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Abstract

To test the hypothesis that alterations in regulatory regions of
the insulin gene occur in a subset of patients with non-insulin-
dependent diabetes mellitus (NIDDM), the promoter region
was studied by polymerase chain reaction (PCR) amplification
directly from genomic DNA, followed by high-resolution poly-
acrylamide gel electrophoresis under nondenaturing conditions.
By using this method a previously identified HincII polymor-
phism (GTIGAC to GTTGAG at position -56) in American
Blacks was readily detected, indicating that single base
changes could be observed. In the course of screening the insu-
lin promoter from 40 American Black subjects with NIDDM,
an apparent larger allele was found in two individuals. Both
patients were shown to have in addition to a normal allele, a
larger allele containing an 8-bp repeat, TGGTCTAA from po-
sitions -322 to -315 of the insulin promoter.

To facilitate rapid screening for the 8-bp repeat, a high-re-
solution agarose gel electrophoretic analysis was adopted.
DNA from American Black NIDDM subjects (a = 100) and
nondiabetic subjects (a = 100) was PCR amplified and ana-
lyzed. The 8-bp repeat was present in five NIDDM subjects,
and one nondiabetic subject. DNA from Mauritius Creoles,
also of African ancestry, was analyzed, and the 8-bp repeat was
present in 3 of 41 NIDDM subjects, and 0 of 41 nondiabetic
subjects. Analysis of glucose metabolism in three presumed
normal sibs ofan NIDDM patient with an 8-bp repeat revealed
that one sib had overt diabetes, and two sibs were glucose intol-
erant, but there was no consistent segregation of the insulin
promoter variant with the diabetes phenotype. The variant pro-
moter was not present in 35 Caucasian NIDDM patients or in
40 Pima Indians.

To test the biological consequences of the 8-bp repeat se-
quence in the insulin promoter, a normal and variant promoter
were subcloned into a luciferase plasmid, and reporter gene
activity assessed by transient transfection into mouse insulin-
oma (ITC1) and hamster insulinoma (HIT) cells. The pro-
moter activity of the variant allele was found to be reduced to
37.9 ± 10.3% of the activity of the normal promoter in HIT
cells (P < 0.01, n = 4), and 49.1 ± 6.4% infTCl cells (P< 0.01,
n = 6). These data thus suggest that a naturally occurring vari-
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ant of the insulin promoter may contribute to the diabetes phe-
notype in 5-6% of Black NIDDM patients. (J. Cli& Invest.
1992. 89:1596-1602.) Key words: human insulin promoter.
insulinoma cells * non-insulin-dependent diabetes mellitus -

polymerase chain reaction * reporter gene activity

Introduction

Structural gene mutations have been observed in a small num-
ber of individuals with non-insulin-dependent diabetes melli-
tus (NIDDM)1 (1). These mutations have been associated with
either failure ofconversion ofproinsulin to insulin, orabiologi-
cally defective insulin resulting in hyperinsulinemia. Most indi-
viduals with NIDDM, however, have insulin resistance and
islet (3-cell insulin production is not sufficient to meet en-
hanced insulin demand (2). Diminished insulin production
would more likely result from decreased transcription of the
gene, perhaps due to variations in the insulin promoter region,
or to alterations in the genes that regulate transcription of the
insulin gene. These transcriptional mutations, if they exist,
would be difficult to detect since human islet tissue is not
readily available for analysis. Because DNA is easily obtained
from subjects with NIDDM, a number of studies have used
DNA polymorphisms at the insulin locus to evaluate this possi-
bility.

A hypervariable region ofDNA, composed ofvariable num-
bers oftandem repeats resulting in many different sized alleles,
is located 375 base pairs (bp) upstream from the transcrip-
tion initiation site of the insulin gene (3). Initial reports of a
positive association of a large class 3 allele with NIDDM were
not confirmed in later studies oflarger racially uniform popula-
tions (see reference 4 for review). Linkage analysis in families
with maturity onset diabetes ofthe young (5, 6), the autosomal
dominant subtype of NIDDM, and in more typical Northern
European Caucasian (7) and American Black (8)NIDDM fami-
lies, concluded that there was no linkage ofthe insulin gene and
NIDDM, and that insulin gene defects are not a major factor
predisposing to NIDDM. If the disease were polygenic, how-
ever, this interpretation may not be correct.

Evidence has been presented that NIDDM is a complex
metabolic disorder unlikely to be the result of a single gene
defect (9, 10). Because ofthe limitations ofrestriction fragment
length polymorphism RFLP analysis in populations and link-
age analysis in families when considering polygenic and multi-
factorial diseases such as NIDDM (1 1), the current study was
undertaken to evaluate insulin genes directly at the genomic

1. Abbreviations used in this paper: NIDDM, non-insulin-dependent
diabetes mellitus; PCR, polymerase chain reaction; RFLP, restriction
fragment length polymorphism; SSCP, single-strand conformational
polymorphism.
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level. Two new techniques made this analysis possible. The first
consists of amplification of specific regions of the insulin gene
directly from genomic DNA by the polymerase chain reaction
(PCR), followed by separation of the amplified alleles by a
highly sensitive electrophoretic method (12, 13). This method
involves incorporation of labeled primers into the amplified
DNA fragment during PCR, followed by denaturation of the
two strands, and electrophoresis on nondenaturing gels. The
mobility ofthe fragments under these conditions is determined
by base composition as well as size (single-strand conforma-
tional polymorphism [SSCP]), and under appropriate condi-
tions single base changes can be detected. Using these methods
we found a variant of the human insulin promoter which ap-
pears to have diminished promoter activity, and may be asso-
ciated with NIDDM in Blacks.

Methods

Subjects. All American Black and Caucasian subjects were recruited
from the Washington University Medical School Clinics or from the
Diabetes Registry, and signed consent was obtained according to a
protocol approved by the Human Studies Committee. Pima Indian
DNA was obtained from Drs. Steven Lillioja and Clifton Bogardus,
National Institutes of Health, Phoenix, AZ, as part ofa study to evalu-
ate candidate genes for diabetes susceptibility. DNA from Mauritius
Creoles was obtained through the 1987 Mauritius Noncommunicable
Disease and Risk Factor Prevalence Survey. Mauritius is an island in
the southwestern Indian Ocean east ofMadagar. Creoles are ofAfri-
can and Malagasy ancestry with various amounts ofCaucasian and to a
lesser extent Indian genetic admixture (14). NIDDM was defined as
described (14) by this group. All Washington University patients with
NIDDM were identified by personal history and medical records, and
plasma glucose was measured on the sample obtained for DNA. Con-
trol subjects were defined as patients > 35 yr ofage, without a personal
or family history of diabetes, and confirmed to have a fasting plasma
glucose < 1 5 mg/dl, or a postprandial plasma glucose < 140 mg/dl. A
positive family history for the American Blacks was defined as diabetes
diagnosed by history in grandparents, parents, uncles, aunts, sibs, or
offspring of the probands.

PCR amplification ofgenomic DNA. Polymerase chain reactions
were carried out in 10-g1 volumes with 25 ng of EcoRI-digested geno-
mic DNA, 200 MM each dNTP, and 1 U Taq polymerase (Amplitaq,
Perkin Elmer/Cetus, Norwalk, CT) under standard buffer conditions
(15), with Mg2e optimized to 1.25 mM, with annealing phase 1 min at

HVR

cctggggaca ggggtcctgg g caggggt ctggg cag cagcgcaaag
itgqtctas C

agcgscgccc tgcagcctcc agctctcctg gtctaatgtg gaaagtggcc
E

64°C, extension 1 min at 72°C, and denaturation 1 min at 94°C for 30
cycles in a Perkin-Elmer Thermocycler. The oligonucleotide primers,
20-25-mers chosen to contain - 50% GC with G or C on the 3' end,
were synthesized on an model 380B DNA synthesizer (Applied Biosys-
tems, Inc., Foster City, CA) by the Washington University Protein
Chemistry Lab, ethanol-precipitated, and used without further purifica-
tion. Primers used are indicated in Fig. 1.

Electrophoresis. For SSCP, the reverse primer was 5' end-labeled for
45 min at 37°C in a 25-Al reaction containing 25 pmol primer, T4
polynucleotide kinase buffer, 40 MCi[LY-32PIATP at 5,000 Ci/mmol
(Amersham Corp., Arlington Heights, IL), and 5 U T4 polynucleotide
kinase before the PCR reaction. Reaction products were then electro-
phoresed on 8% or 10% acrylamide 89 mM Tris, 89 mM borate, 2 mM
EDTA, pH8 (TBE) gels at 40 W for 5'/2 h at room temperature as
described by Orita et al. (12, 13). Although 10% glycerol was used in
some SSCP gels, its presence was not necessary to observe the variants
described in this report. Screening gels were 4% NuSieve (3:1) in TBE
buffer, stained with ethidium bromide.

Cloning and sequence analysis. The insulin promoter variants were
subcloned into M13 and/or Bluescript plasmids by standard methods
(16). Sequencing of the fragments subcloned in Ml 3 was by the di-
deoxy chain termination method using Sequenase (USP) and [35S]-
dATP (Amersham Corp.) with either the universalM 13 primer or syn-
thetic oligonucleotides as described by the manufacturer. Sequencing
directly from genomic DNA was as previously described (17).

Transient transfections and luciferase assays. flTC1 (mouse insu-
linoma) (18, 19) and HIT (hamster insulinoma) (20) cells were grown
and passaged in DME with 16.5 mM glucose (5.5 mM glucose DME
with glucose added to 16.5 mM) supplemented with 10% FBS. Cells
were plated at a density of 2 X 106 cells per 100 mM dish 2 d before
transfection. Approximately 4 h before transfection, cells were refed.
Each plate received a Ca-phosphate solution containing 10 Mg of an
insulin-luciferase fusion plasmid plus 10 Mag of salmon DNA carrier
(21). After an overnight incubation in 5% C02, cells were shocked for 2
min with 20% glycerol in DME, washed, and refed. Cells were har-
vested in 700 Ml of 50 mM Tris-2 (N-morpholino)ethane sulfonic acid
(MES) (pH 7.8), 1 mM DTT, 1% Triton X-100, 48 hrs after glycerol
shock. Luciferase activity was assayed using a Monolight model 2010
instrument (Analytical Luminescence Laboratory, San Diego, CA),
primed with I mM D-luciferin, and integrating light units over 10 s.
Reactions (300 Ml) contained 50 mM Tris-MES (pH 7.8), 10 mM
Mg(OAc)2, 2 mM ATP, 333MLM D-luciferin, 167MgM DTT, and 0.17%
Triton X-100.

Results obtained are presented as light minus background±SEM
from multiple identical plates for each of several experiments. Al-
though expression levels changed for each experiment, variation

-351

-301

caggtgaggg ctttgctctc ctggagacat ttgcccccag ctgtgagcag -251

ggacaggtct ggccaccggg cccctggtta agactctaat gacccgctgg
49 F D

tcctgaggaa gaggtgctga cgaccaacgra gatcttcccg cagacccagc
A

accagggaaa tggtccggaa attgcagcct cagcccccag ccatctgccg
g

acccccccac cccaggccct aatgggccag gcggcagggg ttgacaggta
ggggagatgg gctctgagac tataaagcca gcgggggccc agcagccctc

agccctccag gacaggctgc atcagaagag gccatcaagc aggtctgttc
B

-201

-151 Figure I. Sequence of the human insu-
lin gene promoter region including a

_101 portion of the hypervariable region,
composed of 14-15-bp tandem repeats

-51 (3), indicated (HVR). The PCR primers,
described in Methods, and their orien-

-1 tations are indicated by arrows. The
HincIl RFLP at -56, and the 8-bp re-

+50 peat (TGGTCTAA) at -315, are also
indicated.

Variant Human Insulin Promoter 1597



among identical plates within an experiment averaged < 10% (see Ta-
ble II). Because of the inherent reproducibility of these results, the
relatively low signals, and the possibility ofinterference from inclusion
of other plasmids, additional plasmids based on another reporter sys-
tem for internal standardization of transfection efficiency were not in-
cluded.

Luciferase reporter plasmids. Luciferase plasmids are derivatives of
pSV2A A5'L (22), with the insulin promoters replacing the SV40 se-
quences located 5' to the luciferase gene. Insulin promoter sequences
are from -366 to +42 and are derived from either the normal allele or
the allele containing the 8-bp repeat.

Clinical studies. Oral glucose tolerance tests were performed with
75 g of glucose according to a standard protocol. Hyperglycemic
clamps were performed to assess the insulin response to a constant
plasma glucose as previously described (23). Plasma glucose concentra-
tion was measured by an automated glucose oxidase method (Beckman
Instruments, Inc., Fullerton, CA). Serum insulin concentration was
measured by radioimmunoassay.

Statistical analysis. All experimental data are expressed as
mean±standard error of mean (SEM). Statistical analyses were per-
formed using paired or unpaired two tailed Student's t tests or x2 analy-
sis as appropriate. Probability values P < 0.05 were considered signifi-
cant. Calculations were performed using the CLINFO Data Analysis
System of Washington University (General Clinical Research Center
RR00036) supported by the Division ofResearch ofthe National Insti-
tutes of Health.

Results

Confirmation that SSCP can detect single base changes in the
insulin promoter. To confirm that PCR amplification of the
promoter region of the insulin gene and electrophoresis by
SSCP would permit detection of differences, a known poly-
morphism was first studied. A HinclI site at positions -61 to
-56 (GTTGAC) had been shown to be absent in 40% ofAmeri-
can Blacks (24). We sequenced the promoter region directly
from genomic DNA of several individuals previously typed at
this locus, and determined that HincIH minus alleles had the
sequence GTTGAG. PCR amplification of a number of unre-
lated individual with 32P 5'-end-labeled primer 7096(A) at po-
sition -183 and reverse primer 10594(B) at position +42, indi-
cated in Fig. 1, and electrophoresis under SSCP conditions re-
sulted in clearly identifiable alleles positive or negative for the
HincIH site (Fig. 2).

A variant ofthe insulin promoter, detected by screening with
PCR-SSCP. Analysis of the insulin promoter from -183 to
+42 of 20 American Black NIDDM patients (40 alleles) by
PCR-SSCP and by direct genomic sequencing revealed only
the HinclI polymorphism at position -56. Next the promoter

+/e +14-/-+//- +/+ ±/+

Figure 2. A 225-bp fragment of the human insulin promoter (-183 to
+42) was PCR-amplified from genomic DNA of a number of indi-
viduals with primers A (32P end-labeled) and B as in Fig. 1, and elec-
trophoresed by SSCP as described in Methods. "+" refers to the
presence of a HincIl site at position -56 (GTTGAC), and "-" to the
absence of the site (GTTGAG).

1 2

.. ..;vA"w1_
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Figure 3. Analysis ofthe insulin promoter
from positions -365 to -164 by PCR-
SSCP from two individuals, lanes 1 and
2. Three bands are seen in lane 1. These
same three bands are also seen in lane 2,
as well as three apparently larger corre-
sponding bands.

from -365 to -164 was evaluated by PCR-SSCP with primer
10593 (C) and reverse primer 10595(F), as shown in Fig. 1. The
SSCP pattern of a normal individual is seen in Fig. 3, lane 1.
Only one of the primers was labeled, and thus only one major
band would be predicted. The two less intense bands represent
minor conformations of this same amplified fragment. In the
first analysis of 20 individuals, a single variant pattern was
found as shown in Fig. 3 (lane 2), which suggested the presence
of a normal and a larger allele in one individual. Analysis of
DNA from 20 additional NIDDM patients revealed another
person with an apparent larger allele.

Molecular basis for the variant promoter. The molecular
basis for this variant insulin promoter was defined by subclon-
ing the amplified promoter of both individuals in M13 and
determining the sequences. Both patients were heterozygous
for a normal and a larger allele. Examples of the sequences
from one patient are seen in Fig. 4. Initially the sequences,
reading from 5'-3' were identical, until the 8-bp sequence

G A T C G A T C

nzS........ ...

G

T
G ~ ;f :.Z.

T
A
A
T

TG
G T
G G
T T
A A
A~~~~~~~~~~~~

T 4UT~
C
TT

I nsert Norma I
Figure 4. Sequences of the normal and larger (insert) alleles from the
insulin promoter of the NIDDM patient shown by PCR-SSCP in Fig.
3, lane 2. The 8bp tandem repeat is indicated by brackets.
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1 2 3 4 5 6 7 8 Figure 5. Analysis ofthe
insulin promoter of
eight individuals from
positions -340 to -198
by PCR amplification
using primers E and D
(Fig. 1) from genomic
DNA, followed by elec-
trophoresis on a 4%
NuSieve (3:1) agarose
gel in TBE buffer, and

stained with ethidium bromide. Individuals in lanes 1, 2, 6, and 7
have one normal and one larger allele, while those in lanes 3-5 and 8
are homozygous for normal alleles.

TGGTCTAA was repeated in tandem in the larger allele. This
same 8-bp repeat was present in other patients, as confirmed by
sequencing a variant allele from another American Black
NIDDM patient, and a Mauritius Creole patient with NIDDM
(see below).

Frequency of the variant allele in three racial groups. To
determine the frequency of the variant allele in populations, a
more rapid analytical method was devised. Knowing that the
variant was an 8-bp larger allele, we PCR-amplified a relatively
small fragment ofthe insulin promoter (142 bp) with primers E
and D (Fig. 1), and were able to separate large and small alleles
on a 4% agarose (NuSieve) gel as shown in Fig. 5. This sensitive
and more rapid screening method enabled us to evaluate the
promoter region from 100 nondiabetic American Black indi-
viduals, and an equal number with NIDDM. As shown in Ta-
ble I, the variant was present in five patients with NIDDM and
one nondiabetic subject (P = 0.24).

Next the presence of variant alleles was evaluated in 35
Caucasian NIDDM patients and 40 Pima Indians, and none
were found. Mauritius Creoles, like American Blacks, are Afri-
can descendants with partial European Caucasian admixture,
and with a high prevalence ofNIDDM (14). We had the oppor-
tunity to determine the frequency of the variant insulin pro-
moter in a smaller number of Mauritius Creoles, and the vari-
ant was identified in three subjects with NIDDM, but in none
of the nondiabetic individuals (Table I, NS).

Clinical evaluation ofthe effects ofthe variant insulin pro-
moter. All five of the NIDDM patients with variant insulin
promoters were considered for differences in clinical character-
istics. The number ofsubjects was small, and no obvious differ-
ences were apparent in age, age of diagnosis of diabetes, body
mass index, or insulin requirements. At least three of these
patients had a positive family history ofNIDDM. One patient
(L.M.) had a sister (S.L.) with known diabetes, and four sibs not
known to have diabetes, as shown in the pedigree in Fig. 6. The
sister with NIDDM (S.L.) did not have a variant insulin pro-
moter, and thus in this family the insulin promoter variant was
not necessary for diabetes. We had the opportunity to study
three of the reported nondiabetic sibs (W.L., J.L., and L.P.).

The results of a 3-h oral glucose tolerance test in the three
reported nondiabetic sibs ofthe proband are shown in Table II.
The sister (L.P.), positive for the variant promoter, was found
to have overt NIDDM, with a fasting plasma glucose of 302
mg/dl, and a poor insulin secretory response. The two brothers,
one with two normal alleles (W.L.), and the other with a nor-
mal and variant insulin promoter (J.L.), showed virtually iden-
tical glucose responses, diagnosed as glucose intolerant by crite-

Table I. Individuals with Variant Insulin Promoters
by Diabetes Status

Insulin promoter alleles

Normal Vanant

American Blacks
Nondiabetic 99 1
NIDDM 95 5

P = 0.24, Yates correction

Mauritius Creoles
Nondiabetic 41 0
NIDDM 38 3

P = 0.239, Yates correction

ria of FBS < 140 mg/dl, 30-90 min glucose > 200 mg/dl, and
120 min glucose > 140 mg/dl. The insulin secretory response
appeared less in J.L. relative to W.L. (total area under the curve
4,268 vs. 8,693 gU * min/ml), suggesting either an islet (-cell
defect in J.L., or that J.L. was insulin sensitive relative to his
brother.

Islet (-cell function was further assessed by measuring the
insulin response ofthe two brothers to an identical intravenous
glucose challenge. Hyperglycemic clamps were performed for 3
h by infusing glucose to raise and maintain plasma glucose at
270 mg/dl (15 mM). The results of these studies (Table III)
revealed that J.L. (positive for the variant promoter) had a 40%
greater early phase (0-10 min) insulin response, but a similar
late-phase (15-180 min) response, and nearly identical insulin
concentrations at 180 min (66 vs. 67 ,uU/ml). JL was also appar-
ently more insulin-sensitive than his brother as the mean glu-
cose disposal rate for the near-steady-state 150-180 min pe-

Table II. Reporter Gene Activity of the Normal and Variant
Insulin Promoters Transfected into Hamster (HIT) or Mouse
((3TCI) Insulinoma Cells

Promoter activity

Experiment n Normal Variant % P

HIT cells
1 6 9,744±632 852±48 8.7 0.0001
2 2 21,683±3565 12,300±379 56.7
3 6 3,544±146 1,642±145 46.3 0.0001
4 3 2,416±52 963±165 39.9 0.0011

X = 37.9±10.3

(3TC1 cells
1 6 1,305±124 772±78 59.2 0.0044
2 3 2,388±200 592±67 24.8 0.013
3 3 5,081±206 3,334±204 65.6 0.011
4 3 1,029±29 447±25 43.4 0.0001
5 3 574±55 232±30 40.4 0.0056
6 4 783±35 477±35 60.9 0.0018

X=49.1 ±6.4

Promoter activity in light units, X±SEM. n, number of plates assayed.
Where n = 2, X±range.
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Table III. Glucose Metabolic Studies of Three Previously Reported Nondiabetic Members ofthe L.M. Family (Fig. 6).

A. Oral glucose tolerance test: plasma glucose/serum insulin

Time

min

0 30 60 90 120 180 Area

(mg/dl)/1(U/mn) mg. min/dl or yU. min/ml

100 174 226 232 170 93 30,900
7.6 20.7 26.7 35.4 29.9 10.8 4,268
87 179 224 220 141 118 29,880W.L.(N/N)--
<4.0 43.6 64.0 74.3 49.7 33.3 8,693
302 393 470 467 488 385 77,940L.P. (N/V)
11.1 17.8 20.7 11.6 13.7 13.9 2,703

B. Hyperglycemic glucose clamp

Plasma glucose Plasma insulin Glucose
(15-180 min) response disposal rate

Age BMI Mean cv 0-10 min 15-180 min (150-180 min)

yr mg/dl % min * sU/ml mg/kg/min

J.L. (N/V) 46 21.1 272 6.3 192 6,321 18.2
W.L. (N/N) 52 25.8 274 7.4 135 7,455 11.4

The proband L.M. was identified because she had a variant insulin promoter. Insulin promoter genotypes of her sibs are indicated: N, normal; V,
variant.

riod was 60% greater at similar mean serum insulin concentra-
tions (61 vs. 59 ,uU/ml).

Promoter activity assay. To determine whether the pres-
ence of the 8-bp tandem repeat within the promoter region
conferred different transcriptional activity, a reporter gene as-
say was developed. Both normal and insert-containing insulin
proinoters (from -366 to +42) were subcloned upstream ofthe
firefly-luciferase coding region, and these fusion gene plasmids
transfected into mouse (3TC 1) and hamster (HIT) insulinoma
cells. Transient expression of these chimeric genes in both cell
lines revealed that the variant insulin promoter had < 50% of
the promoter activity of the normal allele (Table II).

Discussion

Direct genomic analysis of the insulin gene promoter from
NIDDM patients revealed a previously undescribed 8-bp re-
peat, TGGTCTAA, 315 bp upstream of the start of transcrip-
tion of the gene. This represents the first variant insulin pro-
moter described. The current studies defined the frequencies of
the variant in four racial groups, and addressed the possible
biological and clinical consequences ofthe variant on carbohy-
drate metabolism. The strategies used were (a) to examine clin-
ical phenotypes, (b) perform linkage analysis in a family, along
with metabolic studies on selected members, (c) compare the
frequencies of the variant in populations of NIDDM patients
vs. controls, and (d) assess promoter activity by transient ex-
pression in cultured insulinoma cells.

The clinical consequences of the variant insulin promoter
are not clear from examination ofthe phenotypes. As only one
affected allele was present in all subjects where the variant was
detected, a modest effect on insulin gene transcription may

have little effect, given that transcription from the normal pro-
moter should be unaffected. The capacity to produce insulin
might be altered, however, and manifested perhaps only in
obese individuals with higher insulin requirements. There were
no obvious differences in phenotypes of the five American
Black NIDDM patients with the variant allele however.

As one of these patients had a family available for analysis,
we had the opportunity to do linkage analysis and observe the
possible clinical consequences ofthe variant (Fig. 6). This fam-
ily appeared to have other genes and/or factors predisposing to
NIDDM, in that one sister (S.L.) of the proband (L.W.) had
NIDDM without the variant insulin promoter allele. A second
sister with a variant promoter (L.P.) was found on testing to be
diabetic. While this complicates the analysis, this same prob-
lem may be encountered in most families with NIDDM, if this
disorder is polygenic. We attempted to assess insulin produc-
tion in the two brothers, one with and the other without the
variant promoter, by oral glucose tolerance tests and hypergly-
cemic glucose clamps. During the glucose tolerance tests, both
appeared to be glucose intolerant by standard criteria. As the
relationship between insulin sensitivity and p3-cell function is
complex and difficult to interpret, the brothers were further
assessed by hyperglycemic clamps with a fixed glucose chal-
lenge. Although there were minor differences in early insulin
responses, overall the responses were comparable. It has never
been easy to assess insulin producing capacity in vivo (25).
Both brothers are lean, whereas the diabetic sisters are obese.
One might speculate that obesity and genes which promote
insulin resistance may be necessary to uncover defects in insu-
lin production. These hypotheses are difficult to test in hu-
mans, but have been addressed in experimental animal models
(26, 27).
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Age at 54
time of study

Age at diagnosis 50

Phenotype gestationa DM
age 25

obese at diagnosis
oral agent

Genotype N/V

53 52 49 47 44

obese
diet

N/N

lean not
tested

N/N

lean

N/V

4450

Figure 6. Patient L.M. pedigree. The proband, L.M. (arrow), was identified because she has NIDDM and a variant insulin promoter in one allele.
The phenotypes and genotypes of her affected (solid) and unaffected (empty) relatives are indicated. N, normal allele; V, variant allele.

The variant insulin promoter appeared to occur more fre-
quently in a population of American Black NIDDM patients
relative to nondiabetic controls (5% vs. 1%, Table I), but the
sample size was too small to indicate whether this apparent
difference was real. The variant was not present in 70 Cauca-
sian or 80 Pima Indian alleles. We were fortunate to have
Mauritius Creole DNA available as part of another study, and
found that the variant insulin promoter occurred in 3 of 41
(7.3%) NIDDM patients. Thus the variant promoter was found
only in patients of African ancestry. The frequency ofthe vari-
ant appeared to be more common in NIDDM subjects when
both American Blacks and Mauritius Creoles were considered
together (5.7% vs. 0.7%, P = 0.042, Yates correction). Because
of known genetic admixture with Caucasian genes (28), one

might predict that the frequency of the variant promoter may
be even greater in African Blacks with NIDDM. This hypothe-
sis is currently being addressed.

Whether the variant insulin promoter affects transcription
of the gene in vivo was evaluated by transient expression in
cultured insulinoma cells. The results of four independent-
transfections in HIT cells and six transfections in flTC1 cells
suggested a significant reduction in promoter activity of the
variant (Table II). Both HIT and OTC 1 cells have been widely
used to study expression of insulin genes (29-31), but these
cells are imperfect models ofregulated expression, being defec-
tive in insulin responses to glucose (18, 20). In this regard, HIT
and OTCI cells were cultured in 5, 16, and 25 mM glucose for
48 h after transfections, and the results with the normal and
variant promoters did not differ from those described in Table
II. Nonetheless, the differences observed between the activities
of normal and variant promoters in both cell types are highly
suggestive, and would encourage more definitive studies in
vivo using transgenic technology, as well as in cultured insulin-
oma cells engineered to respond more physiologically to glu-
cose stimulation. In this respect the relationships between the
effects of the variant insulin promoter on insulin production

and glucose-stimulated insulin secretion in the patients may be
more readily appreciated.

The human insulin promoter is transcriptionally active in
rodent insulinoma cells (29-31) and in transgenic mice (32,
33). An insulin promoter-chloramphenicol acetyltransferase
reporter transfection experiment showed that 879 bp of 5'-
flanking DNA conferred tissue specific expression in insulin-
oma cells, whereas only sequences up to -258 were necessary
for full promoter activity (31). Sequence specific binding of
transcription factors was recently demonstrated with nuclear
extracts from rat insulinoma cells (29, 30). Gel retardation and
methylation-interference assays revealed specific binding with
high affinity to two regions of the human insulin promoter
(nucleotides -217 to -210, and -84 to -77), and to a third
region (-320 to -313) with low affinity. The consensus se-

quence for high-affinity binding was C(T/C)CTAATG, while
the sequence at the low affinity site -320 to -313 is
GTCTAATG, differing only in the G/C at -320. The sequence
of the insert variant, TGGTCTAATGGTCTAATG (-330 to
-313) contains two ofthe low-affinity transcription factor bind-
ing sites, versus one binding site in the normal allele. Gel retar-
dation assays with oligonucleotides containing the repeat re-

gion showed additional high molecular weight retarded species
relative to that with the normal allele (Andrew Clark and Kevin
Docherty, unpublished observations). Whether these differ-
ences correspond to differences in transcription of the insulin
gene in vivo, however, has not been determined.

Previous studies of the insulin gene in populations of sub-
jects and in families with NIDDM led to the conclusion that
this locus did not contribute in a major way to the inherited
risk for NIDDM in any racial group (4, 5, 7, 8). The results of
the current study at least partially explain failure to find an

association of this locus with NIDDM in American Blacks. In
the current study screening the promoter region of 100
NIDDM patients by direct genomic analysis revealed a variant
in a relatively small number (5%) which may contribute to the
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diabetes phenotype. This small number of variants would not
have been detected by traditional RFLP analysis. Subsequent
to the current analysis, additional SSCP analysis of the coding
regions of the insulin gene from these patients revealed only
silent mutations or variants within introns (manuscript in prep-
aration).

The clinical significance ofthe presence ofa variant insulin
promoter is that it may serve as a genetic marker for NIDDM
in Blacks. The observations of the presence of the variant in 1
of 100 nondiabetic American Black individuals, and the ab-
sence of the variant in 95 of 100 NIDDM patients, are entirely
consistent with predictions in a multifactorial disease (34). A
single gene defect is neither sufficient, nor necessary for the
occurrence ofthe disease. It might be mentioned in this context
that uncommon variations of potential but unproven signifi-
cance have also been described in the insulin receptor (35) and
muscle/adipose tissue glucose transporter (GLUT-4) (36) genes
ofNIDDM subjects. For the insulin gene, the frequency of the
variant in Mauritius Creoles and American Blacks suggests
there may be an association with NIDDM. These data, along
with the suggestion that the variant has diminished promoter
activity in cultured insulinoma cells, suggest that the variant
insulin promoter increases the risk ofdeveloping NIDDM, per-
haps through impaired insulin biosynthesis at the transcrip-
tional level. This hypothesis remains to be tested.
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