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Individual Protein-Binding Domains of the Insulin Gene Enhancer
Positively Activate 3-Cell-Specific Transcription

OLOF KARLSSON,' MICHAEL D. WALKER,2 WILLIAM J. RUTTER,3 AND THOMAS EDLUND1*
Department of Microbiology, University of Umea, S-901 87 Umea, Sweden'; Department ofBiochemistry,

Weizmann Institute of Science, Rehovot 76 100, Israel2; and Hormone Research Institute,
University of California, San Francisco, California 941433

Received 11 July 1988/Accepted 31 October 1988

A 0-cell-specffic enhancer is located in the 5'-flanking DNA of the rat insulin 1 gene. Two homologous
8-base-pair sequences in the enhancer (IEBI and IEB2) significantly stimulated transcription from a
heterologous promoter (two- to fourfold) in a cell-specific fashion. When the elements were combined or
duplicated, more than 50% of the activity of the intact enhancer was obtained. These two cis-acting elements
appear to play a dominant role in the positive control of ,8-cell-specific transcription of the insulin gene.

Transcriptional enhancers are composed of a number of
repetitive sequence domains which bind sequence-specific,
trans-acting proteins (reviewed in references 12 and 25).
However, it has proven difficult to analyze the function of
the individual domains because of the redundancy of en-
hancers: individual domains can be deleted or mutated
without significantly affecting overall activity. To address
this issue, the activity of a single domain as either a single
copy or a tandem repeat can be tested. In the case of viral
enhancers and inducible enhancers, this leads to regenera-
tion of a significant proportion of the original enhancer
activity (3, 13, 24). For cell-specific enhancers, short DNA
fragments containing more than one protein-binding site
have in several instances been shown to display cell-specific
activity when multimerized in the presence of viral enhancer
elements (5, 11, 21, 27). However, very few reports have
thus far documented the ability of a single binding domain
from a cell-specific enhancer to activate cell-specific expres-
sion in the absence of other enhancer elements from viral or
cellular genes (22). It is therefore not yet clearly established
whether cell-specific transcription results from the activity
of a single element with intrinsic cell-specific activity or from
a combinational effect of several elements.
We have recently shown that the two most mutationally

sensitive regions of the insulin enhancer (4, 9, 26) interact
with proteins, including an apparently p-cell-specific protein
designated IEF1 (19, 20). This prompted us to test whether
these two sequences alone possessed cell-specific enhancer
activity or whether multiple protein-binding domains are
needed for 3-cell-specific activity.

Individual IEF1 binding domains of the insulin enhancer
can enhance the activity of a heterologous promoter. The two
domains designated insulin enhancer boxes 1 and 2 (IEB1
and IEB2), located at positions -104 to -111 and -231 to
-238, respectively, have an 8-base-pair (bp) homology,
GCCATCTG (Fig. 1). Insulin enhancer sequences (10 bp
each) encompassing IEB1 and IEB2 were synthesized as
complementary oligonucleotides with a protruding 4-base
overhang to permit insertion at BamHI or BgIII restriction
enzyme sites. These sites are located upstream of the
thymidine kinase (TK) promoter in an expression vector
(pOK2, Fig. 1) containing the gene encoding chlorampheni-
col acetyltransferase (CAT) (6). When these constructions
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were introduced into HIT cells (an established hamster
P-cell line [23]), CAT activity was increased two- to fourfold
compared with that observed for the control plasmid pOK2
(Fig. 2, constructions 1, 4, 5, 7, and 8). Positioning of the
domains at the BamHI site (immediately adjacent to the TK
promoter) or at the BglII site (22 bp further upstream) gave
essentially identical results, indicating that precise position-
ing was not essential for activity. When two copies of each
domain were inserted into the test plasmid, the activities
increased to 4.5-fold and 11.4-fold that of the control pOK2
plasmid (Fig. 2, constructions 6 and 9). The combination of
these two elements led to 8.5-fold enhancement (Fig. 2,
construction 10). A 5.4-fold enhancement could still be
observed when these two fragments were simultaneously
inserted in the inverted orientation (construction 11).
Enhancing activity of the IEF1 binding site is restricted to

insulin-producing cells. To determine whether the IEF1
binding sites act in a cell-specific manner, the activities of
the above constructions were analyzed in several cell types
which do not produce insulin. No enhancement was ob-
served in hamster fibroblasts (BHK cells) with any of these
constructions (Fig. 2), nor was any activity observed in CHO
or 3T3 fibroblast lines (data not shown). The IEF1 binding
sites were also shown to be active in an independently
derived insulin-producing cell line, JHP1 (14) (data not
shown). As a control for the sequence specificity of the
enhancing activity of these elements, we used a 17-bp
synthetic DNA fragment (CCAAT fragment) that is identical
to the IEB1 fragment except for the insertion of an A/T pair
(Fig. 1). This mutation reduces the activity of the otherwise
intact insulin 5'-flanking sequence approximately 10-fold in
HIT cells (9). The mutant sequence (GCCAATCTG) inter-
acts in vitro with a protein distinct from IEF1 and present in
a variety of cell types (20). The protein may be related to the
widely distributed CCAAT-binding transcription factors/nu-
clear factor I (CTF/NF-I), since the mutant sequence closely
resembles a CCAAT upstream promoter element (8). The
construction carrying two copies of this mutant sequence did
not show any increase in CAT activity compared with the
pOK2 control in the two cell lines used (Fig. 2, construct 12).
To demonstrate that enhancers can work effectively in the
fibroblast lines used, we tested the ability of the Moloney
murine sarcoma virus (MSV) enhancer, known to be active
in a wide range of cell types (4, 10), to activate the TK
promoter of pOK2. As expected, the MSV enhancer showed
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FIG. 1. Construction of plasmids for testing enhancer activity of
individual domains. The upper portion of the figure illustrates the
position of the enhancer and the IEB1 and IEB2 sequences within the
5'-flanking DNA. The lower portion of the figure shows the sequences
of the oligonucleotides used (top strand only). Oligonucleotides
encompassing the IEB1 and IEB2 sequences and containing flanking
sequences corresponding to the recognition sites for the enzymes
BamHI (Ba) and BgII (Bg) were inserted into pOK2, a CAT test
plasmid. pOK2 is a pUC18-based plasmid which contains the cat gene
linked to simian virus 40 splice and polyadenylation signals, the TK
promoter (TKp) region (-109 to +51) (15), and a polylinker sequence
containing multiple unique restriction enzyme recognition sites
(BamHI, BgIllI, XbaI, and Sall). The sequences of the synthetic DNA
fragments tested for enhancer activity are shown at the top of the
figure (top strand only). Capital letters correspond to insulin enhancer
sequences, and the underlined nucleotides indicate sequence homol-
ogy between IEB1 and IEB2. The asterisk indicates the A residue
that was inserted into IEB1 to create a CCAAT sequence.
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FIG. 2. CAT activities directed by the TK promoter in the
presence of insulin and MSV enhancer sequences. The TK promoter
is indicated by the solid arrows, and the various enhancer DNA
fragments are shown by open arrows. The BamHI (Ba) and BglII
(Bg) sites used for insertion of fragments are indicated. The numbers
above the open arrows represent the nucleotide positions of these
sequences relative to the start site of transcription. The hatched
areas in construction 3 indicate mutated sequences within the insulin
enhancer: the sequence from -112 to -104 was changed from
5'-GCCATCTGC-3' to 5'-TAACGAGTA-3', and the sequence from
-241 to -233 was changed from 5'-CAGGCCATC-3' to 5'-ACT
TAACGA-3'. Activities were determined after transfection of HIT-
T15 M2.2.2 (4, 23) and BHK 21 cells and are expressed relative to
that of construction 1 (plasmid pOK2). Construction 3 carries the
insulin enhancer with mutations in both IEB1 and IEB2. Construc-
tion 13 carries the MSV enhancer. Transfection and enzymatic
assays were performed with an internally controlled system, based
on cotransfection of cat plasmids with pRSV-,B-gal, a P-galactosi-
dase expression plasmid, as described previously (4, 9). The num-

bers presented are the means of at least four independent DNA
transfections. In all cases, the standard error of the mean was <20o
of this value.
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FIG. 3. CAT activities directed by the TK promoter in the

0.5 presence of wild-type and mutant insulin enhancer sequences.
Construction 1 corresponds to plasmid pOK2. The numbers in

1.2 construction 2 correspond to nucleotide positions in the insulin
5'-flanking DNA. The hatched areas and the numbers in construc-

0.3 tions 3 and 4 indicate the positions of the mutated sequences in the
respective constructions. Sequences from -222 to -211 were
mutated from 5'-TTAATAATCTAA-3' to 5'-GGCCGCCGAGCC-

0.6 3'. Sequences from -241 to -233 were mutated as described in the
legend to Fig. 2. Transfection and enzymatic assays were performed

0.6 as described in the legend to Fig. 2.
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FIG. 4. Analysis of CAT transcripts from transfected HIT cells. (A) Total cellular RNA was extracted from cells following transfection
with the following constructions: lane 1, mock transfection; lane 2, construction 1; lane 3, construction 4; lane 4, construction 6; lane 5,
construction 9; lane 6, construction 12; lane 7, construction 2; lane 8, construction 2; lane 9, construction 13. In each case, 10 jig of the
construction being tested was mixed with 10 p.g of the plasmid p,B-CAT (containing 5'-flanking sequences of the rat 1-actin [Act) gene [16])
as an internal control. RNA was analyzed by RNase mapping (18) with a probe generated by the action of SP6 polymerase (see below). Lane
P contains the probe used for the analysis, and lane M shows radioactively labeled size markers. Sizes are shown on the left. (B) Predicted
protected fragments resulting from hybridization of SP6 polymerase-generated probe with cat transcripts from transfected cells. The probe
is 318 bases long. Transcripts initiating at the TK promoter and P-actin promoter should lead to protected fragments of 213 and 150
nucleotides, respectively. The band at 294 nucleotides probably results from readthrough (rt) from initiation sites in plasmid sequences
upstream from the TK promoter.

strong activity in both cell types (26-fold stimulation in BHK
cells and 16-fold in HIT cells) (Fig. 2, construction 13). In
parallel, a wild-type insulin enhancer fragment and a frag-
ment containing block replacement mutations (9) in both
IEB1 and IEB2 were inserted into the BglII site of plasmid
pOK2. The wild-type enhancer stimulated promoter activity
22-fold in HIT cells but not in BHK cells (Fig. 2, construc-
tion 2), while the mutated enhancer was inactive in both cell
types (Fig. 2, construction 3). Deletion of the TK promoter
from the constructions containing a single copy of IEB1 or
IEB2 led to complete loss of activity in the two cell lines
used (data not shown), demonstrating that these domains of
the insulin enhancer are themselves devoid of intrinsic
promoter activity and elevate transcription in these experi-
ments by activating the TK promoter.

Additional protein-binding sites potentiate the activity of the
IEB2 element. In DNase I protection experiments, most of
the -200 to -250 region is protected from cleavage by
nuclear extracts from HIT cells (19, 20). In addition to IEB2,
this region contains two other mutationally sensitive se-
quence blocks (-211 to -222 and -223 to -232). Mutation
of these sequence blocks results in an approximately three-
fold reduction of activity (9). The -199 to -252 sequences
were assembled by using eight oligonucleotides, and the
resulting synthetic DNA fragment was inserted at the BglII
site of plasmid pOK2. This construction (Fig. 3, construction
2) showed enhancement of the TK promoter selectively in
HIT cells (5.5-fold). Mutations in sequences -211 to -222
reduced the activity about twofold, whereas mutations in
sequences -233 to -241 essentially abolished enhancer
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activity (Fig. 2, constructions 3 and 4). This is in agreement
with the activities observed when these mutations were
introduced into an otherwise intact enhancer (9). Multimer-
ized copies of the proximal element (-210 to -230) were
also tested for activity but failed to activate the TK promoter
(activity was 0.7 times that of the wild-type TK promoter).
Since the proximal element by itself showed negligible
activity, it is not clear whether this element directly contrib-
utes to the cell specificity of the insulin enhancer or func-
tions merely as a potentiator to the juxtaposed IEB2 ele-
ment. A 60-bp minienhancer (Fig. 3, construction 5)
containing IEB1 and the -250 to -200 fragment displayed
60% of the activity of the intact enhancer, confirming the
competence of these sequences. When the IEB1 box of this
plasmid was replaced with a CCAAT box (Fig. 1), the
activity decreased to that of the -250 to -200 fragment
alone (Fig. 3, construction 6).
To confirm that the CAT activity measurements reflected

transcriptional events, we analyzed RNA isolated following
transfection of HIT cells by using an internally controlled
RNase protection assay (18). The probe used spanned 150
bases of the cat gene and 140 bases from the tk gene,
including 63 bases of transcribed sequences. This probe will
hybridize to cat transcripts initiating from the TK promoter
or the P-actin promoter (used as an internal control) to
generate protected fragments of 213 and 150 bases, respec-
tively (Fig. 4). The analysis was performed with construc-
tions 1, 2, 4, 6, 9, 12, and 13 (Fig. 2) and construction 2 (Fig.
3). The intensities of the protected bands (Fig. 4) indicate
that the levels of cat gene transcripts initiating correctly
from the TK promoter correspond with the CAT enzymatic
data. For example, the strongest bands resulting from initi-
ation from the TK promoter are observed in lanes 5, 8, and
9 (Fig. 4), corresponding to those constructions (9, 2, and 13,
Fig. 2) which produced the strongest CAT signals.
From the results presented here, we conclude that indi-

vidual protein-binding sites IEB1 and IEB2 of the insulin
enhancer can confer p-cell specificity on the intact TK
promoter. The combination of these two sequences, in the
absence of any other sequences from the insulin flank,
restores as much as 40% of the activity of the intact insulin
enhancer. It has been shown previously that these two
cis-acting elements are crucial for enhancer activity and that
they interact with protein factors (17, 20), including an
apparently cell-specific nuclear protein (IEF1 [20]). We
therefore infer that these elements are key determinants
positively controlling the cell specificity of the insulin gene
enhancer. This enhancer contains other elements of lesser
but still significant importance for activity which have also
been shown to interact with protein factors present in
whole-cell (17) and nuclear (20) extracts. One such mutation-
ally sensitive protein-binding region (-201 to -222), which
is located close to IEB2, shows no activity by itself but
clearly potentiates the activity of IEB2 in insulin-producing
cells. Furthermore, the fact that removal of sequences -113
to -199 from the intact enhancer (construction 5, Fig. 3)
resulted in less than wild-type activity (about 60%) suggests
some involvement of these sequences, consistent with the
weak but reproducible reductions observed on analysis of
mutations within this region (9). Thus, the rat insulin I gene
enhancer contains two major determinants which contribute
a significant part of the overall enhancing activity and
control the cell type preference and a second set of elements
whose precise function is not known. Possibly they stabilize
the interaction between IEF1 and other proteins of the
transcription apparatus.

These results, together with those obtained in other ex-
perimental systems (22), are consistent with the hypothesis
that cell specificity results from the activities of intrinsically
cell-specific DNA domains and their cognate factors rather
than from a combinatorial interaction of several elements,
each of which in isolation shows limited specificity. It may
be that other protein-binding domains of these two enhancer
elements also directly contribute to the cell type preference
of these enhancers, but due to their relatively low intrinsic
activity it is not possible to detect such activities in the
experimental systems used. This may be possible in more
physiological test systems, such as transgenic animals, in
which the ability of 5'-flanking DNA sequences from the rat
insulin gene to direct P-cell-specific expression has been
demonstrated (1, 7).
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