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Abstract

Type 2 diabetes (T2D) is a complex disorder characterized by high blood sugar, insulin

resistance, and relative lack of insulin. The collective effects of genome wide minor alleles of

common SNPs, or the minor allele content (MAC) in an individual, have been linked with

quantitative variations of complex traits and diseases. Here we studied MAC in T2D using

previously published SNP datasets and found higher MAC in cases relative to matched con-

trols. A set of 357 SNPs was found to have the best predictive accuracy in a British popula-

tion. A weighted risk score calculated by using this set produced an area under the curve

(AUC) score of 0.86, which is comparable to risk models built by phenotypic markers. These

results identify a novel genetic risk element in T2D susceptibility and provide a potentially

useful genetic method to identify individuals with high risk of T2D.

Introduction

Type 2 diabetes (T2D) is a metabolic disorder that is characterized by high blood sugar and

insulin resistance [1]. The number of diabetic cases was globally estimated to be 382 million in

2013 and will be 592 million in 2035 [2]. T2D makes up more than 85% of diabetic cases [2].

The heritability of T2D ranges between 20% and 80% [3]. Development of T2D can be delayed

or prevented by maintaining healthy lifestyle behaviors [4, 5]. Certain risk genes such as IRS2

have been identified whose dysfunction contributes to the development of T2D in animal

models [6, 7].

Efforts to identify susceptibility loci in T2D have mostly involved genome wide association

studies (GWAS) and identified a number of T2D risk single nucleotide polymorphisms

(SNPs) and related genes [1, 8, 9]. However, they account for only a small fraction of T2D

cases and their mechanisms of action remain largely unknown [1].

Common phenotypic risk factors for prediction of T2D are fasting glucose level, body-mass

index, high-density lipoprotein cholesterol level, and age. The phenotypic risk factors alone

can obtain an area under the curve (AUC) score between 0.75 and 0.9 [4, 10–12]. However,

such information cannot be available at birth. Researchers have also examined the use of sin-

gle-nucleotide polymorphism (SNPs) to predict the risk of T2D [4]. The AUC scores from
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these studies ranged between 0.54 to 0.68. However, none could predict T2D cases with com-

plete certainty.

Unlike past studies that focused on individual risk SNPs, our recent studies have shown a

role for the genome as a whole in affecting complex traits and diseases [13]. If minor alleles

(MA) are more deleterious and under more negative selection, an individual should only be

able to tolerate a limited number of MAs. MAs could be defined by using the control popula-

tion in a matched case-control study. By calculating the fraction of MAs in an individual, or

MA contents (MAC) defined as the total number of MAs divided by the total number of SNPs

examined, one can compare the average MAC scores of cases relative to controls. More details

about the MAC concept have been described in previous studies [14, 15]. We have consistently

found that MAC scores are on average higher in complex diseases relative to controls, includ-

ing Parkinson’s disease [15], lung cancer [16], and schizophrenia [17]. We have further found

a subset of MAs that could be used to predict ~2% of these diseases. Furthermore, higher

MAC scores are linked with lower reproductive fitness in C.elegans and yeasts and numerous

complex traits in model organisms [14].

To better understand the genetic basis of T2D, we here studied the role of MAC in T2D

using previously published GWAS datasets involving a genome wide scanning of 400K-900K

SNPs and ~8000 individuals of European ancestry.

Materials and methods

Datasets description

A British case and control dataset was downloaded from the Wellcome Trust Case Control

Consortium (WTCCC) (https://www.wtccc.org.uk) and included 1,999 T2D cases and 3,004

controls scanned for ~500K SNPs [8]. All 5,003 samples were genotyped with the GeneChip

500K Mapping Array Set (Affymetrix chip), which comprises ~500K SNPs, and the majority

were common variants (~80% SNPs with minor allele frequency [MAF] > 1%) and not

selected for any diseases. The specific description of SNP genotyping process and the chip

were described in the original study [8]. We performed principal components analysis (PCA)

using GCTA [18] [19] to remove outliers(S1 Table and S1 Fig showing PCA values and plots).

PCA is a method widely used [9, 12] for analyzing population genetic background. While the

chosen thresholds based on PCA to exclude outliers were somewhat arbitrary in common

practice, our priority was to include as many samples as possible when no clear genetic sub-

structure could be found as visually judged from the PCA plot. After filtering out outliers,

~1,600 cases and ~2,500 controls were retained. They were then separated into two equal size

subgroups at random: one for training and the other for validation. Training cohort consisted

of ~800 cases and ~1,300 controls and validation cohort ~800 cases and ~1,300 controls

(Table 1). Training cohort and validation cohort shared no overlapped samples.

To verify results from the WTCCC dataset, another independent dataset of T2D case and

control cohorts was also downloaded from dbGaP (https://www.ncbi.nlm.nih.gov/gap). As for

phs000091, even though the number of individuals at its dbGaP page was said to be 3,000 cases

of T2D and 3,000 healthy controls, the actual samples available to be downloaded were only

2,680 cases and 3,148 controls, which belonged to two studies of European Americans (EA):

Nurses’ Health Study (NHS) and Health Professionals’ Follow-up Study (HPFS) [20]. After fil-

tering out outliers by PCA, ~1,700 cases and ~2,000 controls were retained (S2 Table and S2

Fig showing PCA values and plots). All phs000091 samples were genotyped using Affymetrix

AFFY_6.0 chips, which comprises ~900K SNPs of mostly common variants (~85% SNPs with

MAF > 1%) and were not selected for any diseases. The WTCCC dataset and phs000091 data-

set shared ~450,000 SNPs. The final two datasets used are shown in Table 1.
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Data cleaning

The methods for quality control were the same as in previous studies [15, 16, 21]. PLINK was

used to remove SNPs in Hardy-Weinberg disequilibrium (Chi-squared test P-value< 0.0001

in cases or controls), with > 5% missing data, or with MAF > 0.01 [22]. Only autosomal SNPs

were used. Overall, these rigorous steps resulted in retaining ~410,000 SNPs from ~490,000

SNPs in the WTCCC dataset, 703,407 SNPs from ~900,000 SNPs in the phs000091 dataset.

Samples with> 10% missing SNPs and non-founders were excluded (i.e., only parents were

retained in cases where their children were also sampled). The cleaned datasets were detailed

in Table 1.

Statistical analysis

MAF refers to the frequency at which the second most common allele occurs in a given popu-

lation. MA was defined as an allele with MAF < 0.5 in a control group. MAC of an individual

was calculated by dividing the number of MAs by the total number of SNPs examined [15]. A

custom script was used to calculate the MAC value of each sample (https://github.com/

health1987/dist). For calculating mean MAC differences between cases and controls in

WTCCC cohorts, the training dataset was merged with the validation dataset. Mean MAC val-

ues were compared by t test. A two-tailed P-value less than 0.05 was considered to indicate sta-

tistical significance.

Linkage disequilibrium (LD) was performed using PLINK for each pair of SNPs in a win-

dow of 200kb SNPs; one SNP from the pair was excluded at random if r2 > 0.4 [22]. To justify

this r2 threshold, we also tested the results at other r2 levels (i.e. r2 = 0.05, r2 = 0.2, r2 = 0.6 and

r2 = 0.8).

Here our thinking is: MA is minor for one of two reasons, random and overall under more

negative selection. If an allele is overall protective rather than pathogenic, it should not be a

minor allele.

For WTCCC, since there are only genotypes and case or control status information avail-

able to us, we could only compare the average MAC difference in case and control group to

examine the role of MAC in T2D. However, for phs000091, we could download some pheno-

typic information including age, BMI, alcohol intake, family history of T2D and so on. So for

this dataset, we further used multivariate logistic regression test to investigate MAC’s role in

T2D relative to other risk factors based on R “glm” function.

Risk prediction model

In order to obtain a best model for risk prediction, SNPs sets at different P-values in training

dataset were chosen at first among all SNPs studied here. In addition, to avoid overfitting of

the prediction model on the training set from which the SNPs set was derived, LD clumping

was performed in WTCCC training cohort. Each MA was given a weighted risk score using

the beta value from logistic regression test in PLINK [22], as described previously [15, 16, 23].

Note that in this case, the MA status was determined using the combined cohort of both cases

Table 1. Basic characteristics of samples used in the study.

Training Validation

WTCCC WTCCC phs000091

Cases 829 820 1,707

Controls 1,270 1,279 2,042

SNPs 411,165 411,165 703,407

https://doi.org/10.1371/journal.pone.0187644.t001
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and controls in the training dataset. Asymptotic P-value for each SNP was obtained and differ-

ent sets of SNPs were chosen to create the genetic risk score at different P-value thresholds of

<1E-33,<1E-29, <1E-27, <1E-25,<1E-24, <1E-22,<1E-21, <1E-20, <1E-19,<1E-18,

<1E-17,<1E-16, <1E-15, <1E-14,<1E-13, <1E-12,<1E-11, <1E-10, <1E-09,<1E-8, <1E-

7,<1E-6, <1E-5, <1E-4,<1E-3, <0.01, <0.03, <0.05, <0.07, <0.09, <0.1,<0.3,<0.5,<0.7,

<1 and different r2 levels (r2 = 0.05, r2 = 0.2, r2 = 0.4, r2 = 0.6, r2 = 0.8). The formula for calcu-

lating genetic risk score is the following:

Genetic Risk ScoreðGRSÞ ¼
Pn

i¼1
betaSNPi þ 0:5 �

Pm
j¼1

betaSNPj ð1Þ

SNPi represents MAs in homozygous state and SNPj represents MAs in heterozygous state.

A custom script was used to calculate the total weighted genetic risk score by summing up the

beta of each MA (S1 File).

Risk prediction evaluation

Two similar but distinct approaches were performed to estimate the predictive power of the

prediction models using the British individuals. For the external cross validation, each model’s

predictive power was evaluated using the receiver operating characteristic (ROC) curve. The

AUC quantifies the overall ability of the model to discriminate between cases and controls.

True positive rate (TPR) is the proportion of cases who had a risk score higher than that of any

control individual. Then AUC and the TPR were calculated using the “pROC” R package and

Prism 6 (Graphpad). Based on different P-values in the training cohorts of British samples, 210

(35X6 = 210) models were constructed. AUC and TPR can be obtained for each model in the

validation cohort of British samples.

In internal 5-fold cross-validation analysis, the training cohort was randomly partitioned

into 5 subgroups. Of these, a single subgroup was retained as the validation data for testing the

model, and the remaining 4 subgroups were used as training data. Then, the cross-validation

process was repeated 5 times, with each of the K subgroups used exactly once as the validation

data. The 5 results were averaged to produce a single estimation. The model (i.e. MA set) per-

forming the best in both external cross validation and internal cross validation was chosen as

the final risk prediction model.

Since GRS proposed above is also a sort of polygenic risk score (PRS) [24], assuming the

collective effect of many SNPs, we also compared the prediction accuracy with other PRS

based methods (such as PRSice) [25]. In addition, for the best risk model, we also used Nagelk-

erke R2 to evaluate its performance base on “fmsb” R package, which denotes the variance

explained in disease state by the GRS or PRS.

SNPs annotations of the best model

Based on the above analyses, SNPs in the risk model performing the best were identified.

These SNPs were annotated using the software ANNOVAR [26], resulting in the identification

of genes associated with these SNPs. We used DAVID [27] to check the disease or traits associ-

ated with these genes. The enrichment in the risk SNPs set was compared by chi squared test

with a SNPs set chosen at random.

Risk prediction in other populations

In addition, for the model performing the best in the British populations, its predictive power

was also estimated in the other one independent cohort as described above. Our laboratory

Enrichment of minor allele of SNPs and genetic prediction of type 2 diabetes risk
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protocol was deposited in protocols.io website (http://dx.doi.org/10.17504/protocols.io.

j7icrke).

Results

Enrichment of minor alleles in T2D cases

We used previously published GWAS datasets of T2D case and control cohorts for our studies.

The cleaned datasets after removing genetic outliers were described in Table 1 (PCA values

and plots are shown in S1 and S2 Tables as well as S1 and S2 Figs). Total number of samples

used here is ~8,000 including ~3,400 T2D cases and ~4,600 controls. In each cohort, we used

the control datasets for identifying minor alleles, and then calculated the MAC value of each

individual in both the case and the control datasets. In calculating MAC, only SNPs with

MAF < 0.4 were included, and SNPs with MAF� 0.4 and� 0.5 were not considered in order

to be more certain about the MA status.

For British individuals of European origin in the WTCCC study [8], we used the cleaned

340,810 SNPs for the studies here. The average MAC value of the control group was signifi-

cantly lower than that of the case group (Fig 1A and S3 Table). For 579,767 cleaned SNPs set in

the EA dataset phs000091 from dbGaP (Nurses’ Health Study and Health Professionals’

Fig 1. Average MAC (MAF < 0.4) values. Average MAC values of case and control group in UK individuals

of European ancestry from WTCCC dataset (A and C) and EA samples from phs000091 dataset (B and D)

using SNPs either before (A and B) or after LD clumping (C and D). Student’s t test was used for comparing

average MAC. Symbol *** means P value < 0.001.

https://doi.org/10.1371/journal.pone.0187644.g001
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Follow-up Study), we observed similar result of higher MAC in the cases (Fig 1B and S4

Table). We next analyzed MAC scores using only SNPs that are not in LD at r2 = 0.05, 0.2, 0.4,

0.6 or 0.8. In British samples from combination of training and validation cohort, ~110,000

autosomal SNPs remained after LD filtering at r2 = 0.4 and again produced higher average

MAC values in cases (Fig 1C and S3 Table). In EA samples of phs000091, ~ 140,000 autosomal

SNPs remained after LD filtering at r2 = 0.4 and also gave higher MAC values in cases (Fig 1D

and S4 Table). Similar results were observed at r2 = 0.05, 0.2, 0.6 and 0.8 (shown in S3 and S4

Tables).

The phenotypic information in phs000091 dataset enabled us to do further analysis com-

paring MAC with other risk factors. Multivariate logistic regression test is a method used

widely for analyses of binary outcome variables such as yes or no disease [28, 29]. If the regres-

sion coefficient is positive and the corresponding P value of a variable is lower than 0.05, it

might be considered as a risk factor associated with the disease. In the phs000091 case control

dataset, we found that MAC, family history, hypertension, high cholesterol, smoking, BMI,

age, alcohol intake and heme iron intake all have a positive correlation with the risk of T2D

(Table 2). Estimate values (regression coefficients), which represents the effect of a risk factor,

indicates MAC effect to be lower than some factors such as BMI and smoking but higher than

some others such as physical activity. MAC after LD clumping at different r2 levels also showed

similar results (S5 Table).

Risk prediction

We aimed to obtain a specific set of MAs from a training dataset (British) that could be used to

predict T2D risk for an unrelated dataset (the validation cohort). The training dataset and vali-

dation dataset are shown in Table 2. From ~410,000 SNPs after quality control in WTCCC

training cohort, ~29,000 autosomal SNPs remained after LD filtering at r2 = 0.05 (~81,000 loci

kept at r2 = 0.2; 130,000 loci kept at r2 = 0.4; 180,000 loci kept at r2 = 0.6; 220,000 loci kept at

Table 2. Multivariate logistic regression analyses of T2D in phs000091.

Factors Explanations Estimate SE P

MAC Minor allele content of all SNPs 0.01046 0.0036 **

FamdbH Family history of diabetes among first degree relatives 1.197 0.0826 ***

Hbp Reported high blood pressure at/before blood draw 0.8283 0.08562 ***

Chol Reported high blood cholesterol at/before blood draw 0.5204 0.09443 ***

Smk Cigarette smoking. 0.28 0.05942 ***

Act Total physical activity -0.002863 0.001401 *

BMI BMI in kg/m2 0.1592 0.009498 ***

Age Age in years 0.01201 0.005349 *

Alcohol Alcohol intake in G/day -0.01058 0.003113 ***

Pufa Polyunsaturated fat intake -0.03732 0.02658 -

Trans Trans fat intake 0.05584 0.07996 -

Magn Magnesium intake in Mg/day -0.00002306 0.0005684 -

Ceraf Cereal fiber intake in G/day -0.006541 0.01303 -

Heme Heme iron intake in Mg/day 0.3035 0.08606 ***

The multivariate logistic regression was analyzed with R “glm” function. SE denotes standard error.

*** P value < 0.001

** P value < 0.01

* P value < 0.05. P value > 0.05 is indicated by—sign. Where a positive regression coefficient increases the risk of T2D, a negative one decreases the risk

of T2D.

https://doi.org/10.1371/journal.pone.0187644.t002
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r2 = 0.8). In order to obtain an MA set with good prediction performance, 6X35 = 210 models

were constructed using different sets of SNPs with different cutoffs of P values from logistic

regression tests and different LD r2 levels. We then used the ROC curve and AUC to examine

the predictive power of each set in the external cross validation analyses using the testing data-

set (Fig 2, S6 and S7 Tables).

A 5 fold internal cross-validation analysis was performed using the training dataset. Based

on external cross validation tests, the model having P-value <0.001 and r2 = 0.4 was chosen as

the best model, which had AUC 0.8545 (95% confidence interval [CI], 0.8378 to 0.8712) and

TPR 16.22% (95%CI, 13.76% to 18.92%) in external cross validation test and average AUC

0.8353 and TPR 23.37% in internal cross validation. This model had 363 SNPs, among which 6

loci had minor alleles as defined using the control cohort different from the minor alleles (risk

alleles) as defined using the combined population of cases and controls by the PLINK [22]

method (see S8 Table for the specific description of the 6 SNPs). When using only the 357

SNPs after removing these 6 SNPs, we obtained slightly improved results with AUC 0.8617

Fig 2. The AUC and TPR values of models in external-cross-validation. Shown are AUC (A) and TPR (B)

values of different models consisting of different sets of SNPs at different P values from logistic regression

test and different r2 values at LD clumping.

https://doi.org/10.1371/journal.pone.0187644.g002
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(95% CI, 0.8485 to 0.8780) and TPR 24.56% (95% CI, 19.74% to 25.58%) in external cross vali-

dation analysis (see S9 Table for the list of SNPs in this model). The Nagelkerke R2 of this 357

SNPs set is 0.5084. Thus, including these 6 SNPs in the risk model may worsen the model

since their MAF was near 0.5 and hence their minor allele status was not as clean as the rest of

the SNPs in the model.

Based on the tool PRSice which is a PRS software, we created 35X5 risk models based on

association P value and LD r2 value (r2 = 0.05, 0.2, 0.4, 0.6 and 0.8). The best model was a 316

SNPs set at P value <0.001 and 0.4 r2, which achieved AUC of 0.8563 (95% CI, 0.8397 to

0.8730) and TPR of 20.61% (95% CI, 17.89% to 23.54%). Its Nagelkerke R2 is 0.4951. So, our

method here appears to be comparable or slightly better than the PRS method.

For the 357 SNPs set that performed the best in the British samples (Fig 3A), we further

examined it in another dataset phs000091 consisted of EA samples and did not obtain good

AUC values (Fig 3B). For the 357 SNPs, there were only 180 loci in phs000091. These results

indicate that our model here may only be applicable to British samples, which was expected

since different populations should have different MAF in most SNPs.

SNPs annotations

Compared with previously reported loci in GWAS of T2D [1, 8, 9], all of the 357 SNPs in our

best model identified above were newly identified. Using ANNOVAR [26], we identified 494

genes related to these risk SNPs as shown in S10 Table. The majority of risk prediction SNPs are

located in non-coding regions. We then used the David model [27] to look for the function of

these 494 genes. The first five terms associated with these genes are tobacco use disorder, Body

Mass Index (BMI), cholesterol, blood pressure and iron (Table 3). For these five aspects, we also

compared the enrichment with 531 genes of a 357 SNPs set chosen at random from the WTCCC

dataset. We found that genes associated with SNPs from the risk predition model produced

higher fractions in those five terms than those associated with randomly selected 357 SNPs.

Active smoking is associated with an increased risk of T2D [30, 31]. BMI is one of the obe-

sity indicators and has been shown to be associated with T2D [32].

Cholesterol-lowering therapy has been suggested for all diabetic individuals who are at suf-

ficiently high risk of vascular events [33].

Discussion

The result of higher MAC of common variants in T2D cases is a novel finding not expected by

known works on human T2D. If most MAs are not related to T2D, the average MAC of cases

Fig 3. The receiver operating curve for the risk prediction model. (A) WTCCC refers to British population;

(B) phs000091 refers the EA samples.

https://doi.org/10.1371/journal.pone.0187644.g003
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should not be significantly different from the controls. Thus, enrichment of minor alleles may

be involved in the development of T2D. Our finding that MAC of cases is higher than controls

is consistent with previous studies on complex diseases, i.e. Parkinson’s disease [15], lung can-

cer [16], and schizophrenia [17]. Comparing the MAC index with other known risk factors of

T2D, we further confirmed the role of MAC as a novel risk factor of T2D.

Our study here further strengthens the observation that human genetic diversities are pres-

ently at optimum level [13, 15, 16, 34–37]. While it may only take one mutation or a few muta-

tions in major effect genes to cause diseases, it would require the collective effects of many

minor effect errors to achieve a similar outcome. Individuals with too many inherited random

mutations or MAs may need less degree of other alterations (such as diet related risk factors)

to pass the T2D threshold and hence have higher susceptibility to T2D. These studies on MAC

are consistent with the recently proposed omnigenic model of complex traits [38].

The method of external-cross-validation has been used in many previous studies where pre-

diction models are constructed in a training dataset and their performance is evaluated in a

validation dataset [15, 21, 39]. AUC has been used in many previous studies for gauging per-

formance of prediction models [15, 16, 40]. Our predictive model of T2D appears better than

many previous results as indicated by AUC values [5, 10, 11] and achieves a TPR of 24.56%

with 100% specificity. It is comparable to risk models built by phenotypic markers. Even

though the final model for risk prediction consisted of only 357 SNPs, the actual number of

SNPs involved may be much larger since our model used LD-independent SNPs.

After comparing prediction accuracy of the present RGS method with that of the previous

PRS method, we observed slightly improved results (AUC: 0.8617 VS 0.8563, TPR: 24.56% VS

20.61%, Nagelkerke R2: 0.5081 VS 0.4951). That the two methods showed similar performance

may not be unexpected given that both are based on the theory of polygenic inheritance for

complex diseases. However, the GRS model consisted of 357 SNPs, while the PRS model con-

tained smaller number of SNPs (316), which may account for the slight improvement for the

GRS method. The PRS method (PRSice Software) excludes SNPs from transition mutations

(A<->T or G<->C), which may decrease its power [25].

We found that the predictive power of our model was population specific. The model was

created by using British samples and hence should only work for British samples. This is to be

expected since different human groups are known to show group specific SNP profiles. Our

finding might be potentially useful for genetic screening of T2D in British subject, before obvi-

ous risk factors have developed. In addition, we had tried to create some risk prediction mod-

els in dbGaP phs000091 cohorts (data not shown), but the result was relatively poor. The

Table 3. The annotation of genes.

Genes of 357 SNPs for risk prediction Genes of 357 SNPs chosen at random P-value

Tobacco Use Disorder 180 (36.44%) 159 (29.94%) 0.03223

BMI related 106 (21.46%) 87 (19.59%) 0.04593

Cholesterol related 105 (21.26%) 39 (7.34%) 2.72E-10

Blood Pressure 33 (6.68%) 0 (0%) 4.18E-09

Iron 28 (5.67%) 18 (3.39%) 0.1075

Others 42 (8.50%) 228 (42.94%) < 2.2e-16

Total 494 (100%) 531 (100%) -

P value came from chi square test. BMI, body height and body weight are so closely tied to each other that they are put in a category (i.e. BMI related).

Cholesterol, cholesterol HDL and cholesterol LDL are so closely tied to each other that they are put in a category (i.e. cholesterol related).

https://doi.org/10.1371/journal.pone.0187644.t003
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reason may be that even though all phs0000091 samples were European Americans, they

might still be a bit more heterogeneous than the UK samples in WTCCC [8].

There are 494 genes associated with these 357 SNPs in our T2D risk prediction model. The

first three highly enriched terms associated with these genes were tobacco use disorder, BMI,

and cholesterol. Active smoking and exorbitant BMI (i.e. obese) are related to an increased

risk of T2D. Cholesterol-lowering therapy may be helpful for T2D patients to manage vascular

event. These results indicate a specific functional association of these risk SNPs with T2D, thus

validating our MAC method here in uncovering T2D risk alleles.

Most of these risk SNPs are located in intronic or intergenic regions, i.e. non protein-cod-

ing region. However, this may not mean that these SNPs are nonfunctional [41]. It might be

possible to further improve the method in future studies using larger sample sizes and larger

number SNPs.
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