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Diabetic retinopathy (DR) is a leading cause of preventable blindness in adults. To identify genetic contribu-
tions in DR, we studied 2071 type 2 diabetics. We first conducted a genome-wide association study of 1007
individuals, comparing 570 subjects with ≥8 years duration without DR (controls) with 437 PDR (cases) in the
Chinese discovery cohort. Cases and controls were similar for HbA1c, diabetes duration and body mass
index. Association analysis with imputed data identified three novel loci: TBC1D4-COMMD6-UCHL3
(rs9565164, P 5 1.3 3 1027), LRP2-BBS5 (rs1399634, P 5 2.0 3 1026) and ARL4C-SH3BP4 (rs2380261,
P 5 2.1 3 1026). Analysis of an independent cohort of 585 Hispanics diabetics with or without DR though
did not confirm these signals. These genes are still of particular interest because they are involved in insulin
regulation, inflammation, lipid signaling and apoptosis pathways, all of which are possibly involved with
DR. Our finding nominates possible novel loci as potential DR susceptibility genes in the Chinese that are
independent of the level of HbA1c and duration of diabetes and may provide insight into the pathophysiology
of DR.

INTRODUCTION

Diabetic retinopathy (DR), a frequent and serious complica-
tion of diabetes, is a leading cause of preventable blindness
in working-age adults. The etiology of DR remains complex
and poorly understood. There is strong evidence that duration

of diabetes and glycemic control are two major contributors to
the development and progression of DR (1,2); nevertheless,
these risk factors do not account completely for susceptibility.
For example, glycated hemoglobin and duration of diabetes
only explained 11% of the variation in retinopathy risk in
the DCCT (Diabetes Control and Complications Trial) (3,4)
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and glycated hemoglobin, blood pressure and serum total chol-
esterol only explained 9–10% of the variation in retinopathy
risk in the Wisconsin Epidemiologic Study of Diabetic Retin-
opathy (WESDR) study (5), suggesting that the remaining
�90% of the variation in retinopathy risk is presumably
explained by other factors.

Genetics is one example of the ‘other risk factors’ involved
in the pathogenesis of DR. Twin and epidemiological studies
have strongly suggested a genetic component in the etiology
of DR (6–10), with heritability scores ranging from 27 to
52% in both type 1 and type 2 diabetes (7–10). There is an
increased risk of severe DR among family members of DR
subjects (8,9) and in siblings of affected subjects (8,9). Fur-
thermore, several studies have also shown a discrepant rate
of the prevalence of DR among different racial ethnic
groups in the US population, with a significantly higher preva-
lence observed among Hispanic, African-American and
Chinese-American when compared with Caucasian popula-
tions (11). While these differences may partially be attributed
to lifestyle factors, evidence from familial aggregation, ethnic
differences and heritability clearly supports a genetic contribu-
tion in the etiology of DR.

To date, genetic studies on DR have yielded inconsistent
results. Several candidate gene studies have reported promis-
ing genes; however, few of them have been replicated, and
the few positive findings show only weak genetic associations
(10,12,13). In genome-wide approaches, three linkage studies
performed in Pima Indians and Hispanics have identified
regions on chromosomes 1, 3, 9 and 12 to be linked with
DR (14–16). However, none of these regions reached
genome-wide statistical linkage significance of an LOD (loga-
rithm of odds) score of .3.3, with one study demonstrating an
LOD score of 3.01 for single-point analysis and an LOD score
of 2.58 for multiple point analysis at 1p36 in the Pima Indians,
indicating suggestive evidence of linkage for DR in this popu-
lation (16). Very recently, genome-wide association studies
(GWAS) of modest sample sizes conducted in Hispanics,
Chinese and Caucasian populations have found borderline
associations with DR in either type 1 or type 2 diabetes
(17–19); however, none of these loci has been replicated in
other studies.

In this study, we conducted a GWAS with DR phenotypes,
one group having no DR based on ophthalmoscopy (controls)
and the other having PDR (cases) with similar duration of type
2 diabetes and level of glycated hemoglobin, in 1007 Chinese
subjects and then replicated/extended the top findings using
two different approaches. One, was an analysis of the top find-
ings in an independent cohort of 585 Hispanics type 2 diabetic
subjects with or without DR based on assessment of fundus
photographs of the seven standard fields by grading using
the modified Airlie House Classification. Two, was an exten-
sion study of 479 diabetic type 2 Chinese subjects with clinic-
ally intermediate eye phenotypes, defined as non-proliferative
DR (NPDR).

RESULTS

A total of 2071 (1486 Chinese and 585 Hispanics) type 2 dia-
betic subjects were included in this study; the demographics of

these two cohorts are summarized in Table 1. The discovery
cohort, which includes only Chinese subjects, comes exclu-
sively from the Taiwan–US Diabetic Retinopathy (TUDR)
study. The replication cohort, which includes only Hispanics,
is from the Genetics of Latinos Diabetic Retinopathy
(GOLDR) study. The discovery cohort that underwent
GWAS consisted of Chinese subjects at the two ends of the
DR spectrum, defined as having type 2 diabetes of greater
than 8 years duration without DR (controls, n ¼ 570) and
PDR (cases, n ¼ 437). These two groups were virtually iden-
tical for the level of HbA1c, duration of diabetes and body
mass index (BMI) (Table 1). On the other hand, in GOLDR,
cases exhibit a higher HbA1c and a longer duration of dia-
betes, consistent with the epidemiological risk factors for
DR. Furthermore, the Hispanics diabetics have a much
higher BMI compared with the Chinese diabetics (Table 1).

Plots of the first three principal components show that cases
and controls in the discovery cohort had a similar single-
nucleotide polymorphism (SNP) distribution (Supplementary
Material, Fig. S1A). There were no extreme outliers, defined
as subjects greater than 10 standard deviations from the distri-
bution of any component. Subjects in the discovery cohort
cluster together with subjects in the CHB + CHD HapMap
population (Supplementary Material, Fig. S1B), indicating
ethnic similarity and a homogenous group of Chinese subjects.

The estimated genomic inflation factor (lGC) calculated
from GWAS was 1.004, providing assurance that significant
SNPs identified in our GWAS analysis are unlikely false-
positive associations due to either population substructure or
cryptic relatedness (Fig. 1A). The top signals from
GWAS are on chromosomes 13q22.2 at TBC1D4-COMMD6-
UCHL3 (rs9565164, OR ¼ 1.7, P ¼ 1.3 × 1027), 2q31.1 at
LRP2-BBS5 (rs1399634, OR ¼ 1.5, P ¼ 2.0 × 1026) and
2q37.2 at ARL4C-SH3BP4 regions (rs2380261, OR ¼ 1.5,
P ¼ 2.1 × 1026) (Fig. 1B, Table 2). Imputation did not
provide additional SNPs or loci in this data set. Furthermore,
the order of the top SNPs did not change much after age
and gender adjustments (rs9565164, Padjusted ¼ 4.4 × 1027;
rs1399634, Padjusted ¼ 4.2 × 1026; rs2380261, Padjusted ¼
4.7 × 1026; Table 2). There are 41 SNPs that had a P-value
of ,5 × 1026, and all of these SNPs lie within the top
three loci of TBC1D4-COMMD6-UCHL3, LRP2-BBS5 or
ARL4C-SH3BP4 (Table 2). A complete list of the summary
association for all 2 166 765 imputed SNPs is included as
Supplementary Material and these data are made available
for future comparisons (Supplementary Material, Table S1).
The regional association plots of TBC1D4-COMMD6-UCHL3
(Fig. 2A), LRP2-BBS5 (Fig. 2B) and ARL4C-SH3BP4
(Fig. 2C) loci showed robust signals in these regions. These
loci have not previously been reported in the literature to be
associated with DR.

We then performed a meta-analysis with an independent
cohort comprising of 585 Hispanics persons with type 2
diabetes with or without DR. The SNP rs1399634 at LRP2-
BBS5 failed manufacturing QC, thus alternatively, the SNP
rs4668142 (r2 ¼ 0.966) was used in the replication study
and extension study. The SNP rs9565164 at TBC1D4-
COMMD6-UCHL3 was rare in Hispanics [minor allele
frequency (MAF) , 5%], thus the SNP rs9543976 was used
in the meta-analysis. In the meta-analysis, none of the top
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three SNPs indicated a more significant P-value than that was
observed in the discovery analysis. Furthermore, the direction
of effect was different in two of the three loci between the
Chinese and Hispanics population, with similar direction of
effect observed only in the TBC1D4-COMMD6-UCHL3
locus (meta P-value ¼ 7.4 × 1026; Table 3).

Given the available clinically intermediate subjects in the
Chinese, we extended these top findings in the NPDR group.
The risk allele was intermediate in frequency in the NPDR
group compared with the PDR cases and normal controls
(Supplementary Material, Fig. S2). This trend was not
observed in the Hispanics (data not shown).

DISCUSSION

In this study, we identified three potential susceptibility loci,
on chromosomes 13q22.2, 2q31.1 and 2q37.2, for DR, and

observed that the risk alleles in these regions are possibly asso-
ciated with DR in the Chinese population. The single best
GWAS SNP had a P-value of 1.3 × 1027, not quite attaining
statistical GWAS significance. Meta-analysis with an inde-
pendent Hispanic cohort did not confirm these signals.

After our initial discovery effort, we hypothesized that
the variants associated with PDR would have intermediate
frequency in those with NPDR, given that NPDR comprises
a mixture of persons who do and do not go on to develop
PDR. While prior epidemiological studies have demonstrated
that the duration of diabetes and HbA1c are the major determi-
nants of DR progression, more recent studies have not been as
conclusive. In a recent landmark study of 11 140 patients with
type 2 diabetes, the ADVANCE trial found that intensive
glucose control did not affect the 5-year incidence of retinop-
athy rates (20). Furthermore, the Los Angeles Latino Eye
Study (LALES) found that among Mexican Americans with
type 2 diabetes and NPDR at baseline, only 5.3% progressed

Table 1. Demographics of DR cohorts

Study n Age, years
(SEM)

Female,
% (n)

DM
duration,
years (SEM)

HbA1c, mg/dl
(SEM)

BMI, kg/m2

(SEM)

TUDR (Chinese) Extremesa

(n ¼ 1007)
Controls (no DR) 570 66.8 (0.5) 42.4 (241) 14 (0.3) 9.0 (0.1) 24.6 (0.2)
Cases (PDR) 437 61.3 (0.5) 55.7 (243) 13 (0.3) 8.9 (0.1) 24.8 (0.2)
P-value ,0.0001 ,0.0001 NS NS NS

Intermediate
(n ¼ 479)

NPDR 479 66.4 (0.6) 47.8 (229) 11.3 (0.4) 10.0 (0.1) 24.0 (0.2)

GOLDR
(Hispanics)

DM without DR Controls (no DR) 256 53.9 (0.7) 66.8 (171) 7.2 (0.5) 7.8 (0.1) 33.1 (0.4)
DM with DR Cases (DR) 329 53.5 (0.6) 57.1 (188) 13.5 (0.4) 8.9 (0.1) 31.8 (0.4)

P-value NS 0.02 ,0.0001 ,0.0001 0.02

BMI, body mass index; DM, diabetes mellitus; DR, diabetic retinopathy; GOLDR, Genetics of Latino Diabetic Retinopathy Study; HbA1c, hemoglobin A1c; n,
number; NS, not significant; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; SEM, standard error of the mean; TUDR,
Taiwan–US Diabetic Retinopathy Study.
aExtremes defined as diabetics greater than 8 years duration without DR (controls) and proliferative DR (cases).

Figure 1. Quantile–quantile plot revealing deviation of association from expected. Estimated genomic inflation factor (lGC) was 1.004 (A). Manhattan plot
of GWAS of DR. P-values (minus log-transformed) are shown in a signal intensity plot relative to their genomic position (B).
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to PDR at 4-year follow-up, and this finding was not con-
founded by age at baseline or duration of diabetes (21). Simi-
larly, in the WESDR study, once glycosylated hemoglobin
was adjusted for, the progression of NPDR (levels 21/21
to 53/53 on the Early Treatment Diabetic Retinopathy Study
severity scheme) to PDR at 10-year follow-up was not differ-
ent in older subjects with type 2 diabetes who used insulin
(12.2–80.5%) compared with those who did not use insulin
(10.3–54.5%) (22). Thus, we hypothesized that perhaps
NPDR may be a phenotype due to an underlying genotype
mixture, with one group at risk of progressing to PDR and
another group not at the risk of progressing.

We extended our examination of the top SNPs from three
different loci, and found that the intermediate clinical pheno-
type of NPDR had an intermediate frequency for each of the
risk alleles in the Chinese. However, given the fact that the
intermediate phenotype group is not an independent popula-
tion, it is also possible that the detected signals from the

discovery cohort could have fluctuated in opposite directions
in the cases and controls, resulting in intermediate frequency
in the NPDR group by chance alone. Data from an independ-
ent population with ethnically matched controls could delin-
eate and confirm these associations.

Nonetheless, these regions have not been implicated previ-
ously in other candidate gene (10,12,13), linkage (14–16)
or GWAS studies (17–19) in DR of either type 1 or type 2
diabetes. The top SNP rs9565164 is located in the intronic
region of TBC1D4 at 13q22.2 and promotes insulin-induced
glucose transporter SLC2A4/GLUT4 translocation at the
plasma membrane, thus increasing glucose uptake in adipo-
cytes and muscle cells (23). The second gene of this locus,
UCHL3, is a deubiquitinating enzyme and promotes insulin-
signaling and insulin-induced adipogenesis (24). Furthermore,
UCHL32/2 knockout mice revealed ocular phenotypes con-
sistent with retinal degeneration (25). The third gene in this
locus, COMMD6, down-regulates tumor necrosis factor

Table 2. Genetic loci associated with DR in the Chinese cohort

SNP Chr Position Minor allele MAF Odds ratio P-value Padjusted
a Gene(s)

rs9565164 13 74 937 377 C 0.26 1.7 1.3E207 4.4E207 TBC1D4
rs9573553b 13 74 937 329 A 0.26 1.7 1.6E207 5.4E207 TBC1D4
rs9573546b 13 74 930 534 A 0.26 1.7 2.5E207 8.1E207 TBC1D4
rs9573545b 13 74 929 967 A 0.26 1.7 2.6E207 8.4E207 TBC1D4
rs9565165b 13 74 950 791 A 0.26 1.7 2.6E207 7.7E207 TBC1D4
rs7986566b 13 75 095 932 C 0.31 1.6 3.8E207 4.9E207 COMMD6-LMO7
rs2031236b 13 75 067 778 A 0.30 1.6 3.9E207 4.7E207 UCHL3
rs3783028b 13 75 063 283 T 0.30 1.6 4.0E207 4.7E207 UCHL3
rs7317250b 13 75 065 142 G 0.30 1.6 4.0E207 4.7E207 UCHL3
rs6562915b 13 75 068 887 G 0.30 1.6 4.0E207 4.7E207 UCHL3
rs6562916b 13 75 069 223 A 0.30 1.6 4.0E207 4.7E207 UCHL3
rs4885322b 13 75 069 332 A 0.30 1.6 4.0E207 4.7E207 UCHL3
rs4885323b 13 75 070 415 C 0.30 1.6 4.0E207 4.7E207 UCHL3
rs9543990b 13 75 070 435 G 0.30 1.6 4.0E207 4.7E207 UCHL3
rs7996884b 13 75 070 745 T 0.30 1.6 4.0E207 4.7E207 UCHL3
rs7982517b 13 75 060 040 A 0.29 1.6 4.1E207 3.0E207 UCHL3
rs7339146b 13 75 071 720 A 0.30 1.6 4.2E207 5.0E207 UCHL3
rs2328963b 13 75 073 527 C 0.31 1.6 4.4E207 5.1E207 UCHL3
rs8192763b 13 75 077 171 A 0.31 1.6 4.4E207 5.2E207 UCHL3
rs9565177b 13 75 093 404 G 0.31 1.6 4.7E207 5.6E207 COMMD6-LMO7
rs3818355b 13 75 094 868 C 0.31 1.6 4.7E207 5.6E207 COMMD6-LMO7
rs7324195b 13 75 090 523 G 0.31 1.6 4.8E207 5.6E207 COMMD6-LMO7
rs1535724b 13 75 081 274 G 0.31 1.6 4.8E207 5.7E207 COMMD6-LMO7
rs2328964b 13 75 036 831 G 0.30 1.6 5.6E207 6.7E207 UCHL3
rs9543976 13 75 034 649 G 0.30 1.6 6.1E207 7.2E207 UCHL3
rs2296146 13 75 041 573 C 0.30 1.6 6.1E207 7.2E207 UCHL3
rs9543956b 13 74 996 661 T 0.28 1.6 1.9E206 3.9E206 UCHL3-LMO7
rs9543957b 13 74 997 805 T 0.28 1.6 2.0E206 4.1E206 COMMD6
rs1399634b 2 169 952 853 A 0.41 1.5 2.0E206 4.2E206 LRP2-BBS5
rs2380261 2 235 305 919 T 0.43 1.5 2.1E206 4.7E206 ARL4C-SH3BP4
rs4643195 13 75 001 841 G 0.28 1.6 2.3E206 4.7E206 COMMD6
rs9573578 13 75 002 957 A 0.28 1.6 2.3E206 4.7E206 COMMD6
rs9573555 13 74 938 319 C 0.29 1.6 2.5E206 4.6E206 TBC1D4
rs9573577 13 75 001 790 T 0.28 1.6 2.5E206 5.9E206 COMMD6
rs4885308b 13 75 004 494 C 0.28 1.6 2.7E206 6.1E206 COMMD6
rs4668142 2 169 972 523 T 0.41 1.6 2.7E206 4.8E206 LRP2-BBS5
rs9565170b 13 74 962 660 C 0.29 1.6 3.1E206 1.2E205 UCHL3
rs9318349b 13 74 959 947 T 0.30 1.6 4.4E206 1.7E205 UCHL3
rs1441605b 2 235 312 105 G 0.42 1.5 4.6E206 7.5E206 ARL4C-SH3BP4
rs7335576b 13 74 941 319 G 0.30 1.6 4.9E206 5.7E206 TBC1D4
rs4883999b 13 74 940 886 A 0.30 1.6 5.0E206 5.9E206 TBC1D4

aAdjusted for age and gender; Chr, chromosome; MAF, minor allele frequency.
bImputed SNP.
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(TNF)-induced NF-kB (nuclear factor-kB) activation (26), a
role in inflammation, another important processes in the devel-
opment of DR. Of interest, we have recently shown cross-
sectionally and independent of renal disease and other risk
factors that the peripheral levels of soluble TNF-receptors
1 and 2 are increased as the severity of DR increases (27).
The three genes in this region relate to insulin regulation, in-
flammation and apoptosis pathways, all of which have been
previously implicated in the pathogenesis of DR (28).

The second signal, rs1399634, lies in the intergenic region
of LRP2-BBS5 on 2q31.1.The gene LRP2 codes for the
protein megalin and is involved with reuptakes of lipoproteins,
retinol and vitamin D metabolism (29–31). The second gene
in this locus, BBS5, is important in ciliogenesis (32). Both
LRP2 and BBS5 have been implicated in retinal and renal dys-
functions, possibility supporting further evidence of the intri-
cate retinal–renal associations observed in many disorders
such as diabetic microvascular complications (DR and diabetic
nephropathy), systemic lupus erythematosus and Wegener’s
granulomatosis (31,33–35).

A third locus, represented by the third top signal,
rs2380261, lies upstream and possibly in the promoter
regions of ARL4C and SH3BP4 on chromosome 2. The
ARL4C gene (also known as ARL7) is involved in the vesicular
transport process and links to the ABCA1-mediated choles-
terol secretion pathway (36). As there is an increasing epi-
demiological evidence supporting an association between
hyperlipidemia and DR (37), our finding may support a
genetic contribution in the role of lipids in DR. The
SH3BP4 gene functions in the transferrin receptor internaliza-
tion at the plasma membrane (38) and could play a role in
iron-mediated free radical toxicity in the eyes.

Although previous genome-wide linkage and genome-wide
association analyses have detected a number of putative
susceptibility loci for DR (17–19), none of these studies
implicated an association of DR in the regions TBC1D4-
COMMD6-UCHL3, LRP2-BBS5 or ARL4C-SH3BP4. In add-
ition, previous studies did not examine the frequency of risk
alleles with respect to severity of DR in a step-wise fashion.
Some limitations in prior studies include grouping together
PDR and diabetic macular edema patients as ‘severe DR’
(19), combining NPDRs and PDRs as “cases” (17,18), and
conducting GWAS in modest sample sizes (17,18). It is of
interest that of seven genes implicated in this study, two are
involved in aspects of insulin signaling in the retina
(TBC1D4 and UCHL3), three are involved in mediating
retinal cell damage by inflammation, ciliopathy or free-iron

radicals (COMMD6, BBS5 and SH3BP4); and two are
involved with lipid metabolism (LRP2 and ARL4C), all of
which are important pathways in the pathogenesis for DR.

The most important strength of this study may be the analyt-
ical approach of conducting GWAS in the two phenotypes,
one with no DR the other with PDR despite a similar level
of HbA1c, duration of type 2 diabetes and BMI in the
Chinese. Duration and HbA1c level are the two most import-
ant epidemiological risk factors in the development of DR.
Conducting our genetic analysis in this manner minimized
the effect of the two potential primary confounders in any
genetic analysis of DR, and led to a result just below conven-
tional GWAS significance. Another strength of the study is a
relatively large homogenous group of type 2 diabetic
Chinese subjects with well-defined eye phenotype recruited
exclusively in Taiwan. In addition, this is the largest GWAS
of DR in Asians.

Several limitations should also be noted. First, the identified
top SNPs did not confirm in an independent Hispanic cohort.
There are several possible reasons to account for this lack of
confirmation. One is that the identified signals are not trans-
ethnically shared between the Chinese and Hispanics with
type 2 diabetes. Two, the minor allele frequencies are different
in these two populations (for example, the frequency of the T
allele at rs4668142 is 0.4 in the Chinese compared with 0.8 in
the Hispanics), thus the allelic effect may be different in dif-
ferent populations. Third, there was difficulty with standard-
ization of DR classification and recruitment between the two
studies. Different phenotypic classification and grading
system, such as those seen in studies of age-related macular
degeneration, is likely to lead to different genetic finding
(39). A second limitation in this study is the modest sample
size used in the replication cohort. The limited sample size
in the Hispanics may contribute to a lack of power to statistic-
ally detect an association or show a trend in severity as that
was seen in the Chinese. Third, using 8 years duration is ad-
mittedly an arbitrary cut-off for ‘normal’ subjects in the dis-
covery cohort. Fourth, grouping the broad phenotypic range
of NPDR, from mild to severe NPDR, as one clinically ‘inter-
mediate’ phenotype and using this group as an extension study
not of an independent population are limitations. Finally, the
duration of diabetes was either documented or determined
by self-report, possibility raising issues of ascertainment and
recall bias. Despite these limitations, this study nominates
three possible novel loci as potential susceptibility genes in
the development of DR that are independent of the level of
HbA1c and duration of diabetes in the Chinese. Additional

Figure 2. Regional association plot showing chromosomal position and P-value of SNPs in the TBC1D4-COMMD6-UCHL3 (A), LRP2-BBS5 (B) and
ARL4C-SH3BP (C) region. The lead SNP of each locus is plotted in purple diamond.

Human Molecular Genetics, 2013, Vol. 22, No. 15 3169



studies are necessary to further confirm these results and delin-
eate the biologic basis of these associations.

MATERIALS AND METHODS

Ethics statement

The study was conducted according to the principles in the
Declaration of Helsinki and approved by the Institutional
Review Boards of the participating centers in Taiwan and
the USA.

Subjects and phenotyping

Discovery cohort and extension study
The TUDR study is a collaborative effort between Taichung
Veterans General Hospital (VGH) in Taiwan and Cedars-Sinai
Medical Center (CSMC) in the USA. The primary aim of this
study is to identify genetic variants associated with DR. Other
ancillary aims include genetic associations for diabetes and
diabetic nephropathy. Recruitment occurred at two sites,
Taichung VGH and Tri-Service General Hospital (TSGH).
The clinical sites were responsible for subject recruitment,
physical and ocular examinations, questionnaire administra-
tion, physiological and anthropometric phenotyping and
patient follow-up. CSMC created the database and data clean-
ing for this study related to clinical and laboratory data; and
conducted DNA extraction, genotyping, bioinformatics and
statistical analysis.

A total of 1486 unrelated type 2 diabetic Taiwanese subjects
were included in this study. The diagnosis of diabetes was
based on standard criteria defined by the American Diabetes
Association (40). Duration of diabetes was defined as the
time from initial clinical diagnosis of diabetes to ocular assess-
ment, documented in medical charts or by self-report. As dis-
cussed, 1007 subjects comprised the discovery cohort and 479
subjects comprised the extension cohort of intermediate clinic-
al phenotypes. Data for vital signs and HbA1c were measured
in all subjects as part of routine clinical and laboratory panels
and these clinical phenotypes were ascertained at the same
time as blood drawing for genotype information.

Fundus examination for the diagnosis of DR was performed
by a board-certified ophthalmologist unless documentation of
a similar test was done 3 months prior to enrollment. Severity
of DR was classified as none, NPDR and PDR based on the
International Clinical Diabetic Retinopathy Disease Severity
Scale (41). If an uncertainty occurred during the fundus exam-
ination, the diagnosis of DR was verified using fluorescein
angiography (CF-60UVi fundus camera, Canon, Japan) to de-
termine any retinal ischemia due to capillary non-perfusion.
Each participant received two ocular examinations (one per
eye); the eye with the more severe retinopathy level was
used for the statistical analysis.

Replication cohort
The GOLDR study is a collaborative effort between Harbor-
UCLA Medical Center (HUMC), University of Wisconsin
and CSMC. The primary aims are investigation of the
genetic and biomarker associations of DR is a Hispanic type
2 diabetes cohort, ascertained in families via a proband withT
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DR or diabetes duration of more than 10 years. Severity of DR
was assessed by seven standard-fields color fundus photog-
raphy at the University of Wisconsin graded using the Early
Treatment Diabetic Retinopathy Study (ETDRS) severity
scale and the modified Airlie House classification scheme.
Retinopathy scores are analyzed qualitatively as DM without
DR (,14) versus DM with DR (≥14). Detailed recruitment
and phenotyping are discussed elsewhere (27).

Genotyping and imputation

Genotyping of extreme phenotypes
DNA samples were extracted from buffy coats using QIAamp
DNA Mini Kit (Qiagen, Valencia, CA, USA). All genotyping
was performed at the Medical Genetics Institute and the
Clinical and Translational Science Institute (CTSI) of
CSMC. Infinium technology (42) was used for genotyping
subjects with the extreme phenotypes on the whole-genome
OmniExpress beadchip, which contains 733 120 SNPs, follow-
ing the manufacturer’s protocol (Illumina, San Diego, CA,
USA). All extreme cases and controls were genotyped simul-
taneously and randomized to reduce batch effects. A total of
1222 samples were successfully genotyped. We removed 10
subjects due to gender discrepancy. Identity by descent was
used to exclude related or duplicated individuals (n ¼ 130;
p̂ scores .0.12). Furthermore, we removed 31 subjects who
did not have type 2 diabetes from the analysis. Twenty-one
patients were duplicate subjects with incompatible phenotypes
(i.e. with both normal and PDR fundus) and were thus
removed. Finally, 16 subjects with changed fundus (i.e.
normal fundus at an initial examination and then progressed
to NPDR at a subsequent examination who were unintention-
ally recruited at two different time points) were removed from
the initial analysis examining the extreme phenotypes, but
were retained in the extension analysis of NPDR in the
second portion of this study (Supplementary Material,
Table S2). This resulted in 437 cases and 570 controls for a
total of 1007 for the GWAS analysis. The average genotyping
rate among cases and controls retained in the analysis was
.99.93%.

Imputation
In order to infer the untyped genotypes, imputation was per-
formed with Impute2 (43) using haplotype reference panels
from HapMap (CEU+CHB+JPT+YRI) with NCBI Build
36. Only SNPs with info .0.4 were used for association
analysis.

Genotyping for extension and replication analysis
In a subsequent analysis, genotyping of all subjects in both
TUDR and GOLDR was performed on the top three SNPs,
one from each locus of the GWAS finding, using the
Applied Biosystems TaqMan SNP Genotyping Assays (Life
Technologies, Carlsbad, CA, USA). This included both the
initial 1007 extreme subjects plus an additional 479 NPDR
subjects from TUDR, as well as an additional 585 subjects
from GOLDR. TaqMan genotyping call was determined by
the relative intensities of the two dyes and also by visual in-
spection on the allelic discrimination plot. The overall

genotyping concordance rate between OmniExpress platform
and Taqman genotyping for the TUDR analysis was .0.9997.

Statistical analysis

Population stratification
Principal components analysis using EIGENSTRAT implemen-
ted in Helix Tree was conducted to determine the degree of
population stratification (44). Ten Eigen values were generated
from all GWAS subjects. Extreme outliers, defined as subjects
greater than 10 standard deviations from the distribution of
any component, were excluded from the analysis (n ¼ 0 for
TUDR, Supplementary Material, Table S2 and Fig. S1; n ¼ 0
for GOLDR using genotyping from MetaboChip, data
not shown). The first three components were also used to map
subjects to the HapMap populations; subjects in TUDR cluster
together with the HapMap CHB + CHD populations (Supple-
mentary Material, Fig. S1B).

Statistical analyses
After imputation, SNPs were excluded based on the following:
MAF ≤1%, test of Hardy–Weinberg equilibrium P , 1026,
SNP failure rate .10% and imputation quality (info) ,0.4.
A total of 2 166 765 SNPs passed quality control measures
and were used for association testing. Genotyping and
disease association were analyzed with logistic regression
for the extreme phenotypes (n ¼ 1007) using PLINK (45).
Sex chromosomes were not included in the analysis.

The generalized estimation equation model to account for
familial correlations was used for association testing in fam-
ilies for the GOLDR cohort via the GWAF package in R
(46). Meta-analysis of the top three SNPs from the logistic
regression analysis from the GWAS discovery and GOLDR
replication cohort was calculated using an inverse variance
weighted model using METAL (47). Regional association
plots of the top SNPs were generated using LocusZoom (48)
and the r2 between SNPs were generated using SNAP (49).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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