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Considerable evidence supports a major inherited com-
ponent of type 2 diabetes. We initially conducted a
genome-wide scan with 440 microsatellite markers at 10-
cM intervals in 19 multigenerational families of Northern
European ancestry with at least two diabetic siblings. Ini-
tial two-point analyses of these families directed marker
typing of 23 additional families. Subsequently, all available
marker data on the total of 42 families were analyzed
using both parametric and nonparametric multipoint
methods to test for linkage to type 2 diabetes. One locus
on chromosome 1g21-1q23 met genome-wide criteria for
significant linkage under a model of recessive inheritance
with a common diabetes allele (logarithm of odds [LOD]
= 4.295). Both pedigree-based nonparametric linkage
(NPL) analysis and affected sib pair (MAPMAKER/SIBS)
nonparametric methods also showed the highest genome-
wide scores at this region, near markers CRP and APOA2,
but failed to meet levels of genome-wide significance. The
risk of type 2 diabetes to siblings of a diabetic person when
compared with the population (Ag) was estimated from
MAPMAKER/SIBS to be 2.8 in these 42 families. Simula-
tion studies using study data confirmed a genome-wide
significance level of P < 0.05 (95% CI 0.005-0.0466). How-
ever, analysis of 20 similarly ascertained but smaller fam-
ilies failed to confirm this linkage. The LOD score with
50% heterogeneity for all 62 families considered together
was only 2.25, with an estimated A of 1.87. Our data sug-
gest a novel diabetes susceptibility locus near APOA2 on
chromosome 1 in a region with many transcribed genes.
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onsiderable data support a major role for
genetic susceptibility in the pathogenesis of
type 2 diabetes. Several genes have been identi-
fied that may increase the risk of type 2 diabetes
(1-4), but that do not appear to be major type 2 diabetes sus-
ceptibility loci (5-11). Although other genes do act as major
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loci in rare families (12-17), they are not important causes
of type 2 diabetes with more typical onset (18-23).

Because candidate gene studies have not uncovered major
type 2 diabetes susceptibility loci (19,21,24), many groups have
undertaken genome-wide scans to identify unique loci for type
2 diabetes. Hanis et al. (9) reported a locus near the telomere
of chromosome 2q (NIDDM1) in Hispanic type 2 diabetic sib
pairs from Starr County, Texas. Mahtani et al. (25) found no
significant linkage of diabetes to any region in a genome-wide
scan of 26 Finnish type 2 diabetic families, but they reported
a locus near MODY3 on chromosome 12q (NIDDMZ2) among
the subset of families with the lowest insulin response to glu-
cose. In the San Antonio Hispanic population, Stern et al. (26)
reported linkage of glucose to regions on chromosome 11 near
the sulfonylurea receptor gene and on chromosome 6.

We used the genome-wide scan to test the hypothesis that
amajor susceptibility locus contributes to type 2 diabetes in
multigenerational Utah families ascertained for Northern
European ancestry and in which two or more siblings had
onset of type 2 diabetes before age 65. This population is typ-
ical of other populations of Northern European ancestry (27)
but is characterized by large sibships. We report the results
of a 10-cM genome-wide search of 22 autosomes using both
parametric and nonparametric multipoint analysis. Although
we find some evidence for linkage proximal to the NIDDM1
locus, our strongest evidence is for a major recessive type 2
diabetes locus on chromosome 1g21-g23.

RESEARCH DESIGN AND METHODS

Study population. The primary study population comprised 19 families with 468
members, 395 of whom were nonfounders (neither marry-in spouses nor parents
of the proband) and 73 of whom were spouses or living parents (founders). Fam-
ilies were ascertained in Utah for Northern European ancestry and the presence
of atype 2 diabetic sib pair with onset of diabetes before age 65. Available parents
and siblings of the sib pair were studied, and offspring of the sib pair and their sib-
lings were studied if they were over 18 years of age. Families in which both par-
ents of the proband sib pair were known to be diabetic were not studied. All non-
diabetic family members underwent a 75-g oral glucose tolerance test.

During the genotyping of these 19 families, an additional 23 families were sim-
ilarly ascertained, except that in 7 families only a simple sib pair was available
for study. Because these families were not available during the initial studies,
we used a staged approach to genotyping additional families in which only
selected markers were typed in all 42 familial type 2 diabetic kindreds (initial
19 families and 23 newly ascertained families). The extended family set thus com-
prised 42 families with 618 members, of whom 526 were nonfounders. Additional
details on the study population have been reported elsewhere (8,28) and are
available from the authors. No family was ascertained for maturity-onset dia-
betes of the young (MODY). The mean number of individuals/family was 14.3
nonfounders (range 2-24) with 4.0 affected individuals (mean 2-7).

An additional 20 families were sampled during the final genotyping on the ini-
tial 19 families and the extended (42-family) set, and thus were available only for
replication studies. In addition to ascertainment at a later time, these families were
smaller than the 42 families of the primary study (mean number of individuals
tested was 13.5 for the primary set, 6.6 for the replication set), had fewer affected
individuals (mean 4.1 in primary set vs. 3.2 in replication set), and had slightly
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later onset (mean age of reported onset was 50.6 years in primary set, 51.5 years in
replication set).

Before the linkage studies, the initial 19 families were screened for glucokinase
mutations, and none were found (29). Additionally, no mitochondrial mutations
were found (30). Linkage to both MODYI and MODY3 regions was rejected
before multipoint studies, but screening for MODY3 (hepatocyte nuclear factor
1la) mutations in all 62 families was only completed after the analyses described
here (see below). Families have not been screened for MODYI mutations.

The study protocol was approved by the University of Utah Institutional Review
Board, and all study participants provided informed consent before the study.
Determination of affection status. To achieve asingle criterion for affection,
individuals were considered diabetic for the linkage analysis if they met one of
the following criteria: previously diagnosed type 2 diabetes on medical therapy;
fasting glucose >7.8 mmol/l; or 2-h postchallenge (75 g glucose) glucose
>7.8 mmol/l for <45 years of age, >11.1 mmol/l for 45-64 years of age, or
>13.3 mmol/l for >64 years of age. These cutoffs correspond to World Health Organ-
ization (WHO) criteria for impaired glucose tolerance (IGT) for <45 years of age
or type 2 diabetes (45-65 years of age), but they take into account the age depen-
dence of postchallenge glucose (31). These a priori criteria, while nonstandard,
allowed for a single diagnostic scheme that incorporated the population preva-
lence of IGT in determining affection status.

Nondiabetic subjects >45 years of age and subjects with IGT were restudied
after a 3- to 5-year interval if available, and diagnostic status was updated by reg-
ular questionnaires during the study period. Subjects were considered affected
if a diagnosis was established by repeat screening or if treatment with antidiabetic
medication was initiated before multipoint analysis. Subjects with IGT or diabetes
who did not meet age-specific diagnostic criteria, subjects with type 1 diabetes,
and patients with either anti-islet cell or anti-GAD antibodies (32) were consid-
ered to be of unknown affection status. From the 19 families used for the primary
genome scan, 50 individuals were of unknown affection status (35 nonfounders),
and 119 were considered affected (105 nonfounders). Of those classified as
affected for the primary analyses, 14 met WHO criteria for IGT but not diabetes.
From the 42-family set used in extended studies, 62 were considered of unknown
affection status (44 nonfounders), and 183 were considered affected (166 non-
founders), including 2 subjects diagnosed subsequent to the study visit and 18 indi-
viduals who had IGT by WHO criteria. Additionally, 14 elderly individuals with 2-
h glucose values <13.3 mmol/l but normal fasting glucose were considered non-
diabetic for linkage studies. For these studies, we also allowed for uncertainty in
diagnosis for conflicting test results or oral glucose tolerance test results near cut-
off points (Table 1). All classification decisions were made before data analysis
and not altered.

Individuals with clear diabetes on therapy were considered affected regard-
less of subsequent testing and were not retested. Individuals with IGT or diabetes
not requiring therapy and individuals over age 45 were invited to be retested, but
retesting was biased to families ascertained early in the study. Additionally, reg-
ular questionnaires were distributed to family members to update their health sta-

TABLE 1
Parametric models for type 2 diabetes genome search

tus. The most recent test data were used for classification of affection status and
assignment of liability class. Individuals with conflicting data on multiple tests
were considered of unknown affection status. Because of updated diagnoses,
affection status was different from previously published analyses (7,8).
Marker typing. DNA was prepared from peripheral lymphocytes or lym-
phoblastoid cell lines by standard methods (7). Microsatellite markers were cho-
sen from published maps (33-37) for heterozygosity >0.7 and ~10-cM intervals for
each chromosome. A total of 440 markers were typed at a mean interval of
<9.2 cM. The largest gap was 22 cM (chromosome 1p between markers D1S233
and D1S199). Specific markers are available in an on-line appendix at www.
diabetes.org/diabetes/appendix.asp. Microsatellite markers were typed using
radioactive methods, as described previously (7,8,28).

Linkage analysis. As described above, the primary genome scan was conducted on
19 families. Each chromosome was tested using two-point parametric and nonpara-
metric (affected pedigree member) (38) analyses as completed. The additional 23 fam-
ilies were entered into the study as they became available, with marker typing pri-
oritized to regions in which two-point logarithm of odds (LOD) scores exceeded 1.0
under any parametric model (dominant, dominant with very low penetrance, reces-
sive [7,8,28]) or P < 0.001 on affected pedigree member analysis. We also tested
regions of suggestive linkage from other laboratories in all 42 families before multi-
point analyses. Allele frequencies were determined from 60-100 spouse or unre-
lated controls of the same ethnic background as the families. Intermarker distances
for multipoint analyses were estimated from published maps (35-37) and confirmed
in disease families with the ILINK program from the LINKAGE 5.1 package (39-41).

Our primary analysis approach was multipoint parametric linkage analysis of
families, performed with GENEHUNTER (42) under dominant and recessive para-
metric models, which allowed for inclusion of a penetrance function based on
age modified by degree of obesity (Table 1). Although this model is empirical,
inclusion of obesity reduces the variance in liability classes among affected
members of a single family and fits empirical observations that obese family mem-
bers have increased predisposition to diabetes. Families were trimmed (see
below) as for nonparametric linkage (NPL) analysis. Although initial nonpara-
metric analysis used the NPL,;, statistic, based on subsequent reports (43,44) we
present data using the modified statistic proposed by Kong and Cox (43). We also
analyzed the data using multipoint affected sib pair analysis (MAPMAKER/SIBS
[45]) under the “possible triangle” statistic based on reports that this method may
be the most powerful nonparametric statistic (44). Exclusion mapping was per-
formed using MAPMAKER/SIBS at recurrence risks of A, = 1.4, 1.6, and 2.8.
Because affected sib pair and NPL analyses do not include penetrance, we con-
ducted nonparametric analyses both including and excluding affected individu-
als in liability classes 7 and 8.

The limitations of GENEHUNTER on family size (twice the number of non-
founders minus the number of founders cannot exceed 16 [42]) required larger
families to be trimmed before parametric and NPL analyses. First, each family was
trimmed to make it unilineal by removing affected spouses and their children. If
the family still exceeded the allowable size, unaffected individuals were succes-

Dominant or recessive model

Penetrance Sporadic penetrance,
Class Percent sporadics (DD or Dd) standard (dd)

Age range (years)

<30 1 0 0.02 0

30-45 2 1 0.15 2.00E-05

45-55 3 5 0.30 0.0017

556-65 4 10 0.45 0.0050

65-75 5 20 0.60 0.0160

>75 6 40 0.60 0.0440
Certainty

90% 7 20 0.58 0.1128

80% 8 20 0.56 0.2100

Parameters for dominant and recessive models are shown. Disease allele frequency was 0.05 for dominant and 0.25 for the reces-
sive models. Penetrance is based on a linear function, with the maximum conservatively determined from twin studies. Uncertainty
was used for individuals with conflicting laboratory tests or for those who just exceeded thresholds for affection status, according
to the method of Ott (39) and Terwilliger and Ott (65). For affected sib pair and NPL analyses, individuals were considered affected
regardless of liability class. Percent sporadics represents the percentage of all diabetic patients who were estimated to be pheno-
copies. The age-determined liability class was adjusted upward by one class for each 5 kg/m? of BMI 3 30, up to three classes, to derive

the liability class used in the linkage analysis.
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sively removed beginning with those most distantly related to any affected indi-
vidual until the size limit was attained. After trimming, 341 members of 42 fami-
lies for whom genotype data were available were included.

To explore the effects of nonstandard diagnostic criteria and the effects of trim-
ming families, we performed several post-hoc analyses of the chromosome 1 link-

age. Analysis was repeated using the recessive model with affection defined by
WHO criteria (pharmacological therapy or 2-h glucose >11.1 mmol/l); with orig-
inal affection criteria but all unaffected individuals considered to be unknown
(“affected-only”™); and with four markers (D1S305, CRP, APOA2, and D1S196)
but full pedigree information as implemented in VITESSE (46).
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FIG. 1. The tracing of the modified NPL,;, statistic expressed as the equivalent LOD score (— ) and the MAPMAKER/SIBS maximized over
A (- -9 for each chromosome. Each analysis is shown with all individuals included. Distance is in cM from the most p-ter marker for each chro-
mosome. See also Table 2 for highest scores on each model. Marker names and locations are available from the Diabetes Web site or from the

authors.
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Simulation analysis. Empirical significance of the peak LOD score under para-
metric multipoint analysis was determined by simulating 100 replicates of the
genome-wide scan. We generated marker genotypes (47) for 100 replicates of all
22 autosomes (440 markers), assuming the marker distances and allele frequen-
cies used in the analysis and the missing values found in the data, but without ref-
erence to disease phenotypes. Because of the computational time involved in con-
ducting the full genome scan on all replicates with both dominant and recessive
models, we used a modification of our actual analysis method. First, we used
FASTLINK (41) to compute two-point LOD scores for linkage of each marker in
each replicate to type 2 diabetes with recombination of 0.01, 0.05, 0.10, and 0.20
for both the dominant and recessive models. If any two-point LOD score on the
chromosome exceeded 2.0, we conducted a multipoint analysis using GENE-
HUNTER (42) on the complete chromosome using the same model and recorded
the maximum LOD score for that chromosome.

Replication studies. To determine whether results in the initial 42 families
could be extended to a small number of similarly ascertained families, we typed
122 individuals from 20 newly ascertained families. Replication families were typed
for the putative locus on chromosome 1g21-23 and the NIDDM1 region on chro-
mosome 2q, but they have not been typed at other regions.

RESULTS

As described above, because family ascertainment continued
during initial marker typing, we used a staged approach in
which all markers were typed in 19 multigenerational fami-
lies. In addition, both two-point analysis from these studies
and work from other laboratories (9,25,48,49) was used to
direct typing of 23 additional families for chromosomes 1, 2,
7,9, 11, 12, 19, and 20 before multipoint studies of all avail-
able data on 42 families. Two-point results from our labora-
tory have been partially reported elsewhere (6-8,28). Based
on these and unpublished initial results, we typed additional
markers on chromosomes 1, 7, 9, 11, and 19 and included 23
additional similarly ascertained families. Our primary multi-
point linkage analysis was performed with all available

marker data under dominant and recessive parametric meth-
ods using the GENEHUNTER program (42). However, to
perform analyses comparable with other published studies,
we also analyzed the data using affected sib pair (45) and
NPL,;; (42,43). Parameters for parametric analyses are
shown in Table 1. Disease gene frequency was set to define
a 5% population prevalence, which with a maximum of spo-
radic (noninherited) frequency of 40%, easily approximates
the population prevalence of type 2 diabetes in Utah.
Because parametric analyses excluded most regions other
than chromosome 1, we show only results of the NPL,;;
(expressed as a LOD score) and affected sib pair analysis max-
imized over A, in Fig. 1. We show nonparametric statistics cal-
culated when individuals with uncertain diagnoses (liability
classes 7 and 8; see METHODS) were included, which was more
powerful for most regions.

The maximum LOD for linkage was 4.295, which occurred
under the recessive model on chromosome 1q21-23 at posi-
tion 204 cM from p-ter marker, between markers CRP and
APOA2 (Fig. 2). The one LOD unit CI (39) extended from posi-
tion 202 to position 221 or approximately from marker CRP
to marker D1S196. In contrast, linkage under the dominant
model was excluded in this region (LOD < -2). Both NPL
(LOD = 2.260, position 214) and affected sib=pair (LOD =
2.964, position 201) analyses peaked within the CI at position
213 but failed to meet genome-wide significance levels. Using
MAPMAKER/SIBS (42), we estimated A, (the ratio of the risk
to a sibling of a diabetic to the population risk) at 2.89,
although the LOD score varied little between A\, =2.4 and A, = 3.2.
We found no evidence for heterogeneity using the admixture test
(39), and we still obtained a LOD score of 4.09 when we sub-
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FIG. 2. The dominant, recessive, NPL,,;, and MAPMAKER/SIBS tracings for chromosome 1 both for the 42 families and for the 42 families plus
the additional replication families. Distances are taken from the literature but correspond closely to that calculated from disease families. Mark-
ers used in the analysis are shown on the x-axis. All analyses include all affected individuals, including liability classes 7 and 8. (=), 42 fam-
ily recessive; (= =), 42 family MAPMAKER/SIBS; (——), 42 family NPL,;;; (----), 42 family dominant; (—-—),
62 family recessive with heterogeneity (upper line) and without heterogeneity (lower line).
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stituted intermarker distances calculated from the ILINK (39)
analysis of family linkage data for published map data.

No other region reached genome-wide significance levels
under any method. All LOD scores 2 1 under both parametric
and nonparametric analyses are shown in Table 2. We found
no evidence for linkage at previously reported loci on chro-
mosomes 2, 12, or 20 or at regions suggested in our previous
two-point analyses (6-8,28). We excluded 82 and 84% of the
genome scanned under our dominant and recessive models,
respectively, and we excluded 53% of the genome but not the
NIDDM]1 region at A, = 2.8 under MAPMAKER/SIBS. We
were able to exclude <3% of the genome under MAP-
MAKER/SIBS at A\ = 1.6 (data not shown).

We used simulation to determine the empirical genome-
wide significance of our chromosome 1 linkage by using
study map distances, allele frequencies, and pedigree data
under both dominant and recessive models. One of 100 repli-
cates of a genome-wide simulation exceeded our observed
LOD score of 4.30 (4.61); an additional replicate showed a
LOD score of 4.11; and 6/100 replicates produced LOD scores
between 3 and 4. Based on these results, the 95% CI for the
genome-wide significance of a LOD score of 4.295 is 0.0005
< P < 0.0466, which meets the proposed standard of genome-
wide significance of P < 0.05 (50).

Despite evidence for genome-wide significance of the link-
age to chromosome 1, we were unable to replicate this finding
in 20 newly ascertained nuclear families from the same popu-
lation. The LOD score under the recessive model for these
replication families was below —3.0 in the region of most prob-
able linkage on chromosome 1q, and nonparametric analysis
showed no evidence for linkage under NPL or affected sib pair
methods. As expected from these results, the recessive LOD
score for multipoint analysis of the combined 62-family data set
was only 0.52 without heterogeneity and 2.25 with 50% het-
erogeneity. For the combined data, the maximum LOD scores
were 0.508 under NPL and 1.681 under MAPMAKER/SIBS.

DISCUSSION

Late-onset type 2 diabetes probably results from the interplay
of several genetic determinants and environmental factors,

such as sedentary lifestyle and obesity. Although the number
of genes involved and the interaction between these genes is
uncertain, a small number of loci is consistent with available
epidemiological data (51). A simple Mendelian model of typ-
ical late-onset type 2 diabetes is improbable. Consequently,
most investigators have chosen nonparametric (model-free)
approaches that examine allele sharing among affected (dia-
betic) siblings and that do not require specification of a
model of inheritance as the primary approach to type 2 dia-
betes and similar complex genetic diseases (9,62). These
methods do not include information from unaffected family
members. However, the merits of this approach have been
debated (53,54). Affected sib pair analyses discard much of
the family information available from the larger families that
characterize our study population. Parametric or model-
based analysis methods utilize the additional information
from unaffected family members that is excluded from allele-
sharing methods. Furthermore, model-based analyses give
more weight to the contributions of large families than do
GENEHUNTER type analyses. Perhaps for these reasons,
simulation studies suggest parametric, model-based analyses
under simple dominant and recessive models with reduced
penetrance retain high power compared with the correct
model, even when the actual disease model is more complex
(such as multiple loci) than the analytical model suggests (54).
Furthermore, analysis under parametric models provides
some information on mode of inheritance of the linked locus
(65). Importantly, although data analysis under the wrong
genetic model can reduce power, LOD scores are not falsely
elevated by choosing incorrect model parameters (53). Thus,
although our simple models of analysis are unlikely to reflect
reality, and although this misclassification of model parame-
ters may mask linkage to regions with genes of lesser effects,
these models are unlikely to raise the LOD score.

We hypothesized that families with type 2 diabetes in a sib
pair with onset before age 65 represent a unique subset of typ-
ical type 2 diabetes in which major genetic determinants play
a more important role. We have tested this hypothesis by
identifying and sampling a large number of multigenerational
families, by typing both affected and unaffected individuals

TABLE 2

Highest LOD scores for genome-wide scan

LOD score Method Chromosome Position Markers
4.295 Recessive 1 204 CRP/APOA2
2.964 Sib pair 1 201 CRP/APOA2
2.260 NPL 1 214 CRP/APOA2
2.180 Sib pair” 2 253 D2S336
1.829 NPL* 2 253 D2S336
1.386 NPL 2 200 D2S117
1.063 Sib pair 2 193 D2S138/D2S117
1.348 NPL' 8 55 D8S136
1.365 NPL* 8 75 D8S87/FGFR1/D8S532
1.155 Recessive 11 158 D11S925/D11S912
2.361 NPL 18 0 D18S59

LOD scores >1.0 are shown for all methods. Recessive, LOD score calculated under recessive model in GENEHUNTER,; sib pair, LOD
score calculated from affected sib pair sharing under MAPMAKER/SIBS; NPL, Z score calculated from NPL,;; program in GENE-
HUNTER, modified to provide improved power in the setting of missing parental data (see METHODS). The LOD score is calculated
from the actual Z score, assuming an asymptotic distribution from the formula Z%/4.6, and is taken from the ouput file of the mod-
ified GENEHUNTER program (43). Position is our estimated distance from the most p-ter marker for each chromosome. Markers
are the closest typed markers in our set. The highest score is shown with liability classes 7 and 8 excluded.
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for markers on all 22 autosomes, and by using a parametric
approach to analyze the data under both dominant and reces-
sive models that is very similar to recently proposed methods
(54). We suggest a major type 2 diabetes locus on chromo-
some 1g21-1g23 that acts most like a high-frequency recessive
gene (our model estimated a diabetes allele frequency of
0.25) with moderate penetrance (up to 60% at age 65). The evi-
dence for this locus derives from a maximum LOD score of
4.295, which meets genome-wide significance under several
criteria. Because we have tested for two models of dominance
(dominant and recessive), a conservative correction would
lower the actual value to 4.00 (56), which exceeds the rec-
ommended threshold of 3.3, corresponding to a single locus
P value of 4.9 X 107, or <1 false-positive result in 20 dense
genome-wide scans (50). Our simulations using actual
marker and pedigree data and both dominant and recessive
models also support this conclusion. Arguably, we did not cor-
rect for the nonparametric analyses, but these were not our
primary analytical methods. Nonetheless, these methods also
show the highest genome-wide scores in this region, albeit
without reaching genome-wide significance.

Based on our estimate of A, = 2.89 in the multipoint
affected sib pair analysis of the initial 42 families—assum-
ing a multiplicative model—and an estimated total A\, of 3.5
(b1), this locus could account for ~85% of type 2 diabetes
among these families. By comparison, the NIDDM1 locus
was estimated to have a\; = 1.36 and to explain 30% of the
familial clustering of diabetes in the Hispanic population.
However, our estimate of A, for this locus might be as low
as 1.41 in the initial 42 families, thus explaining only 27% of
the familial clustering of type 2 diabetes. A more accurate
estimate of the role of the chromosome 1 locus may come
from our combined 62-family analysis, in which Ag is only
1.87, thus explaining only 50% of type 2 diabetes under a mul-
tiplicative model and 35% under an additive model under the
same assumptions.

Subsequent to the analyses described here, we identified
2 families of the 42 initial families with novel missense
mutations of the hepatocyte nuclear factor 1o, which seg-
regated with diabetes (20). Removal of these two families
from the analysis indeed raises the LOD score for the initial
42 (now 40) families to 4.863, providing stronger evidence
for a chromosome 1 locus. In additional post-hoc analyses,
we excluded those with less certain diagnoses of diabetes,
those whom we considered affected but who did not meet
WHO criteria for diabetes, and all unaffected individuals.
Each of these analyses lowered the LOD score to between
3.5 and 3.6 (data not shown). When all individuals removed
to fit the GENEHUNTER restrictions were restored and
only the four closest markers were analyzed using the
recessive parametric analysis under VITESSE (46), the LOD
score was 3.364. Although the reduced LOD score resulted
in part from the analysis of only four markers, inclusion of
some previously excluded unaffected individuals con-
tributed to an overall lower LOD score. The differences in
LOD scores among these post-hoc analyses reflects the
significant role that unaffected individuals play in para-
metric analyses.

Several aspects of our study suggest that our linkage on chro-
mosome 1q might represent a false positive. First, false-posi-
tive LOD scores >4.3 were rarely observed in our simulations.
Second, we were unable to replicate our linkage in 20 addi-
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tional families that differed only in later ascertainment and a
tendency to be smaller and older. Third, our LOD score was
rather dependent on which unaffected individuals were
included. On the other hand, significant linkage of type 2 dia-
betes to a locus in this same region was reported in Pima
Indians using a discordant sib pair approach (57) (C. Bogardus,
R. Hanson, personal communication). Furthermore, familial
combined hyperlipidemia, which is an insulin-resistant state
with a propensity to glucose intolerance, was recently
mapped to the same region of chromosome 1 in Finland (568)
and in the syntenic region of mice (59). Additional confirma-
tion of our findings must await analysis of a large replication
sample of several hundred families from a similar population
analyzed with the same models.

Of other genome scans reported, both Hanis et al. (9) and
Ghosh et al. (60) clearly excluded this region. In contrast,
using the conservative NPL,;; analysis, Mahtani et al. (25)
reported P values of 0.053 at D1S305 and 0.073 at D1S484, both
of which lie within the CI for our most significant linkage (25).

Although we did not find evidence for linkage at the pro-
posed NIDDM1 locus, we did find some evidence for a locus
near marker D2S336 in 42 families when individuals with
uncertain diagnoses were excluded (LOD = 2.180, MAP-
MAKER/SIBS; LOD = 1.830, modified NPL analysis). This
locusis ~20 cM proximal to that found by Hanis et al. (9) and,
even without correction for multiple analytical methods,
would not meet genome-wide significance. Furthermore,
these LOD scores also fall when our replication set is
included (data not shown). Nonetheless, given map uncer-
tainty in this region and suggestive evidence for a locus in this
region in several studies (9,43,61), this region merits further
study. Of the other regions with LOD scores exceeding 1,
the region on chromosome 11q in which we previously
reported evidence for linkage in two-point analyses (8) has
been linked to BMI and diabetes in Pima Indians (57). No
other region with evidence for linkage in our study showed
evidence by all three analytical methods and evidence for link-
age in another study population.

Chromosome 1g21-g23 has a large number of mapped
genes, of which Apolipoprotein A2 (APOAZ2), located near the
region of maximum LOD score, is the strongest candidate
through potential control of free fatty acid levels (62,63).
Other possible candidates include the hepatic form of pyru-
vate kinase (PKLR), a key regulatory enzyme in glycolysis, and
LMX1, aregulator of insulin gene transcription (64). Work is
in progress to examine the role of these candidate genes.
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