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Summary. The purpose of this study was to evaluate the role
of potential glucokinase defects contributing to susceptibility
to Type2 (non-insulin-dependent) diabetes mellitus in
Welsh Caucasians. For this analysis, twomicrosatellite repeat
polymorphisms flanking opposite ends of the gene were em-
ployed. For a recently described microsatellite (GCK2), lo-
cated 6 kilobases upstream of islet exon 1, six different sized
alleles were observed, with heterozygosity of 0.50 and poly-
morphism information content 0.44, Combined heterozygos-
ity with another microsatellite repeat (GCK1) was 0.72. Sig-
nificant linkage disequilibrium was noted between GCK2
and GCK1, suggesting that haplotypes may be a better pre-
dictor of Type 2 diabetes than analysis with either microsatel-
lite alone. Using these two markers, the association with
Type 2 diabetes was examined. The frequencies of alleles and
genotypes at GCK1 did not differ between the patients with
Type 2 diabetes (n = 157) and control subjects (n = 73). Simi-

larly no differences were observed in GCK2 alleles or geno-
types. The frequencies of haplotypes, derived from the two
markers, also did not differ between the two groups. To in-
vestigate the possibility of minor metabolic effects of gluco-
kinase defects, we also studied the association between the
GCK alleles or haplotypes and the response profiles to meal
tolerance tests. No association was observed between plasma
glucose or insulin responses to meal tolerance tests with
GCK haplotypes or alleles. These results suggest that gluco-
kinase mutations in Welsh Caucasians are not major deter-
minants of susceptibility to the common type of Type?2
diabetes.
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1sm, linkage disequilibrium, haplotypes, Type 2 (non-insulin-
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Glucokinase (ATP:D-hexose 6-phosphotransferase, EC
2.7.1.1) [1], the major glucose phosphorylating enzyme in
pancreatic islet beta cells and liver [2], has been consid-
ered to be a major component of glucose sensing in islet
beta cells, and thus a candidate for a determinant of genet-
ic susceptibility to diabetes mellitus [3]. Isolation of rat
glucokinase cDNAs [4, 5] and the gene [5, 6] made it pos-
sible to study this geiie in humans. First human ¢cDNAs
were isolated from liver [7] and islet [8] cDNA libraries.
Then partial genomic clones were isolated, a polymorphic
microsatellite (GCK1) was identified and the gene was
mapped to chromosome 7p [9]. Very recently, the com-
plete structure of the gene was determined, and a new
polymorphic microsatellite (GCK2) was identified [10].
This microsatellite, and the gene structure, were inde-
pendently confirmed [11, 12].

The microsatellites at the glucokinase locus provided
the meanswithwhich to assess the role of potential glucoki-
nase defectsin diabetes. Using these polymorphicmarkers,
tight linkage of the glucokinase locus with several French

[13] and English [14] MODY pedigrees, a special type of
early-onset Type 2 (non-insulin-dependent) diabetes, was
shown. In these pedigrees mutations were identified in the
structural region of the gene resulting in a defective gluco-
kinase enzyme [12, 15-17]. In this subset of MODY with
glucokinase defects, a distinct phenotype is being clarified
[14,18],i.e. early onset in affected family members of mild
glucose intolerance, with moderately elevated fasting
blood glucose and normal insulin levels. An important
question remaining to be answered is the role of glucoki-
nase defectsin patients with common (orlate onset) Type 2
diabetes. In contrast to MODY, for common Type 2
diabetes, the mode of inheritance is unclear and even with-
in a single family, multiple factors, both genetic and envi-
ronmental, are likely to contribute. Thus segregation of
any one gene may be difficult to discern [19, 20].
Alternative ways of evaluating a candidate locus are
population association studies, based on the assumption
that a mutation at the locus is in linkage disequilibrium
with a specific polymorphic allele, within or near the locus
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Table 1. GCK2 allelic frequency

Allele Type 2 diabetes Control subjects
-12 5 1.6% 3 21%
-4 5 1.6% 1 0.7%
-2 18 57% 2 14%
0 207 65.9 % 95 65.1%
2 79 252% 44 30.1%
6 0 - 1 0.7%
Total 314 146
GCK2 genotypic frequency
Genotype® Type 2 diabetes Control subjects
—2/=2°¢ 2 1.3% 0 0.0%
0/ -12° 5 32% 2 2.7%
0/ —4¢ 2 13% 1 14%
0/-2 9 57% 0 0.0%
0/0 70 446 % 32 43.8%
2/ 12 0 0.0% 1 1.4%
2/ -4 3 1.9% 0 0.0%
2/-2¢ 5 32% 2 2.7%
2/0 51 325% 27 37.0%
2/2 10 6.4% 7 9.6 %
6/0° 0 - 1 14%
Total 157 73

2p =0.146 (y*=8.200,df =5),° p =0.262 (3> = 5.261, df = 4) control
subjects vs Type 2 diabetic patients. © Values are pooled for calcula-
tion

[21]. Most important, association studies provide a means
to detect minor predisposing factors, which may be diffi-
cult to recognize by linkage analysis. In this respect, asso-
ciation studies may define gene effects, even in a geneti-
cally heterogeneous disorder [21].

The purpose of the present study was to utilize the two
microsateilite repeat polymorphisms to assess the role of
the glucokinase gene in the susceptibility to late-onset
Type 2 diabetes in a population of unrelated Welsh Cauca-
sians. In this context, in American Blacks [22], Mauritian
Creoles [23] and Japanese (Noda K, Matsutani A, Taniza-
wa Y, Permutt MA, Kaneko T, Kaku K, unpublished data)
certain alleles in GCK1 were shown to be associated with
late-onset Type 2 diabetes. Here we characterized a re-
cently described microsatellite (GCK2) polymorphism,
and defined its relationship to GCK1. Using both markers,
haplotypes were defined. As significant linkage disequili-
brium was noted over at least 50 kilobases of DNA, the
potential role of regulatory defects, as well as coding gene
defects, could be assessed by these studies. The results indi-
cate that a common glucokinase mutation is not present in
Caucasian Type 2 diabetic patients.

Subjects and methods

Study population and DNA preparation

Well-characterized, unrelated Welsh Caucasian patients with Type 2
diabetes (# =157, mean age 53.2+10.5 years, body mass index
288+53kg/m?) and control subjects (n=73, mean age
65.9 £10.2 years, body mass index 24.6 +4.8 kg/m?) [24, 25] were
studied. A meal tolerance test (MTT) of 500 kcal (60% carbohy-
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drate), plasma glucose and insulin determination and DNA extrac-
tion were carried out as described [24].

Polymerase chain reaction amplification and sequencing
of the microsatellites

Polymerase chain reaction (PCR) amplification of GCK1 and
GCK2 was done as described [9, 10]. For amplification of GCK2, a
new set of primers #15796 (5-gggacattgtgtctgcaacttacte-3") and
#15795 (5'-cagatacgcttcatectgattectg-3') was also used under the
same PCR condition except that an annealing temperature of 69°C
was used. The product from this set of primers was 146 base pairs
(bp) for the “0” allele. Sequences of GCK2 alleles were determined
by direct sequencing of the PCR products as described [10]. Haplo-
types of the GCK1 and GCK2 were determined for the individuals
who were homozygous for at least one of the two loci. Polymorphism
information content (PIC) and heterozygosity of each allele
(HETgck:, HETGcxo) was calculated as described [9]. Combined
heterozygosity was calculated by the formula: (HETgex; +
HETgcr:) - (HETgex: X HET6ckz).

Statistical analysis

The frequency distribution of GCK alleles, genotypes and haplo-
types were compared between Type 2 diabetic patients and control
subjects by chi-square tests. To assess the possible impact of each al-
lele at each locus and of the entire haplotype, a series of multivariate
categorical models were fit, using a logistic response function [26] as
implemented in SAS/CATMOD (SAS Institute, 1989). A stepwise
approach was also used in this context, to find the most parsimonious
set of alleles or haplotypes which distinguished Type 2 diabetes from
the control subjects [22]. Linkage disequilibrium between the two
microsatellite loci was tested by a Fisher’s exact test (two-tailed)
comparing observed vs expected haplotype frequencies for the
Type 2 diabetes and the control groups combined. The expected ha-
plotype frequencies were calculated from the allelic frequency of
each loci in this haplotyped subpopulation (data not shown) assum-
ing these two loci were randomly associated. Glucose and insulin re-
sponses to MTT were compared by an unpaired r-test between the
groups with or without specific alleles or haplotypes.

Results

Characterization of GCK2 and linkage disequilibrium
with GCK1

Polymerase chain reaction (PCR) amplification with oli-
gonucleotide primers flanking the 5’-microsatellite repeat
GCK2 resulted in six different sized alleles in Welsh Cau-
casians (Table 1). The sizes of the alleles could be accu-
rately determined by electrophoresis on polyacrylamide
sequencing gels. The sequences of each allele were con-
firmed directly from genomic DNA on selected individ-
uals. The “0” allele, 146 bp in length amplified with pri-
mers 15795 and 15796, was defined as the most common
allele, and the other alleles differed from the “0” allele in
general by the number of GT or GA repeats [10]. Thus the
“2” allele has 2 bp more, and the “~2” allele has 2 bp less
than the “0” allele, respectively. Frequencies of the GCK2
alleles and genotypes are shown (Table 1). Heterozygos-
ity (HET) for GCK2 was 0.50 and polymorphism informa-
tion content (PIC) 0.44 for the group as a whole. At the
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Table 2. GCK1 allelic frequency

Allele® Type 2 diabetes Control subjects

z 216 68.8% 114 78.1%
Z+2 18 57% 4 2.7 %
Z+4 77 24.5% 27 18.5%
Z+6 0 - 1 0.7%
Z+38 1 0.3% 0 -
Z+10 2 0.6% 0 -
Total 314 146

GCXK1 genotypic frequency

Genotype® Type 2 diabetes Control subjects
Z2/Z 73 46.5% 45 614%
Zi7.+2 16 102% 2 2.7%
ZIZ+4 51 32.5% 21 28.8%
ZIZ +6° 0 - 1 14%
ZIZ+ 8 1 0.6% 0 -
ZIZ +10° 2 13% 0 -
Z+2/7+4° 2 13% 2 20%
Z+4/Z+4 12 7.6% 2 27%
Total 157 73

*p =0.145 (> =8214,df =5),

®p =0.089 (2 =8.074, df =4) control subjects vs Type 2 diabetic pa-
tients.

¢ Values are pooled for calculation

GCK1 locus, HET was 0.43 and PIC 0.38 in the same
population (Table?2). Combined heterozygosity for
GCK1 and GCK2 was estimated to be 0.72, indicating that
use of both microsatellites would increase informative-
ness for family analysis.

Haplotypes could be resolved for individuals who were
homozygous at one or more of these two loci (179 of 230
total individuals studied, Table 3). The genotype combi-
nations and the frequencies of those who could not be ha-
plotyped are also shown (Table 3). These haplotypes were
used to determine whether linkage disequilibrium existed
between GCK1 and GCK2. Haplotype frequencies did
not differ between patients with Type 2 diabetes and con-
trol subjects (see below), so the data from the two groups
were pooled for this analysis. Comparing observed haplo-
type frequencies with those expected if the two loci were
randomly associated, significant linkage disequilibrium
was noted between the two loci (p = 0.001, Fisher’s exact
test, data not shown). ‘

Allele, genotype, and haplotype frequencies for GCK1
and GCK2 in patients with Type 2 diabetes and control
subjects

Allele and genotype frequencies at GCK2 and GCK1 loci
in patients with Type 2 diabetes (n = 157) and control sub-
jects (n =73) were determined. Genotype frequencies for
both diabetic patients and control subjects did not differ
from those predicted from Hardy-Weinberg equilibrium
(data not shown). The distribution of the GCK2 geno-
types and allele frequencies was not different between the
control group and the diabetic group (Table 1). Similarly
for the GCKI1 locus, the distribution of allele and geno-

411

type frequencies did not differ between diabetic and con-
trol groups (Table 2). Next, we looked to see if each allele
in turn had a significantly greater predictive effect (either
positive or negative) on the risk of Type 2 diabetes than all
others. None of the GCK1 and GCK2 alleles were found
to be associated with Type 2 diabetes (data not shown).
Haplotypes were determined for 120 diabetic (76.4 %)
and 59 non-diabetic individuals (80.8% ). The frequency
distribution of haplotypes also did not differ between the
two groups (Table 3), and no haplotype appeared to be as-
sociated with Type 2 diabetes (data not shown).

Metabolic profiles and GCK haplotypes in patients with
Type 2 diabetes

To investigate whether specific GCK1, GCK?2 alleles, or
haplotypes could influence the metabolic profiles, we
compared the glucose and insulin responses to MTT be-
tween the Type 2 diabetic patients with or without each al-
lele or haplotype. The results of the comparisons between
the groups with or without each of three major GCK ha-
plotypes are shown in Table 4. Age and body mass index
were not different between each set of the groups. Glu-
cose and insulin values were compared at time 0, 30 and
120 min after the MTT to evaluate basal state, early and
peak responses. No differences were observed in either
glucose or insulin responses at any of the time points. The
results were similar when the responses were compared
between the patients who were homozygous for the par-

Table 3. Haplotype frequency

Haplotype? Type 2 diabetes Control subjects
(GCK1/GCK2)

Z/-12° 2 0.8% 2 1.7%
Z/—4° 2 0.8% 1 0.8%
7] -2° 3 1.3% 0 0.0%
Z/0 125 52.1% 68 57.6%
Z/2 49 20.4% 31 26.3%
Z+2/0° 7 2.9% 1 0.8%
Z+2/2° 1 0.4% 0 0.0%
Z+4/—4° 1 0.4% 0 0.0%
Z+4/-2° 5 2.1% 0 0.0%
Z+4/0 41 17.1% 13 11.0%
Z+4/2° 2 0.8% 1 0.8%
7+ 6/0° 0 0.0% 1 0.8%
Z.+10/0° 2 0.8% 0 0.0%
Total 240 118

Frequency of genotype combination (non-haplotyped individuals)

Genotype* Type 2 diabetes Control subjects
(GCK1,GCK2)

Z2/Z.+2, 012 5 13.5% 1 71%
ZiZ+4, 072 15 40.5% 8 571%
Z/Z+4, 0/-2 6 16.2% 0 0.0%
ZIZ.+4, 2/-2 3 8.1% 2 14.3%
Others 8 21.7% 3 21.5%
Total 37 14

2p =0.103,( ¥>=6.191, df =3). ® Values are pooled for calculation
°p =0.457 (y*=3.61, df = 4), Genotype combinations less than 6%
infrequency (rn <3 in Type 2 diabetes) were pooled
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Table 4. Age, body mass index (BMI), and meal tolerance test blood glucose and insulin responses by glucokinase haplotypes

Glucose (mmol/l) Insulin (pmol/l)
Haplotype n Age (years) BMI (kg/m?) 0min 30 min 120 min 0 min 30 min 120 min
Z/0 82 53.9+10.2 29.0£53 114+£32 134135 15.2+4.7 945+689 182.1+113.0 3784+315.6
non Z/0 22 51.61+9.0 282+£5.7 128+35 149136 16.4+4.8 89.8+£585 196.9+185.0 287.6+3259
Z/2 33 526192 29.6 £64 114+£3.0 135+£32 15.0+£4.0 1025+699  194.9+122.5 403.7+417.7
nonZ/2 71 53.7+£10.3 285+4.8 11.8+35 13837 15.7+51 893+650 180.7+134.8 338.4+£260.8
Z+4/0 32 52.1£10.0 29.0+52 121+£34 14035 15.7+£4.1 103+735 193.1+£1584 366.5%£330.3
nonZ+4/0 72 53.9+£10.0 28.8%55 115+33 13.6+£36 153+5.1 893+633 181.7+£117.3 3559%3152
Values are mean + SD
5 3 tients associated with GCK haplotypes or alleles. These
sk 1B moa 24575 e results suggesteq that in this Caucasmn population, com-
v . T mon mutations in the glucokinase gene are not a major
' o LU determinant of diabetic susceptibility.
: : : — + ; Kb Population association studies are not without prob-
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Fig.1. Structure of the human glucokinase gene, adapted from ref
[10]. The position of each exon is shown by vertical bars: 1 Brefers to
islet exon 1, 1H to liver exon 1, and 2 A to the cassette exon ex-
pressed in the variant liver glucokinase. The positions of polymor-
phic microsatellite repeats, GCK2 in the 5’ and GCK1 in the 3’ flank-
ing region of the gene, are indicated by downward arrowheads

ticular haplotype and those who did not have the haplo-
type (data not shown). No independent GCK1 or GCK2
alleles were identified which influenced the profile of the
responses to MTT (data not shown).

Discussion

In this report a recently described [10, 13] polymorphic
microsatellite (GCK2), which was mapped to a location 6
kb upstream (5’) of the islet glucokinase promoter (Fig. 1),
was characterized. Nishi et al. [11] recently described a
microsatellite repeat in the 5’-region of islet exon 1 of glu-
cokinase gene, which was identical to GCK2. The rela-
tionship of GCK2 to the previously described microsatel-
lite GCK1, which flanked the glucokinase gene on the
3 end [9], was also defined. Heterozygosity was as great at
GCK2 (0.50) as at GCK1 (0.43). Combined with GCK1,
the heterozygosity increased to 0.72. The two microsatel-
lites together make the glucokinase locus a highly in-
formative one for linkage analysis in families. Linkage
disequilibrium between the two microsatellites was also
evaluated. Significant linkage disequilibrium was ob-
served, suggesting that if mutations exist in this greater
than 50 kb region around the glucokinase gene, the muta-
tions might be in linkage disequilibrium with specific glu-
cokinase alleles.

The association of the two glucokinase microsatellites
with late-onset Type 2 diabetes was studied in a well-char-
acterized population of Welsh Caucasians. Neither GCK1
or GCK2 alleles, nor haplotypes defined by both loci, ap-
peared to be associated with Type 2 diabetes. To investi-
gate the possibility of minor metabolic effects of glucoki-
nase defects, we studied the association between the GCK
alleles or haplotypes and the response profiles to MTT.
We could not observe specific characteristics of plasma
glucose or insulin responses to MTT in Type 2 diabetic pa-

lems. Comparability of cases and controls are important,
as frequencies of genetic markers can vary considerably
among ethnic and racial groups. In this study, patients and
control subjects were recruited from the same Welsh Cau-
casian community. As a result of the fact that the patients
and control subjects were selected only by the criteria of
diabetes status, mean age and BMI were significantly dif-
ferent between these two groups. We cannot exclude the
impact of these differences on the analysis. Also, if suscep-
tibility alleles arise on the most common haplotypes, there
may be little power to detect an association [21]. Further-
more, the same mutation must be frequent in affected in-
dividuals. If many different mutations exist at the candi-
date locus, no one allele will be found to be associated with
the disease. A solution to this potential problem is mole-
cular scanning at the single nucleotide level, by methods
such as single strand conformational polymorphism
(SSCP) [27], and linkage analysis in families. Neverthe-
less, in the SSCP analysis, it is often difficult to screen the
entire gene, and mutations in regulatory regions could
easily be missed because for most genes the regulatory re-
gions are not well characterized. In retrospect, linkage
studies in MODY were successful because these distinct
phenotypes represent a subtype of the more heteroge-
neous Type 2 diabetes, identified with relatively easily
quantifiable parameters. However, other mutations, even
in the glucokinase gene if within the regulatory regions for
example, could result in more subtle phenotypes which
could be more difficult to quantitate. In such a case, even
within a single family, multiple factors, both genetic and
environmental, are likely to be contributing to Type 2
diabetes, and thus segregation of any one gene may be dif-
ficult to discern [19, 20]. This problem has already been
encountered even in a MODY family with linkage to the
ADA locus on chromosome 20q [28].

Population association studies may supplement the
shortcomings of molecular scanning and linkage analysis.
Association studies allow evaluation of a genetic locus
over a region of up to 100 kb of DNA [29], which covers
the whole gene including the regulatory regions, and can
be performed without large multigenerational families.
Most important, association studies provide a means of
detecting minor predisposing factors (i.e. mutations
whose effects are minor by themselves and hard to be
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identified as a certain phenotype), which may be difficult
to be recognized by linkage analysis. Therefore all of these
approaches are complementary and essential to study the
genetics of a complex disorder such as Type 2 diabetes.
Linkage analysis in families [30, 31] as well as prelimi-
nary results of SSCP analysis in Caucasian late-onset
Type 2 diabetic patients showed similar lack of positive
findings. Thus, the results of the current analysis, along
with the other studies, strongly suggest that for common
Type 2 diabetesin Caucasians,common glucokinase muta-
tions will not be a predominant factor in genetic suscepti-
bility to this disease. Whether the previous associations ob-
served in American Blacks [22], Mauritian Creoles [23],
and Japanese (Noda K, Matsutani A, Tanizawa Y, Permutt
MA, Kaneko T, Kaku K, unpublished data) represent dif-
ferencesinthe geneticbasis of the commonType 2 diabetes
betweenracial groups has yet to be determined.
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