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Cell-Specific Expression of the Rat

Insulin Gene: Evidence for Role of
Two Distinct 5’ Flanking Elements

Thomas Edlund, Michael D. Walker
Philip J. Barr, William J. Rutter

The appearance and maintenance of
differentiated cell types in eukaryotic
organisms is largely attributable to char-
acteristic temporal and spatial patterns
of cell-specific gene expression. The
control of gene expression appears to be
exerted chiefly at the level of initiation of

regions of the human or rat insulin genes
were fused to CAT coding sequences;
such recombinants elicited high activity
when transfected into a differentiated
insulin-producing cell line, but showed
50 to 200 times less activity in other cell
lines. Likewise, recombinants contain-

Abstract. The 5' flanking DNA of the rat insulin I gene contains sequences
controlling cell-specific expression. Analysis of this region by replacement of specific
partions with nondiscriminatory control elements from viral systems shows that a
transcriptional enhancer is located in the distal portion of the 5’ flanking DNA; its
position has been mapped by deletion analysis. Additional experiments suggest that
another distinct regulatory element is located more proximal to the transcription
start site. The activity of both elements is restricted to pancreatic B cells. The
combinatorial effect of multiple control elements could explain the cell-specific

expression of insulin genes.

transcription (/). Previous studies in nu-
merous eukaryotic systems have re-
vealed the existence of two major classes
of cis-acting transcriptional control ele-
ments, promoters (2) and enhancers (3).
The promoter is an element located
proximal to the transcription start site
that is capable of initiating transcription;
its activity is relatively position and ori-
entation dependent. Enhancers are ele-
ments that stimulate initiation of tran-
scription by increasing the activity of
promoters within their domain; enhancer
activity is relatively position and orienta-
tion-independent. The distinct properties
of enhancers and promoters suggest a
fundamental difference in their mecha-
nism of action.

To study the mechanisms involved in
cell-specific gene expression we have
used the mammalian pancreas as a model
system. We showed earlier that differen-
tiated pancreatic cell lines selectively
express exogenous genes containing pu-
tative pancreas-specific control regions
fused to the coding region of a bacterial
reporter gene, chloramphenicol acetyl-
transferase (CAT) (4). The 5’ flanking
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ing the 5’ flanking regions of the rat
chymotrypsin gene displayed much high-
er activity in chymotrypsin-producing
tumor cells than in other cells. The re-
sults suggest that sequences within the 5’
flanking DNA function in selective gene
regulation in differentiated cells. Con-
sistent with this hypothesis, 5’ flanking
sequences of elastase (5) and insulin (6)
genes were recently shown by gene
transfer to mouse embryos to drive se-
lective expression of linked coding se-
quences in pancreatic exocrine and en-
docrine B cells, respectively, in adult
animals.

We have now further dissected the
control region of the rat insulin I gene by
selective deletions, and by promoter and
enhancer replacement experiments with
promiscuous control elements from viral
systems. For example, the insulin pro-
moter region was replaced with the her-
pes simplex virus thymidine kinase (TK)
promoter to further characterize the
properties of the upstream regions; anal-
ogously, the insulin upstream regions
were replaced by a viral enhancer de-
rived from Moloney murine sarcoma Vi-

rus (MSV) to study the characteristics of
the insulin promoter region. Our result
suggest that the cell specificity determi-
nants consist of at least two elements: an
upstream element that exhibits the prop-
erties of an enhancer, and another, pre-
viously unrecognized, control element
more proximal to the transcription start
site:

A convenient plasmid for enhancer
characterization. In the plasmid pTEI
(Fig. 1) transcription of the CAT gene is
controlled by the thymidine kinase pro-
moter (TK). About 600 bases upstream
from this promoter lies a polylinker; in-
terposed between the polylinker and the
promoter is a segment of pBR322 that
can be removed by appropriate restric-
tion enzyme treatment. The plasmid
pTE1 permits convenient testing of the
relative position- and orientation-depen-
dence of putative enhancers, as well as
simplifying deletion analysis.

As an internal control for variations in
the efficiency of uptake of DNA among
the different plates in a single experi-
ment, we constructed a plasmid (pRSV-
BGal) containing the gene coding for
Escherichia coli B-galactosidase con-
trolled by a powerful promiscuous pro-
moter, derived from the Rous sarcoma
virus (RSV) long terminal repeat (7).
Inclusion of an internal control plasmid
when using the CAT system permits
much more reliable comparison of differ-
ent CAT constructs (8); the standard
deviation of 22 percent we observed in
CAT activity measurements amorng du-
plicate plates was reduced to 8 percent
when activities were normalized using -
galactosidase measurements. Under the
experimental conditions used, we noted
no effects of the presence of the internal
control plasmid on CAT activity.

Continuous passage of some cell lines,
including the insulin-producing hamster
line (HIT-T15) (9) that we used previous-
ly, leads to significant loss in transfec-
tion competence, necessitating use of
relatively freshly thawed cells (10). In
the course of generating transformants of
HIT cells with the plasmid pSV2neo
(11), we isolated transformants whdose
transfection competence was considera-
bly more stable (up to 6 months in cul-
ture, rather than 4 to 6 weeks). We
therefore used one of these clonal lines
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(designated HIT-T15 M2.2.2) for the ex-
periments described below.

The insulin enhancer is cell-specific and
complex. A fragment of DNA containing
5’ flanking sequences (—410 to +51) of
the rat insulin I gene was inserted at
three different positions relative to the
TK promoter of pTEl: 5’ proximal, 5’
distal and 3’ (Table 1). In all cases CAT
activity was elevated in HIT cells but not
in fibroblasts. In contrast, the MSV en-
hancer was active in both cell types,
albeit at different levels. As with other
enhancers (/2), some effect of position
was observed with the insulin enhancer;
we found optimal enhancement of activi-
ty (42-fold) when this element was locat-
ed at the 5’ proximal position.

Two series of deletion mutants were
constructed and tested (Fig. 2). Since the
two series of deletion mutants are orient-
ed oppositely, the insulin enhancer activ-
ity operates in either orientation relative
to the TK promoter. In the 5’ series,
removal of sequences from —410 to
—249 resulted in relatively minor effects
on enhancer activity. However, further
deletion of sequences beyond —249
caused more substantial reduction. In
the 3' series, a dramatic reduction in
activity was seen when sequences be-
tween —103 and —150 were removed.
When a plasmid containing —103 to
—249 was constructed (/3) and assayed,
it showed 70 to 75 percent of full en-
hancer activity in either orientation adja-
cent to the TK promoter (Fig. 2, con-
structs 13 and 14). The mapping data
show that the enhancer activity is spread
over a region (—103 to —333) and that its
borders are not precisely defined. In-
deed, internal portions of the enhancer
element (—159 to —249), which showed
only low activity, stimulated full activity
when duplicated (/4), consistent with the
notion that the enhancer is a composite
element containing reiterated regions.
However, this composite structure is not
obvious from the DNA sequence.

We have tested the activity of the
insulin enhancer in a number of cell
types in addition to HIT and BHK cells.
In the insulin-secreting RI-9 cell line
[(derived from the rat insulinoma RIN
cell (I7)] 20- to 25-fold stimulation of
TK promoter activity was observed. In
contrast, no significant enhancement of
TK promoter activity was observed in
fibroblasts derived from hamster (CHO),
mouse (L), rat (XC) or monkey [COS
(15)], in rat epithelial cells [pancreatic
exocrine cells (AR4-2J) (16), or in pitu-
itary somatotrophs (GHs;)]. Therefore,
the activity of the insulin enhancer ap-
pears to be confined to insulin-producing
cells.
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An additional cell-specific control ele-
ment. The detection of insulin enhancer
activity upstream from —103 does not
eliminate the possibility that sequences
downstream from this position also play
an important role in cell-specific expres-
sion. Indeed, we previously observed a
striking sequence conservation not only
within the region of the enhancer but
also in the promoters of different mam-
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malian insulin genes (/8). Since removal
of the insulin enhancer results in unde-
tectable promotion of CAT activity, we
tested the properties of the downstream
region by replacement of the insulin en-
hancer with the MSV enhancer. The
activity of such recombinants (Table 2,
constructs 6 and 7) was measured in HIT
cells and BHK cells and compared with
similar recombinants containing the

Fig. 1. Structure of plasmid pTE1 and its use
for the identification and characterization by
deletion analysis of the enhancer element
within insulin 5’ flanking DNA. Plasmid pTE1
was constructed from pBR N/S (43) by incor-
porating the following elements, listed clock-
wise from the 12 o’clock position. (i) A 56-bp
polylinker sequence containing the following
sites: Eco RI, Cla I, Hind III, Xba I, Bgl II,
Pst I, Sal I, and Bam HI. (ii)) A 598-bp frag-
ment from the pBR322 Bam HI site (375) to
the Nru I site (972). (iii) The TK promoter
(TKp) region (—109 to +51) containing a
Bam HI site at the 5’ end and flanked at both
ends by Sac I sites. (iv) A 1634-bp fragment
containing CAT coding sequences linked to
SV40 splice junctions and polyadenylation
signals (44). (v) A 3390-bp pBR322 fragment
from the Nru I site (972) to the Eco RI site
(4361) containing the plasmid replication ori-
gin (ori) and B-lactamase gene (bla). The rat
insulin I (rInsI) —410 to +51 fragment
(hatched bar) was inserted in inverted orienta-
tion at the Hind III site within the polylinker
portion of the plasmid, generating plasmid 1.
The effect of distance and orientation on
enhancement was tested by deletion of the
Xbal (x) to Nrul (n) fragment (plasmid 2)
and inversion of the TK.CAT Bam HI (b)
fragment (plasmid 3). Plasmids containing de-
letions at the 5' terminus of the insulin —410

to +51 fragments were produced by successive treatment of plasmid 1 with Xba I, DNA
polymerase I (Klenow fragment), exonuclease 1II (exo III), nuclease S1, Nru I, and T4 DNA
ligase (plasmids 4 and S5). For 3’ deletions a similar procedure was followed with a starting
plasmid containing the rat insulin I gene fragment in orientation opposite to that of plasmid 1

(50).

Fig. 2. CAT activities  Construct ’ y . y " Deletion  Activity (%)
directed by the TK -400 -300 -200 -100 O

promoter in the pres- « DI 5\ - 410 100
ence of insulin 5’ !

flanking  fragments 2 < I -333 160
containing S’ and 3’ 3 <« I -287 92
deletions. The insulin a <« I -249 79
—410 to +51 fragment 5 « EEE— -219 22
was inserted in either o i — -159 8
orientation at the

Hind III site within 7 «+ m— -n3

the polylinker portion EEEEEE— ,

of plZsmid ppTEl. 8 > ¥A-103 171
Successive 5’ and 3’ 9 I =150 37
deletions of this frag- 10 I > -198 38
ment were produced I I > -249 3
as described in the 12 > -252 3
legend to Fig. 1. The

precise end points of 13 <« I -249/-103 74
these deletions, deter- 14 - -249/-103 71
mined by DNA se-

quencing, are indicat- 15 > K, only 2.5

ed in base pairs rela-
tive to the insulin cap

site. Activities were determined after transfection of HIT cells (46) and are expressed relative to
that of construct 1. Arrows indicate the relative location and transcriptional orientation of the
TK promoter in the 5’ and 3’ series of deletions. TK,, alone indicates the activity obtained after
transfection of HIT cells with plasmid pTE1.
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Table 1. Effects of insulin enhancer and MSV enhancer on TK promoter activity. Relative CAT
activities directed by the TK promoter in the presence of —410- to +51-bp rat insulin I gene
fragment or the MSV enhancer (—490 to —150) (19). These two fragments were inserted at the
polylinker portion of plasmid pTEl in opposite orientation to the TK promoter. The 600 bp

of pBR322 DNA which separated these frag-
ments from the promoter in the §' distal
configuration was removed by deleting the
Xba I-Nru I fragment to yield the 5’ proximal
configuration. The MSV and insulin frag-
ments were positioned at the 3’ end of the
CAT gene by either inverting the TK.CAT
Bam HI fragment or by the addition of these
fragments at the Bam HI site 3’ to the CAT
gene. All CAT plasmids were cotransfected
with pRSV-BGal and the CAT and B-galacto-
sidase activities were assayed in the cell ex-
tracts as described (4, 46). The CAT activities
are expressed relative to that of plasmid
pTEl.
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MSV enhancer and TK promoter (con-
structs 1 and 2), the MSV enhancer-
promoter (construct 3), the RSV en-
hancer-promoter (construct 4), and rat -
actin promoter (construct 5). The con-
structs containing the insulin promoter
displayed a substantial (approximately
tenfold) preferential expression in HIT
cells. These results are consistent with
the presence in the promoter region of an
additional element controlling cell-spe-
cific expression of the gene. This portion
of DNA contained little or no intrinsic
enhancer activity (Fig. 2, construct 7)
nor was it able to augment the activity of
the MSV enhancer on TK promoter (Ta-
ble 2, constructs 8 and 9).

In these experiments, the MSV en-
hancer fragment, although devoid of pro-
moter activity, exhibited an unexpected
degree of orientation dependence. This
may be due to the presence of a small
segment of mink genomic DNA at the 5’
end of the fragment used (/9) that could
interfere with the transmission of the
enhancer effect. Alternatively, some of
the sequences at the 3’ end of the en-
hancer fragment might complement an
intrinsic deficiency in the promoter func-
tion of the insulin fragment.

Primer extension analysis of CAT RNA.
Many of the constructions used to mea-
sure enhancement of the TK promoter
also contain insulin promoter sequences.
In such cases, we analyzed only con-
structions in which the orientation of the
insulin promoter was inappropriate for
CAT expression (Tables 1 and 2 and Fig.
2). Nevertheless, to confirm that expect-
ed transcription start sites were used and
that CAT activity determination in our
experiments reflected steady-state levels
of RNA, we analyzed cellular RNA after
transfection of HIT cells with CAT con-

Fig. 3. Analysis by primer extension of CAT
transcripts in transfected HIT cells (¢). The
autoradiograms represent data from primer
extension with RNA prepared from HIT cells
transfected with the following: (A) no DNA,
lane 1; pTEl, lane 2; pMSV.TK.CAT, lane 3;
and prins.TK.CAT, lane 4. The construct
pMSV.TK.CAT corresponds to construct 6 in
Table 1, and prins.TK.CAT corresponds to
construct 3 in Table 1 and construct 1 in Fig.
2. In addition, all constructs were cotransfect-
ed with pRSV.CAT as an internal control.
Arrows indicate the positions of the primer
extension products of RNA initiating at the
RSV (RSV,) cap site and at the TK cap sites
(TK,), respectively. The lanes marked ‘“M"’
display radioactive size markers. (B) No
DNA, lane 1; pRSV.CAT, lane 2; prinsCAT,
lane 3; and pMSV.Ins.CAT, lane 4. In prins-

.CAT (4) the CAT gene is controlled by the rat insulin I gene 5’ flanking DNA (—410 to +51). Lane M as in (A). pMSV.Ins.CAT corresponds to
construct 6 (in Table 2). The arrows indicate the predicted bands corresponding to use of RSV, TK, and insulin cap sites. The predicted hybrid
transcripts contain 71 bases of CAT gene sequence and either 36 nucleotides of RSV sequence (combined length 107), 49 nucleotides of insulin
gene sequence (combined length 120), or 63 nucleotides of TK gene sequence (combined length 134). In the case of the TK promoter, a weaker
additional band (129 nucleotides) is observed, which results from a reverse transcriptase pause site (2). The primer has been described (4).
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structs. The sensitivity of the primer
extension method did not permit us to
detect RNA produced under the control
of the unenhanced TK promoter (Fig.
3A, lane 2). However, in the presence of
either the MSV enhancer or the insulin
enhancer, transcripts were detected initi-
ating at the expected TK cap site, show-
ing that the insulin enhancer was indeed
acting by activating the TK promoter
(Fig. 3A, lanes 3 and 4). In the case of
the enhancer replacement experiment,
we observed that enhancement of the
insulin promoter region by the MSV en-
hancer region occurred by activation of
the natural insulin promoter (Fig. 3B,
lanes 3 and 4).

Enhancers and promoters in differenti-
ation. Upstream 5’ flanking sequences
(~250 to 300 bp) of the insulin and chy-
motrypsin genes can drive the selective
expression of a fused CAT gene in ap-
propriate differentiated cells in a tran-
sient system (4). Further dissection of
this region of the insulin gene by fusing
selected segments with heterologous reg-
ulatory elements demonstrates that the
structure determining cell specificity
contains at least two distinguishable
functions. The distal upstream element
has the properties of an enhancer: it
increases the activity of a heterologous
viral promoter (TK) specifically in insu-
lin-producing cell lines. In addition, a
fragment of the insulin gene proximal to
the transcription start site that is almost
entirely devoid of enhancer activity, and
is unable by itself to express the coupled
CAT gene coding sequence, can promote
cell-specific expression when coupled
with a nonspecific enhancer.

Enhancer elements were discovered
and have been most thoroughly studied
in mammalian viruses (3). Comparison of
viral enhancers, reveal quite different
overall sequences but some short
stretches of homology (20). More recent-
ly, DNA transfection experiments have
shown that sequences in the introns of
immunoglobulin heavy (21, 22) and light
(23, 24) chain genes and sequences in the
5’ flanking region of an EB MHC gene
(25) have characteristics of enhancers. In
addition to the insulin enhancer charac-
terized here, companion experiments
(26) identified enhancer-like elements in
a similar region of the 5’ flanking DNA of
the rat exocrine pancreatic chymotryp-
sin and amylase genes. In all the above
cases of nonviral enhancers, the activi-
ties show a striking cell specificity con-
sistent with the normal selective expres-
sion of the related gene. It is likely,
therefore, that the enhancer plays an
important role in controlling cell-specific
expression of these genes.
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Table 2. Cell-specific expression directed by the insulin promoter region. Relative CAT
activities directed by the insulin (=113 to +51) and TK promoter fragments in the presence of
the MSV enhancer (¢7). Arrows indicate the native and inverted configuration of the MSV
enhancer and the insulin promoter. Activities were determined (46) and expressed relative to
the activity of construct 1 (pMSV.TK.CAT). Constructs 3 and 4 are pMS.LTR2 (48) and
pRSV.CAT (7), respectively. Construct 5 is pB-CAT (49), which contains 1.5 kilobases of
flanking DNA. The presence of an enhancer in this region has not been defined. The data shown
represent the mean of two to three independent determinations; in these experiments the
activity ratio varied by up to 40 percent of the mean value. For the case with lowest activity
(construct 7) the signal (225 counts per minute) to background (50 counts per minute) ratio was

4.5.

c Relative CAT
on- Pro- activity ;

struct Enhancer moter Ratio

HIT BHK

1 MSV— TK 1.00 1.00 1.0
2 MSVe TK 0.32 0.42 0.8
3 MSV MSV 3.80 5.21 0.7
4 RSV RSV 1.65 2.33 0.7
5 B-Actin 1.08 2.73 0.4
6 MSV— Ins 0.41 0.05 8.2
7 MSVe Ins 0.04 0.003 13.3
8 <«Ins,. MSV— TK 0.56 0.61 0.9
9 «Ins, MSV— TK 0.19 0.34 0.6

We also provide evidence for the exis-
tence of another cell-specific regulatory
element distinct from the enhancer de-
fined above, but functionally comple-
mentary to it. The evidence is in part
derived from an ‘‘enhancer replace-
ment’’ experiment. Recombinants con-
taining the MSV enhancer linked to the
insulin promoter region showed a clear
(about tenfold) preference for insulin-
producing cells as compared with fibro-
blasts. More recently we have deleted all
transcribed insulin gene sequences (+1
to +51) from such constructs (27), and
find no significant loss of cell-specific
preference, suggesting that the activity is
mediated at the level of initiation of
transcription. Thus, these sequences
contain a novel determinant that makes a
contribution to the cell specificity of
insulin gene expression. The importance
of this region in generation of cell speci-
ficity is supported by the strong conser-
vation of nucleotide sequence observed
for several mammalian insulin gene pro-
moters (I8, 28).

The evidence suggests, therefore, that
the insulin gene-flanking DNA contains
at least two specificity determinants.
Cooperation between distinct regulatory
elements could produce multiplicative
effects which would help to explain the
degree of control and high levels of
expression typically seen for the selec-
tively expressed genes of differentiated
cells. Extensive sequence conservation
(>200 bp) in the proximal 5’ flanking
DNA of genes from different species
supports the contention that multiple
regulatory elements function in other se-
lectively expressed genes (29-31). In
immunoglobulin genes the promoter re-

gion contains evolutionarily conserved
sequences (32) which have been shown
to be required for correct transcription of
kappa chain genes (33, 34). Recent re-
sults (35) suggest that the promoter of
immunoglobulin genes also displays cell-
type specificity that is independent of the
enhancer.

We have previously proposed that the
cis-acting activity of 5’ flanking DNA
sequences is mediated by a trans-acting
molecule that we called a differentiator
(4). The present results suggest that mul-
tiple such factors exist. Preliminary data
(36) obtained with deoxyribonuclease I
protection (footprinting) techniques are
consistent with this idea. On the basis of
the effects of deletions on enhancer ac-
tivity, it is likely that trans-acting factors
interacting with the enhancer are activa-
tors. However, we cannot exclude a role
for trans-acting negative regulators in
nonhomologous cells (37). Evidence ac-
cumulating from a variety of systems
indicates that differentiated mammalian
cells contain factors that can bind in vivo
(38, 39) and in vitro (40) to DNA se-
quences implicated in cell-specific tran-
scriptional control. Although such fac-
tors remain to be isolated and their ac-
tivities characterized, well-established
precedents do- exist for activation in
trans of both enhancers [by steroid re-
ceptor (41)] and promoters [by transcrip-
tion factor Spl (42)]. The further charac-
terization of cis-acting sequences deter-
mining cell specificity and the identifi-
cation of their putative trans-acting dif-
ferentiators provides a powerful ap-
proach to the study of the molecular
mechanisms involved in cellular differ-
entiation.
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