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Abstract

Purpose: Diabetic retinopathy (DR) is one of the most familiar complications of diabetes with a complex multifactorial pathogenesis. The susceptibility genes increase the risk of DR in type 2 diabetes (T2D) was identified in this study. Methods: A genome-wide associated case control study was used. The study group included 749 unrelated individuals with T2D (174 with DR and 575 without DR). The genotypic distribution of single nucleotide polymorphism (SNPs) between subjects with DR and without DR was studied. Results: After controlling for diabetes duration and hemoglobin A1C, a total of 8 SNPs on chromosome 6 with most significant difference were eluted out. They were SNPs rs10499298 [–log10(p-value) =20.08], rs10499299 [–log10(p-value) =20.07], and rs17827966 [–log10(p-value) =20.06], rs1224329 [–log10(p-value) =5.74] and rs1150790 [–log10(p-value) =5.74]. These SNPs reside in the gene TMEM217, TMEM63B, GRIK2 and an unknown function area of chromosome 6. Besides, “TT” genotype of rs713050, “GG” genotypes of rs2518344 and rs10499298 and “AA” genotype of rs487083 were with significant different the two groups (OR = 2.23, 1.61, 1.75 and 1.68, respectively; 95% confidence intervals (CI) = 1.09–4.57, 1.02–2.52, 1.00–3.07 and 0.93–3.0, respectively). In haplotype analysis, SNPs rs1224329 and rs1150790 are in strong linkage disequilibrium. Besides, the haplotype C-A-C resides in rs10499299, rs10499298, and rs17827966 are also in strong linkage disequilibrium. Conclusions: We identified the novel DR risk loci on chromosome 6 and they are with high linkage disequilibrium. 
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Introduction
Diabetic retinopathy (DR) is the most common vision-threatening eye disease associated with diabetes mellitus (DM) [1,2]. The initial stages of DR, called nonproliferative diabetic retinopathy (NPDR), most people who are affected do not notice any change in their vision. With disease progression, however, the retinopathy enters an advanced stage, termed proliferative diabetic retinopathy (PDR), which is accompanied by progressive loss of vision [1, 2]. Although much emphasis has been placed on the contribution of increased caloric intake and physical inactivity to the diabetes epidemic, the importance of the role that genetics may play in the development of diabetes and associated complications is an important scientific question that is not well understood. Scientists have discovered multiple genetic predispositions of diabetes. Genes located within the HLA locus on the short arm of chromosome 6 (6p) are closely related to DM [3]. Besides, the linkage with fasting glucose concentration with a loci on chromosome 6 (D6S290) was found in Mexican American families [4]. Moreover, T2D mouse model TallyHo carries an obesity gene on chromosome 6 that exaggerates dietary obesity [5]. Transient neonatal diabetes mellitus (TNDM) flanked by markers D6S472 and D6S311 interval on chromosome 6q24.1-q24.3 [6]. These studies all suggest the correlation of chromosome 6 and DM. Although, part of them were the studies of type 1 diabetes (T1D); the relationship of chromosome 6 and T2D is deserved to be investigated. 
Identification of the specific genetic risk factors for DR susceptibility will contribute to developing new treatments and help to improve existing screening methods. A considerable amount of work has focused on dissecting the genetics of diabetes itself; however, fewer studies have been conducted on the molecular mechanisms leading to its specific complications such as DR. In order to identify susceptibility locus that are associated with T2D retinopathy in Taiwanese population. The investigative tool of genome-wide association studies (GWASs) has led to a qualitative leap in the genetic study of diseases [7]. These surveys, which are not based upon hypotheses regarding candidate genes but just focus on chromosome 6, can scan most of the common human genome variants, thus providing unprecedented insight into the genetic architecture of the correlated disease. In this study, we used GWAS to identify DR-associated single nucleotide polymorphisms (SNPs) involving 749 T2D cases (174 with DR and 575 without DR) in order to gain additional information about the contribution of genetic variants to DR. Such information may help us better understand genetic/lifestyle interactions in the development of DM and associated conditions such as DR, and pharmacological responsiveness to anti-DM therapies.
Materials and Methods
Subjects

In this study, 749 unrelated individuals above 20 years of age with type 2 diabetes (T2D) were recruited from the China Medical University Hospital (CMUH), Taichung, Taiwan. Subjects were diagnosed using the American Diabetic Association criteria. Subjects with type 1 diabetes, gestational diabetes, or maturity-onset diabetes of the young were excluded from this study. Among the 749 T2D patients, 174 were diagnosed with DR; of these, 102 (58.6%) were diagnosed with NPDR, and 72 (41.4%) with PDR. All T2D subjects underwent a complete ophthalmologic examination, including best-corrected visual acuity (BCVA), fundoscopic examination, and fundus photography. DR was graded by expert ophthalmologists according to the international scale for severity of clinical diabetic retinopathy of the American Academy of Ophthalmology [8]. The data regarding gender, age, age at diagnosis of diabetes, and ocular history were collected. Additionally, systolic and diastolic blood pressure, waist and hip circumferences, body mass index (BMI), and hemoglobin A1C (HbA1C) levels were determined for each patient. All patients were followed up from 5-10 years (average 7.5±1.2 years) to evaluate the condition of retinopathy. This study was approved by the CMUH institutional review boards, and informed consent was obtained from all study participants.
Genotyping

For GWAS, genomic DNA was extracted from peripheral blood mononuclear cells using a PUREGENE DNA isolation kit (Gentra Systems, Minneapolis, MN, USA). Whole-genome genotyping using Illumina HumanHap550-Duo BeadChips was performed by deCODE Genetics Inc., Reykjavík, Iceland. Genotype analysis was performed using the Illumina BeadStudio software (San Diego, California, USA), with default parameters suggested by the platform manufacturer. Quality control of the genotype data involved examining several summary statistics. First, the ratio of loci with heterozygous calls on the X chromosome was calculated to confirm the subject’s sex. Total successful call rate and the minor allele frequency was also calculated for each SNP. SNPs were excluded if they showed one of the following: (i) no polymorphism, (ii) a total call rate of <95%, (iii) a minor allele frequency of <5%, or a total call rate of <99%. Genotyping validation was performed using the Sequenom iPLEX assay (SEQUENOM MassARRAY system, Sequenom, San Diego, CA, USA).

Statistical analysis

T2D association analysis was carried out to compare allele frequency and genotype distribution between T2D subjects with and without DR, and between subjects with NPDR and PDR. Six different single-point comparative methods were used: genotype, allele, trend (Cochran-Armitage test), additive, dominant, and recessive models for each SNP. The most significant test statistic obtained from the 6 models with p-value less than 10–5 was used as the basis of selection of SNPs for subsequent analysis. We then used a logistic regression model with stepwise selection to determine the significant SNPs. SNPs with p-values less than = 10–7—a cut-off for the multiple comparisons adjusted by the Bonferroni correction—were considered to be significantly associated with the traits. Associated SNPs with p-values between 10–7 and 10–5 were considered to be of potential significance. Characteristics and clinical data of subjects with and without DR, and subjects with NPDR versus PDR, were compared by Student’s t-test for continuous variables and the chi-square test for categorical variables. Odds ratios (ORs) and 95% confidence intervals (CIs) were determined by logistic regression and were adjusted according to diabetes duration and HbA1C level. Linkage disequilibrium analyses (D′ and r2) between any 2 loci were performed using the HAPLOVIEW program, v4.1 [9].
Results
The demographic and clinical data of the T2D subjects in this study are summarized in Table 1. The onset age of the disease, the duration of the disease, HbA1C levels and systolic blood pressure were significantly different between patients with and without DR (p < 0.001) (Table 1). The T2D patients with DR showed significantly earlier onset, longer duration of the disease, and higher HbA1C levels and systolic blood pressure, compared to subjects without DR.
Statistical analysis of SNP distributions, as described in Methods, was used to select and determine those SNPs most significantly associated with DR. As shown in Table 2, eight SNPs on chromosome 6 were selected from the regression model. The strongest associations with DR occurred with SNPs rs10499298 [–log10(p-value) =20.08], rs10499299 [–log10(p-value) =20.07], and rs17827966 [–log10(p-value) =20.06] (Tables 2 and 4). The association of SNPs rs1224329 [–log10(p-value) =5.74] and rs1150790 [–log10(p-value) =5.74] was also significantly different between subjects with and without DR; these SNPs reside in the 3′-UTR of gene TMEM217, and exhibit strong linkage disequilibrium. In addition, the association of rs713050 [–log10(p-value) =5.62] in the promoter of gene TMEM63B, rs487083 [–log10(p-value) =5.94] in an intron of gene GRIK2, and rs2518344 [–log10(p-value) =6.55] on chromosome 6 without a nearest gene, were all significantly different between subjects with and without DR (Table 2).
The duration of diabetes and the status of glycemic control are important determinants of the severity of DR; therefore, considering these factors in DR genetic studies is important. Multiple logistic regression analysis was used to detect the susceptibility SNPs in subjects with and without DR, and subjects with NPDR versus PDR. The results show that 8 SNPs representing 6 regions of chromosome 6 remained significantly associated with DR and PDR in the dominant model, after controlling for diabetes duration and HbA1C in the multiple logistic regression analysis.

 In the genotype study (Table 3), risk genotypes were defined as containing homozygous risk alleles (higher allele frequency in subjects with DR than in subjects without DR). The risk genotype (TT) of rs713050 was associated with a 2.23-fold increase in DR risk under the dominant model (OR = 2.23, 95% CI = 1.09–4.57). In the study, we also found alleles with higher frequency in subjects without DR than in subjects with DR. In the multiple logistic regression model, after controlling for diabetes duration and HbA1C, the GG genotypes of rs2518344 and rs10499298 and AA genotype of rs487083 were associated with 1.61-fold, 1.75-fold, and 1.68-fold decreases in DR risk (95% CI = 1.02–2.52, CI = 1.00–3.07, and CI = 0.93–3.02), respectively (Table 3). The genotype study was also used to discriminate between subjects with NPDR versus PDR, and several of the abovementioned SNPs also scored in this analysis. The risk TT genotype of rs713050 (see above) also increased PDR risk (OR = 3.18, 95% CI = 1.02–9.96). Similarly, the GG genotype of rs2518344 (OR =1.76) and GG genotype of rs10499298 (OR = 1.92) also decreased NPDR risk, and the AA genotype of rs487083 (OR = 2.29) also decreased PDR risk (95% CI = 1.04–2.98, CI = 1.00–3.68, and CI = 1.07–4.89, respectively) (Table 4).
 The significant DR-associated SNPs are located in 4 regions of chromosome 6. On the basis of haplotype analysis, we can divide these SNPs into 2 major haplotype blocks. The first contains SNPs rs1224329 and rs1150790, which are in strong linkage disequilibrium with each other, and are located in the gene TMEM217. The other haplotype block includes rs10499299, rs10499298, and rs17827966; these SNPs are also in strong linkage disequilibrium. The haplotype C-A-C, composed of the 3 SNPs, was1.67-fold more frequently (95% CI = 1.04–2.69) in the subjects with DR (Table 5).
Discussion
Previous genetic association studies have identified several genetic susceptibility factors for the development of DR. The genes identified include those encoding aldose reductase (AKR1B1) [10], particularly active under hyperglycemic conditions [10], vascular endothelial growth factor (VEGF) [11], transforming growth factor-beta (TGF-) [12], endothelial nitric oxide synthase (NOS3) [13] and nitric oxide synthase 2A (NOS2A) [13]. To date, several studies to identify DR-associated loci have been performed using GWAS. In Pima Indians with T2D, studies have identified susceptibility loci for diabetes, and have presented evidence for linkage of DR to chromosome 1p36 and weak linkage to regions of chromosomes 3 and 9 [14]. In a study on Mexican Americans with T2D, intervals of chromosomes 3 and 12 were shown to be most strongly associated with DR severity [15]. In a previous study from our laboratory, we had reported that SNPs MYSM1, PLXDC2, ARHGAP22, and HS6ST3 in regions of chromosomes 1, 5, 10, and 13 are associated with DR [16].
 In the present study, the SNPs rs10499299, rs10499298, and rs17827966 were identified as significant markers of DR; however, the functions of these SNPs remain unknown. They are all located on 6q25.3, near a homolog of steroid dehydrogenase. It is known that glucocorticoids play an important role in the pathogenesis of obesity and insulin resistance. Impaired conversion of cortisone (E) to cortisol (F) by hydroxysteroid dehydrogenase, which occurs in obesity, may represent a protective mechanism to counteract ongoing weight gain and glucose intolerance. In addition, glucocorticoids and mineralocorticoids act on many targets to influence vascular responses. Hydroxysteroid dehydrogenase is expressed in vascular smooth muscle [17], and it influences the interaction between glucocorticoids and nitric oxide generation [18] with consequent blood vessel changes. These effects have been confirmed in hydroxysteroid dehydrogenase-knockout mice that display endothelial cell dysfunction [19]. The roles of SNPs rs10499299, rs10499298, and rs17827966 in DR may thus, somehow be involved in the regulation of steroid metabolism.

The SNPs rs1224329 and rs1150790 are located in transmembrane protein-encoding gene TMEM217, and SNP rs713050, in another transmembrane protein-encoding gene TMEM63B. Transmembrane protein IA-2, which is a protein-tyrosine phosphatase expressed in human pancreatic islet cells [20], is known to be the antigen for autoantibodies observed in approximately 86% of insulin-dependent diabetic mellitus (IDDM) patients. Although, we discussed T2D in this study, IDDM was not in the scope of this study. However, since transmembrane proteins may be deposited on blood vessel walls in the retina, and thus exposed to hyperglycemic blood effects, it is possible that the regulation of specific transmembrane proteins in this way play a role in the susceptibility of DR and it cannot be overemphasized [21,22].
The SNP rs487083 is present in the gene GRIK2, which encodes a glutamate receptor. Glutamate is the main excitatory neurotransmitter in the retina and is required for the transmission of visual signals from photoreceptors to ganglion cells [23-25]. A previous study demonstrated that diabetes affects the retinal content of ionotropic glutamate receptor subunits at the protein level. Changes in ionotropic glutamate receptor subunit composition can affect retinal glutamatergic neurotransmission and therefore, contribute to visual impairment. This might be one of the important mechanisms of DR, and the correlation of SNP rs487083 and DR could be significant in terms of regulating glutamate receptors [23-25].
Two major haplotype blocks exhibiting strong linkage disequilibrium were identified in the present study, on the basis of DR-associated SNPs. None of these loci has previously been reported to be associated with genes implicated in the development of DR. Not all DR-related genotypes in this study increased the risk of DR or PDR; some heterogenic types were more susceptible to the diseases. The biological functions underlying these associations remain to be elucidated.
Since DR is closely related to the duration and severity of DM, the present analysis has taken the duration of DM, and the level of HbA1C, into account. We have not yet been able to find any evidence to link a shorter mean diabetes duration and risk genotype of these SNPs in subjects without DR. In order to determine whether subjects with the SNP risk genotypes are more susceptible to developing DR, it will be necessary to undertake a long-term follow-up of T2D subjects without DR, who carry these risk genotypes. Further, it will be important to evaluate the effects of these genes on the development of DR.

In conclusion, the findings of this study contribute to our understanding of the genetic susceptibility factors of T2D. The novel DR risk loci that we identified occur on chromosome 6, in TMEM217, TMEM63B, GRIKs, and a block with high linkage disequilibrium but unknown function. The relevant mechanisms of the pathogenesis, a larger sample size and different ethnic groups will be needed to confirm and elucidate the role of these new SNPs in the disease and to understand how they may contribute to the diagnosis and treatment of DR. 
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Tables

Table 1. Characteristics and the clinical profile of the study subjects

	
	T2D subjects with DR
	T2D subjects without DR
	P value*

	
	n=174
	n=575
	

	Gender
	
	
	

	  Male
	50.6%
	53.9%
	0.440†

	  Female
	49.4%
	46.1%
	

	Age at study (mean(SD, years)
	
	
	

	  All
	61.9 ( 9.5
	58.0 ( 10.4 
	<0.001

	  Male
	61.5 ( 9.4
	57.3 ( 10.6
	0.001

	  Female
	62.3 ( 9.7
	58.8 ( 10.0
	0.004

	Age at diagnosis (mean(SD, years)
	
	
	

	  All
	47.7 ( 9.3 
	50.2 ( 9.2 
	0.002

	  Male
	46.8 ( 9.2 
	49.9 ( 9.4 
	0.006

	  Female
	48.6 ( 9.3 
	50.5 ( 8.9 
	0.089

	Duration of diabetes (mean(SD, years)
	14.8 ( 8.3
	8.3 ( 6.5
	<0.001

	HbA1c (%)
	8.3 ( 1.4
	7.7 ( 1.4
	<0.001

	BMI (kg/m2)
	25.2 ( 4.0
	25.1 ( 3.8
	0.612

	Systolic BP (mmHg)
	135.3 ( 18.5
	127.6 ( 16.2
	<0.001

	Diatolic BP (mmHg)
	74.7 ( 11.3
	76.4 ( 10.8
	0.067

	Waist (cm)
	89.9 ( 10.3
	88.6 ( 10.1
	0. 147

	Hip (cm)
	97.0 ( 8.1
	97.1 ( 7.6
	0.892


* Student t-test; †Chi-square test
Table 2. Summary of SNPs associated with diabetic retinopathy in type 2 diabetes

	db SNP ID
	Chr.
	Position

(bp)
	Nearest gene
	Risk allele* (non-risk allele)
	p value†
(Best model)
	-log(p-value)

	rs1224329
	6
	37288215
	TMEM217
	G(A)
	1.83×10-6
	5.74

	rs1150790
	6
	37288501
	TMEM217
	A(G)
	1.83×10-6
	5.74

	rs713050
	6
	44200107
	MRPL14
	T(G)
	2.39×10-6
	5.62

	rs2518344
	6
	101881867
	Unknown
	A(G)
	2.85×10-7
	6.55

	rs487083
	6
	102133625
	GRIK2
	C(A)
	1.15×10-6
	5.94

	Rs10499299
	6
	156175580
	Unknown
	C(T)
	8.45×10-21
	20.07

	Rs10499298
	6
	156175762
	Unknown
	A(G)
	8.38×10-21
	20.08

	Rs17827966
	6
	156180401
	Unknown
	C(T)
	8.72×10-21
	20.06


*Risk allele: the allele with higher frequency in subjects with diabetic retinopathy (DR) compared with subjects without DR
† P-value (best model): p-value of the most significant statistic obtained from six models: genotype, allele, trend, additive, dominant, and recessive mo
Table 3. Genotypic distribution and adjusted odds ratios of the DR susceptibility SNPs in T2D subjects with and without retinopathy
	db SNP ID
	Risk allele
	Genotype

(dominant model)
	Subject with DR

n (%)
	Subject without DR

n (%)
	OR 

(95% CI)
	aOR 

(95% CI)

	rs1224329
	G
	AA 
	131 (75.3)
	442 (76.9)
	1.00 (Ref)
	1.00 (Ref)

	
	
	AG+GG
	43 (24.7)
	133 (23.1)
	1.09 (0.74-1.62)
	1.24 (0.80-1.92)

	rs1150790
	A
	GG
	131 (75.3)
	442 (76.9)
	1.00 (Ref)
	1.00 (Ref)

	
	
	AA+AG
	43 (24.7)
	133 (23.1)
	1.09 (0.74-1.62)
	1.24 (0.80-1.92)

	Rs713050
	T
	GT+GG
	13 (7.4)
	66 (11.5)
	1.00 (Ref)
	1.00 (Ref)

	
	
	TT
	161(92.5)
	507 (88.5)
	1.61 (0.87-3.00)
	2.23 (1.09-4.57)

	rs2518344
	A
	GG
	129 (74.1)
	458 (80.1)
	1.00 (Ref)
	1.00 (Ref)

	
	
	AG+AA
	45 (25.9)
	114 (19.9)
	1.40 (0.94-2.08)
	1.61 (1.02-2.52)

	Rs487083
	C
	AA
	149 (85.6)
	528 (92.1)
	1.00 (Ref)
	1.00 (Ref)

	
	
	AC+CC
	25 (14.4))
	45 (7.9)
	1.97 (1.17-3.32)
	1.68 (0.93-3.02)

	rs10499299
	C
	TT
	149 (85.6)
	519 (90.3)
	1.00 (Ref)
	1.00 (Ref)

	
	
	CT+CC
	25 (14.4)
	56 (9.7)
	1.56 (0.94-2.58)
	1.74 (0.99-3.04)

	rs10499298
	A
	GG
	149 (85.6)
	520 (90.4)
	1.00 (Ref)
	1.00 (Ref)

	
	
	AG+AA
	25 (14.4)
	55 (9.6)
	1.59 (0.96-2.63)
	1.75 (1.00-3.07)

	rs17827966
	C
	TT
	149 (85.6)
	518 (90.2)
	1.00 (Ref)
	1.00 (Ref)

	
	
	CT+CC
	25 (14.4))
	56 (9.8)
	1.55 (0.94-2.57)
	1.73 (0.99-3.03)


DR: diabetic retinopathy

aOR: Adjusted odds ratio after controlling duration of diabetes and HbA1c

Table 4. Genotypic distribution and adjusted odds ratios of the diabetic retinopathy (DR) susceptibility SNPs in non-proliferative DR and proliferative DR
	db SNP ID
	Risk allele
	Genotype

(dominant model)
	aOR (95% CI)

	
	
	
	NPDR vs. without DR

n=102
	PDR vs. without DR

n=72

	rs1224329
	G
	AA 
	1.00 (Ref)
	1.00 (Ref)

	
	
	AG+GG
	1.35 (0.81-2.26)
	0.99 (0.51-1.91)

	rs1150790
	A
	GG
	1.00 (Ref)
	1.00 (Ref)

	
	
	AA+AG
	1.35 (0.81-2.26)
	0.99 (0.51-1.91)

	rs713050
	T
	GT+GG
	1.00 (Ref)
	1.00 (Ref)

	
	
	TT
	1.84 (0.81-4.17)
	3.18 (1.02-9.96)

	rs2518344
	A
	GG
	1.00 (Ref)
	1.00 (Ref)

	
	
	AG+AA
	1.76 (1.04-2.98)
	1.48 (0.76-2.88)

	rs487083
	C
	AA
	1.00 (Ref)
	1.00 (Ref)

	
	
	AC+CC
	1.26 (0.60-2.66)
	2.29 (1.07-4.89)

	rs10499299
	C
	TT
	1.00 (Ref)
	1.00 (Ref)

	
	
	CT+CC
	1.90 (0.99-3.64)
	1.44 (0.63-3.29)

	rs10499298
	A
	GG
	1.00 (Ref)
	1.00 (Ref)

	
	
	AG+AA
	1.92 (1.00-3.68)
	1.45 (0.63-3.30)

	rs17827966
	C
	TT
	1.00 (Ref)
	1.00 (Ref)

	
	
	CT+CC
	1.90 (0.99-3.64)
	1.43 (0.63-3.28)


aOR: Adjusted odds ratio after controlling duration of diabetes and HbA1c
DR: diabetic retinopathy

NPDR: non-proliferative DR

PDR: proliferative DR
Table 5 Haplotype analysis of the other block includes the SNPs rs10499299, rs10499298 and rs17827966 
	Haplotype
	Subject with DR
	Subject without DR
	OR (95% CI)

	rs10499299-rs10499298-rs17827966
	
	
	

	 T-G-T
	92.2%
	95.2%
	1.00 (Ref)

	 C-A-C
	7.8%
	4.8%
	1.67 (1.04-2.69)
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