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Summary. Glucokinase is among the few genes which may
play a key role in both insulin secretion and insulin action.
Glucokinase is present in pancreatic beta cells where it may
have a key role in the glucose sensing mechanism, and it is
present in hepatocytes, where it may participate in glucose
flux. Glucokinase defects have recently been implicated in
maturity-onset diabetes of the young. To examine the hypo-
thesis that glucokinase plays a key role in the predisposition
to common familial Type2 (non-insulin-dependent)
diabetes mellitus, we typed 399 members of 18 Utah pedi-
grees with multiple Type 2 diabetic individuals for two mar-
kers in the 5" and 3’ flanking regions of the glucokinase gene.
Linkage analysis was performed under both dominant and
recessive models. We also repeated these analyses with indi-
viduals with impaired glucose tolerance who were con-
sidered affected if their stimulated (2-h) glucose exceeded
age-specific normal levels for 95% of the population. Under

several dominant models, linkage was significantly excluded,
and under recessive models log of the odds (LOD) score was
less than — 1. We were also unable to demonstrate statistical
support for the hypothesis that a small subgroup of pedigrees
had glucokinase defects, but the most suggestive pedigree
(individual pedigree LOD 1.8-1.9) ranked among the youn-
gest and leanest in our cohort. We can exclude a major role
for glucokinase in familial Type 2 diabetes, but our data can-
not exclude a role for this locus in a minority of pedigrees.
Further testing of the hypothesis that glucokinase defects
contribute to diabetes in a small proportion of Type 2
diabetic pedigrees must await thorough sequence analysis of
the glucokinase gene, including regulatory regions, particu-
larly from pedigrees with positive L.LOD scores.

Key words: Familial Type 2 (non-insulin-dependent) dia-
betes mellitus linkage analysis, glucokinase.

The genetic predisposition to Type 2 (non-insulin-de-
pendent) diabetes mellitus is well accepted, but the spe-
cific biochemical defect which characterizes that predis-
position is uncertain. Many studies of Type 2 diabetes
have identified hyperinsulineamia or insulin resistance as
an early finding in the relatives of diabetic patients [1], but
a second defect in insulin secretion is probably necessary
for the full development of the diabetic phenotype [2,3].
This model is consistent with the interaction of several
epistatic loci which was suggested by population risk ra-
tios among relatives of diabetic patients [4]. Thus, genes
from either pathways of insulin action or secretion may
represent candidates for the genetic predisposition to
Type 2 diabetes. Glucokinase (GCK) is among the few
cloned genes which are present in both pathways. In the
liver, GCK phosphorylates glucose and maintains a gra-
dient for inward transport. In the pancreatic beta cell,
GCK again determines the rate of phosphorylation and
thus glucose flux [5, 6]. Consequently GCK is thought to
play a major role in beta-cell glucose sensing and glucose-

stimulated insulin secretion. Perhaps most importantly,
mutations of GCK have been implicated in affected mem-
bers of French and English families with autosomal domi-
nant early-onset Type 2 diabetes (maturity-onset diabetes
of the young; MODY; [7-9]). Additionally, the poly-
morphisms of this locus are associated with Type 2
diabetes in the American Black population [10]. Glucoki-
nase is the only cloned gene to our knowledge which has
been implicated in a Type 2 diabetic subgroup by linkage.
However, to date linkage or sequence analyses of this
gene have only been reported in the uncommon MODY
form of Type 2 diabetes, and GCK mutations may account
for the genetic predisposition in fewer than 50 % of these
pedigrees.

To determine the role of GCK in the common forms of
familial Type 2 diabetes, we examined 18 large pedigrees
with two or more affected individuals (399 individuals) for
linkage between glucokinase and familial Type 2 diabetes.
While we can reject the GCK locus as a cause of Type 2
diabetes under models of homogeneity, our results cannot
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exclude and may suggest a minor role for glucokinase in
the predisposition to familial Type 2 diabetes.

Subjects and methods

Study population

Studies were performed on members of 16 Caucasian pedigrees as-
certained for two or more Type 2 diabetic siblings. These pedigrees
are described in considerable detail elsewhere [11, 12], including
pedigree diagrams [12]. An additional two pedigrees were ascer-
tained for a mixture of Type 1 and Type 2 diabetes. Each of these
pedigrees included at least one Type 2 diabetic sibling pair and were
thus appropriate for study. Briefly, pedigrees were drawn from sev-
eral sources in a uniform population representative of Northern Eu-
ropean immigrants. Pedigrees with three or more Type 2 diabetic si-
blings were preferentially sampled, and pedigrees in which most
affected members exceeded 50 % of ideal body weight or in which
both parents were known to be affected were not sampled. For each
proband or sibling of the proband, available parents, spouses, and
the two-four oldest offspring were sampled. Clinical studies of age of
onset, obesity, and fasting or stimulated insulin levels did not reveal
significant differences between mixed Type 1 and Type 2 diabetic
pedigrees and those ascertained for Type 2 diabetes only (S.C.El-
bein, unpublished data). In addition to measurements of height and
weight, each pedigree member not known to be affected underwent
astandard 75-g oral glucose tolerance test (OGTT) with both fasting
and 1-h stimulated insulin levels, as described elsewhere [11]. Al-
though the parents of the proband were deceased in 14 of 18 pedi-
grees, at least two generations were available for all pedigrees. None
of our pedigrees met the definitions of MODY used in other studies.
Allindividuals reported in previous studies [ 12] were included in this
analysis.

Disease status

Individuals with Type 1 diabetes (onset before age 20, insulin-
treated) were considered of unknown status with regard to Type 2
diabetes. All individuals under pharmacological treatment for
Type 2 diabetes were considered affected. We classified untreated
individuals who met World Health Organization (WHO) criteria for
diabetes only by 2-h-stimulated glucose on OGTT as unknown un-
less the stimulated glucose level exceeded the age-and race-specific
95 % levels reported from NHANES data [13]. This requirement re-
sulted in the classification of three individuals over age 70 years with
2-h-stimulated glucose levels of less than 12.2 mmol/1 as unknown.
An additional subject whose diabetes is controlled by diet with age at
onset of 80 years and who was unavailable for testing was also classi-
fied as unknown. Similarly, although impaired glucose tolerance
(IGT) in young individuals is likely to be a manifestation of a genetic
predisposition to Type 2 diabetes, up to 25 % of older individuals are
IGT by non-age corrected WHO or National Diabetes Data Group
criteria [13]. The standard WHO criteria for IGT (7.8 mmol/1) only
exceeds the 95 % level for a 2-h-stimulated glucose for individuals
under age 45 years. We thus performed a second analysis in which we
considered individuals whose glucose levels exceeded these 95%
criteria to be affected. All other individuals who met WHO criteria
for IGT were considered to be of unknown diabetic status.

Marker determination

All pedigree members were typed for both 5 (GCK2) and 3’
(GCK1) microsatellite polymorphisms by polymerase chain reac-
tion (PCR) with Taq polymerase (Perkin Elmer Cetus, Norwalk,
Conn., USA). A single primer was end-labelled with y-*°P (Amer-
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sham, Arlington Heights, IIl., USA ) with polynucleotide kinase [14].
Amplification conditions for the 3’ polymorphism are described
elsewhere [15]. The 5 microsatellite was amplified with primers
CTGTGCCATGGTTATATAAGATAAG and AAACAGA-
TACGCTTCATCCTGATTC. Amplification was carried out for 30
cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. Ampli-
fied samples were separated on 6.0% denaturing polyacrylamide
gels. Samples from pedigree members were run in proximity and
against known markers to ensure consistent scoring among mem-
bers of the same pedigree. For both GCK1 and GCK2 microsatel-
lites, rare alleles were renamed to one of the three more common
classes for purposes of linkage analysis, so that only three total al-
leles were analysed for each marker. This reclassification greatly
simplifies computational analysis. Since alleles were redefined with
reference to each pedigree, in no case was the information for link-
age analysis altered.

Linkage analysis

Although positive results were obtained in MODY under a domi-
nant model with alow gene frequency [7], we considered the appro-
priate genetic model to be unknown in familial Type 2 diabetes.
Simulation studies suggest that linkage can be detected even when
the true model is unknown by testing a range of models [16] (S. C. El-
bein, unpublished data). We tested both diagnostic schemes (IGT
subjects were considered as unknown, and all individuals exceeding
the 95% cutoff for 2-h glucose were considered affected) under
dominant and recessive models. For dominant models we tested a
gene frequency of 0.02, and for recessive models a disease gene fre-
quency of 0.2. We have previously demonstrated that small changes
(3-5 fold) in gene frequency have little impact on the results in these
pedigrees (S.C.Elbein unpublished data). Each individual was as-
signed to one of seven liability classes derived from age in decades at
time of testing, except that allindividuals under age 25 years were as-
signed to class 1, and all individuals over age 75 years were assigned
toclass 7. We assigned an age-dependent linear penetrance function
which increased in equal stepwise increments from 0.05 in class 1 to
a maximum of 0.9 for class 7. We similarly allowed for age-depen-

‘dent phenocopies (non-inherited cases of diabetes) to a maximum of

2% prevalence (class 7) in non-susceptible genotypes. This factor
permits one-third of all cases to result from an unlinked locus or non-
genetic factors. In addition to these models, we tested the hypothesis
suggested from MODY studies [7] that glucokinase defects repre-
sented arare dominant disease. For these analyses, we tested a gene
frequency of 0.002 and a maxiumum phenocopy frequency to 0.04,
such that most Type 2 diabetic patients were phenocopies. Finally,
we examined a dominant model in which penetrance was 0.01 for
class 1 and increased to only 0.5 maximum for class 7 (age older than
75 years). With low penetrance, unaffected individuals contributed
little to the LOD score, and linkage might be detected which would
be rejected by our other analyses if the higher penetrance function
were incorrect [17]. All analyses were run using the MLINK pro-
gram of the LINKAGE package (version 5.1; [18]) on a.386 PC. Al-
lele frequencies were estimated from unrelated individuals in our
population. Recombination between GCK1 and GCK2 was as-
sumed to be 0, and two point analysis between loci confirmed this as-
sumption.

The hypothesis of linkage with heterogeneity was tested with the
“A test” for heterogeneity performed on the results of the linkage
analysis with the HOMOG program {18]. In this test, the proportion
of linked families (o) is allowed to vary from 0 to 1, and the likeli-
hoods of heterogeneity and linkage under heterogeneity are exam-
ined. The statistic is distributed as a chi-square distribution. Al-
though in the absence of linkage the appropriate significance levelis
uncertain, Ott has suggested a value of p <0.001 [18].

Simulations of linkage were performed for pedigree 9 to deter-
mine how closely our reported log of the odds (LOD) score ap-
proached the maximum attainable for this pedigree, and to deter-
mine the likelihood that a LOD score this high would be achieved by
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Table 1. Total log of the odds (LOD) scores for glucokinase vs fami-
lial Type 2 diabetes by genetic model

Mode of

Diagnostic Gene fre- Phenocopy LOD score

inheritance criteria quency  frequency ( =0.001)
Dominant IGTunknown 0.02 0.02 —-2.76
Dominant IGTunknown 0.002 0.04 —2.64
Dominant 95 % Cutoff 0.02 0.02 -2.59
Dominant 95% Cutoff 0.002 0.04 —-2.87
Recessive  IGTunknown 0.20 0.02 -191
Recessive  95% Cutoff 0.20 0.02 -1.13

Total LOD scores are shown for the entire pedigree cohort for sev-
eral models tested. Models are described in detail in Subjects and
Methods. All Type 1 diabetic subjects were considered unknown,
and all Type 2 diabetic subjects under treatment were considered af-
fected. For “IGT unknown” models all individuals with impaired
glucose tolerance (IGT) individuals or Type 2 diabetes diagnosed
only by glucose tolerance test and whose 2-h values during an oral
glucose tolerance test did not exceed 95% age- and race-specific
values were considered unknown. For “95% cutoff”, individuals
were also considered affected if they exceeded these 95% age-spe-
cific population glucose levels; otherwise untreated individuals
meeting WHO criteria for IGT or Type 2 diabetes were considered
unknown. Phenocopy frequency represents the maximum value for
an age adjusted rate of diabetes in non-susceptible genotypes

chance alone. Simulations were performed with the program SLINK
[18, 19] and simulated files were analysed under MSIM, a modifica-
tion of the MLINK program with quadraticinterpolation to estimate
the maximum expected LOD score [18].

Results

Linkage of glucokinase and Type 2 diabetes was investi-
gated under both diagnostic schemes (IGT were con-
sidered as unknown, or all individuals with 2-h stimu-
lated glucose levels in excess of the age-specific 95 %
cutoff level were considered affected) for dominant and
recessive models. In linkage analysis of a candidate locus,
one compares the likelihood of two hypotheses: that the
Type 2 diabetes locus resides at the glucokinase locus, and
thus diabetes and GCK are tightly linked (no recombina-
tion or recombination rate 6 =0) vs no linkage (random
assortment or recombination rate 6 =0.5). The prob-
ability of linkage is expressed as the logarithm of the odds
ratio (LOD score) for these hypotheses. Linkage is tradi-
tionally accepted when the LOD score exceeds 3, or
1000:1 odds in favour of linkage, and is rejected when the
LOD score is less than —2, or 100:1 odds against linkage
[18]. Our results are all reported at a recombination frac-
tion of @ = 0.001, and are summarized in Table 1. The least
negative LOD scores were obtained under recessive mod-
els, in which .OD scores were in the indeterminate range
of — 1to — 2. Linkage was clearly rejected (LOD less than
—2) at arecombination fraction of 8 = 0.001 under domi-
nant models with both classification schemes. Linkage
was also rejected (LOD = —2.87) when examined with a
gene frequency of 0.002 and a high phenocopy frequency
(to 0.04 maximum), such that most cases of Type?2
diabetic patients would represent phenocopies. We were
unable to reject linkage under the less informative ana-
lysis with a low penetrance, however (LOD = —1.19).
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Under each model, inspection of individual pedigree
LLOD scores showed that nearly one-third of pedigrees
were uninformative (LOD very near 0), but pedigree 9 ap-
proached a LOD score of 2 under dominant models when
young IGT individuals were considered affected, even
with the low penetrance model (LOD =1.82). Individual
LOD scores under the dominant model with gene fre-
quencies of 0.02 and 0.002 are shown in Table 2, and the
segregation of GCK alleles for pedigree 9 is shown in
Figure 1. In all cases, analysis at recombination fractions
greater than 0.01 were less informative (closer to 0).

Because inspection of individual LOD scores sug-
gested heterogeneity, we examined the hypothesis that
Type 2 diabetes and GCK were linked in a subgroup of
pedigrees. Initially we performed the “A test” for hete-
rogeneity with the HOMOG program [18], as described in
Subjects and Methods. We found no evidence for hete-
rogeneity under recessive models. Under dominant mod-
els chi-square values (2 df) were 4.5-4.9 (p < 0.10) in sup-
port of linkage and heterogeneity. The likelihood was
maximum when the proportion of linked pedigrees (o)
was 0.2 to (1.3, but significance was well below that pro-
posed (p =0.001) when the total LOD score under homo-
geneity is less than 3 [18].

To further investigate the possibility of linkage and
heterogeneity, we tested the likelihood that we would ob-
tain an LOD score of 1.9 by chance alone in pedigree 9
given these markers. Simulations were performed under a
single dominant model with diagnostic criteria based on

Table 2. Individual pedigree log of the odds (LOD) scores at
6 = 0.001 for dominant models

Pedigree  Totalnumber Totalpumber LOD LOD
of individuals of affected - scorefor scorefor
tested individuals q=0.002 q=0.02

1 26 8 -1.21 -0.93
2 23 4 -0.93 -0.75
4 19 4 -0.56 -0.59
5 18 4 0.02 -0.03
6 19 3 ~0.02 -0.39
7 29 4 -0.94 -1.14
8 15 3 0.06 0.26
9 25 7 1.99 1.93

10 19 2 0.03 0.21

11 20 4 0.61 0.72

13 20 5 —-0.13 —-0.45

14 20 6 0.12 0.14

15 29 7 0.14 0.04

16 26 7 0.15 -0.01

17 37 7 -0.46 -045

18 14 5 ~1.16 ~0.49

19 16 4 -0.53 -0.70

20 20 5 0.07 0.04

L.OD scores are shown for each pedigree at 8 = 0.001 for two models:
dominant with a low gene frequency (q = 0.002) and high phenocopy
frequency (0.04 maximum), as might be expected if glucokinase gene
defects represent a rare dominant disease, and a gene frequency to
account for a4 % disease prevalence (q = 0.02) with a phenocopy fre-
quency to account for the remaining 6 % disease prevalence (maxi-
mum 0.02). For both models shown, individuals were considered af-
fected if they both met WHO criteria for impaired glucose tolerance
and exceeded 95 % age-specific population levels for 2-h stimulated
glucose (see Subjects and Methods and Table 1)
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Fig.1. Glucokinase haplotypes for Pedigree 9. Glucokinase alleles,
as determined by GCK1 and GCK2 haplotypes, are shown under the
symbols on the pedigree. Blackened symbols denote Type 2 diabetic
individuals, stippled symbols denote individuals with impaired glu-
cose tolerance by WHO criteria, but whose stimulated glucose
values did not exceed the 95% cutoff. These individuals had “un-
known” disease status in linkage analysis. Checkered symbols repre-
sent individuals with impaired glucose tolerance whose stimulated
glucose values exceeded age- and race-specific 95% values (see
Subjects and Methods), and who were considered “affected” under
appropriate models. Where unambiguous haplotypes could not be
established (alleles were not distinguishable in offspring), both
possibilities are shown with a slash separating them. Allele c segre-
gated with diabetes in this pedigree

95 % levels for the 2-h glucose, with a gene frequency of
0.002, and with a phenocopy rate of 0.04 maximum. To
simplify analysis, we assumed complete linkage equili-
brium between the GCK1 and GCK2 markers and we
combined rare alleles to give a single 6 allele locus (allele
frequencies 0.47, 0.26, 0.10, 0.06, 0.06 and 0.05). The
highest LOD score obtained from these simulations
was 2.39. Because the assumption of linkage equilibrium
overestimates the information for these polymorphisms
(Y. Tanizawa, K. Chiu, unpublished data), this expected
LOD score is higher than could be attained in reality, and
our actual results thus approach the maximum L.OD score
possible in this single pedigree. In contrast, when we
performed the same simulation experiment in the absence
of true linkage (6=0.5), a LOD score of 1.5 was exceeded
in only 2 of 100 replicates (maximum 1.82).

To increase the power to detect linkage in the presence
of heterogeneity, investigators have explored alternative
methods to detect linkage. Age of onset has been a power-
ful means to rank pedigrees for this analysis [20], and the
sequential addition of LOD scores actually corresponds
to Morton’s original description of linkage analysis [21].
Furthermore, data from MODY pedigrees suggested that
glucokinase defects might lead to early-onset disease [7].
When we performed this analysis under a dominant
model] with pedigrees ranked in order of mean age of
onset, the LOD score reached the maximum at 2.26 with
the three youngest onset pedigrees, and then fell toward
the valuesin Table 1. This maximum was still below the 3.0
necessary to prove linkage under heterogeneity (linkage
in an early-onset subgroup).

Discussion
The role of glucokinase in young-onset subsets of Type 2

diabetes (maturity-onset diabetes of the young, or
MODY) is well-established [7, 9]. A role in more typical
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Type 2 diabetes has been suggested by association studies
[10], but GCK had not been examined in common familial
Type 2 diabetic pedigrees. Our studies do not support a
major role for GCK in these pedigrees. Under most mod-
els we significantly reject linkage. In simulation studies
with this population using a single marker with com-
parable information content (heterozygosity 0.75), 70 %
of replicates had LOD scores which exceeded 3 under ho-
mogeneous models, and 80 % of LOD scores exceeded 1
even in the presence of 30% unlinked pedigrees. Thus,
the LOD scores obtained in this study would be very un-
likely if glucokinase defects were a major cause of Type 2
diabetes.

Our results do not exclude the possibility that glucoki-
nase defects account for a small subset of Type 2 diabetic
pedigrees. Indeed, in a single pedigree our LOD score ap-
proaches 2, nearly the maximum which can be expected
for thatsingle pedigree. Although this finding is within the
realm of chance, particularly since several models were
tested, the results suggested a need for further evaluation.
We have examined the clinical characteristics of this pedi-
gree. Affected pedigree membersranked 2 and 3 for mean
age of onset and percent desired body weight, respective-
ly, among our pedigrees. These findings are consistent
with the young age of onset in MODY pedigrees with
GCK defects. However, we were unable to distinguish
pedigrees with positive LOD scores from those with nega-
tive LOD scores by fasting or stimulated insulin levels.
Furthermore, putative carriers of a GCK mutation in
pedigree 9 had much higher insulin levels (after correction
for age, sex, and weight) than did non-carriers (data not
shown). Furthermore, sequence analysis of the nine exons
for beta-cell glucokinase in the implicated allele has de-
tected only silent mutations (S.C.Elbein unpublished
data). Thus, the role of GCK mutations even in this pedi-
gree is uncertain.

Our results point out a dilemma in the analysis of com-
mon and potentially heterogeneous disease. Linkage ana-
lysis is a powerful tool to test the hypothesis that a given
locus predisposes to diabetes in the majority of pedigrees
tested. In this respect linkage analysis has advantages over
direct sequencing methods, since mutations in non-coding
and regulatory regions are also detected. However, link-
age analysis can at most suggest the involvement of genes
which contribute to only 10 %—20% of disease predisposi-
tion. This problem is compounded for markers which are
not fully informative, such as in the present study. Thus,
approximately 30 % of pedigrees in our study were unin-
formative for linkage (LOD scores near Q). Furthermore,
the Type 2 diabetic phenotype may result from the inter-
action of GCK mutations with other loci [4] or environ-
mental factors. In that case, the actual penetrance for the
GCK gene might be much lower than the 90 % maximum
which we used in most models. We have also examined a
reduced penetrance model (50 % maximum penetrance),
and found no support for linkage under this model either.
Nonetheless, reduced penetrance also diminishes the
power to detect linkage, particularly if GCK mutations
are present in only a fraction of pedigrees. Thus, linkage
studies have little power to detect loci which are not major
contributors to the disease susceptibility.
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Direct sequence analysis of coding regions provides an
alternative method to identify mutations in the face of ex-
treme heterogeneity or multiple interacting loci. How-
ever, in our examination of the nine glucokinase exons by
single strand conformation polymorphism analysis [22,
23], we have not identified a mutation which segregates
with Type 2 diabetes in these pedigrees (S. C. Elbein, un-
published data). Nonetheless, a predisposing mutation
may reside in a regulatory region or an intron. Further-
more, screening methods do not have 100 % sensitivity.
Thus, we can clearly exclude a major role for glucokinase
in familial Type 2 diabetes, but a thorough sequence ana-
lysis, particularly in pedigrees with positive LOD scores,
may be necessary to totally exclude glucokinase muta-
tions as a cause of familial Type 2 diabetes in this popula-
tion.
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