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Pancreatic i-cell-type-specific transcription of the insulin gene is principally regulated by a single cis-acting
DNA sequence element, termed the insulin control element (ICE), which is found within the 5'-flanking region
of the gene. The ICE activator is a heteromeric complex composed of an islet at/-cell-specific factor associated
with the ubiquitously distributed E2A-encoded proteins (E12, E47, and E2-5). We describe the isolation and
characterization of a cDNA for a protein present in a and ,1 cells, termed INSAF for insulin activator factor,
which binds to and activates ICE-mediated expression. INSAF was isolated from a human insulinoma cDNA
library. Transfection experiments demonstrated that INSAF activates ICE expression in insulin-expressing
cells but not in non-insulin-expressing cells. Cotransfection experiments showed that activation by INSAF was

inhibited by Id, a negative regulator of basic helix-loop-helix (bHLH) protein function. INSAF was also shown
to associate in vitro with the bHLH protein E12. In addition, affinity-purified INSAF antiserum abolished the
formation of the activator-specific ICE-binding complex. Immunohistochemical studies indicate that INSAF is
restricted in terms of its expression pattern, in that INSAF appears to be detected only within the nuclei of islet
pancreatic a and P cells. All of these data are consistent with the proposal that INSAF is either part of the ICE
activator or is antigenically related to the specific activator required for insulin gene transcription.

The insulin gene is expressed exclusively in the cells of the
islet of Langerhans. This gene accounts for a large fraction of
the total gene expression in these cells and has provided an
excellent system for studies of cell-type-specific expression.
Hanahan in experiments conducted with transgenic mice har-
boring insulin-simian virus 40 tumor antigen hybrid genes
showed that p-cell-specific transcription was regulated by
5'-flanking insulin DNA sequences (21). These studies, which
were conducted with the rat insulin II gene, demonstrated that
residues which lie between bp -695 and + 1 relative to the site
of initiation are capable of directing 3-cell-type-specific expres-
sion. Rodents have two nonallelic insulin genes (I and II),
which differ in their number of introns and chromosomal
locations (45). The equivalent region of the human insulin
gene has also been shown to direct cell-specific expression
within transgenic mice (9, 17, 39).

Experiments conducted with insulin- and non-insulin-pro-
ducing cell lines have demonstrated that the 5'-flanking se-

quences of the insulin gene that are essential for pancreatic
,3-cell-type-specific expression reside between bp -340 and
-91 relative to the transcription start site (for a review, see
reference 44). This region exhibits enhancer-like properties
and is regulated by both positively and negatively acting
transcription factors (12, 13, 15, 31, 55). Detailed character-
ization of the insulin gene enhancer indicates that transcription
mediated by these sequences is predominantly regulated by a

single element (13, 25), whose core motif, 5'-GCCATCTG-3',
is found within the transcription unit of all characterized
insulin genes (45). This element, which we refer to as the
insulin control element (ICE), is a site of both positive and
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negative transcriptional control (24, 26, 55). The ICE is also
important in homeostatic control of the insulin gene in glu-
cose-treated a cells (19, 40).
The ICE activator appears to be restricted to islet ao and L

cells (32, 38). Experiments conducted with antisera to the
expressed E2A gene products, E12, E47, or ITF-1 (or antigeni-
cally related proteins), have demonstrated that these ubiqui-
tously distributed proteins are present in the ICE activator
complex (11, 18, 42). (ITF-1 is a generally distributed E47-like
factor [23].) Mutagenesis studies have shown that the nucle-
otides (shown underlined) that define the binding motif for
proteins in the basic helix-loop-helix (bHLH) family,
CANNTQ, are essential for trans activation (54). In addition,
ICE activation is inhibited in ,B cells by a negative regulator of
bHLH-mediated activation, Id (11). This factor appears to
suppress bHLH activation by sequestering the E2A gene
products into transcriptionally nonfunctional complexes (5).
These results are all consistent with the proposal that the ICE
activator is composed, at least in part, of E2A proteins. The
restricted distribution of this ICE activator binding activity
suggests that an islet ax- and ,B-cell-specific factor may be a

partner of the generally expressed E2A proteins in this com-

plex.
In this study, we report the isolation of an ICE binding factor

by oligonucleotide screening of a human pancreatic insulinoma
Xgtll cDNA expression library. We demonstrate that (over)
expression of this gene in transfection experiments stimulates,
in a 1-cell-specific manner, ICE-dependent transcription and
that the activation mediated by this factor can be attenuated by
Id. We also find that this protein forms a heteromeric complex
with E12 and that affinity-purified antisera to this clone
specifically abolish formation of the ICE-binding complex in a

mobility shift assay. Immunohistochemical studies demon-
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strate a general nuclear localization of this protein in the
pancreatic islet, suggesting that this factor is at least present in
both ot and a cells. We have named the protein encoded by this
cDNA clone INSAF (insulin activator factor) and propose that
in association with E2A gene products, INSAF can activate
insulin gene transcription in pancreatic P cells.

MATERIALS AND METHODS

cDNA library screening. A cDNA library was constructed in
Xgtll by Clontech Laboratories, Inc., with oligo(dT)-primed
cDNA inserts synthesized from poly(A)-selected RNA pre-
pared from a human pancreatic insulinoma. Bacteriophage
infections were carried out according to the methods described
by Young and Davis (56). Expression screening was performed
using a modification of the procedures described by Vinson et
al. (51) and Singh et al. (43), which are detailed below, with a
concatenated 32P-labeled double-stranded ICE (-104 5'-TCT
GGCCATCTGCTGATCC-3' -86) probe at a specific activity
of approximately 2 x 106 cpm/pmol. Bacteriophage plaques
were transferred to isopropyl-,-D-thiogalactopyranoside-im-
pregnated nitrocellulose filters (Schleicher & Schuell). All of
the remaining steps in the screening procedure were con-
ducted at 4°C. The filters were immersed in binding buffer (200
mM NaCl, 5 mM MgCl2, 0.5 mM dithiothreitol, 25 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES;
pH 7.9]) supplemented with 5% (wt/vol) nonfat dry milk. The
filters were then gently rocked for 2 h, and the solution was
removed and replaced with binding buffer supplemented with
0.25% milk. The filters were transferred after 30 min to
110-mm crystallization dishes (approximately 15 filters per
binding reaction mixture) containing 100 ml of the 0.25%
milk-binding buffer solution supplemented with 106 cpm of
32P-labeled ICE DNA per ml. The filters were left in the
binding solution for 2 h and were then washed for an addi-
tional 2 h in 0.25% milk-binding buffer. The filters were dried,
covered with plastic wrap, and exposed to Kodak X-Omat AR
film with an intensifying screen at -70°C. The 6-1 and 4-1
clones were plaque purified after two additional rounds of
screening. The 6-1 clone was renamed INSAF.
INSAF DNA sequence analysis. The INSAF cDNA from the

6-1 Xgtll clone was subcloned into the EcoRI site of pGEM7
to form the plasmid 6-1 pGEM7. Overlapping exonuclease III
deletions of INSAF were generated from 6-1 pGEM7 using the
Erase-a-Base system (Promega). The inserts from the deletion
clones were size fractionated on agarose gels, and selected
clones were sequenced using reverse and/or forward primers.
Sequencing was performed using the T7 Sequenase system
(U.S. Biochemical Corp.) on double-stranded DNA templates
prepared from minipreps.

Preparation of expression plasmids and transient transfec-
tions. INSAF expression plasmids were constructed by cloning
the INSAF cDNA into the polylinker of the cytomegalovirus
(CMV) enhancer-driven expression vector CMV4 (3), in the
sense and antisense orientations. The construction of the
following HLH expression plasmids used in transfections have
been previously described: MyoD (EMC11s [14]), TFE-3
(pSV2A-I3 [4]), Id (E:Id[S] and E:Id[A] [5]), and ITF-1
(pSVE2-5 [23]). ICE-driven expression was assayed from
ICE-OVEC, which contains three copies of an oligonucleotide
containing rat insulin II gene ICE sequences from -102 to
-87 cloned into the Sall site of the OVEC-1 expression vector
(55).
The ICE-OVEC expression plasmid was introduced into

HIT T-15 2.2.2 (15) and HeLa cells as calcium phosphate
coprecipitates made up of the ICE-OVEC plasmid, the expres-

sion plasmid or carrier DNA (pUC19), and an internal control
plasmid, OVEC-REF (53), as detailed by Whelan et al. (55).
Total cellular RNA was isolated by the guanidinium isothio-
cyanate method, described by Chirgwin et al., 40 to 48 h after
transfection (10). Hybridization of the RNA probe to RNA,
RNase treatment, and gel electrophoresis were conducted as
described previously (55). RNase-protected fragments of 179
and 151 nucleotides in length are expected for correctly
initiated ICE-OVEC and OVEC-REF transcripts, respec-
tively. The amounts of correctly initiated transcripts were
determined by densitometric scanning of autoradiographs. The
amount of transcript detected was normalized to the OVEC-
REF internal control signal. Transfections were performed on
several occasions with at least two independently isolated
plasmid DNA preparations.

In vitro transcription and translation. An INSAF RNA
expression plasmid (pET3b/6-1) was made using the pET3b
expression plasmid described by Studier et al. (46). pET3b/6-1
was constructed by subcloning the EcoNI-BamHI fragment
(nucleotide positions 319 to 2622) of 6-1 pGEM7 into NdeI-
BamHI-cut pET3b. The EcoNI and NdeI sites were filled in
with T4 DNA polymerase. INSAF and E12 RNAs were
synthesized in 100-pd reaction mixtures. INSAF RNA was
made from 5 ,ug of pET3b/6-1 using T7 RNA polymerase; E12
RNA was synthesized with T3 RNA polymerase from 5 jig of
the E12R plasmid (30). The final RNA product was phenol-
chloroform extracted, ethanol precipitated, and dissolved in 20
,lI of water. In vitro translation reactions (50-pI mixtures) were
performed with 2 pI of RNA, 4 pu of L-[35S]methionine (10
mCi/ml; NEN), and methionine-deficient rabbit reticulocyte
lysate (Promega) in accordance with the instructions in the
Promega technical manual. Translation reaction mixtures were
stored at -70°C.

Preparation of a-INSAF antibodies. The INSAF protein
was overexpressed in BL21(DE3)pLysS cells transformed with
pET3b/6-1 as described by Studier et al. (46). INSAF was
present in the insoluble fraction of the lysed cells. The 80-kDa
INSAF protein band was isolated from a preparative 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gel. Antibodies
to the 80-kDa INSAF protein were raised in rabbits at Bethel
Laboratories. Affinity antibodies were purified by INSAF-
affinity column purification. A His6-tagged fusion protein of
INSAF was constructed using the pETlSb expression vector
(Novagen), and the INSAF protein was purified under dena-
turing conditions using the QlAexpress (Qiagen) protein pu-
rification system. An affinity column of purified INSAF was
then prepared using an aminolink coupling gel matrix (Pierce).
Affinity-pure INSAF antibodies were eluted from this column
using a high-salt buffer (5 M LiCl, 10 mM phosphate [pH 7.6]).
The INSAF antibodies were dialyzed overnight against phos-
phate-buffered saline (PBS)-azide (NaN3 0.05% [wt/vol]) and
were concentrated using Centricon-100 miniconcentrators
(Amicon). The affinity-pure antibody was then mixed with
bovine serum albumin (100 pug/ml), and immunoreactivity and
specificity were verified by Western blot (immunoblot) analy-
SiS.
DNA-binding assay. A dimer 32P-labeled probe (50,000

cpm/ng; 0.5 ng) containing rat insulin II ICE sequences from
-104 to -86 (5'-TCTGGCCATCTGCTGATCCTCTGGCC
ATCTGCTGATCC-3') was incubated with protein extract.
Lysed bacterial extracts were prepared from control and
pET3b/6-1 (INSAF)-transformed BL21(DE3)pLysS as de-
scribed elsewhere (46); the INSAF protein was resuspended
from the insoluble fraction of cells in 25 mM Tris (pH 8) and
1 mM EDTA. Binding reactions were conducted with 80 ,ug of
bacterial protein containing 20 mM HEPES (pH 7.9), 200 mM
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KCI, 4 mM MgCl2, 1 mM EGTA [ethylene glycol-bis(p-
aminoethyl ether)-N,N,N',N',-tetraacetic acid], 1 mM dithio-
threitol, 4% Ficoll-400, 2 ,ug of single-stranded calf thymus
DNA, and 1 ,ug of poly(dI-dC). The conditions for the
competition analyses were the same, except that the specific
and mutant dimer ICE competitor DNAs were included in the
mixture (in the amounts detailed in the figure legends) prior to
the addition of the protein. Extracts from 1TC-3 cells were
prepared, and the binding reactions were conducted as de-
scribed elsewhere (54). Experiments to investigate the effect of
the a-INSAF antibodies on the 1-cell gel shift complexes were
conducted using PBS (pH 7.4)-200 mM KCl-5% glycerol
(vol/vol)-100 jig of single-stranded calf thymus DNA per
ml-100 ,ug of poly(dI-dC) per ml. The 32P-labeled probe was
added immediately after the addition of the antibody to the
extract. The reaction mixtures were incubated for 1 h on ice,
and the complexes were resolved by electrophoresis through a
4% polyacrylamide gel.
Immunoblot analysis. The Qiagen nickel column-purified

His6ITF-1 protein was analyzed by Western blot analysis using
polyclonal a-E12/E47 antiserum and ao-INSAF affinity anti-
body. The His6ITF-1 protein was fractionated on a 10%
polyacrylamide gel (in the amounts detailed in the figure
legends), transferred to Immobilon P, and probed with anti-
body. INSAF or ITF-1 antibody binding was detected using
biotinylated swine anti-rabbit sera and peroxidase-labeled avi-
din-biotin complex (Dako). The antibody complex was visual-
ized by incubating with the peroxidase substrate 3,3' diamino-
benzidine (DAB; Sigma).

Immunoprecipitation. Immunoprecipitation reactions were
performed with S jil of reticulocyte lysate-translated 35S-
labeled proteins using a modification of the procedures de-
scribed by Benezra et al. (5). In vitro-translated INSAF and
E12R proteins were incubated either together or separately for
1 h at 37°C prior to the addition of antibody. The affinity-
purified a-INSAF antibodies and a-E12/E47 antiserum were
then added to 150 ,il of buffer (10 mM Tris [pH 7.4], 250 mM
NaCl, 5 mM EDTA, 0.25% Nonidet P-40) and 20 jil of
Affi-Gel protein A (Bio-Rad), and the mixture was incubated
first for 30 min at 37°C and then for 1 h at room temperature.
The precipitates were washed three times in the buffer de-
scribed above and were then analyzed on 15% discontinuous
SDS-polyacrylamide gels as described previously (27). The gels
were fixed in 40% (vol/vol) methanol-7% acetic acid (vol/vol)
treated with Entensify (DuPont), dried, and autoradiographed.

Immunocytochemistry. Cells were plated onto poly-L-lysine-
coated tissue culture glass slides at 7 x 106 cells per 2-cm slide
and fed every 2 days with culture medium. The compositions of
the respective culture media are as described for aTC-6 (20),
,BTC-3 (16), SKNMC (8), and HeLa cell lines (55). RASMC
cells were grown in Dulbecco modified Eagle medium contain-
ing 10% (vol/vol) fetal calf serum and 50 jig each of penicillin
and streptomycin per ml. ATCC CRL 1674 cells were grown in
Ham's F12K medium containing 10% (vol/vol) fetal calf serum
and 50 jig each of penicillin and streptomycin per ml. Three to
five days after plating, the cells were washed twice with L-15
saline (Gibco), fixed with a solution of 4% paraformaldehyde-
0.1 M sodium phosphate buffer, and rinsed twice with Tris-
saline (0.9% NaCl, 0.1 M Tris [pH 7.4]). The cells were then
incubated for 15 min in a solution of 0.3% Triton X-100-0.1%
goat serum in Tris-saline and were washed twice with Tris-
saline, blocked for 30 min with a 1:30 dilution of the goat
serum solution and then incubated for 16 h with either
ca-INSAF (1:1,000) or a-insulin (1:500 [Linco]) antiserum and
then washed twice with Tris-saline. The bound antibody was
detected by incubating the dishes for 30 min with a 1:50

dilution of goat-anti-rabbit biotinylated immunoglobulin G,
then by incubating with a 1:100 dilution of peroxidase-avidin
complex for 30 min, and finally by incubating for 6 min with
DAB (0.25 mg of DAB per ml, 0.01% hydrogen peroxide, 0.1
M Tris [pH 7.6]). The sections were dehydrated through
graded alcohols after DAB staining and were mounted with
Histoclad. The pancreases from adult CD-1 mice (Charles
River, Lexington, Mass.) were dissected, and the isolated islets
were fixed in 4% paraformaldehyde buffered to pH 7.4 with
PBS, embedded, sectioned, and stained with INSAF antiserum
(1:1,000) as previously described (35).

RESULTS

Isolation of INSAF. To isolate a cDNA encoding an ICE-
binding factor, we screened an oligo(dT)-primed Agtll cDNA
library constructed from the poly(A)-containing RNA isolated
from a human pancreatic insulinoma. This library was screened
by a modification of existing methods (43, 51) using a multi-
merized ICE-binding site oligonucleotide as a probe. This
isolation approach was undertaken despite the presence of this
protein in a heteromeric protein-DNA complex, since individ-
ual bHLH proteins can directly bind DNA (29, 30). Two
positive clones, designated 6-1 and 4-1, were isolated from a
primary screen of approximately 750,000 phage plaques. The
binding specificities of 6-1 and 4-1 were determined by screen-
ing plaque lifts using multimerized wild-type and mutant ICE
probes. Restriction endonuclease cleavage patterns and partial
nucleotide sequence analysis of the 4-1 cDNA insert indicated
that its sequence was identical to that of 6-1 (data not shown).
The 6-1 recombinant was chosen for further analysis. The 6-1
clone was renamed INSAF. All of the results described below
were conducted with this INSAF cDNA.
The INSAF clone contained a 2,622-bp insert. The largest

open reading frame within this clone could encode a protein of
744 amino acids (Fig. 1). However, there were no in-frame
termination codons and no consensus polyadenylation signal
within this reading frame. This clone is therefore presumed to
be missing a portion of its 3'-coding sequences. There were 390
bp of 5'-noncoding sequence within the INSAF clone. Overall,
the INSAF polypeptide is hydrophilic in nature; however,
there is a high concentration of hydrophobic amino acids
within its amino-terminal region. Almost two-thirds of the
amino acid residues within the first 110 amino acids of the
protein are nonpolar. INSAF contains no cysteines. There are
several potential sites of phosphorylation by cyclic AMP-
dependent kinase (amino acids 109 and 187), calmodulin
kinase II (amino acids 109 and 187), protein kinase C (amino
acid 334), glycogen synthase kinase-3 (amino acids 71, 109,
191, 201, 234, 246, 312, 582, and 634), and tyrosine kinase
(amino acid 566) within the INSAF polypeptide. Using the
method described by Altschul et al. (2), we compared our
protein and amino acid sequences with those in the various
databases at the NIH Genebank service and showed that
INSAF was a unique protein with two potential structural
motifs: a leucine zipper (between amino acids 1 and 61) and a
bHLH (between amino acids 214 and 280).
INSAF protein is capable of binding specifically to ICE

sequences. To express the INSAF protein in Escherichia coli,
the coding region from the 2.6-kb INSAF cDNA was sub-
cloned in frame into the pET3b vector described by Studier et
al. (46). Translation of the full-length INSAF cDNA in bacte-
ria resulted in one major protein product of approximately 80
kDa. The bacterially synthesized INSAF protein was examined
for binding to an ICE-radiolabeled probe by the electro-
phoretic mobility shift assay. A single major protein-DNA
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FIG. 1. Nucleotide sequence of INSAF and its predicted amino
acid sequence. The nucleic acid residues are numbered from the
nucleotide in the cDNA, and the amino acid residues are numbered
from the beginning of the long open reading frame.
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FIG. 2. Binding of bacterially synthesized INSAF to ICE se-
quences. (a) Binding of the INSAF protein was assayed from 80 ,ug of
E. coli extracts by the gel shift assay with a ICE probe containing two
copies of the rat insulin II gene sequences from -104 to -86. Lanes:
1, extract prepared from INSAF-expressing cells; 2, control extract.
The appearance of the INSAF-specific complex was also detected in
less than 10 ,ug of extract. (b) Competition analysis. Binding of the
bacterially synthesized INSAF protein to the wild-type ICE dimer
probe was analyzed at a 50-fold molar excess of unlabeled competitor
to probe. The competitors contained a single-site noncomplementary
transversion mutation at either bp -100 or bp -93. Competitors had
the same nucleotide length as the wild-type probe. Lanes: 1, no
competitor; 2, wild-type competitor; 3, mutant -93 competitor; 4,
mutant -100 competitor. The specific INSAF-DNA complex is de-
noted by the arrow, and the autoradiograph in panel b is overexposed
to show the absence of this specific complex. The faster-migrating
complexes are nonspecific bacterial complexes.

band was uniquely found in INSAF-expressing cell extracts
(Fig. 2a). The binding specificity of the protein(s) within this
complex was examined by analyzing the effect of wild-type and
mutant ICE competitor DNAs on complex formation. Previ-
ously, we demonstrated that point mutations within the ICE
bHLH binding site at bp -98, -97, -94, and -93 prevented
activator binding in vitro and function in vivo, whereas muta-
tions outside this region had little or no effect on activity (54).
Similarly, DNA containing the bp -93 mutation did not
compete with the wild-type probe for the unique protein-DNA
complex in INSAF-expressing cell extracts, whereas DNA
containing the bp -100 mutation, a functionally silent mutant,
competed as effectively as the wild-type competitor (Fig. 2b).
DNA containing the bp -97 mutation also did not compete
(data not shown). The properties of INSAF protein binding in
these competition experiments indicate that it interacts with
the ICE with a specificity similar to that of the endogenous
activator.
INSAF activates ICE-mediated expression. To determine

whether INSAF encoded a transcription factor that could
activate ICE-mediated expression, we analyzed the effect of
cotransfection of INSAF sequences upon the expression of
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FIG. 3. 3-cell-specific activation of ICE-driven activity by INSAF.
(a) Structures of INSAF and ICE expression plasmids. Human INSAF
cDNA sequences were cloned in both the sense (CMV INSAF[S])
and antisense (CMV INSAF[A]) orientations into the plasmid pCMV4
(3) as described in Materials and Methods. The open and hatched
boxes denote untranslated and translated INSAF mRNA sequences,

respectively. CMV, the immediate-early promoter region of the human
CMV; A, a segment of the alfalfa mosaic virus 4 RNA that contains a

translational enhancer; human GH, human growth hormone gene

sequences that encode transcriptional termination and polyadenyla-
tion signals. ICE-OVEC contains three copies of an oligonucleotide
containing rat insulin II gene ICE sequences from -102 to -87 (see
references 11 and 55). The orientations of the ICE inserts are

indicated by the arrows. (b) Autoradiogram of RNase protection
analyses. HIT T-15 and HeLa cells were transfected with 2 jig of
ICE-OVEC, either 8 ,ug of CMV INSAF[S] or 8 ,ug of CMV

INSAF[A], and 0.5 ,ug of an internal control plasmid, OVEC-REF.
RNA levels were analyzed as described in Materials and Methods. The
signals for the correctly initiated ICE-OVEC and OVEC-REF tran-

scripts are shown. (c) Fold activation of ICE-driven transcription by
INSAF. Relative amounts of correctly initiated transcripts were deter-
mined by densitometric scanning of the autoradiogram and were

normalized relative to the OVEC-REF internal control signal. Fold
activation is calculated as the ratio of densitometric units of signal
produced from ICE-OVEC in the presence of INSAF divided by the
units of signal produced in the absence of INSAF. NA, not applicable.

ICE-OVEC, a reporter plasmid which contains three copies of
the ICE inserted directly upstream of the rabbit (-globin
TATA box and coding sequences. We previously showed that
expression of ICE-OVEC is pancreatic 1B cell specific and
entirely dependent on the ICE (55). The INSAF cDNA was
cloned into the CMV enhancer-driven expression plasmid
CMV4, in both the sense and antisense orientations (Fig. 3a).
The INSAF mRNA expressed from this plasmid contains at its
5' end a segment of the alfalfa mosaic virus 4 RNA that
encodes a translational enhancer and at the 3' end the
transcription termination and polyadenylation signals from the
human growth hormone gene.
ICE-OVEC was introduced into insulin-producing (e.g.,

HIT T-15 [15]) and non-insulin-producing (e.g., HeLa) cell
lines by calcium phosphate coprecipitation with or without the
INSAF expression plasmids. ICE expression was normalized to
expression from a cotransfected simian virus 40 enhancer-
driven rabbit (-globin expression plasmid, OVEC-REF. The
results of a typical experiment are shown in Fig. 3b. Low levels
of activity are obtained from HIT T-15 cells transfected with
ICE-OVEC in the absence of CMV INSAF. This level of
ICE-OVEC expression is probably due to the endogenous
trans activator present in thisa cell line (55). A four- to fivefold
increase in ICE-driven (3-globin mRNA levels was observed in
INSAF[S] transfected HIT T-15 cells relative to those that
were transfected with ICE-OVEC alone or with INSAF[A]
(Fig. 3c). In contrast, INSAF[S] had no effect on ICE-OVEC
activity in HeLa cells. Similar results were obtained upon
transfection of these sets of plasmids into one other insulin-
producing (ITC-1 cells [16]) and two non-insulin-producing
cell types (baby hamster kidney and NIH 3T3 cells) (data not
shown). To further address the question of the specificity of the
INSAF effects, CMV INSAF[S] was cotransfected with mutant
ICE-reporter plasmids. ICE mutations that inhibited the abil-
ity of the cellular activator to stimulate ICE transcription in ,B
cells also prevented INSAF-mediated activation, whereas IN-
SAF stimulated transcription driven from silent ICE mutation
expression plasmids (data not shown). We conclude from these
results that INSAF can specifically interact and activate ICE-
mediated transcription in 13 cells.
We considered that the inability of INSAF to trans activate

ICE-mediated expression in non-insulin-producing cells may
be due to a negative regulator(s) of ICE activity (55). To test
whether the repression was specific to INSAF activation or of
a more general type, we analyzed the effect of a number of
bHLH activators on ICE-mediated expression. ICE-OVEC
was transfected into HeLa cells, either alone or with plasmids
expressing the following bHLH proteins: MyoD (a skeletal
muscle-specific activator [14]), ITF-1 (a ubiquitously distrib-
uted E47-like factor [23]), and TFE3 (a generally distributed
factor that contains leucine zipper motifs adjacent to its bHLH
region [4]). All of these factors bind to ICE sequences in vitro
(12, 54). As shown in Fig. 4, ICE-mediated expression was
stimulated in HeLa cells cotransfected with the MyoD and
ITF-1 expression plasmids. MyoD and ITF-1 can also activate
ICE-OVEC expression in HIT T-15 cells (data not shown).
Although MyoD is uniquely expressed in skeletal muscle cells,
this protein has been shown to activate expression in nonmyo-
genic cell types in transient expression assays (50). No activa-
tion was observed from either the INSAF or the TFE3 protein.
The inability of TFE3 to activate may reflect its relatively weak
binding to the ICE in vitro (data not shown). It is not yet
known why the stimulatory activity mediated by INSAF in 13
cells is blocked in HeLa cells. However, it appears to be a
general property of non-insulin-producing cells, since ICE-
mediated expression was not activated by INSAF when assayed
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in other mammalian cell lines that do not produce insulin (data
not shown).

Id inhibits trans activation by INSAF. The stimulation of
ICE-mediated expression by the endogenous ,-cell activator
can be inhibited by Id, a negative regulator of bHLH function
(11). This HLH protein lacks a basic region but can form stable
protein-protein heterodimers with E12 and E47/ITF-1 through
its HLH domain (5). However, since Id lacks a basic DNA-
binding region, these heterodimers are unable to bind DNA
and activate transcription. To determine the effect of Id on
INSAF-dependent activation, HIT T-15 cells were cotrans-
fected with the ICE-OVEC reporter plasmid, CMV INSAF[S],
and either an Id sense (E:Id[S]) or an Id antisense (E:Id[A])
expression plasmid (Fig. 5). INSAF alone stimulated ICE-
OVEC expression approximately fourfold. This activity was
unaffected by cotransfecting the E:Id[A] expression plasmid
along with CMV INSAF[S]. However, cotransfections with the
E:Id[S] plasmid significantly repressed INSAF-mediated activ-
ity. These results indicate that Id inhibits the activity of INSAF.
We believe that this is a consequence of direct competition
between Id and INSAF for limiting amounts of E2A gene
products present in these cells. These results are consistent
with the possibility that the ICE activator is a heteromer of
INSAF and these E proteins.
INSAF and E12 form a heteromeric complex. To determine

whether INSAF and E12 can form heteromers, immunopre-
cipitation assays were performed with antibodies to the INSAF
or the E2A proteins. These antibodies were used to immuno-
precipitate 3S-labeled proteins from reticulocyte lysates pro-
grammed with E12 and INSAF mRNAs. RNAs prepared from
E12 and INSAF cDNAs were separately translated in lysate
containing [35S]methionine. The products were analyzed either
directly on SDS-polyacrylamide gels or after immunoprecipi-
tation with a-INSAF or a-E12/E47 antiserum.

Several labeled protein products were obtained upon trans-
lation of INSAF RNA, possibly because of premature termi-
nation during in vitro translation (Fig. 6). The major polypep-
tides are 80, 59, 52, 42, and 38 kDa. E12 RNA directed the
synthesis of a major polypeptide species of 50 kDa, which is the
bona fide E12 translation product; the 68-kDa protein is
presumably a fusion protein of E12 and plasmid-coding se-

+ INSAF + ld[S]

+ INSAF + ld[A]

+ INSAF

Relative

A c t i v i t y

1.0

1.7 +/- 0.4

4.2 +/- 0.5

4.5 +/- 0.5

FIG. 5. Id inhibits INSAF-dependent trans activation. HIT T-15
cells were cotransfected with 2 ,ug of ICE-OVEC, 5 ,ug of CMV
INSAF[S], 0.5 ,ug of OVEC-REF, and 5 ,ig of an expression plasmid
with the Id cDNA cloned in either the sense (Id[S]) or antisense
(Id[A]) orientation. The signals for the ICE-OVEC and OVEC-REF
transcripts were determined by RNase protection analyses. Relative
amounts of correctly initiated transcripts were determined by densito-
metric scanning of the autoradiogram and were normalized relative to
the OVEC-REF internal control signal. The data are means ±

standard errors relative to the sample with ICE-OVEC alone from
four separate experiments.

quences. E12 and INSAF proteins are readily resolvable on
SDS-polyacrylamide gels. The antibody recognizing the E2A
proteins precipitated the 80-, 59-, 52-, 42-, and 38-kDa INSAF
translation products in an E12-dependent fashion when the
two translation reactions were combined (Fig. 6a; compare
lane 3 with lanes 2 and 4). This antiserum is specific, as

demonstrated by the inability of ot-E12/E47 antiserum to
immunoprecipitate the INSAF RNA translation products di-
rectly. In addition, the a-E12/E47 preimmune serum did not
recognize either E2A gene products or INSAF (data not
shown). Heteromerization between the INSAF translation
products and the 50-kDa E12 protein was also detected using
affinity-purified antiserum to INSAF (Fig. 6b). The amounts of
E12 and INSAF that were immunoprecipitated in these reac-
tions were low, suggesting that protein-protein dimerization in
vitro between E12 and INSAF is relatively inefficient. How-
ever, these results also indicate that INSAF can heteromerize
with E12 and are entirely consistent with the reports demon-
strating that proteins antigenically related to the E2A gene
products are contained within the ICE activator complex (11,
18, 42).
INSAF is a component of the ICE-activator factor complex.

To determine whether INSAF-like proteins are part of the ICE
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FIG. 6. INSAF coimmunoprecipitates with E12. INSAF and E12
proteins were produced in reticulocyte lysates in the presence of
[35S]methionine with E12R and INSAF mRNAs. Aliquots of the
INSAF (lane 4 in panel a and lane 3 in panel b) and E12 (lane 5 in
panel a and lane 4 in panel b) translation reaction mixtures were
applied directly to an SDS-polyacrylamide gel or were immunoprecipi-
tated with a-E12/E47 or a-INSAF antiserum as described in Materials
and Methods. INSAF affinity antibodies did not cross-react with ITF-1
(Fig. 8b). (a) Immunoprecipitation with a-E12/E47 antibody. The
translation reactions were programmed with RNAs derived from
INSAF (lane 1), E12 (lane 2), and INSAF plus E12 (lane 3). Boxes
denote the 80-, 59-, 52-, 42-, and 38-kDa INSAF translation products.
(b) Immunoprecipitation with a-INSAF affinity antibody. The trans-
lation reactions were programmed with INSAF plus E12 (lane 1) and
INSAF (lane 2) RNAs. Asterisk, the 50-kDa E12 translation product.

activator complex in ,B cells, we tested the effect of INSAF-
specific antiserum on the gel mobility shift complexes formed
with 13 extracts. Binding experiments were performed with a
32P-labeled wild-type ICE probe and extracts prepared from
1TC-3 cells, a mouse pancreatic 1B cell line (16). There are two
ICE-binding complexes formed under these conditions, corre-
sponding to the activator and the A complex (54). The
activator complex appears to be restricted to pancreatic ot and
13 cell lines (38), whereas the A complex is more generally
distributed (54). Incubation with anti-INSAF affinity antibody
reduced the levels of the ICE activator complex (Fig. 7;
compare lanes 1 and 3). By contrast, this antiserum had no
effect on the formation of the generally distributed A complex
(Fig. 7) (54). However, neither preimmune nor denatured
INSAF antibody preparations affected the levels of activator
complex (Fig. 7). The reaction of the INSAF affinity antibodies
with the ICE activator complex could also be demonstrated by
running a 1-cell extract preparation over an immobilized
ot-INSAF antibody affinity column. Under these conditions, the
INSAF antibody specifically retained the ICE activator com-
plex present in the 1TC-3 extracts loaded onto the column
(data not shown).
The ability of our INSAF affinity antibody to abolish forma-

tion of the ICE activator may have resulted from cross-reaction
between the INSAF antibodies and the ubiquitously expressed
E2A proteins (e.g., E12, E47, or ITF-1) present in this
complex. Each member of the E2A family of proteins shares
regions of homology, especially within their carboxy terminal
bHLH domains (23, 30). To determine whether INSAF anti-
bodies recognized epitopes in these proteins, a full-length
His6-tagged ITF-1 fusion protein was synthesized in bacteria

1 2 3 4

FIG. 7. Affinity-purified ot-INSAF antibodies can reduce the for-
mation of the ICE activator gel shift complex. DNA binding analysis
was performed with ,BTC-3 cell extracts as detailed in Materials and
Methods. Lanes: 1, extract alone; 2, extract incubated with preimmune
antibody; 3, extract incubated with ot-INSAF antibody; 4, extract
incubated with denatured ot-INSAF antibody.
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FIG. 8. ot-INSAF antibodies do not react with the ITF-1 protein.
Western blot showing that the ot-INSAF antibody does not cross-react
with the ITF-1 bHLH protein. Affinity-purified His6ITF-1 protein was
fractionated on a 10% polyacrylamide gel, transferred to Immobilon P,
and probed with antibody. Lanes: 1, silver staining of 3 ,ug of
affinity-purified His6ITF-1 protein; 2, 3 p.g of affinity-purified
His6ITF-1 protein reacted with antiserum to E12/E47; 3, 4, and 5, 3,
7.6, and 15 ,ug, respectively, of affinity-purified His6ITF-1 protein
reacted with the affinity-purified INSAF antiserum; 6, crude bacterial
lysate containing the INSAF protein (22 ,ug) reacted with antiserum to
INSAF. The major product corresponds to the correctly sized 66-kDa
His6ITF-1 protein; however, the smaller products are also detected
with the antiserum to E12/E47. The at-INSAF antibody reacts in crude
bacterial lysates with the 80-kDa INSAF protein (labeled). The
lower-molecular-mass protein is due to a cross-reaction between the
second antibody and an unknown protein in the bacterial extract.
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FIG. 9. Immunostaining analysis of INSAF expression. (E
is localized in the nuclei of pancreatic a and 1B cells. 1, ,1I
immunostained with ox-INSAF antiserum. Note specific nucl
ing. 2, ,BTC-3 cells immunostained with insulin antiserum.
tomicrograph illustrates the localization of immunoreactive p
the cytoplasm. 3, 4, and 5, aTC-6 cells immunostained with
affinity, insulin, and glucagon antisera, respectively, demc
nuclear staining to INSAF protein in a non-insulin-expressing
Bar, 10 pLm. (b) Various nonislet cell types lack INSAF imm
ing. HeLa cells (panel 1), RASMC aorta smooth muscle cells
SKNMC neuroblastoma cells (panel 3), and CRL-1674 p
exocrine cells (panel 4) were incubated with at-INSAF antiser

and purified by nickel column affinity chromatography. The
only protein-staining bands detected after chromotography
reacted with aE12/E47 antiserum, which indicated that this
protein was essentially purified to homogeneity (Fig. 8). How-
ever, there was no detectable recognition of the ITF-1 protein
when up to 15 p.g of the purified protein was assayed with
a-INSAF antiserum by Western blot analysis (Fig. 8). In
contrast, the oa-INSAF antiserum reacted to the 80-kDa IN-
SAF protein (Fig. 8). INSAF antisera also did not recognize
epitopes on the E2A (E47 or ITF-1) proteins present in
E2A-ICE-binding complexes (data not shown). Thus, we con-
clude that the a-INSAF affinity antibodies recognize the ICE
activator complex as a result of the recognition of epitopes
unique to the INSAF protein. These results appear to indicate
that INSAF or an antigenically related protein is found within
the ICE activator gel shift complex.
INSAF is a nuclear protein expressed only in pancreatic

islet a and j cells. The expression and localization of the
- INSAF protein were examined by immunohistochemical anal-

yses using various cell lines, including a mouse pancreatic islet
,B cell line, ,TC-3 (16); a mouse pancreatic islet a cell line,
aTC-6 (20); a rat pancreatic exocrine cell line, ATCC-
CRL1674; a rat aorta smooth muscle cell line, RASMC (41); a
human neuroblastoma cell line, SKNMC (8); and HeLa cells.
The INSAF protein was detected only in the pancreatic islet a
and ,B cell lines (Fig. 9a and b). Furthermore, the staining with
antiserum to INSAF was localized within the nuclei of ITC-3
and aTC6 cells, whereas insulin and glucagon staining was
detected only in the cytoplasm of these cells (Fig. 9a and b).
INSAF-specific nuclear staining was also detected in HIT T-15
cells (data not shown). The levels of the ICE activator present
in a mobility shift experiment using HIT and aTC-6 cell
extracts were also affected by the at-INSAF antiserum (data not
shown). INSAF nuclear staining was also detected in isolated
mouse pancreatic islets (Fig. 9c). INSAF immunostaining was

* uniformly distributed within the islet but was absent from the
acinar cells surrounding the islet. Since the islet is predomi-
nately composed of a (approximately 20%) and ,B (approxi-
mately 75%) cells, these results indicate that INSAF is a
nuclear protein present in at least two developmentally related
islet cell types, a and P cells.

DISCUSSION
Pancreatic 3-cell-type-specific expression of the insulin gene

depends on regulation mediated by its enhancer. There are a
number of distinct DNA sequence elements within the en-
hancer that are important for expression in 1B cells (for a
review, see reference 44). Characterization of the insulin gene
enhancer region indicates that cell-type-specific transcription
can be recapitulated in cell culture with reporter constructs
driven by subregions of the insulin enhancer. These regions,
which lie between nucleotides -247 and -197 in the rat insulin
I gene and nucleotides -126 and -86 bp in the rat insulin II

- gene, contain sequence motifs in addition to the ICE that act

a) INSAF in synergy to give a ,B-cell-specific enhancer effect. These same
MC-3 cells cis-acting sequences also appear to mediate, at least in part,
[ear stain- the induction of insulin gene transcription by glucose (19, 40).
The pho- These results suggest that selective and inducible transcription
)roduct in
a-INSAF
)nstrating
cell type.
unostain-
(panel 2),
)ancreatic
uum. Bars,

8 ,um for panel 2 and 10,um for panels 1, 3, and 4. (c) Photomicrograph
illustrates the immunohistolocalization of INSAF in islet cells of adult
mouse pancreas. Bar, 20 p,m. Note that the immunoreactive staining is
localized to the nuclei of islet cells and that the exocrine cells
surrounding the islet are unstained.
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FIG. 10. Amino acid sequence comparison of INSAF with other HLH proteins. Amino acid sequence alignments were made to maximize
homology within the bHLH region. The shaded amino acids are conserved among bHLH proteins. Amino acids D and E are acidic, amino acids
R and K are basic, and amino acids A, C, V, I, L, M, F, Y, and W are hydrophobic. The positions of the basic and the putative amphipathic helical
regions within these proteins are indicated (14, 29, 33). Sequences have been taken from human c-Myc (7), mouse MyoD (14), human E12 and
E47 (29), human ITF-1 (23), and mouse Id (5).

of the insulin gene is regulated by a protein that binds to the
ICE sequence. In the present study, we have cloned and
characterized the gene (cDNA) encoding INSAF, which ap-
pears to act as a positive regulator of ICE-mediated activity.
The INSAF protein was isolated from a human insulinoma

cDNA library as a consequence of its ability to bind specifically
to a concatamerized ICE probe. We have shown that INSAF
stimulated ICE-driven expression in transfected 1 cells and
that activation was inhibited by a negative regulator of bHLH
protein activity, Id. INSAF can also participate in specific
protein-protein interactions with the ubiquitous bHLH pro-
tein, E12, a factor present in the endogenous 1-cell activator
factor-ICE DNA complex (11, 18, 42). Using affinity-purified
INSAF antibodies, we have also found that the INSAF protein
or an antigenically related protein is present in the ICE
activator present in ,B cells. The nuclear localization of INSAF
staining in islet ot and 13 cells is also consistent with the cellular
distribution of the ICE activator.
The ICE activator appears to be a complex composed of

INSAF and the ubiquitous E2A proteins. We expected that the
INSAF protein would contain a well-defined bHLH motif,
since this region is involved in protein-protein interactions and
DNA binding. The HLH domain is composed of two peptide
segments capable of forming amphipathic ot helices connected
by a nonconserved loop region and is required for E2A protein
association (29, 30). The basic region is amino terminal to the
HLH domain and is necessary for DNA binding. The region
between amino acids 214 and 280 of INSAF has some similar-
ity to the bHLH regions of a number of proteins in the bHLH
family, such as c-Myc, MyoD, E12, E47, and ITF-1 (Fig. 10) Id,
the negative regulator of bHLH proteins, also shows some
similarity to INSAF within its HLH domain. However, there
are some key amino acid differences between the bHLH region
of INSAF and the bHLH proteins listed. The potential basic
region of INSAF contains only three conserved residues, and
the potential HLH region of INSAF contains only three
conserved residues in helix 1 and five conserved residues in
helix 2. Presently, we are determining whether this region is
important in INSAF-E12 interactions and ICE binding. It is
possible that a region distinct from amino acids 214 to 280 of
INSAF, such as the potential leucine zipper region identified
from amino acids 1 to 61 at the N terminus of INSAF, is

involved in E2A protein binding, since the myogenic bHLH
activators have been shown to interact through their bHLH
region with the c-Jun protein, a factor in the basic leucine
zipper family (6, 28). Interestingly, c-Jun also appears to
interact with proteins involved in ICE activation (22).
INSAF stimulated ICE-dependent expression only four- to

fivefold in HIT T-15 cells (Fig. 3). We are uncertain why the
levels of activation were low. It may be that the carboxy-
terminal sequences encoded by the missing INSAF 3' cDNA
sequences are important in trans activation or that the human
INSAF transcription factor does not function effectively in
rodent 1 cell lines and/or that the levels of the transfected
INSAF factor are only partially limiting in our assay systems.
Another possibility is that INSAF is not the bona fide tran-
scriptional regulator but is antigenically and functionally re-
lated to it. Park and Walker (34) have reported that a 25-kDa
protein is also a potential heteromeric partner of the E2A
protein in a hamster 1 cell line. INSAF and this protein may
represent a family of proteins binding to the ICE. Further-
more, since INSAF activated ICE-mediated expression only in
13 cells (Fig. 3) and this ICE-mediated expression is negatively
regulated in non-insulin-producing cells (55), we considered
that a factor present in these cells may prevent activation from
the ICE. However, both MyoD and the general bHLH activa-
tor, ITF-1, stimulated ICE-mediated expression in non-insulin-
producing cell lines (Fig. 4). These results suggest that INSAF
activation is specifically blocked in non-insulin-producing cells.
The 13-cell-specific trans-activation pattern of INSAF may
indicate that its activity is regulated either through a posttrans-
lational modification(s) and/or by a coregulator.
We detected a uniform distribution for INSAF in the nuclei

of cells within the core of the adult mouse islet but not in the
acinar cells of the exocrine pancreas. The islet is composed
mainly of ot and 13 cells, and we detected nuclear staining for
INSAF in both of these cell types. The expression of INSAF in
ct cells could be related to the developmental history of
pancreatic islet cells in vivo. The mouse pancreas develops
from the embryonic gut beginning at day 10 of gestation
(embryo day 10 [37]). Cells containing glucagon are first seen
at embryo day 10, and cells containing insulin also differentiate
at this time (1, 37, 49). The other two islet-specific hormones,
somatostatin and pancreatic polypeptide, appear in pancreatic
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cells at embryo day 16 and birth, respectively (47, 48). During
islet cell development, precursor cells express multiple pancre-
atic hormones (1). The presence of INSAF in an a cell line
suggests that this factor is induced in precursor cells at embryo
day 10, possibly along with the transcription factors that are
required for glucagon expression. The observation that tran-
scription factors that are required for glucagon expression are
also present in cloned Pi cells lines (36) is consistent with this
proposal.
The lack of insulin gene expression in a cells appears to be

due, at least in part, to the absence of other essential transcrip-
tional activator factor(s); however, it is possible that negative
regulatory factors are also important in control (38). Since the
function of the ICE appears to be conserved among all
mammalian insulin genes, these results indicate that transcrip-
tion of the insulin gene cannot be induced by the ICE activator
alone but instead appears to be mediated by the combined
action of this factor and other transcriptional regulators inter-
acting with the insulin gene enhancer. Interestingly, proteins
essential for muscle cell differentiation are also present in
muscle progenitor cells but in a form unable to stimulate the
muscle-specific regulatory cascade (52). The transcriptional
activation properties of these muscle-specific regulatory factors
appear to be limited in these cells by the expression of
dominant-negative regulators of bHLH function, such as Id (5)
and c-Jun (6, 28). A future objective will be to define how
INSAF-mediated activation is regulated ina cells.
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