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Abstract

Diabetes complications occur at higher rates in individuals of African ancestry. Glucose 6-
phosphate dehydrogenase deficiency (G6PDdef) is common in some African populations, confers
malaria resistance, and reduces HbA1c levels by shortening erythrocyte lifespan. In a combined-
ancestry GWAS of diabetic retinopathy, we identified nine novel loci including a G6PDdef causal
variant, rs1050828-T (\Val98Met), which was also associated with increased risk of other diabetes
complications. The effect of rs1050828-T on retinopathy was fully mediated by glucose levels. In
the years preceding diabetes diagnosis and insulin prescription, glucose levels were significantly
higher and HbA1c significantly lower in those with vs. without G6PDdef. In the ACCORD

trial, participants with G6PDdef had significantly higher hazards of incident retinopathy and
neuropathy. At the same HbA1c levels, G6PDdef participants in both ACCORD and the MVP had
significantly increased risk of retinopathy. We estimate that 12% and 23% of diabetic retinopathy
and neuropathy cases, respectively, in African ancestry participants reflect this exposure. In
patients with G6PDdef, management guided only by HbAlc levels could lead to delayed diagnosis
and intensification of therapy, increasing the risk of diabetes complications. Across continentally
defined ancestral populations, the differences in frequency of rs1050828-T and other G6PDdef
alleles contribute to disparities in diabetes complications.

Keywords
Diabetic Retinopathy; Diabetic Complications; Racial Disparities

INTRODUCTION

Diabetic retinopathy, a complication of diabetes mellitus, is a leading cause of visual
impairment and preventable blindness among working-age adults.! Diabetic retinopathy was
previously thought to be solely due to damage to the retinal microvasculature but there is
increasing evidence that there is parallel damage to the neural retina.2 The pathogenesis of
the microvasculopathy has been thought to be due in part to the high metabolic rate, induced
by derangement of glucose metabolism, causing dysregulation in the network of intraretinal
vasculature that maintains retinal homeostasis.3 Progression of diabetic retinopathy can

be characterized by the presence of vascular lesions and dependent on the degree of
neovascularization.

Diabetic retinopathy is thought to be due mainly to cumulative glycemic exposure, as shown
in analyses of the Diabetes Control and Complications Trial/Epidemiology of Diabetes
Interventions and Complications (DCCT-EDIC) cohort, but the severity varies substantially
among individuals, and is not fully explained by known risk factors.# There are racial
disparities in both the prevalence of diabetes and its complications,:>-8 and a recent review
of datasets in the United States estimated the age- and sex-standardized prevalence rates
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of diabetic retinopathy to be 34.4% and 24.4% for non-Hispanic Black and non-Hispanic
White individuals, respectively.

At present, only a small number of genetic loci have been associated with diabetic
retinopathy, even though twin-based heritability estimates are between 18% and 52% for
diabetic retinopathy and proliferative diabetic retinopathy (PDR).%-17 These loci have been
identified primarily in studies of individuals with European (EUR) and Asian (ASN)
ancestry, with some studies utilizing controls with and without diabetes. To address

this gap in identified genetic loci compared to estimates of heritability, we conducted a
combined-ancestry genome-wide association study (GWAS) of diabetic retinopathy and
PDR. We used an electronic health records (EHR) algorithm to identify individuals with
diabetes who did or did not have diabetic retinopathy (cases and controls, respectively).
We combined evidence from the Million Veteran Program (MVP), the United Kingdom
Biobank, Vanderbilt University Medical Center’s BioVU, the Mass General Brigham
Biobank (MGBB), and summary statistics from Pollack et al., for a total of 68,169 cases
with diabetic retinopathy and 129,188 controls with diabetes.1

We conducted meta-analyses to identify single nucleotide polymorphisms (SNPs) associated
with diabetic retinopathy. The most significant variant, rs1050828-T (Val98Met), only exists
at common frequencies in African (AFR) ancestry populations. This allele, previously been
shown to be under positive selection, is causal for glucose 6-phosphate dehydrogenase
deficiency (G6PDdef), an enzymopathy protective against severe malaria.18-20 This allele
has also been previously associated with decreases in HbAlc levels, which is believed to be
due to shorter erythrocyte lifespan in G6PDdef individuals that results in less hemoglobin
glycosylation.21-23 Therefore, this raises concern regarding the usage of HbA1c as an
appropriate indicator of glycemic control in diabetics with G6PDdef. We hypothesized

that G6PDdef individuals with diabetes may experience more severe hyperglycemia due

to delayed diagnosis and inadequate treatment intensification due to clinical dependency

on HbAlc measures. In this paper, we present evidence that the G6PDdef phenotype may
increase risk for diabetes complications and exacerbate disparities of diabetes complications.

Genetic Architecture of Diabetic Retinopathy

We combined evidence of SNP — diabetic retinopathy associations through inverse-variance
weighted fixed-effects meta-analyses, both within and across genetic ancestry groups (Table
1). We identified SNPs corresponding to nine unique genome-wide significant loci across
the combined- (Njqci = 9), Non-Hispanic African (NH-AFR-) (Njoci = 1), and Non-Hispanic
European (NH-EUR) -ancestry (Njqci = 1) meta-analyses (Figure 1, Table 2, Supplemental
Tables 1 — 3). These loci corresponded to nine genes based on proximity (<1Mb):
MFSD4A, TENMZ, GRHL2, TCF7L2, FBXWS, COL4A1, SLC16A3, TMPRSS6, and
G6PD. The most significant SNP in the combined- and NH-AFR-ancestry meta-analyses
was rs1050828-T (Val98Met) (odds ratio [OR] = 1.48, 95% confidence interval [CI] = (1.45
- 1.51), p=1.99 x 10%) in G6PD. The most significant SNP in the NH-EUR ancestry
analysis was rs7903146-T (OR = 1.08 (1.07 — 1.09), p= 3.14 x 10713), intronic in 7TCF7L2,
corresponding to the same lead variant of the strongest type 2 diabetes risk association.24
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Additionally, rs1050828-T was significant in the combined- and NH-AFR-ancestry meta-
analyses of PDR cases against diabetic retinopathy controls (OR = 1.36 (1.31 - 1.42), p=
3.28 x 10715) (Supplemental Table 4 — 6). We did not identify any conditionally independent
SNPs at this or any locus.

We examined the genomic inflation factor (Agc), linkage disequilibrium score regression
intercept, and heritability on the liability scale (h?) of the meta-analyses as well as the
genetic correlation of diabetic retinopathy between NH-AFR- and NH-EUR-ancestries in
the MVP with linkage disequilibrium score regression (LDSC) (Supplemental Table 7).
There was little evidence for confounding due to population stratification in ancestry specific
analyses as suggested by Agc and LDSC intercept values for NH-AFR (Agc: 1.0225; LDSC
intercept: 0.9817 (0.0059)) and NH-EUR ancestry (Agc: 1.0405; LDSC intercept: 0.9841
(0.0077)) analyses. Heritability (h?) estimates were larger for NH-AFR ancestry (8.0%
(5.8% — 10.2%)) than for NH-EUR ancestry (3.6% (3.0% — 4.2%)), though were similar to
previously published SNP-based heritability estimates (7.0%).13 Additionally, there was a
high correlation between the NH-EUR- and NH-AFR-ancestry analyses (0.76 £ 0.11, p=
1.72x10712),

We estimated the association between genetically predicted gene expression (GPGE) and
diabetic retinopathy in 49 tissues from GTEXx v8 with S-PrediXcan.2> We identified

12 statistically significant gene-tissue pairs associated with diabetic retinopathy in the
combined-ancestry analyses and 13 pairs in the NH-AFR ancestry analyses (Supplemental
Tables 8 — 9). These gene-tissue combinations corresponded to nine unigue genes (including
G6PD), none of which were previously associated with diabetic retinopathy as reported in
the NHGRI-EBI catalog of human GWAS at the time of publication. We identified seven
statistically significant gene-tissue pairs associated with PDR in the combined-ancestry
analyses and 14 pairs in the NH-AFR ancestry analyses (Supplemental Tables 10 — 11).
Four genes were statistically significant in both diabetic retinopathy and PDR: FLNA,
GAB3, G6PD, and RENBP, though we did not detect any gene-tissue pairs where there
were statistically significant GPGE results and high posterior probability (PP.H4>0.9) of
colocalization. We did not identify any statistically significant GPGE associations in the
NH-EUR ancestry analyses.

Because rs1050828 is located on the X chromosome we investigated the effect of the

variant on diabetic retinopathy risk separately for men and women of NH-AFR ancestry.

We observed similar effect sizes for the variant on diabetic retinopathy risk for men (OR
=1.46 (1.40 - 1.52), p=7.52 x 10767) and women (OR = 1.54 (1.27 - 1.88), p=1.38 x
10795) (Supplemental Table 12) although the variant did not reach genome-wide significance
for women due to reduced sample size. We did not detect additional associations on the X
chromosome in a conditional analysis adjusting for rs1050828 genotypes.

G6PDdef Risk Allele and Diabetes Complications

We utilized EHR data from the MVP to compare mean hemoglobin Alc (HbAlc %)
and outpatient random plasma glucose (mg/dL) values post diabetes diagnosis for men
of NH-AFR ancestry with and without the G6PDdef risk allele (rs1050828-T) stratified
by diabetic retinopathy status. Individuals with the G6PDdef risk allele with diabetic
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retinopathy had similar levels of HbAlc (7.27% vs. 7.29%; p = 0.46), yet substantially
higher levels of plasma glucose (185 mg/dL vs. 145 mg/dL; p = 4.93 x 107186) compared

to individuals without the G6PDdef risk allele and without diabetic retinopathy (Figure 2a —
2b, Supplemental Table 13).

We compared HbA1c and glucose levels at different times during the natural history of
diabetes in men of NH-AFR ancestry in the MVP with and without the G6PDdef risk

allele. In each participant, we determined the mean outpatient random plasma/serum glucose
(mg/dL) and mean HbA1c (%) a year prior to diabetes diagnosis as well as a year prior

to insulin prescription. During the period prior to diabetes diagnosis, individuals with the
G6PDdef risk allele had a significantly lower HbA1c level than those without (6.70% vs.
7.06%:; p=6.05 x 10712), but a significantly higher plasma glucose level (165 mg/dL vs.
135 mg/dL; p=1.12 x 10746) (Supplemental Table 14). HbAlc and glucose levels were
higher, but patterns were similar during the year prior to the initial outpatient prescription of
insulin (Supplemental Table 14).

We compared the difference between mean HbA1c and predicted HbAlc (generated by
regressing HbA1c on outpatient random plasma glucose) for all individuals with diabetes in
the MVP (Figure 2c). Of all the individuals of NH-AFR ancestry, 76% were concentrated in
the top and middle tertile, suggesting an HbAlc either higher than or similar to the predicted
HbA1c (Figure 2d). However, 80% of individuals of NH-AFR ancestry with the G6PDdef
risk allele were in the bottom tertile, suggesting an HbA1c lower than the predicted HbAlc
(Figure 2e).

We demonstrate that individuals with the G6PDdef risk allele have a higher predicted odds
of diabetic retinopathy compared to individuals without the G6PDdef risk allele at lower
ranges of HbAlc, with risk of diabetic retinopathy converging near an HbAlc of 10%
(Figure 3, Supplemental Figure 1). To investigate whether the effect of the G6PDdef risk
allele on diabetic retinopathy risk could be attributed to differences in plasma glucose
levels, we performed a mediation analysis in individuals of NH-AFR ancestry in the

MVP. For men, we estimated a 2.39% (total effect, p< 2.0 x 10716) increase in diabetic
retinopathy risk due to the G6PDdef risk allele. However, the indirect effect of plasma
glucose completely mediated the effect of the G6Pddef risk allele on diabetic retinopathy
(average indirect effect = 2.37%, p< 2.0 x 10716, average direct effect = 0.03%, p = 0.95)
(Supplemental Table 15). We identified similar results in women (Supplemental Table 16).
As the effect of the G6Pddef risk allele was mediated by increased plasma glucose, the
increase in risk of diabetic retinopathy due to the G6Pddef risk allele is most likely due to
suboptimal control of glycemia.

We further investigate if the G6Pddef risk allele increases risk of diabetic macular edema,
a severe subtype of diabetic retinopathy, as well as other diabetes complications identified
with an EHR based algorithm in men of NH-AFR ancestry. We identified associations
between the G6PDdef risk allele and diabetes complications including diabetic macular
edema (OR = 1.55 (1.45 — 1.65) p= 1.31 x 10741) and diabetic kidney disease (OR =

1.24 (1.18 — 1.31) p= 2.59 x 10719). To evaluate whether the effect of the G6PDdef risk
allele on diabetic retinopathy is driven by the association with diabetic macular edema, we
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performed a separate analysis for diabetic retinopathy excluding individuals with diabetic
macular edema. The G6PDdef risk allele was still significantly associated with diabetic
retinopathy without the presence of diabetic macular edema (OR =1.33 (1.27 - 1.39) p=5.7
x 10739),

We further investigated the effect of the G6PDdef risk allele on the risk of diabetes
complications in longitudinal data from the Action to Control Cardiovascular Risk in
Diabetes (ACCORD) clinical trial in individuals of NH-AFR ancestry (Supplemental Table
17). Two diabetes complications or a composite outcome of diabetic retinopathy or diabetic
nephropathy were significantly associated with the G6PDdef risk allele in the ACCORD
clinical trial data, regardless of medication regimen. Individuals of NH-AFR ancestry with
the G6PDdef risk allele had a higher likelihood of proliferative diabetic retinopathy (HR
=1.78 (1.56 — 2.04) p=1.95 x 10795) (characterized as photocoagulation or vitrectomy),
diabetic neuropathy (HR = 1.37 (1.22 — 1.53) p=5.45 x 10793) (characterized as vibratory
sensation loss), and a composite outcome of diabetic retinopathy and diabetic nephropathy
(HR = 1.61 (1.41 — 1.82) p=2.07 x 10794) (specified as renal failure, ESRD, serum
creatinine>3.3, photocoagulation, or vitrectomy) (Supplemental Table 18 — 19). With the
available incidence data, we estimated the excess risk of diabetic complications due to the
G6PDef by computing a crude and an adjusted risk difference (RD) for diabetic retinopathy
(adjusted RD =133 (95% ClI: 3 — 264) per 1,000 individuals) and diabetic neuropathy
(adjusted RD = 245 (95% CI: 84 — 507) per 1,000 individuals) in men of NH-AFR ancestry
(Supplemental Table 20). Assuming the RD is an estimate of the attributable risk and that
all of the excess risk is due to inadequate management of hyperglycemia due to reliance on
HbA1c, we estimated 53 (95% CI: 30 — 254) of individuals with NH-AFR ancestry with
diabetes would need to be screened for the G6PDdef variant and adequately managed for
hyperglycemia to prevent one additional case of diabetic retinopathy. Finally, we estimated
screening 407 (95% Cl: 228 —1,948) individuals of NH-AFR ancestry would prevent one
case of diabetic retinopathy (Supplementary Tables 21 — 22).

PheWAS of G6PDdef Risk Allele

To further investigate the effects of the G6PDdef risk allele on risk of diabetes
complications, we conducted a PheWAS to investigate phenotypes associated with the
G6PDdef risk allele separately in individuals with and without diabetes of NH-AFR ancestry
in MVP and BioVU. We identified 30 PheCodes in individuals with diabetes and 19
PheCodes (higher order definitions using ICD codes) significantly associated with the
G6PDdef risk allele for individuals without diabetes (Figure 4, Supplemental Table 23 — 24).
Of these PheCodes, ten were significant in both analyses with the same direction of effect
between groups, including anemia (other hereditary hemolytic anemia), metabolic (intestinal
disaccharidase deficiencies and disaccharide malabsorption), and digestive (jaundice [not of
newborn], cholelithiasis and cholecystitis) PheCodes.

The 20 significant PheCodes in individuals with diabetes included those in the infectious
disease (septicemia (1.12 (1.09 — 1.15), p= 1.82 x 107°)), endocrine/metabolic (diabetic
retinopathy (1.12 (1.10 — 1.14), p= 1.36 x 1078)), circulatory system (hypertensive heart
and/or renal disease (1.10 (1.08 — 1.12) p= 2.75 x 1077)), and genitourinary (acute renal
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failure (1.12 (1.10 — 1.14) p= 2.14 x 1079)) PheCode groups. We did not detect any
significant PheCodes in the infectious disease, circulatory system, or genitourinary PheCode
groups associated with the G6PDdef risk allele in individuals without diabetes.

We identified PheCodes associated with the G6PDdef risk allele in the analysis of
individuals without diabetes that were not found in the analysis of individuals with diabetes.
Specifically, we identified ‘obesity’ (1.06 (1.05 — 1.07) p=4.21 x 1079), “poisoning/allergy
of sulfonamides’ (1.48 (1.35 - 1.62) p = 1.85 x 107°), ‘other diseases of blood and blood-
forming organs’ (1.24 (1.19 — 1.28) p= 3.31 x 1010), and “other deficiencies of circulating
enzymes’ (4.29 (3.68 — 4.54) p=1.22 x 10740),

DISCUSSION

With an EHR-based algorithm to identify diabetic retinopathy cases and controls with
diabetes, we conducted a combined-ancestry GWAS of diabetic retinopathy, totaling 68,169
cases and 129,188 controls. Individuals of NH-AFR ancestry are overrepresented in the
MVP compared to the U.S. population, allowing us to investigate the genetic architecture
of diabetic retinopathy in individuals of NH-AFR ancestry on an unprecedented scale.
Additionally, unlike previous studies, we interrogated the effects of variants on the X
chromosome on diabetic retinopathy risk. We also present the largest ancestry-stratified
SNP-based estimation of heritability of diabetic retinopathy ranging from 3.6% to 8.0%
between ancestries, though these estimations do not include other contributing factors to
heritability, such as rare variants, gene-gene interactions, and gene-environment interactions.
We detected nine previously unreported loci associated with diabetic retinopathy, including
an evolutionarily adaptive genetic variant with potential impacts on racial disparities in
diabetes complications in individuals of NH-AFR ancestry, and we propose a functional
mechanism for this association.

The previously unreported loci associated with diabetic retinopathy in the combined-
ancestry analysis included nine genes based on proximity to lead SNPs (<250 Kb):
MFSD4A, TENMZ, GRHL?Z, TCF7L2, FBXWS, COL4A1, SLC16A3 TMPRSS6, and
G6PD. While these genes have varied functions, previous studies have reported associations
with retinal phenotypes (TENMZ2and COL4A1), diabetes (7TCF7L2, MFSD4A, and
GRHL2), and changes in reactive oxygen species (G6PD and GRHL2).25-29 We also
observed differing genetic architectures of diabetic retinopathy for individuals of EUR- and
AFR-ancestry.

The TCF7L2locus, significant in the NH-EUR ancestry analysis, was previously reported
to have the strongest genetic association with risk of type 2 diabetes. 7CF7L2 expression
impacts insulin secretion, particularly through the expression of splicing variants.3%-32 Qur
results suggest that these non-coding variants may increase risk of diabetes severity in
individuals of NH-EUR ancestry, as hyperglycemia is a major risk factor for diabetes
complications. An intronic locus in COL4A1, most significant in the NH-EUR ancestry
analysis, was associated with increased risk of diabetic retinopathy. COL4A1 has been
associated with retinal tortuosity (increased twisting, bending, or turning of blood vessels),
with tortuous vessels at increased risk of atherosclerosis and rupture.28:33-36 Therefore,

Nat Med. Author manuscript; available in PMC 2025 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Breeyear et al.

Page 9

in individuals who are at high risk of diabetic retinopathy, as retinal ischemia worsens,
neovascularization occurs and retinal permeability increases, higher tortuosity may further
add to the risk of retinal hemorrhages. These findings shed light into non-glycemic
mechanisms that increase risk of diabetic retinopathy.

We identified a single significant locus that is exonic in the glucose 6-phosphate
dehydrogenase (G6PD) gene in the NH-AFR ancestry analysis. The G6PD locus was also
identified in the NH-AFR ancestry PDR GWAS and GPGE analyses, as well as in DME.
The lead variant in the analyses was rs1050828, where the risk allele (T) is a missense
mutation resulting in a valine to methionine substitution and has only been observed in AFR
ancestry populations.3” This variant 1) is causal for G6PDdef, 2) is associated with a 20% to
60% reduction in G6PD levels, 3) causes acute intermittent hemolysis, 4) is associated with
reduced HbA1c, and 5) has been shown to be protective from severe malaria disease.18:23:38
The G6PDdef risk allele has also been shown to reduce an individual’s HbAlc due to the
decreased lifespan of red blood cells which makes HbAlc an unreliable marker for detection
of hyperglycemia in individuals with this deficiency.21-23

G6PD, encoded by the X-linked gene G6PD, is involved in the pentose phosphate pathway
and the generation of NADPH, and enzymatic deficiencies are known to increase levels
of reactive oxygen species. G6PDdef is the most common enzymopathy, affecting nearly
500 million individuals worldwide.®10 Studies have identified approximately 220 genetic
variants associated with G6PDdef. In parts of the world where malaria is endemic, these
mutations have been shown to be under recent positive selection due to protection from
severe Plasmodium falciparum malaria disease.1® As P falciparum malaria is endemic in
Africa and Asia, G6PDdef disproportionately affects individuals of AFR (7.5%) and ASN
(4.7%) ancestry, compared to individuals of EUR ancestry (3.4%).10 G6PDdef is often
undiagnosed, as individuals carrying the mutation are often asymptomatic unless they are
exposed to an exogenous agent, such as fava beans, alcohol, or medications such as sulfa
drugs that can increase oxidative stress and trigger an acute hemolytic anemia.1

Individuals with G6PDdef have reduced hemoglobin Alc (HbALc) levels relative to their
underlying glucose levels, as the hemolytic anemia associated with G6PDdef reduces

the erythrocyte lifespan, shortening the length of time available for the glycation of
hemoglobin.14.15 As a result, these individuals’ plasma glucose levels are a more accurate
measure of their glycemic control than their HbAlc levels which tend to be misleadingly
low in individuals with G6PDdef.14

With an allele frequency between 8% and 12%, approximately 1.6 to 2.4 million men,

and 3.1 to 4.5 million women of NH-AFR ancestry carry this allele. Considering the
prevalence of diabetes in NH-AFR ancestry individuals is as much as 20% in the United
States, we estimate that there are approximately 270,000 men and 510,000 women of
NH-AFR ancestry with diabetes and some level of G6PDdef derived from rs1050828
genotype.3® This is broadly consistent with estimated rates of diabetes misdiagnosis due

to rs1050828-induced G6PDdef and HbAlc depression of approximately 650,000 missed
diabetes cases in the U.S.2 With a crude excess risk of diabetic retinopathy for the G6PDdef
risk allele of 119 per 1000 men of NH-AFR ancestry with diabetes, we estimate that
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nearly 12% of all diabetic retinopathy cases in men of NH-AFR ancestry in the U.S.

could be attributed to the G6PDdef risk allele.40 We estimate that screening as few as 364
individuals of NH-AFR ancestry and altering diabetes diagnosis and treatment to include
glucose as well as genotype-adjusted HbAlc would prevent one case of diabetic retinopathy.
Alternatively, if only NH-AFR people diagnosed with diabetes were screened, with the
optimistic assumption that the effects of G6PDdef risk allele were completely mitigated by
adjusted treatment after diagnosis, screening as few as 48 people could prevent one case of
diabetic retinopathy.

We demonstrate that there is no distinguishable difference in mean HbA1c between men
of NH-AFR ancestry with diabetes without the G6PDdef risk allele and men of NH-

AFR ancestry with diabetic retinopathy and the G6PDdef risk allele; however, there is a
significant difference in the mean plasma glucose between the two groups (Figure 2a — 2b).
This suggests that in a system that predominantly relies on HbAlc to manage glycemic
control, individuals with the G6PDdef risk allele are more likely to evade detection of
hyperglycemia. Furthermore, this trend was evident prior to diabetes diagnosis as well as
prior to insulin prescription, suggesting individuals with the G6PDdef risk allele may be
exposed to a higher glycemic load over the course of their pre-diabetes and post-diagnosis
diabetes management. This evidence is additionally supported with the mediation analysis,
which revealed complete mediation of the effect of the G6PDdef risk allele on diabetic
retinopathy through plasma glucose levels. This suggests that the G6PDdef risk alleles
contribute to diabetic retinopathy risk through a reduced tendency to intensify treatment
since diagnostic classification and management may be based on HbAlc levels rather than
plasma glucose levels.

We hypothesized, if the mechanism of action for the association between G6PDdef risk
allele and diabetic retinopathy is indeed due to inadequate control of hyperglycemia in
diabetes, then we should also detect similar associations with other diabetes complications.
We identified associations with both diabetic kidney disease and diabetic macular edema
in large-scale EHR data. Primary findings for diabetic retinopathy were not driven by

the association observed for diabetic macular edema. Furthermore, when investigating the
risk of incident diabetes complications in longitudinal data from the ACCORD clinical
trial, we identified that individuals of NH-AFR ancestry with the G6PDdef risk allele

had a significantly higher likelihood of diabetic retinopathy and diabetic neuropathy than
individuals those without. These findings demonstrate that individuals with the G6PDdef
risk allele receiving standard-of-care treatment have an increased incidence of diabetes
complications compared to individuals without the G6PDdef risk allele.

We demonstrate the inverse of this scenario where an individual with a higher HbAlc
compared to glucose levels are at a reduced risk of diabetic retinopathy. We identified the
TMPRSS6 locus, in which a non-synonymous variant has been previously shown to increase
HbA1c (rs855791-A, B = 0.027 + 0.004, p= 2.74 x 10~14).41.42 While the exact variant

was nominally associated with diabetic retinopathy in the MVP NH-EUR ancestry analysis
(rs855791-A, OR = 0.95 (0.93 — 0.97), p = 3.35 x 1079) a variant in strong LD (r2 >

0.75) was significantly associated with a reduced risk of diabetic retinopathy (rs2076085-C,
OR = 0.956 (0.949 — 0.964), p = 2.52 x 10708) in the combined-ancestry meta-analysis.
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While HbAlc in most individuals may be an accurate indicator of average glycemia, this
evidence further supports our hypothesis that factors other than glycemia may affect HbAlc
levels and with greater identification of markers, may provide an opportunity for precision
medicine based management of glycemia.

To further investigate the clinical consequences of G6PDdef, we conducted a PheWAS of
the G6PDdef risk allele separately in individuals with and without diabetes. In individuals
with diabetes, this revealed associations with multiple diabetes sequelae, including diabetic
retinopathy, chronic kidney disease, end-stage renal disease, and congestive heart failure.

In individuals without diabetes, we did not find associations with these outcomes, nor

other microvascular complications, despite a substantially larger sample size. These results
suggest G6PD deficiency increases risk of cardiovascular disease and diabetes complications
in individuals with diabetes likely due to lack of proper management of diabetes. We cannot
definitively rule out the role of increased in reactive oxygen species in individuals with
G6PDdef, although the evidence does suggest the relative magnitude of effect for disease
processes related to differential hyperglycemia is much larger.

In addition to the G6PDdef risk allele, other genetic variants under selective pressure due

to protection from infectious diseases have been identified for malaria, leprosy, tuberculosis,
cholera, influenza, and other conditions.#3 These include not only the G6PDdef risk

allele, which disproportionately affects individuals of AFR- and ASN-ancestry compared

to individuals of EUR ancestry, but also the APOL 1 G alleles which confers protection
from sleeping sickness, sickle cell disease which confers protection from malaria, and the
hypoxia-inducible factor risk alleles which confers protection from metazoans.44-46 These
results collectively suggest that adaptive processes influence disease risk and disparities in
populations underrepresented in biomedical research.

Our findings raise several practical and clinical implications for management of diabetes in
individuals with the G6PDdef risk allele. We provide evidence for a mechanism of action
for this genetic variant, which likely increases risk of diabetic retinopathy and other diabetes
complications through delayed diabetes diagnosis coupled with inadequate intervention
based on HbALc levels relative to underlying plasma glucose levels. Given the common
occurrence of this deficiency and its impact on diabetic complications, screening individuals
of NH-AFR ancestry with diabetes for this deficiency and adjusting HbAlc measures may
be an effective approach. Alternatively, concurrently checking plasma glucose levels along
with HbAlc in all individuals of NH-AFR ancestry could be another strategy; however,

the cost-benefit assessment of screening for G6PDdef once vs. continuous dual screening
with HbAlc and plasma glucose worthy of consideration and economic analysis. With
comprehensive screening of individuals of NH-AFR ancestry and subsequent standard-of-
care treatment, possibly aimed at glucose rather than HbA1c targets, nearly 12% of diabetic
retinopathy cases and 23% of diabetic neuropathy in individuals of NH-AFR ancestry could
be avoided in the U.S. alone. Our results suggest reductions in rates for other complications
of diabetes in NH-AFR ancestry people as well, but we were unable to estimate risk
differences with the resources we have in this study. Based on the evidence from this

study, we suggest that incorporation of this screening into clinical processes would mitigate
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disparities of prevalence and severity for other diabetes sequelae among individuals of
NH-AFR ancestry.

LIMITATIONS

The main limitation of this study was the small number of women of AFR ancestry
homozygous for the G6PDdef risk allele. As such, we were unable extrapolate the results
observed in men of AFR ancestry confidently to women of AFR ancestry. Furthermore,
the G6PDdef risk allele is present in populations with ASN ancestry, we were unable to
investigate the risk of diabetic complications due to sample size limitations.

ONLINE METHODS

Study Populations

Vanderbilt University Medical Center’s DNA Repository (BioVU) is a de-identified
database of electronic health records (EHR) that are linked to patient DNA samples.*’

The Veterans Affairs Million Veteran Program (MVP) is a national research program that
incorporates genomic data and health record data, collected from veterans, to investigate
how genes, lifestyle, military experiences, and exposures affect health and wellness.#849 The
United Kingdom Biobank (UKB) is a prospective cohort study with genetic and phenotypic
data collected on approximately 500,000 individuals across the United Kingdom between
40 and 69 years of age at recruitment.>%:51 Mass General Brigham Biobank (MGBB;
formerly Partners HealthCare Biobank) is a large repository of biospecimens and data
linked to extensive electronic health record and survey data.>2 We utilized the discovery
stage summary statistics from Pollack et al.1> The Action to Control Cardiovascular Risk

in Diabetes (ACCORD) study was designed to examine treatment intensity of glycemic
control and blood pressure control and the corresponding effects on the prevention of major
cardiovascular event in individuals with type 2 diabetes mellitus. In total we identified
66,179 cases and 126,227 controls across the five contributing sources (Table 1).

Race and Ethnicity

Race and ethnicity information for Vanderbilt University Medical Center’s BioVU,

the MVP, the UKB, and the MGBB have been previously described.#8:53-55 Briefly,
contributing sites collected self-reported race and ethnicity information. The MVP utilized
the harmonized ancestry and race/ethnicity (HARE) method to merge self-reported

and ancestral data.?® This resulted in four categories: individuals of predominately non-
Hispanic African (NH-AFR)ancestry, individuals of predominately non-Hispanic European
(NH-EUR) ancestry, individuals of predominately Asian (ASN) ancestry, and Hispanic
individuals.

Identification of Diabetic Retinopathy

In BioVU, the MGBB, and the MVP, diabetic retinopathy cases and controls with diabetes
were identified with a previously published algorithm.>” Briefly, the algorithm utilized EHR
data to identify individuals with International Classification of Diseases (ICD) and Current
Procedural Terminology (CPT) code-based evidence of diabetic retinopathy, while controls
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were individuals with ICD evidence of diabetes, no ICD evidence of diabetic retinopathy, as
well as a comprehensive ophthalmology exam. Cases and controls were identified in the UK
Biobank through the diabetic retinopathy PheCode. Proliferative diabetic retinopathy was
identified in a similar manner as diabetic retinopathy in BioVU and the MVP, where cases
had ICD and CPT code-based evidence of PDR and controls were individuals with ICD and
CPT code-based evidence of diabetic retinopathy but not PDR.

In VUMC and the MVP, age was designated as the age of diabetic retinopathy diagnosis
or age at last ophthalmology exam. Sex was classified based on self-reported data and
individuals with discordant self-reported sex and genetically inferred sex were excluded
from analyses. Duration of diabetes was classified in a similar manner, taking the difference
between the date of diabetes mellitus diagnosis and the date of diabetic retinopathy
diagnosis or date of the last ophthalmology exam, for cases and controls, respectively.
Individuals with a negative or zero duration of diabetes (suggesting the individual received
normal care outside of either VUMC or the VA) were removed from the analyses. Three
mean plasma glucoses were calculated with an individual’s outpatient plasma glucose
tests (excluding point-of-care and inpatient tests), one beginning at the first criteria of
diabetes, the second 365 days prior to first criteria of diabetes, and 365 days prior to the
first prescription of insulin in MVP. Three mean HbA1c were calculated with all of an
individual’s HbA1c tests (excluding point-of-care), one beginning at the first criteria of
diabetes, the second 365 days prior to first criteria of diabetes, and 365 days prior to the
first prescription of insulin in MVP. We excluded individuals with a mean HbAlc (%)
lower than 4% and greater than 20%. We generated predicted HbAlc by regressing mean
HbALc on mean plasma glucose of individuals with diabetes, resulting in the equation:
pHbAlc =0.4384 + 0.01807(Plasma Glucose). We then calculated the difference in mean
HbA1c and predicted HbAlc for each individual.

We defined type 2 diabetes using an algorithm designed specifically for UKB®8. Type 2
diabetes, diabetic retinopathy, coronary artery disease, and chronic kidney disease were
defined using the ICD 9 and 10 codes (Supplementary Table 25). MGBB included a total

of 6,623 T2D cases. T2D status was defined based on “curated phenotypes” developed by
the MGBB Portal team using structured and unstructured electronic medical record data and
clinical, computational, and statistical methods. Natural Language Processing was used to
extract data from narrative text. Chart reviews by disease experts helped identify features
and variables associated with particular phenotypes and were also used to validate the results
of the algorithms. The process produced robust phenotype algorithms that were evaluated
using metrics such as positive predictive value (PPV) and negative predictive value (NPV).

Single Variant Analyses

We identified diabetic retinopathy — SNP and PDR — SNP associations in the BioVU and
MVP with logistic regression using PLINK2, adjusting for age, sex, diabetes duration, mean
HbA1c values post diabetes diagnosis, and the top 10 principal components of ancestry,
henceforth defined as ‘standard covariates’, separately in individuals of EUR-, AFR-, and
ASN-ancestry as well as Hispanic ethnicity. Data for the X chromosome was available

in BioVU, MGBB, MVP, and the UKB. In BioVU and MVP, logistic regression analyses
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were conducted in PLINK2 with the “xchr-model 2” option. We performed whole-genome
regression analysis using REGENIE version 2 for UKB and MGBB. We used diabetic
retinopathy as a binary outcome and included age, sex, body mass index (BMI) and 10

PCs and imputation batch for each cohort. We used a block size of 1,000 for step 1

and 400 for step 2. All variants with a MAC < 3 for UKB, and MGBB. To provide
better-calibrated test statistics, REGENIE supports the option (--firth --approx --firth-se) to
use the Firth correction for variants where the p-value from the standard logistic regression
test is below a threshold, as defined by pthresh. For UKB and MGBB, we set pthresh

to 0.999, causing the Firth correction to be applied. We conducted an inverse-variance
weighted fixed effects meta-analysis, within and across ancestral groups with METAL.5® We
utilized LDSC to calculate the genomic inflation factor (Agc), linkage disequilibrium score
regression intercept, heritability on the liability scale (h2), and the genetic correlation of
diabetic retinopathy between EUR- and AFR-ancestries in the MV/P.50

Secondary Analyses

We identified G6PDdef risk allele associations with a subtype of diabetic retinopathy,
diabetic macular edema (Ngages = 3,812, Neontrols = 32,921), and diabetic kidney disease
(Ngases = 3,919, Neontrols = 49,417), in individuals of NH-AFR ancestry in the MVP. Diabetic
macular edema was identified through an ICD code-based method, requiring = 2 ICD code
days for diabetic macular edema, while controls were individuals with diabetic retinopathy
and no ICD evidence of diabetic macular edema. Diabetic kidney disease was characterized
as a >50% decline in eGFR from baseline over, confirmed by a second eGFR value more
than 90 days apart with no recovery in between from the baseline kidney function at MVP
enrollment or reaching incident end-stage renal disease. Both analyses were conducted with
logistic regression using PLINK?2, adjusting for age, sex, diabetes duration, mean HbAlc
values, and the top 10 principal components of ancestry.

Sensitivity Analyses

We conducted sensitivity analyses for the diabetic retinopathy — G6PDdef risk allele
association in individuals of NH-AFR ancestry. The first was a logistic regression with
diabetic retinopathy cases and diabetes mellitus controls, separated by sex (Nmen = 33,408,
Nwomen = 3,487) and adjusted for age, sex, diabetes duration, mean HbA1c values, and the
top 10 principal components of ancestry in the MVP. The second was a logistic regression
in the MVP with diabetic retinopathy cases and diabetes mellitus controls, adjusted for

age, sex, diabetes duration, mean HbA1c values, and the top 10 principal components of
ancestry as well as the G6PDdef risk allele. The final analysis was conducted for the diabetic
macular edema — G6PDdef risk allele association with logistic regression, adjusting for
age, sex, diabetes duration, mean HbA1c values, and the top 10 principal components of
ancestry. The analysis was restricted to cases with diabetic retinopathy and without diabetic
macular edema (nmax = 10,556) and controls with diabetes (nyax = 22,365). The third
sensitivity analysis was to investigate the fitted log-odds of diabetic retinopathy with a
logistic regression of diabetic retinopathy in men of NH-AFR ancestry in the MVP (Npmax

= 45,159), separately for individuals with and without the G6PDdef risk allele, adjusting
for age, duration of diabetes, and the top two principal components. The fitted odds

were generated for men of NH-AFR ancestry of median age (64 years), median duration
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of diabetes (7.5 years), median principal component 1 (-0.144), and median principal
component 2 (—=0.024). The final sensitivity analysis utilized the ACCORD clinical trial data
to investigate if different medication regimes impacted the association between the G6PDdef
risk allele and diabetic retinopathy in individuals of NH-AFR ancestry (Nmax = 1,337).

We conducted Cox proportional hazard models investigating the association between the
G6PDdef risk allele and diabetic retinopathy including standard covariates as well as clinical
trial treatment arm, metformin use, sulfonylurea use, thiazolidinedione use, and insulin use
(individually and jointly).

Conditional Analyses

To identify independently associated SNPs, we used the Genome-wide Complex Traits
Analysis (GCTA) software. The GCTA-COJO software performs iterative conditional
stepwise selection of independently significant SNPs and joint analysis simultaneously with
stepwise model selection.61 The summary statistics from meta-analyses were used as the
input summary data, and we utilized 5,000 unrelated individuals of NH-EUR ancestry from
the UK Biobank or 2,217 unrelated individuals of NH-AFR ancestry from BioVU for the
linkage disequilibrium structure. A pvalue threshold of 5 x 1078 was used as the selection
threshold within GCTA, and the collinearity threshold was set at the default value of 0.9, so
that SNPs are not selected if the multiple regression with the current SNPs in the model has
r2 > 0.9. For any sets of SNPs in LD (r2 > 0.1), we selected the most significant SNP with
the minimum p value from the GCTA model.

Genetically Predicted Gene Expression and Colocalization

We evaluated genetically predicted gene expression (GPGE) with S-PrediXcan, a gene-
level approach that estimates the genetically determined component of gene expression

in a given tissue and tests it for association with an outcome using SNP-level summary
statistics.52 We used the common variants (minor allele frequency > 0.01) from the meta-
analyses and the 49 tissues from GTEx V8, incorporating elastic net gene models and
covariance matrices developed for either EUR- or AFR-ancestry from 1000 Genomes.53
The Bonferroni-corrected significance threshold was 1.55 x 1076 to account for the total
number of gene models assessed across the tissues. Coloc, a Bayesian gene-level test, was
used to test the hypothesis that a single variant underlies GWAS and eQTL associations
at a given locus (i.e. colocalization).62 Input included the common variants (MAF >= 1%)
from the meta-analyses and eQTL summary statistics corresponding to the gene-expression
references used in GPGE analysis, restricting to only variants included in the GTEx

V8 models. A statistically significant GPGE result along with a corresponding posterior
probability greater than 80% that SNPs were associated with both expression and the
outcome was considered as strong evidence of colocalization.

Mediation Analyses

We conducted a mediation analysis to examine if the effect of variant rs1050828-T on
diabetic retinopathy was fully or partially mediated through plasma glucose with the
‘mediate’ function, part of the R package ‘Mediation’.54 We investigated the effect of the
G6PDdef risk allele and plasma glucose on diabetic retinopathy with logistic regression,
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utilizing the glm() function in R. We utilized the Im() function to investigate the effect of the
G6PDdef risk allele on plasma glucose.

Phenome-Wide Association Study

We performed a phenome-wide association study (PheWAS) of the G6PDdef risk allele,
rs1050828-T, in individuals of NH-AFR ancestry in the MVP (Ngiabetes = 33,282, Nno-diabetes
= 42,853) and BioVU (Ngiabetes = 1,117, Nno-diabetes = 4,427).5% We used logistic regression
to separately model the ~1,800 PheCode traits as a function of the variant, adjusted for

age, sex, and the top 10 principal components of ancestry separately for individuals with
and without diabetes, as well as separately for men and women. Interpretation of results
were limited to phenotypes with 20 or more cases. We meta-analyzed the PheWAS between
sites. Bonferroni-corrected significance threshold was p< 2.75 x 107° to account for the
total number of PheCode models assessed in these analyses. All PheWAS analyses were
conducted using the PheWAS R package.56

Longitudinal Diabetic Complications

We performed a time-to-event analysis with the Cox proportional hazard model in R
(‘coxph’ in the “survival’ package) using diabetes duration until event with data from the
ACCORD trial, including individuals of NH-AFR ancestry (nmax = 1,337) (regardless of
trial arm) with 9 diabetic complication outcomes with the G6PDdef risk allele, adjusting for
age, sex, diabetes duration, and HbA1c.87:68 Diabetes complication outcomes were excluded
if there were less than or equal to five G6PDdef carriers with an event. The multiple testing
correction threshold was 5.60 x 1073 to account for the nine tests conducted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Manhattan plots depicting the diabetic retinopathy meta-analysis. A-C, Manhattan plot
of the diabetic retinopathy meta-analysis for (A) combined-, (B) NH-AFR-, and (C) NH-
EUR-AnNcestry. The y-axis shows the -log10[4], and the x-axis shows the chromosomal
positions. The horizontal red line represents the threshold of p=5 x 1078 for genome-wide
significance. All pvalues are computed for associations between genotyped or imputed
SNPs and diabetic retinopathy as dependent variables in multivariable adjusted logistic

regression models.
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Figure 2.

Box plots summarizing differences in HbAlc, mean plasma glucose, and predicted HbAlc.
A-E, Box plot of (A) mean HbAlc by diabetic retinopathy and G6PDdef allele status, (B)
mean plasma glucose by diabetic retinopathy and G6PDdef allele status. Scatter plot of (C)
mean HbA1c and mean plasma glucose in men with diabetes, (D) men of NH-AFR ancestry
with diabetes, and (E) men with the G6PDdef risk allele with an overlay of the difference in
HbALc and predicted HbAlc from (A). The y-axis shows either mean HbA1lc (%) or plasma
glucose (mg/dL), the x-axis shows either G6PDdef allele status or mean plasma glucose
(mg/dL), the colored lines of (C — E) represent difference in HbAlc and predicted HbAlc
(blue = top tertile, orange = middle tertile, grey = bottom tertile).
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Line graph summarizing the fitted log-odds of diabetic retinopathy and corresponding 95%

confidence band by mean HbA1c post diabetes diagnosis, stratified by G6PDdef risk allele
status in men of NH-AFR ancestry with diabetes. The y-axis shows mean fitted log-odds of
diabetic retinopathy, the x-axis shows HbA1c (%), the colored lines represent G6PDdef risk
allele status, between the dotted lines represents 99% of the data.
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PheWAS plots summarizing the association of the G6PDdef risk allele with PheCodes in

men with and without diabetes with NH-AFR ancestry. A-B, Plot of PheWAS results for
individuals with diabetes (A) and plot of PheWAS results for individuals without diabetes
(B). The y-axis shows the -log10[4], and the x-axis shows the PheCode Groups. The
horizontal red line represents the threshold of p = 1.55 x 107> for genome-wide significance.
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