vitro translation was performed as
described in the Promega technical manual with 2 pg of in
vitro-transcribed RNA. In the gel shift analyses, 2 pl of the
in vitro translation reaction from a final volume of 50 pl was
used in each reaction.

RESULTS

ICE activates transcription in a cell-type-specific manner
when linked to a heterologous enhancer. Previously it was
demonstrated that the ICE alone can direct B-cell-type-
specific expression, although the activity mediated by it was
significantly enhanced by upstream insulin enhancer se-
quence elements (10, 22, 49). In contrast, rat insulin II
promoter activity does not appear to require B-cell-specific
transcription factors. To test whether the ICE could also
direct B-cell-type-specific expression from a heterologous
enhancer element, the effect of the SV40 enhancer on rat
insulin II gene promoter- and ICE-driven CAT expression
was assayed in transfected BTC-1 (insulin-producing) and
HeLa (non-insulin-producing) cells. CAT mRNAs from ICE
expression plasmid pSV —100 and promoter expression plas-
mid pSV—90 were normalized to expression from a cotrans-
fected SV40 enhancer-driven rabbit B-globin expression
plasmid, OVEC-REF (48). The levels of the individual
RNAs produced from these chimeric genes were quantitated
by the RNase protection assay.

ICE expression plasmid pSV—100 was approximately
fourfold more active than promoter expression plasmid
pSV—90 in transfected insulin-producing cells (Fig. 1B;
compare lanes 1 and 2). In contrast, the pSV—100 construct
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was approximately threefold less active than the pSV—90
construct in HeLa cells (Fig. 1B; compare lanes 3 and 4).
The CAT enzyme activity levels from these transfected
chimeras mirrored the relative steady-state mRNA levels
shown in Fig. 1B (data not shown). The patterns of expres-
sion from these two plasmids are consistent with our previ-
ous observations (49). Thus, expression from the ICE ap-
pears to be mediated by a combination of positively (in
insulin-producing cells) and negatively (in non-insulin-pro-
ducing cells) acting transcription factors.

Identification of individual bases within the ICE that are
required for activator function in vive. To identify base pairs
within the ICE that are important in cell-type-specific acti-
vation, each base pair within the element in pSV-100 was
changed by noncomplementary transversion mutation (i.e.,
G to T and C to A). We reasoned that mutation of a base
crucial for activator interaction would result in a decrease in
activity from pSV—100 levels to the level found for promoter
expression plasmid pSV—90. These plasmids were trans-
fected into two different insulin-producing cell-lines, HIT
and BTC-1. The CAT activity from the mutants was com-
pared with the activity obtained from —100 to —91 wild-type
element expression plasmid pSV—100 and rat insulin II gene
promoter expression plasmid pSV—90, which were trans-
fected in parallel. The effects of point mutations within the
—100 to —91 element on B-cell expression are presented in
Table 1. Mutations at —97, —94, —93, and —92 all reduced
expression, while mutations at nucleotides —100, —96, and
—91 had little effect on activity. Mutations at —99, —98, and
—95 had an intermediate effect on activity. Equivalent
results were obtained when expression of these constructs
was examined by RNase protection analyses (data not
shown). We conclude from these results that mutations
within the —100 to —91 element at nucleotides —97, —9%4,
—93, and —92 decrease the ability of a cellular activator to
stimulate transcription in B-cells, presumably by decreasing
the interaction of a positive-acting DNA-binding protein
with this element.

Both cell-type-specific and ubiquitously distributed factors
bind to the ICE. The gel mobility shift assay was used to
determine whether cellular proteins interact directly with the
ICE. Extracts were prepared from insulin-producing BTC-1
and HIT cells and non-insulin-producing HeLa and rat liver
cells. Binding reactions were conducted in the presence of
an extract, a >’P-labeled probe corresponding to rat insulin II
gene sequences from —104 to —85, and KCl at 50, 125, or 200
mM. Four protein-DNA complexes, which were labeled A to
D in order of decreasing mobility, were detected in these
binding experiments (Fig. 2). Protein-DNA complexes A and
B were found in all of the cell extracts. All four protein-DNA
complexes were specific, since their formation was pre-
vented by cold probe sequences but not by nonspecific
competitors (data not shown; Fig. 3). The B complex was
detected only when binding reactions were conducted in 50
mM KCI, while formation of complex A was not nearly as
salt dependent. Formation of protein-DNA complexes C and
D was also dependent on the salt concentration in the
binding reaction. In contrast to complex B formation, the C
and D complexes were detected only at high salt concentra-
tions (>100 mM). Figure 2B shows a longer exposure of the
gel depicted in Fig. 2A. This exposure more clearly shows
the presence of complex B and lack of complexes C and D in
the HeLa extract. This exposure also shows the presence of
complex D in the rat liver extract. Most interestingly, both C
and D protein-DNA complexes are cell type specific, as they
are uniquely formed in pancreatic B- and liver cell extracts,
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pSV -90 BTC 1.23 1.52
pSV -100 BTC 5.33 6.83
pSV -90 Hela 3.13 4.12
pSV -100 Hela : % | 1.62

FIG. 1. Insulin gene —100 to —91 sequences activate transcrip-
tion in a cell-specific manner when linked to a heterologous en-
hancer. (A) Structures of recombinant expression plasmids.
pSV—-90 consists of an SV40 enhancer-driven expression vector
containing the coding sequences of the gene for CAT fused to the
—90- to +8-base-pair sequence of the rat insulin 1 gene. SV40 2x72
enhancer sequences were subcloned from the pB2x72~ expression
plasmid described by Ondek et al. (34). The shaded boxes represent
SV40 enhancer sequences, and the thick solid lines refer to insulin
sequences. Recombinant pSV—100 was constructed by fusing an
oligonucleotide containing rat insulin II gene sequences from —100
to —91 (sequence shown above) to the 5’ end of the —90 rat insulin
Il gene promoter sequence. The triangle 3’ to the insulin gene
transcription start site in pSV—100 represents an additional 6 base
pairs within the polylinker of pSV—100. (B) Autoradiogram of
RNase protection analyses. BTC-1 and HeL a cells were transfected
with 5 pg of plasmid pSV—90 or pSV—100: an internal control
plasmid, OVEC-REF (0.25 pg); or pUC19 DNA (4.75 png). mRNA
levels produced from these expression plasmids were assayed by
RNase protection analyses. Protected fragments 286, 280, and 151
nucleotides long are expected for correctly initiated pSV—100,
pSV—-90, and OVEC-REF transcripts, respectively. The larger
protected fragments from pSV —100, compared with pSV—90, are a
result of the additional 6 base pairs within the polylinker of
pSV—100. Lanes: 1, pSV—90 in BTC-1 cells: 2. pSV—-100 in BTC-1
cells; 3, pSV—-90 in HeLa cells; 4, pSV—100 in HeLa cells. The
insulin signal shown is from a 1l-day exposure of the RNase
protection assay, while the OVEC-REF signal shown is from a 3-day
exposure. (C) Quantitation of amounts of correctly initiated insulin
transcripts. Relative amounts of correctly initiated insulin RNAs
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TABLE 1. Effects of point mutations within the —100 to —91
element on expression in B-cells®

Relative CAT
Mutant Sequence from enzyme activity

nucleotide —100 to -91 BTC-1 HIT

cells cells
Wild type 5'-GCCATCTGCT-3' 5.2 3.5
—-100 5'-tCCATCTGCT-3' 5.5 2.8
-99 5'-GaCATCTGCT-3' 2.5 2.0
—98 5'-GCaATCTGCT-3' 2.5 2.0
-97 5'-GCCcTCTGCT-3' 1.5 0.8
-96 5'-GCCAgCTGCT-3' 4.8 2.8
-95 5'-GCCATaTGCT-3' 2.5 2.1
-94 5’-GCCATCgGCT-3’ 1.0 0.9
-93 5'-GCCATCTtCT-3' 1.3 0.8
-92 5'-GCCATCTGaT-3' 1.3 0.8
-91 5'-GCCATCTGCg-3' 35 3.7
pSV-9 Not present 1.0 1.0

“ The —100 to —91 element point mutations were constructed by fusing the
mutant oligonucleotide to the end of the —90 rat insulin II gene promoter
sequence as outlined in Fig. 1A. Values are presented relative to pSV—90
expression. The experiment was repeated on four separate occasions. The
results shown are from one representative experiment. Standard deviations
were less than 20%.

respectively. Thus, both cell-specific and ubiquitous factors
specifically interact with the ICE. Furthermore, our results
indicate that binding of cellular proteins to the ICE is salt
dependent.

Previously, two other laboratories demonstrated that the
rat insulin I gene cognate ICE bound to cellular proteins (30,
33). These studies did not make it clear whether the factors
which bound to this element were unique to B-cells, as
demonstrated by Ohlsson and Edlund (33), or ubiquitously
distributed, as shown by Moss et al. (30). Our results
perhaps explain the discrepancy between these studies. The
experiments conducted by Moss et al. were performed at a
low salt concentration (75 mM KCIl), while Ohlsson and
Edlund used a high salt concentration (150 mM KCl) in their
binding assays. As we have shown here, use of a low salt
concentration precludes detection of B-cell-type-specific
protein-DNA complexes. It is surprising that Ohlsson and
Edilund were unable to detect the A complex, which was
detected in all of the extracts we assayed at a high salt
concentration. This discrepancy could be due to differences
in extract preparation procedures or, more probably, to the
fact that slightly different DNA probes were used in the two
studies.

Positive activation of the ICE appears to require f-cell-
specific binding factors. Since a particular protein(s) capable
of forming a protein-DNA complex (complex C) appeared to
be uniquely present (active) in insulin-producing cells, we
tested its ability to interact with wild-type and mutant forms
of the ICE by using the gel mobility shift assay described
above. If protein-DNA complex C is formed by the putative
B-cell-specific IAF, it should not bind efficiently to mutant
forms of the ICE which cannot activate transcription of the
insulin gene in vivo (Table 1).

Binding experiments were performed with extracts pre-
pared from BTC-1 cells (and HIT, HeLa and rat liver
extracts; data not shown) and the *?P-labeled wild-type ICE.

were determined by densitometric scanning of the autoradiogram
and are expressed relative to the activity of the OVEC-REF internal
control.
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FIG. 2. Multiple cellular factors bind to the ICE. (A) Binding and
gel electrophoresis conditions were as described by Carthew et al.
(4). The final KCl concentration in the assay is shown for each lane.
Nuclear extracts from HIT, BTC-1, and HeLa cells and rat liver
were used. The major bands discussed in the text are labeled. The
gel was exposed to autoradiography for 18 h. (B) A 96-h exposure of
the HeLa cell and rat liver lanes.

These binding reactions were performed in 50 or 200 mM
KCl with various cold competitor DN As at molar ratios of 5,
22,55, and 222 to 1 (competitor/probe ratios). The sequences
of the probe and competitor DN As used for this experiment
are shown in Fig. 3A. The experimental results presented in
Fig. 3B and C were obtained with 200 mM KCI. Under these
conditions, complexes A and C were the most abundant
(Fig. 2). The specificity of these interactions was shown by
the fact that a specific (i.e., wild type) but not a nonspecific
(i.e., A Distal) competitor could abolish formation of com-
plex C. Oligonucleotides bearing the sequence of the aden-
ovirus type 2 major late promoter upstream element (USE)
competed for formation of complex C, albeit inefficiently.
This observation is examined in more detail below. More-
over, the patterns of competition with the various alleles of
the ICE were exactly those predicted. Thus, mutant forms of
the ICE which fail to activate insulin gene transcription in
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FIG. 3. Formation of complex C is specifically competed for by
ICE mutants that mediate positive B-cell-type-specific activity. (A)
Sequences of probe and competitor oligonucleotides. (B) Binding
reactions were conducted in 200 mM KCI with whole BTC-1 cell
extract. The molar ratio of competitor to probe is shown for each
lane. The major bands are labeled as described in the legend to Fig.
2. (C) Quantitation of the effect of ICE mutants on complex C
formation. The relative amount of complex C in each lane was
determined by densitometric scanning of the autoradiogram. WT,
Wild type; conc., concentration.

vivo are not efficient competitors for formation of complex C
in vitro. Neither the —93 nor the —97 mutant form of the ICE
competed well, while both the —96 and —100 mutant ICEs
did compete efficiently against wild-type ICE sequences
(Fig. 3B and C). Analogous results were obtained with
complex C formed in HIT cell extracts (data not shown).
None of the other protein-DNA complexes (in BTC-1, HIT,
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FIG. 4. Both USE and ICE sequences specifically inhibit tran-
scription of the adenovirus type 2 major late promoter in vitro.
Transcription reactions were conducted as previously described
(49). The sequences of the USE, ICE, and A Distal competitor
oligonucleotides are shown in Fig. 3A. The molar excess of com-
petitor DNA present in the preincubation of extract and template
DNAs is shown above each lane. Specific transcription initiation
from the adenovirus 2 type major late promoter plasmid (pSmaF)
was measured by primer extension. Adenovirus type 2 major late
promoter transcription was monitored with a primer (5'-AGGGAG
TACTCACCCCAACAGCTGGCCCTC-3') complementary to bases
+25 to +54 of the noncoding strand of the major late promoter. An
extended product of 54 nucleotides is expected for adenovirus major
late promoter-specific transcripts.

HelLa, or rat liver extracts) formed under these (i.e., 200 mM
KClI) or other conditions (lower ionic strengths) exhibited the
competition patterns described above for complex C. To-
gether, these data strongly suggest that the protein which
forms protein-DNA complex C is a B-cell-specific IAF whose
activity is manifest through ICE sequences —100 to —91.

The USF binds to the ICE. The data from the preceding
experiments indicated that both cell-type-specific and non-
cell-type-specific factors bound to the ICE. It appears that
binding of a B-cell-specific factor(s) to the ICE is important
for cell-type-specific expression; however, the functions of
the other proteins which interact with this element are
unknown. As shown in the gel mobility shift assay presented
in Fig. 3, DNA containing the binding site for USF competed
with the —104 to —85 wild-type probe for the A and C
protein-DNA complexes. To obtain a level of competition
comparable to that of the wild-type probe, a 10-fold increase
in the molar amount of USE sequences was used (data not
shown). These results indicated that the USF might interact
with ICE sequences in vitro. This result is somewhat sur-
prising, since the core sequences of the USE and the ICE
share only limited sequence homology.

Because of the apparent cross talk (specific or nonspecific)
between the USE and ICE activator factors, we examined
whether an oligonucleotide containing ICE sequences would
affect transcription of the adenovirus type 2 major late
transcription promoter in vitro. Thus, if the USF bound to
the ICE, then the presence of an ICE oligonucleotide in the
assay would sequester and, as a consequence, reduce aden-
ovirus type 2 major late promoter transcription. The effects
of adding increasing amounts of the USE, the ICE, and
nonspecific, double-stranded oligonucleotides on adenovirus
type 2 major late promoter transcription at 80, 200, 400, and
800-fold molar excesses were tested (Fig. 4). The USE
competitor resulted in a marked decrease in the level of
adenovirus type 2 major late promoter transcription at all of
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FIG. 5. The in vitro-translated USF binds to the ICE. Binding
reactions were conducted as described in the legend to Fig. 2. The
USE (lanes 1, 2, 5, and 6) or —104 to —85 (lanes 3, 4, 7, and 8)
labeled probe was incubated with either the reticulocyte lysate-
translated human USF or BTC-1 extract in 50 or 200 mM KCl as
indicated. The bands are labeled as in Fig. 2. Lanes 1,2, and 5to 8
are from a 1-day exposure, while lanes 3 and 4 are from a S-day
exposure.

the competitor concentrations tested (Fig. 4, lanes 2 to 5).
Similarly, the ICE oligonucleotide reduced transcription, but
less efficiently, whereas a nonspecific DNA competitor did
not (Fig. 4; compare lanes 6 to 9 with 10 to 13). These results
further support the observation that the USF binds to the
ICE.

To test directly whether the USF bound to the ICE, a
clone encoding the human USF was expressed in vitro. The
DNA-binding properties of this USF were examined in the
gel mobility shift assay. Binding reactions were performed in
either 50 or 200 mM KCI with similarly sized USE and ICE
probes. The results of this experiment are presented in Fig.
5. The USF bound to both probes to yield the B complex
described for the —104 to —8S5 probe in Fig. 2. Interestingly,
binding of the USF to these probes was dependent on the
KCI concentrations in the binding reactions. The authentic
USF bound most efficiently to USE sequences at high salt
concentrations, whereas it bound the ICE probe only at low
salt concentrations (the conditions of the in vitro assay). An
identical gel mobility shift pattern for the B complex was
found with BTC-1 extracts (Fig. 5). Since similar amounts of
in vitro-synthesized protein were used in the experiments
described in Fig. S, the intensity of the B band indicates that
USF binds with higher affinity to the USE than to the ICE.
These results indicate that the USF binds in vitro to the ICE.
The importance of this observation to insulin gene regulation
is unclear. We do not know whether in vivo binding of the
USF has any role in ICE regulation. The USF cannot impart
B-cell-type activation, since changes in the ICE sequences to
make it more USE-like eliminated cell-type-specific expres-
sion in vivo (data not shown). However, one could speculate
that the USF plays a role in negative control of ICE
expression (see Discussion).

DISCUSSION

The studies described in this report were undertaken to
characterize in detail the rat insulin II gene regulatory
sequences which map between nucleotides —100 and —91.
This sequence element is the target for both positive and
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negative regulation of insulin gene transcription. Our previ-
ous studies (49) demonstrated that this sequence element,
the ICE, was both necessary and sufficient to impart (mini-
mal) tissue-specific expression upon a B-globin reporter gene
in B-cells. This observation and the work of others (9, 22)
also indicated that this element apparently works in concert
with other sequences within the insulin gene enhancer (—340
to —91) to fully activate transcription of the insulin gene in a
cell-specific fashion.

In this investigation, we conducted a systematic point
mutagenesis study to identify nucleotides within the ICE
sequence from —100 to —91 which are responsible for insulin
gene transcriptional activation. This was accomplished by
constructing an SV40-enhancer-ICE-CAT fusion plasmid
and testing its ability to be differentially expressed in B-cells.
Wild-type and mutant ICEs were inserted into this chimeric
CAT expression plasmid. Transfection experiments indi-
cated that unique base pairs within the ICE were involved in
B-cell-specific insulin gene transcriptional activation. Nucle-
otides —97, —94, —93, and —92 were found by this in vivo
functional test to be crucial for B-cell-specific expression.

This information provided us the biological framework
with which to begin in vitro studies to attempt to identify
proteins which specifically bound to the ICE. Proteins which
specifically bound to the ICE would be candidates for insulin
gene trans-acting transcriptional activators. The gel mobility
shift assay was used for this purpose. Our initial experiments
indicated that multiple protein-DNA complexes were formed
with the ICE in vitro. However, the pattern of complexes
formed with this DNA fragment was highly variable. De-
tailed optimization experiments indicated that complex for-
mation was very salt dependent.

Under high-ionic-strength conditions (200 mM KCIl), we
observed a protein-DNA complex (termed complex C)
which was formed only by proteins present in extracts
prepared from insulin-producing cells. This result suggested
that the protein forming this complex could be an insulin
gene-specific trans-activator. This hypothesis was tested by
examining the ability of this B-cell-specific protein to interact
with the family of wild-type and mutant ICEs used for our in
vivo studies. If the B-cell C-complex-forming protein were
the insulin gene-specific rrans-activator, it should interact
differentially with wild-type and mutant ICEs. Specifically,
ICE down mutations (i.e., —97, —93 ICE mutant alleles)
should decrease binding, while ICE silent mutations (i.e.,
—100 and —96 mutant ICE alleles) should not affect the
affinity of binding of this protein to the ICE. This was exactly
the pattern of protein-DNA binding observed (Fig. 3). These
results strongly suggest that the protein(s) responsible for
forming protein-DNA complex C is in fact a B-cell-specific
factor which is involved in activating insulin gene transcrip-
tion through ICE sequences —100 to —91. This factor has
been termed the IAF. We are currently attempting to purify
and characterize the IAF by direct biochemical methods (see
also below).

Control of cell-type-specific gene expression through dis-
tinct cis-acting sequences and trans-acting factors has been
described in a number of systems. For the insulin gene
enhancer system itself, it has been clearly shown that ICE
sequences are critical for B-cell-specific expression. The
existence of a uniquely active-distributed B-cell-type-specif-
ic positive regulator was demonstrated in this study; how-
ever, we have previously proposed that negative regulators
of ICE expression are present in non-B-cells.

The mechanism(s) involved in negative control is unclear
(for a recent review, see reference 25). We have suggested
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that the repressor(s) mediates its effects through protein-
protein interactions (46), a mechanism which appears to be
important in cell-type-specific expression of the immuno-
globulin enhancer (51). Alternatively, it is possible that
transcription is inhibited by direct binding of a repressor
factor(s) to the ICE. Evidence for this latter model is
supported by the observation that many cellular factors can
bind to ICE sequences; however, activation is presumably
mediated only by the B-cell-type-specific DNA-binding fac-
tor(s). Specifically, our findings demonstrated that the USF
could bind but not activate transcription through the ICE
sequences.

The ICEs of the rat insulin I and II genes bear strong
sequence similarities to three structural motifs present in the
immunoglobulin heavy-chain enhancer (E boxes) (30). Mu-
tation of the ICE to an immunoglobulin heavy-chain pE2
enhancer element allows it to function like the insulin
element in vivo (30). (The sequence of the immunoglobulin
heavy-chain nE2 enhancer element is identical to that of the
—100 to —91 element, except for a single-base-pair mutation
at nucleotide —96.) These results led Moss et al. (30) to
propose that the immunoglobulin heavy-chain wE2 enhancer
element-binding factors may be involved in insulin gene
expression. Since the results presented here suggest that the
activator factor(s) is uniquely present in B-cells, we feel that
this hypothesis is incorrect. We instead propose that the
mutation in the ICE at base pair —96 simply does not alter
the interaction of the B-cell-type-specific IAF with this
element (Fig. 3B and C). However, these results may
indicate the DNA-binding domains of these various factors
(i.e., the immunoglobulin heavy-chain wE2 enhancer ele-
ment factor, USF, and IAF) are related.

Very recently, evidence has been presented by Murre et
al. (31) demonstrating that proteins that bind to the k-pE2
box element of the immunoglobulin enhancer share a com-
mon amphipathic helix-loop-helix (HLH) structural motif.
This conserved HLH region is found in a wide variety of
cellular proteins, including daughterless, achaetescute T3,
and MyoD, as well as proteins believed to be involved in
immunoglobulin activation, E12 and E47 (31, 32). The HLH
motif is essential for dimerization and DNA binding (32). We
are currently screening a human Agt1l cDNA library derived
from a human B-cell insulinoma for the IAF. Since other
proteins that bind to the ICE element contain the HLH
motif, one might anticipate finding such a motif within the
IAF. Since proteins containing the HLH structural motif can
form DNA-binding heterodimers (32), one could envision
that negative regulation of transcription mediated by the ICE
could occur if the activator factor formed a heterodimer with
a protein(s) which, upon binding, inhibited insulin gene
transcription.

These data indicate the complexity of regulatory control
mediated by the ICE. An understanding of the regulatory
mechanism(s) that mediates cell type-specific expression of
this element in particular and the insulin gene in general will
require isolation and characterization of both the negative-
and positive-acting cellular regulators that interact with
these DNA sequences. Such studies are currently in prog-
ress in our laboratories.
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