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3. Timeline: 
 
Will begin analysis when proposal is approved. 
 
4. Rationale:  
 
Type 2 diabetes (T2D) is currently estimated to affect more than 170 million individuals 
worldwide, with estimates increasing to 320 million in 2030 (1). Discovering the genes 
underlying the development of T2D would provide better understanding of the molecular 
etiology of T2D and guide development of treatment and prevention.  
 
Initial identification of the NOS1AP gene as a candidate for T2D was facilitated by 
replication of a strong linkage signal from the chromosome 1q21-q25 region from several 
studies (2, 3).  Subsequent fine mapping studies in 7 populations confirmed that variants 
in NOS1AP are associated with T2D in the 1q Consortium populations (U.K. whites, 
French whites, Shanghai Chinese, Hong Kong Chinese, Utah whites, Old Order Amish, 
Pima Indians and Arkansas whites) (4-10).  NOS1AP lies directly under the peak at 1q23 
and is a strong biologic candidate, with function related to nitric oxide (NO) synthesis 
and release (11); studies of mice with functional mutations in proteins essential for NO 
synthesis present with insulin resistance (12, 13).  Experimental evidence of the effect of 
NO on glucose metabolism in humans is not available yet, but results from observational 
studies show lowered NO availability in those with T2D (14). 
 
We propose to perform a cross-sectional analysis of prevalent T2D with NOS1AP 
variants in the ARIC study, as well as a cohort analysis of incident T2DM.  21 SNPs have 
already been genotyped in the 5’ region of the NOS1AP gene.   
 
5. Main Hypothesis/Study Questions: 
 
This manuscript will address the following questions: 

  Are any NOS1AP variants associated with prevalent or incident T2D in both 
black and white ARIC participants? 

 
 Are any NOS1AP variants associated with glucose, insulin levels (both from 

visit 1), and insulin resistance in both black and white non-diabetic ARIC 
participants? 

 
6. Design and analysis (study design, inclusion/exclusion, outcome and other 
variables of interest with specific reference to the time of their collection, summary 
of data analysis, and any anticipated methodologic limitations or challenges if 
present). 



 
Study design:  Prospective follow-up from visit 1 (1987-89) to visit 4 (1996-98) of 
ARIC participants meeting inclusion criteria.  21 NOS1AP variants have been genotyped 
in all black and white ARIC participants who agreed to future genetic research.   
 
Exclusion criteria: 

1) No consent to genetic research 
2) Non-white or non-black 
3) Missing genotype for the SNP being analyzed 
4) Missing diabetes status at baseline 
5) Missing glucose or insulin  
6) For secondary outcome analysis (fasting glucose, fasting insulin, insulin 

resistance): 
a) Did not fast for at least 8 hours  
b) Self-report of T2D medication 

 
Outcome: Analysis of the primary outcome, T2D, will be defined by any of the 
following conditions: 1) fasting plasma glucose (FPG) >126 mg/dL, 2) casual plasma 
glucose >200 mg/dL, 3) self-report of physician diagnosed diabetes, 4) self-report of 
diabetes medication.  Prevalent T2D will include all participants with diabetes diagnosis 
up to visit 1; incident T2D will include all participants who are free of diabetes at visit 1, 
but subsequently developed diabetes in visits 2-4.   
 
For secondary analysis, we will investigate FPG from visit 1 and fasting insulin from 
visit 1, in separate models; insulin will be log-transformed due to non-normality.  In 
addition, we will calculate HOMA-IR (a measure of insulin resistance) from FPG and 
fasting insulin from visit 1 (HOMA-IR = [FPG*Fasting Insulin]/22.5). 
 
Exposure: The NOS1AP variants included in this aim are rs12026931, rs12567209, 
rs10494366, rs10918762, rs12022536, rs12026452, rs12068421, rs12124105, 
rs12567211, rs1415262, rs1572495, rs16847548, rs16856785, rs4656345, rs4657139, 
rs4657154, rs7514121, rs7532680, rs7539281, rs7540690 and rs885092, listed in location 
order in figure 1.   
 
Figure1: NOS1AP variants listed by location 

 
 
These SNPs were selected based on coverage for NOS1AP in the block containing 
rs10494366 and rs4657139 (significant SNPs from a study of cardiac repolarization in 
whites where NOS1AP was first identified (15)) and neighboring LD blocks in a 
population of U.S. whites with ancestry from northern and western Europe (CEU) in 



HapMap.  Twenty-one SNPs were selected using Tagger with criteria of R-square>0.65 
and minor allele frequency (MAF) >0.05 in the CEU population. 
 
Data analysis:  
Note: All analyses will be stratified by race. 
Data checking and cleaning: Hardy-Weinburg equilibrium (HWE) will be checked 
within each race; we will exclude SNPs with p<0.001.  We will examine genotype 
distribution for each SNP by inclusion/exclusion criteria, as well as T2D distribution by 
those with missing genotype. 
 
Analysis of prevalent cases:  Logistic regression will be used to examine the association 
between each SNP and T2D diagnosis in a cross-sectional design.     
 
Analysis of incident cases: Proportional hazards Cox regression will be used to 
investigate incident T2D.  Follow up time will be determined by 1) the interpolated date 
for those who develop diabetes, or 2) last study visit for those who simply did not return 
to the study or administratively censored.  We are able to estimate diabetes incidence date 
by using linear interpolation of glucose values at the visit which T2D was diagnosed and 
the preceding visit, as described in Duncan et al, (16).  Again, each SNP will be modeled 
additively for genotypic association analysis and coded 0, 1 or 2 dependent on the 
number of risk alleles present in the genotype.   
 
SNP modeling: For both prevalent and incident T2D analyses, each SNP will be 
modeled additively for genotypic association analysis and coded 0, 1 or 2 dependent on 
the number of risk alleles present in the genotype.   
 
Haplotype modeling: Haplotype association analysis will be carried out by a 2-4 SNP 
windowing approach for all SNPs for prevalent T2D.  We will implement the Haplostats 
package created by Schaid et al. (17, 18) for this analysis.  Haplostats estimates the 
probabilities of possible haplotypes for an individual and uses the probabilities as weights 
to iteratively update coefficients from the regression and probabilities for haplotypes 
while simultaneously adjusting for covariates and interactions of interest.   
 
However, Haplostats does not currently feature an option for use in survival analysis, so 
we will perform two sets of analyses: 1) treat the prospective portion as a case-control 
and use logistic regression as implemented in Haplo.glm and 2) apply a two-step method 
where haplotype are estimated from PHASE, a Baysian-based haplotype method by 
Stephens et al (19, 20) which will then be used as exposures in a Cox regression.  We will 
select best estimated haplotypes.   
 
In Haplostats and PHASE, the same method to code genotype will be used to code 
haplotypes (0: no at-risk haplotype, 1: one copy of the at-risk haplotype, 2: two copies of 
the at-risk haplotype).  
  
Multivariable modeling: The crude model for both prevalent and incident T2D analyses 
will include age and sex.  In addition, tiers of multivariate models will be constructed 



consisting of the crude model in addition to family history of diabetes, factors related to 
obesity (BMI, waist circumference, physical activity level, energy intake) and education.  
We considered Bonferroni correction to adjust for multiple comparisons and to determine 
significance.  However, Bonferroni correction will be overly conservative because many 
of the SNPs are in LD; therefore, we will still consider SNPs with uncorrected p-values 
<0.05 as significant.   
 
Analysis of pooled prevalent and incident cases:  If the association between genotypes 
and diabetes are similar in both the cross-sectional and the prospective analyses, then a 
pooled analysis will be performed using logistic regression with prevalent T2D cases 
defined at visit 4.  Although the T2D cases in visit 1 are prevalent, this combined analysis 
is appropriate since the genetic component should precede the disease; logistic regression 
is also the most appropriate way to combine prevalent and incident cases.  Genotype and 
haplotype analyses will be performed as described in previous sections; we will use 
Haplo.glm from the Haplostats package to estimate haplotypes for this analysis.  We will 
construct models as previously described. 
 
Analysis of secondary outcomes: We will perform linear regression with FPG, log-
transformed fasting insulin and HOMA-IR as separate outcomes; we will again perform 
genotypic and haplotypic associations.  We will be using Haplostats for haplotype 
analyses, as linear regression is available in the Haplostats package.  In multivariable 
analysis, we will be adjusting for age, sex, family history of diabetes, obesity and factors 
relating to obesity (BMI, waist circumference, physical activity and energy intake) as 
well as education.   
 
Population stratification: Results from our analyses in blacks will be compared to those 
adjusting for within-population stratification using 1,536 SNPs informative for ancestry.  
If substructure exists, we will examine the association between SNPs and outcomes either 
stratified or adjusted for membership into each subpopulation.  
 
The ARIC study is the ideal cohort in which to perform this analysis; DNA has already 
been isolated, prevalent and incident T2D has been assessed.  However, a limitation of 
this analysis is that we do not currently know the causal NOS1AP SNP which influences 
risk of T2DM.  However, the SNPs which are associated in this analysis will either be the 
causal SNP or in high linkage disequilibrium with the causal SNP.  In addition, these 
SNPs were selected based on their association with another phenotype, QT interval.  The 
SNPs do not “cover” the entire gene, but are primarily located in the 5’ and first intron 
region.  The region potentially associated with T2D may not be in this region.  We are 
considering genotyping the 1q Diabetes Consortium SNP, rs7548169, in the ARIC 
participants. 
 
Strengths of this aim include the large number of T2DM cases in whites and blacks in 
ARIC and well-phenotyped participants in ARIC. 
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