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Summary
Aims—Evaluate discs large homolog 2 (DLG2) as a positional candidate gene for disposition index
(DI) in the Insulin Resistance Atherosclerosis Family Study (IRAS-FS) African-American sample.

Methods—SNPs (n=193) were selected for genotyping in 580 African-American individuals using
a modified tagging algorithm. Follow-up genotyping was carried out within regions associated with
DI. A subset of highly associated, uncorrelated SNPs were used as covariates in the linkage analysis
to assess their contribution to linkage.

Results—Evidence of association with DI was observed at the DLG2 locus (admixture-adjusted
P=0.050-8.7×10-5) with additional signals observed in follow-up genotyping of 17 SNPs
(P=0.033-0.0012). Inclusion of highly associated, uncorrelated SNPs as covariates in the linkage
analysis explained linkage at the DLG2 locus (90.8cM) and reduced the maximal LOD score
(72.0cM) from 4.37 to 3.71.

Conclusions—Evidence of association and an observed contribution to evidence for linkage to DI
was observed for SNPs in DLG2 genotyped on the African-American individuals from the IRAS-
FS. Although not the only gene in the region, these results suggest that variation at the DLG2 locus
contributes to maintenance of glucose homeostasis through regulation of insulin sensitivity and β-
cell function as measured by DI.
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Introduction
Maintenance of glucose homeostasis encompasses both peripheral insulin sensitivity and β-
cell function. It has been widely observed that insulin-resistant subjects have markedly
increased insulin secretory function compared with insulin-sensitive subjects. This
compensatory relationship or negative feedback loop has been quantified experimentally and
demonstrated to function as a hyperbolic relationship between insulin sensitivity and β-cell
function [1]. The disposition index (DI) quantifies the relationship between insulin sensitivity
(SI) and pancreatic β-cell function (AIR); DI=SIxAIR [2]. Type 2 diabetes (T2D) is
characterized by the failure of this compensatory relationship and reduced DI is a strong
predictor of T2D [3]. Through investigation of the relationship between SI and AIR quantified
by DI, we aim to identify molecular mechanism(s) that detrimentally modulate glucose
homeostasis.

In a genome-wide scan based on 284 nondiabetic African Americans from 21 pedigrees
recruited by the Insulin Resistance Atherosclerosis Family Study (IRAS-FS), evidence for
linkage to DI on chromosome 11q was observed with a LOD score of 3.21 at 81.0cM flanked
by markers D11S2371 and D11S2002 [4]. Following fine mapping with microsatellite markers
in the initial family sample (Set 1) and in an independent set of 214 African-American subjects
in 21 pedigrees (Set 2), the resulting linkage signal increased to a LOD score of 4.80 at 80.0cM
near marker D11S937. Suggestive evidence for linkage to acute insulin response (AIR) at two
separate locations flanking the DI peak (64.0cM, LOD 2.77, flanked by markers D11S4076
and D11S981; and 85.0cM, LOD 2.54, flanked by markers D11S4172 and D11S2002) was
also observed, but no evidence of linkage to the insulin sensitivity index (SI) [5]. The goal of
this study was to evaluate the DLG2 locus as a positional candidate gene for DI and assess its
contribution to the observed linkage signal.

Subjects
Study design, recruitment and phenotyping for the IRAS-FS have been described in detail
[6]. Briefly, the IRAS-FS is a multi-center study designed to identify the genetic determinants
of quantitative measures of glucose homeostasis and adiposity in African Americans and
Hispanic Americans. A clinical examination was performed that included an interview, a
frequently sampled intravenous glucose tolerance test (FSIGT), anthropometric measurements,
and blood collection. The Institutional Review Board of the clinical and analysis sites approved
the study protocol and all study participants provided their written informed consent. Measures
of glucose homeostasis included those from the FSIGT using the reduced sampling protocol
[7-9] calculated by mathematical modeling methods (MINMOD) [10]: insulin sensitivity
(SI), acute insulin response (AIR) and disposition index (DI). Individuals with a self-reported
diagnosis of diabetes or fasting glucose>126 mg/dL, were excluded from this analysis. This
analysis includes 580 African-American individuals from 42 pedigrees. Distributions of the
primary phenotypes are listed in Table 1.

Materials and Methods
Genotyping

SNPs were chosen for genotyping within the DLG2 gene (longest annotated transcript;
Chr11:82843701-85015962, NCBI Build 36.1 hg18) using a modified tagging algorithm. SNPs
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were identified for genotyping based on binning Illumina-designable SNPs according to a
threshold linkage disequilibrium score (r2) [11]. This algorithm specifically tagged SNPs (as
opposed to haplotypes) and was agnostic towards haplotype block structure, although larger
bins were likely to encompass haplotype block regions. Genotypic data from the Yoruba (YRI)
population of the International HapMap project [12] was used as the best ancestral model for
the IRAS-FS African-American population. The risk with use of YRI data alone is that African-
American allele frequencies will differ from the ancestral population. Caucasians could be used
to estimate the Caucasian ancestry limit, but it is not certain that the simple genetic drift model
of ancestral allele frequency spectrum is applicable or useful in this case. A total of 193 SNPs
were selected for typing at the DLG2 locus on the Illumina BeadArray system at the Centers
for Inherited Disease Research (CIDR).

Seventeen additional SNPs which captured additional variation in DLG2 were selected for
follow-up using the Tagger program [19] of Haploview. This genotyping was performed on
the Sequenom MassArray Genotyping System [13]. Blind duplicates were included to evaluate
genotyping accuracy.

Statistical Analysis
Each SNP was examined for Mendelian inconsistencies using PedCheck [14]. Genotypes
inconsistent with Mendelian inheritance were converted to missing. Maximum likelihood
estimates of allele frequencies were computed using the largest set of unrelated African-
American individuals (n=58), genotypes were tested for departures from Hardy-Weinberg
proportions and LD structure was evaluated using Haploview 4.0 [15], using the block
definition from Gabriel et al. [16]. To evaluate coverage, DLG2 genotypes
(Chr11:82843701-85015962) from the HapMap YRI population of the International HapMap
project were evaluated. Specifically, using the Tagger program [19] of Haploview the amount
of common variation captured was assessed by forced inclusion of SNPs typed and calculation
of r2 across the interval using a minor allele frequency (MAF) threshold of 0.05 and the
aggressive tagging algorithm.

To test for association between individual SNPs and the quantitative phenotype DI, variance
component analysis was performed as implemented in SOLAR [17]. When necessary,
quantitative traits were transformed to best approximate the distributional assumptions of the
test and minimize heterogeneity of the variance. Thus, the results reported represent analyses
on the square root of DI. To test for association between each SNP and T2D we used a threshold
parameterization of the variance component measured genotype model as implemented in
SOLAR. For each phenotype, the two degree of freedom test of genotypic association was
performed. In addition, a priori genetic models (dominant, additive and recessive) were
computed (i.e., dominant model contrasts those with the major allele versus those without,
additive model tests for a dose effect in the number of alleles, and recessive model contrasts
individuals homozygous for the minor allele versus not). If the overall evidence of genotypic
association was significant, the results from the genetic models were examined directly. If the
overall genotypic association was not significant, the results from the genetic models were
examined after adjusting for the three comparisons using a Bonferroni adjustment. This
approach is consistent with the Fisher's protected least significant difference multiple
comparisons procedure. To assess the influence of admixture on the tests of association, a
principal components (PC) analysis was performed using 39 ancestry informative markers
(AIMs; ∼2 per chromosome based on chromosome size). The 39 AIMs were available on all
subjects (n=580) and these data were merged with HapMap data for CEPH (n=90) and Yoruba
(n=90) populations. The total proportion of variance explained by the first PC (PC1) was 40%
and was used as a covariate in the analysis to adjust for admixture. The second and third PCs
did not separate from the remaining 36 PCs and explained ∼3% of the genetic variation. Only
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PC1 correlated with HapMap populations. Tests reported here were computed adjusting for
age, gender, BMI and with/without admixture adjustment. Adjustments for multiple
comparison tests were not performed due to selection of the positional candidate gene based
on a priori evidence of linkage.

The results of initial and fine mapping linkage analyses in the IRAS-FS African American
pedigrees have been previously reported [4,5]. Briefly, testing for evidence of linkage to a
QTL, i.e. DI, was carried out using the variance component approach implemented in the
SOLAR software package [17]. To test whether a particular subset of SNPs contributed, either
directly or through linkage disequilibrium with the QTL, to the evidence for linkage, a subset
of highly associated, uncorrelated SNPs was entered into the QTL linkage analysis and the
change in the magnitude of the LOD score calculated. If the polymorphism directly or indirectly
contributes to the evidence for linkage, the initial LOD score will be reduced in a model that
includes the polymorphism as a covariate. The genetic location of the DLG2 locus was
calculated by extracting all markers from the deCODE Genetic Map [18] for chromosome 11
and mapping the chromosomal sex-averaged genetic positions to the latest human genome
physical map positions (NCBI Build 36.1, hg 18). Using R version 2.4.0
(http://www.r-project.org/index.html) a smoothing spline was fit through these points and the
spline was used to interpolate genetic map positions corresponding to physical positions of
gene loci. For DLG2 we computed a single representative physical map position as the mean
of the 5′ end of the most centromeric exon in any known annotated splice variant and the 3′
end as the most telomeric.

Results
This study evaluated genetic data from 580 African Americans in the IRAS-FS of whom 499
had FSIGT-derived measures of glucose homeostasis. Table 1 summarizes the descriptive
statistics of the sample. In general, the sample included more women than men (59.2% women)
and was overweight (BMI=30.0±6.8kg/m2).

SNP genotyping from the Illumina Custom Bead Array platform at CIDR, was >99% efficient
(0.045% missing data rate) and after Mendelian error corrections using PedCheck blind
duplicate samples included in genotyping (n=22) had minimal discordances (0.014%
inconsistency rate). Using the Tagger program [19] of Haploview, the 192 SNPs genotyped in
the initial screen (rs1483394, was not genotyped by HapMap) captured common variation
(MAF>0.05; aggressive tagging algorithm) of 1833 SNPs with a mean r2=0.71 in the HapMap
Yoruba population. Examination of Hardy-Weinberg equilibrium in the DLG2 gene region
(n=193 SNPs) identified five SNPs (rs1432049, rs964464, rs7945737, rs6592211 and
rs7116340) that deviated from expected proportions (P≤0.05). The region with the strongest
evidence of association contained SNPs rs10501545 (admixture-adjusted P=1.91×10-4),
rs1945309 (admixture-adjusted P=8.72×10-5; Figure 1B) which were modestly correlated
(r2=0.41, Figure 2). The results of the analysis at the DLG2 locus are summarized in Figure 1
and Appendix I.

In order to choose additional SNPs for follow-up analysis, the haplotype block structure of the
interval harboring theses DI associated SNPs was examined. SNP rs10501545 was contained
in an 8kb LD block and rs1945309 fell in an inter-block region (Figure 2A and B, SNPs
underlined). In order to capture common variation across the region and interrogate block
boundaries, 17 additional SNPs were typed in a follow-up study. Using the Tagger program
of Haploview these 27 SNPs (10 from the initial screen and 17 follow-up SNPs) captured
common variation at 88 SNPs (MAF>0.05; aggressive tagging algorithm) with a mean r2=0.85.
Marker genotyping success rates were ≥90% for the additional 17 SNPs genotyped and blind
duplicates were concordant. PedCheck analysis resulted in the exclusion of 12 of 9,877
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genotypes. In the follow-up genotyping (n=17 SNPs) a single SNP deviated from expected
Hardy-Weinberg proportions (rs7927526, P=0.023). Reexamination of the LD structure across
the region (Figure 2) with a minor allele frequency threshold of 0.10 revealed three LD blocks.
SNP rs10501545 fell in an inter-block region, Block 1 contained SNPs rs1451397 to rs7342211
(26kb), Block 2 contained SNPs rs7945102 to rs1945309 (2kb) and Block 3 contained SNPs
rs17548333 to rs921452 (<1kb). Association analysis of the follow-up SNPs is presented in
Table 2. Of the 14 additional SNPs evaluated with a MAF>0.10, nine SNPs showed evidence
of association with DI (admixture-adjusted P=0.033-0.0012). Association within the context
of LD block structure revealed additional SNPs within blocks 1 and 2 with evidence of
association with DI (admixture-adjusted P=0.029-0.0012) and which were not highly
correlated with the original signal (rs1945309; r2<0.45, respectively).

The extent to which variation at the DLG2 locus contributed to the evidence for linkage of DI
on chromosome 11 is shown in Figure 3. Selection of a subset of highly associated, uncorrelated
SNPs resulted in selection of seven SNPs to be used as covariates in the linkage analysis
(rs725192, rs518143, 1367980, rs616414, rs10501545, rs1945309 and rs7119106; r2<0.41).
Linkage of DI to chromosome 11 in the African American cohort containing only individuals
with complete genotype data at the DLG2 SNPs of interest maximized at 73.0cM (95% CI:
69.0-77.0cM) with a LOD score of 4.37. The LOD score at the DLG2 locus, located at 90.8cM
was 0.74. Inclusion of a subset of highly associated, uncorrelated SNPs as covariates in the
analysis resulted in complete reduction of the LOD score at the DLG2 locus (LOD score of
0.04) and reduction of the maximal LOD score from 4.37 at 73.0cM to 3.71 at 72.0cM.

Discussion
Using a positional cloning approach, evidence of DI linked to chromosome 11q has been
observed. This result has been replicated in additional study samples and fine mapping resulted
in a significant LOD score of 4.80 at 80cM near marker D11S937 in African Americans from
the IRAS-FS [5]. The purpose of the current study was to evaluate discs large homolog 2
(DLG2) as a positional candidate gene for DI.

The longest of six DLG2 transcripts spans greater than 2.1Mb of chromosome 11q (Chr11:
82843701-85015962; NCBI Build 36.1 hg18; Figure 1A). The 193 SNPs typed tagged a large
proportion of the known variation as assessed through HapMap Yoruba dataset (r2=0.71). The
most significant evidence for association with DI was observed for SNP rs1945309 (admixture-
adjusted P=8.72×10-5; Figure 1B) located in intron 13 of DLG2 (RefSeq Gene; NM_001364.2)
with several additional, modestly correlated SNPs (r2<0.45) showing support for evidence of
association within this region of DLG2. Using a significance threshold of P≤0.05 more SNPs
reached statistical significance in association analysis with DI (n=21) than expected by chance
alone (n=9.8). Additional genotyping and focused analysis within the intron 13 region of
DLG2 identified several SNPs significantly associated with DI, albeit with a lesser magnitude
than that observed at SNP rs1945309. Evaluation of association by independent sample set
(Set 1: 320 subjects in 21 families and Set 2: 260 subjects in 21 families) in the IRAS-FS
African-American population revealed association in both sets independently at the most
significantly associated loci (rs10501545: admixture-adjusted PSet1=0.0094, PSet2=0.027 and
PSet1+2=1.91×10-4 and rs1945309, admixture-adjusted PSet1=0.016, PSet2=0.0016 and
PSet1+2=8.72×10-5; Appendices II and III). Variation at the most significant SNP rs1945309
followed a dominant mode of inheritance (admixture-adjusted P=2.55×10-5, Appendix IV)
with one or two copies of the common allele (G) resulting in a 12% (213×10-5min-1) and 29%
(512×10-5min-1) decrease in the disposition index, respectively. Variation at SNP rs10501545
followed an additive mode of inheritance (P=4.50×10-5) with the number of copies of the minor
allele G resulting in a step-wise decrease in DI.
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Evaluation of DLG2 SNPs for association with T2D resulted in modest evidence of association
with 26 of 210 SNPs showing nominal evidence of association (P-Value<0.05; Appendix V).
Notably, half of these SNPs clustered in the intron 2-6 region of the gene which was not
strikingly associated with DI (Appendix I). Within the intron 13 region which was most
strongly associated with DI, only one SNP was found to be associated with T2D (rs11233737,
P=0.010). These associations should be viewed cautiously as the results could be attributed to
the relatively modest sample size of diabetics (n=72) in this study.

In order to determine if variants of DLG2 contributed to the evidence of linkage observed for
DI on chromosome 11, a subset of highly associated, uncorrelated SNPs were included in the
linkage analysis as covariates. Linkage analysis limited to individuals with complete genotype
data for the DLG2 SNPs of interest (n=7) increased the maximal LOD score to 4.37 at 73.0cM.
Inclusion of DLG2 SNPs as covariates in the linkage analysis reduced the LOD score at the
genetic position (90.76cM) of DLG2 from 0.74 to 0.04 with dominant and additive models
showing a greater ability to explain the linkage as suggested by the model-specific single SNP
analysis (Appendix IV). While this subset of SNPs reduced the maximal LOD score observed
on chromosome 11 to 3.71 at 72.0cM, there still remains significant evidence of linkage which
is not explained by SNPs in DLG2. This observation suggests that additional variants within
this interval exist, which either independently or in concert with SNPs in DLG2, contribute to
the linkage signal. A more thorough assessment of this linkage interval is warranted to identify
these variants.

DLG2 encodes channel-associated protein of synapses-110 (chapsyn-110) which is a member
of the ‘membrane-associated guanylate kinase’ (MAGUK) family of proteins. In vitro studies
suggest that this protein may interact at postsynaptic sites to form a multimeric scaffold for the
clustering of receptors, ion channels and associated signaling proteins [20], a critical process
for processing and transmission of electrical signals in neurons. Increasing evidence has
suggested a strong involvement of the central nervous system (CNS) in the maintenance of
glucose homeostasis [21,22] with specific examples demonstrated in the control of insulin
sensitivity in peripheral tissues through the melanocortin pathway [23]. Along this line of
reasoning, DLG2 could play a role in the regulation of glucose homeostasis by mediating
feedback signals from the peripheral tissues (insulin sensitivity) and pancreatic β-cells (acute
insulin response) through the neuroendocrine network.

In summary, using a positional cloning approach we identified a region of chromosome 11q
linked to DI in African Americans from the IRAS-FS and with additional mapping efforts
replicated and refined the linkage interval. While the DLG2 gene is distal to the LOD-1 support
interval of the DI linkage peak, evaluation of DLG2 as a positional candidate gene revealed
multiple SNPs associated with DI. These associations were concentrated within the intron 13
region and associated with DI in Set 1 and Set 2 with increasing magnitude of the effect
observed in the combined population. Assessment of the contribution to linkage for SNPs
observed to be highly associated with DI resulted in reduction of the linkage signal suggesting
that variation at the DLG2 locus contributes but does not fully explain the DI linkage signal
observed on 11q. While inclusion of DLG2 SNPs as covariates in the linkage analysis reduces
the evidence for linkage, additional unidentified loci also contribute to the linkage signal.
Studies are currently underway to evaluate additional genes within the DI linkage interval.
Evaluation of DLG2 in additional studies will be necessary to confirm the association observed
with DI and functional studies are needed to assess the possible role of DLG2 in the
neuroendocrine component for the maintenance of glucose homeostasis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Association analysis and linkage disequilibrium structure of 193 SNPs genotyped across the
DLG2 locus (NCBI Build 36.1 hg 18 chr11: 82844368-85006039). A. annotated transcripts
across the DLG2 locus (NCBI Build 36.1 hg 18 chr11: 82844368-85006039). B. Association
analysis of 195 DLG2 SNPs with disposition index (DI) in the combined African American
population from the IRAS-FS. 2df association P-values are presented as the –log(P-Value) for
SNPs along a condensed, equidistant x-axis. C and D. Haploview-generated LD map of the 27
SNPs at the DLG2 locus in unrelated African Americans (n=58) from the IRAS-FS. The
number within each box indicates the D' and r2 statistic value between the corresponding two
SNPs in panels C and D, respectively.
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Figure 2.
Linkage disequilibrium structure within intron 13 of DLG2. Haploview-generated LD map of
the 27 SNPs at the DLG2 locus in unrelated African Americans (n=58) from the IRAS-FS. The
number within each box indicates the D' and r2 statistic value in panels A and B, respectively.
SNPs from the initial analysis of 193 SNPs (underlined) are intercalated with SNPs from the
follow-up analysis.
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Figure 3.
Linkage analysis of DI on chromosome 11 in African Americans from the IRAS-FS. The solid
line represents individuals with complete genotype data at the DLG2 SNPs. The dashed line
represents linkage analysis with inclusion of DLG2 SNPs as covariates.

Palmer et al. Page 12

Diabetes Res Clin Pract. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Palmer et al. Page 13

Table 1
Demographic summary of IRAS-FS African American participants

African Americans

n Mean ± SD Median

Subjects 580

Demographics

 Age (years) 580 42.9 ± 14.0 41.5

 Female Gender (%) 344 59.2 %

 BMI (kg/m2) 575 30.0 ± 6.8 29.0

Glucose Homeostasis

 SI (×10-5min-1/[pmol/L]) 500 1.63 ± 1.17 1.41

 AIR (pmol/L) 499 1005.7 ± 826.2 771.5

 DI (SI × AIR; × 10-5min-1) 499 1425.7 ± 1269.2 1151.5

 Fasting Glucose (mg/dL) 512 94.7 ± 9.7 93.0
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