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Abstract 93 

Hemoglobin A1c (HbA1c) is widely used to diagnose diabetes and assess glycemic control in 94 

patients with diabetes. However, nonglycemic determinants, including genetic variation, may 95 

influence how accurately HbA1c reflects underlying glycemia. Analyzing the NHLBI Trans-96 

Omics for Precision Medicine (TOPMed) sequence data in 10,338 individuals from five studies 97 

and four ancestries (6,158 Europeans, 3,123 African-Americans, 650 Hispanics and 407 East 98 

Asians), we confirmed five regions associated with HbA1c (GCK in Europeans and African-99 

Americans, HK1 in Europeans and Hispanics, FN3K/FN3KRP in Europeans and G6PD in 100 

African-Americans and Hispanics) and discovered a new African-ancestry specific low-101 

frequency variant (rs1039215 in HBG2/HBE1, minor allele frequency (MAF)=0.03). The most 102 

associated G6PD variant (p.Val98Met, rs1050828-T, MAF=12% in African-Americans, 103 

MAF=2% in Hispanics) lowered HbA1c (-0.88% in hemizygous males, -0.34% in heterozygous 104 

females) and explained 23% of HbA1c variance in African-Americans and 4% in Hispanics. 105 

Additionally, we identified a rare distinct G6PD coding variant (rs76723693 - p.Leu353Pro, 106 

MAF=0.5%; -0.98% in hemizygous males, -0.46% in heterozygous females) and detected 107 

significant association with HbA1c when aggregating rare missense variants in G6PD. We 108 

observed similar magnitude and direction of effects for rs1039215 (HBG2) and rs76723693 109 

(G6PD) in the two largest TOPMed African-American cohorts and replicated the rs76723693 110 

association in the UK Biobank African-ancestry participants. These variants in G6PD and HBG2 111 

were monomorphic in the European and Asian samples. African or Hispanic ancestry individuals 112 

carrying G6PD variants may be underdiagnosed for diabetes when screened with HbA1c. Thus, 113 

assessment of these variants should be considered for incorporation into precision medicine 114 

approaches for diabetes diagnosis. 115 

116 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 28, 2019. ; https://doi.org/10.1101/643932doi: bioRxiv preprint 

https://doi.org/10.1101/643932
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

6 
 

Introduction 117 

Hemoglobin A1c (HbA1c) is a convenient indirect measure of long-term exposure to 118 

blood glucose concentrations. HbA1c estimates the proportion of glycated hemoglobin in the 119 

blood, an irreversible chemical modification of the hemoglobin molecule by blood glucose.1 As 120 

HbA1c reflects average ambient glycemia over the previous 2-3 months, the life of an 121 

erythrocyte, it is a commonly used as a test to diagnose diabetes (MIM: 125853 and 222100) and 122 

estimate glycemic control in patients with diabetes. However, non-glycemic variation in HbA1c 123 

due to differences in erythrocyte turnover can influence how accurately HbA1c reflects 124 

underlying glycemia.2 125 

We previously conducted a trans-ethnic genome-wide association study (GWAS) meta-126 

analysis of HbA1c in 159,940 individuals from four ancestries (European, African, East Asian, 127 

and South Asian). We identified 60 common (minor allele frequency, MAF, greater than 5%) 128 

genetic variants associated with HbA1c, of which 19 were classified as ‘glycemic’ and 22 as 129 

‘erythrocytic’ based on the probable biological mechanism through which they appeared to 130 

influence HbA1c levels.3 Genetic variants affecting HbA1c via erythrocyte biological pathways 131 

may lead to diagnostic misclassification of ambient glycemia and thus diabetes status. HbA1c 132 

GWAS have so far focused on genetic variants imputed to HapMap,4 therefore genetic discovery 133 

efforts have been focused on common variants. Low-frequency (0.5% < MAF < 5%) and rare 134 

(MAF < 0.5%) genetic variants and their associated impact on the diagnostic accuracy of HbA1c 135 

have not been systematically examined but are suspected to occur.5, 6 Further, previous GWAS 136 

have shown that the combined effect of HbA1c-related common variants causes differences in 137 

HbA1c that were three times greater in individuals of African ancestry compared with those of 138 

European ancestry [0.8 (%-units) vs. 0.25 (%-units)].3 This relatively large difference in HbA1c 139 
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was mainly driven by a single African-ancestry specific missense variant (p.Val98Met, 140 

rs1050828-T) in the Glucose-6-phosphatase Dehydrogenase gene (G6PD [MIM:305900]), which 141 

causes G6PD deficiency (MIM: 300908).7, 8 As the genetic architecture of HbA1c appears to 142 

differ by ancestry, as does type 2 diabetes risk, it is imperative to understand the genetic basis of 143 

HbA1c in different ancestral groups to ensure that large-effect ancestry-specific variants, similar 144 

to the G6PD variant, are uncovered.9 145 

Here, we sought to confirm common and identify low frequency and rare genetic variants 146 

associated with HbA1c through association analyses in diabetes-free individuals from four 147 

ancestries using whole genome sequencing (WGS) data from the NIH National Heart, Lung, and 148 

Blood Institute (NHLBI) Trans-Omics for Precision Medicine (TOPMed) program. We 149 

hypothesized that variants in the low frequency spectrum with relatively large effects will be 150 

detected even with modest sample sizes. To uncover additional distinct erythrocytic variants 151 

associated with HbA1c, we performed fine-mapping using sequential conditional association 152 

analyses of erythrocytic loci that reached genome-wide significance in this study as well as gene-153 

based tests. 154 

 155 

Methods 156 

Populations and participants 157 

We included in our analyses 10,338 TOPMed participants without diabetes from five 158 

cohorts: the Old Order Amish study (N=151), the Atherosclerosis Risk in Communities Study 159 

(ARIC, N=2,415), the Framingham Heart Study (FHS, N=2,236), the Jackson Heart Study (JHS, 160 

N=2,356) and the Multi-Ethnic Study of Atherosclerosis (MESA, N=3,180) representing four 161 

ancestry groups: Europeans (EA, N=6,158), African-Americans (AA, N=3,123), 162 
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Hispanics/Latinos (HA, N=650) and East Asians (AS, N=407) (Supplementary Table 1). 163 

Descriptions of each cohort are available in the Supplementary Text. Diabetes was defined as 164 

fasting glucose (FG) ≥ 7 mmol/L after ≥ 8 hours, HbA1c ≥ 6.5%-units, 2-hour glucose by an oral 165 

glucose tolerance test ≥ 11.1 mmol/L, non-fasting glucose ≥ 11.1 mmol/L, physician diagnosed 166 

diabetes, self-reported diabetes, or use of an antidiabetic medication. Measures of FG and 2-hour 167 

glucose made in whole blood were corrected to plasma levels using the correction factor of 1.13. 168 

Individual studies applied further sample exclusions where applicable, including pregnancy and 169 

type 1 diabetes status.  170 

Measurement of HbA1c and erythrocytic traits 171 

The National Glycohemoglobin Standardization Program (NGSP) certified assays10 used 172 

to measure HbA1c in each cohort are indicated in Supplementary Table 2. HbA1c was 173 

expressed in NGSP %-units. Measurements for red blood cell (RBC) count (×1012/L), 174 

hemoglobin (HB; g/dL), hematocrit (HCT; %), mean corpuscular volume (MCV; fL), mean 175 

corpuscular hemoglobin (MCH; pg), mean corpuscular hemoglobin concentration (MCHC; 176 

g/dL), and red blood cell distribution width (RDW; %) were obtained from complete blood count 177 

panels performed using standard assays. 178 

Whole genome sequencing 179 

The NHLBI TOPMed program provided WGS, performed at an average depth of 38× by 180 

several sequencing centers (New York Genome Center; Broad Institute of MIT and Harvard; 181 

University of Washington Northwest Genomics Center; Illumina Genomic Services; Macrogen 182 

Corp.; and Baylor Human Genome Sequencing Center), using DNA from blood. Details 183 

regarding the laboratory methods, data processing and quality control are described on the 184 

TOPMed website (see URL in the web resources section) and in documents included in each 185 
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TOPMed accession released on the database of Genotypes and Phenotypes (dbGaP). Processing 186 

of whole genome sequences was harmonized across genomic centers using a standard pipeline.11 187 

We used TOPMed ‘freeze 5b’ that comprised 54,508 samples. Variant discovery and 188 

genotype calling were performed jointly across TOPMed parent studies for all samples using the 189 

GotCloud pipeline. A support vector machine quality filter was trained using known variants 190 

(positive training set) and Mendelian-inconsistent variants (negative training set). The TOPMed 191 

data coordinating center performed additional quality control checks for sample identity issues 192 

including pedigree errors, sex discrepancies, and genotyping concordance. After site level 193 

filtering, TOPMed freeze 5b consisted of ~438 million single nucleotide variants (SNVs) and 194 

~33 million short insertion-deletion variants. Read mapping was done using the 1000 Genomes 195 

Project reference sequence versions for human genome build GRCh38. 196 

The study was approved by the appropriate institutional review boards (IRB) and informed 197 

consent was obtained from all participants. 198 

Statistical analyses 199 

In each ancestry, we performed pooled WGS association analysis of HbA1c using 200 

Genesis on the Analysis Commons (see URL in the web resources section).12 We used linear 201 

mixed effect models to test the association of HbA1c with the SNVs individually while adjusting 202 

for sex, age at HbA1c measurement and study, allowing for heterogeneous variance across study 203 

groups. We accounted for relatedness using an empirical kinship matrix (Genetic Relationship 204 

Matrix, GRM). We excluded from our single-SNV analyses variants with a minor allele count 205 

(MAC) less than 20 across the combined samples. We used a significance threshold of P < 2 10-206 

8 to report an association as genome-wide significant for common, low frequency and rare 207 

genetic variants, which was slightly more stringent than the widely adopted P-value threshold of 208 
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5 10-8 in GWAS, based on estimations for genome-wide significance for WGS studies in 209 

UK10K.13, 14 For the X chromosome, genotypes were coded as 0 and 2 for males and 0, 1 and 2 210 

for females, and sex-stratified analyses (analyses conducted separately in males and females) 211 

were also performed. We also performed additional analyses in AA, adjusted on the sickle cell 212 

trait (SCT) variant rs334, as well as haplotype analyses with this variant, using the R package 213 

haplo.stats. 214 

Because loci that influence HbA1c through erythrocytic mechanisms are expected to 215 

cause nonglycemic variation in HbA1c, we sought to classify HbA1c-associated loci as 216 

‘glycemic’ or ‘erythrocytic’ using mediation analyses on FG, HB, MCV, MCH or MCHC. If the 217 

HbA1c-variant association effect size changed by more than 25% upon adding FG to the 218 

regression model, the variant was classified as ‘glycemic’. If a variant was not ‘glycemic’, and if 219 

the effect size changed by more than 25% upon adding HB, MCV, MCH, or MCHC to the 220 

regression model, the variant was classified as ‘erythrocytic’. If association effect sizes were 221 

unchanged by mediation adjustment, then the variant was considered ‘unclassified’. 222 

If HbA1c-associated variants remained unclassified by the mediation analyses, we used 223 

association analysis results with FG to classify them as ‘glycemic’ (P < 0.005), and association 224 

analysis results with erythrocytic traits (HB, MCV, MCH, MCHC, RBC, HCT or RDW) to 225 

classify them as ‘erythrocytic’ (P < 0.005). Association results for FG were obtained from a 226 

pooled association analysis performed using a linear mixed effect model in Genesis, adjusted on 227 

age, age squared, sex, BMI and self-report ancestry in TOPMed freeze 5b (N=26,883). 228 

Association results for erythrocytic traits were obtained from several sources. We first used 229 

single variant association analyses performed using a score test in Genesis and adjusted for age, 230 

sex, and study, with a GRM, while allowing for heterogeneous variance across study groups, in 231 
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TOPMed freeze 5b (N=25,080). The number of individuals included in each analysis, per study, 232 

is available in Supplementary Table 3. Analyses were performed at the University of 233 

Washington using the TOPMed pipeline. We then used association results from published 234 

GWAS in European (UK Biobank and INTERVAL studies; N=173,480),15 Hispanic (Hispanic 235 

Community Health Study and Study of Latinos (HCHS/SOL); N=12,502),16 and African-236 

American participants (Continental Origins and Genetic Epidemiology [COGENT] Network; 237 

N~16,500,17 and the Candidate gene Association Resource (CARe) Project N=7,112),18 and 238 

exome genotyping in 130,273 multi-ethnic individuals.19  239 

For loci classified as ‘erythrocytic’, we performed sequential conditional analyses to 240 

determine the number of distinct signals in each region. The regions were defined based on 241 

linkage disequilibrium (LD) plots. We used a Bonferroni correction for the number of SNVs in 242 

the region with MAC ≥ 20 to define a signal as distinct. We also performed gene-based and 243 

burden tests in Genesis using different selection of rare genetic variants (MAF ≤ 1%) based on 244 

functional annotations (missense, high confidence loss of function or synonymous variants). 245 

Results from each analysis were combined across ancestries or across sex by meta-246 

analysis using METAL.20 The heterogeneity test between males and females was calculated 247 

using the following formula:  . This assessed the 248 

difference in effect sizes between males (βmales) and females (βfemales) while accounting for 249 

correlation (r) between male and female statistics due to relatedness and was calculated outside 250 

of METAL. LD calculations in the TOPMed data and regional plots were done, within ancestry 251 

group, using the Omics Analysis, Search and Information System (OASIS, see URL in the web 252 

resources section). Functional annotations were performed using the WGS Annotator 253 

(WGSA).21 254 
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We used the UK Biobank (UKBB, (see URL in the web resources section), a prospective cohort 255 

study with deep genetic and phenotypic data collected on approximately 500,000 individuals 256 

from across the United Kingdom, aged between 40 and 69 at recruitment, as an independent 257 

sample for external replication of our findings. The centralized analysis of the genetic data, 258 

including genotype quality, population structure and relatedness of the genetic data, and 259 

efficient phasing and genotype imputation has been described extensively elsewhere.22 Two 260 

similar arrays were used for genotyping (Applied Biosystems UK Biobank Lung Exome Variant 261 

Evaluation and UK Biobank Axiom Arrays) and pre-phasing was performed using markers 262 

present on both arrays. Phasing on the autosomes was carried out using SHAPEIT3 and 1000 263 

Genomes phase 3 panel to help with the phasing of non-European ancestry samples. Imputations 264 

were carried out using the IMPUTE4 program with the Haplotype Reference Consortium (HRC) 265 

reference panel or with a merged UK10K and 1000 Genomes phase 3 reference panel. For 266 

chromosome X, haplotype estimation and genotype imputation were carried out separately on the 267 

pseudo-autosomal and non-pseudo autosomal regions. 268 

We identified UKBB African-ancestry participants using the following six self-reported 269 

ethnicities: "Caribbean", "African", "Black or Black British", "Any other Black background", 270 

"White and Black African" and "White and Black Caribbean". We excluded participants with 271 

diabetes defined by the use of antidiabetic medication, self-reported physician diagnosis, FG ≥ 7 272 

mmol/L or non-fasting glucose ≥ 11.1 mmol/L. 273 

 We generated principal components using smartPCA (see URL in the web resources 274 

section)23, 24 based on 72,300 common genetic variants in low LD selected with PLINK.25 For 275 

each PC, ethnic outliers lying more than 6SD away from the mean were excluded. The same 276 

genetic variants were used to calculate an empirical kinship matrix using EPACTS (see URL 277 
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for EPACTS documentation in the web resources section). We used a linear mixed effect 278 

model in R to evaluate the association of each variant with HbA1c, adjusting for age, sex, 10 PCs 279 

and using the empirical kinship matrix. 280 

 281 

Results 282 

HbA1c-associated regions using WGS 283 

We included in our analyses 10,338 TOPMed participants representing four ancestry 284 

groups: Europeans (EA, N=6,158), African-Americans (AA, N=3,123), Hispanics/Latinos (HA, 285 

N=650) and East Asians (AS, N=407; Supplementary Table 1). TOPMed studies were 286 

composed of middle to older-aged participants of EA, AA, HA or AS ancestry with comparable 287 

mean HbA1c, mean fasting glucose (FG) and mean hemoglobin (HB, Supplementary Table 4). 288 

A total of 13,079,661 variants (EA), 21,443,543 variants (AA), 9,567,498 variants (HA), and 289 

6,567,324 variants (AS) passed filters and were included in the analyses. QQ-plots and 290 

Manhattan plots of WGS associations with HbA1c from ancestry-specific analyses and the meta-291 

analysis are provided in Figure 1 and Supplementary Figures 1-2. Using a significance 292 

threshold of P < 2 10-8 to report an association as genome-wide significant, we detected five 293 

regions associated with HbA1c, including one novel locus (low-frequency AA-specific variant, 294 

rs1039215 in HBG2 [MIM:142250] /HBE1 [MIM:142100], MAF=0.03), and a sixth locus 295 

reaching suggestive evidence (rare AA-specific variant, rs551601853, near XPNPEP1 296 

[MIM:602443], MAF=0.003, P < 5 10-7). Regional plots for the HBG2/HBE1 and the 297 

XPNPEP1 loci are provided in Supplementary Figures 3 and 4. The four other single 298 

nucleotide variants (SNVs) were located in regions previously identified as associated with 299 

HbA1c in trans-ethnic meta-analyses3: rs2971670 in GCK on chromosome 7 (Pmeta=1.7 10-9, 300 
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mainly associated in EA and AA, r2=0.59, D’=1 with rs4607517, the index SNV in published 301 

GWAS), rs17476364 in HK1 [MIM:142600] on chromosome 10 (Pmeta=3.1 10-21, mainly 302 

associated in EA and HA, r2=0.10, D’=1 with rs10823343, r2=0.18, D’=0.50 with rs4745982, 303 

index SNVs in published GWAS), rs113373052 in FN3K [MIM:608425] /FN3KRP 304 

[MIM:611683] on chromosome 17 (Pmeta=4.5 10-10, associated in EA, r2=0.92, D’=0.99, with 305 

rs1046896, index SNV in published GWAS) and rs1050828 in G6PD on chromosome X 306 

(Pmeta=5.1 10-210, associated in AA and HA, monomorphic in the other ancestries)3. The top 307 

SNV in each region detected at the genome-wide threshold (P < 2  10-8) is indicated in Table 1 308 

and at the sub-genome-wide threshold (P < 5  10-7) in Supplementary Table 5.  309 

 310 

Classification of HbA1c-associated loci by their biological pathways 311 

Because loci that influence HbA1c through erythrocytic pathways are expected to cause 312 

nonglycemic variation in HbA1c, we sought to classify HbA1c-associated loci as ‘glycemic’ or 313 

‘erythrocytic’ using mediation analyses and association analyses with glycemic and erythrocytic 314 

traits. Mediation analyses and look-up in WGS analysis of FG in TOPMed classified the GCK 315 

[MIM:138079] variants as glycemic (Supplementary Tables 6, 7 & 8). Association analyses 316 

with erythrocytic traits in published GWAS showed that rs17476364-C allele, in the HK1 gene, 317 

was positively associated with HB, mean corpuscular volume (MCV), mean corpuscular 318 

hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red blood cell count 319 

(RBC), hematocrit (HCT) and red blood cell distribution width (RDW) in EA15 and that 320 

rs1050828-T allele, in the G6PD gene, was positively associated with MCH in AA and MCV in 321 

AA and HA and negatively associated with HCT and HB in AA, and RBC and RDW in AA and 322 

HA16-18 (Supplementary Tables 6, 8 and 9). Results of the mediation and association analyses 323 
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are available in Supplementary Tables 6, 8 and 9 for the genome-wide variants and 324 

Supplementary Tables 7 and 10 for the sub-genome variants. Among the 26 variants meeting 325 

the sub-genome-wide threshold, four were common and 22 were low-frequency or rare. Two of 326 

the common HbA1c-associated variants were reported previously:3 the glycemic variant at 327 

G6PC2 [MIM:608058] and the erythrocytic variant at TMPRSS6 [MIM:609862]. Among the 328 

genome-wide significant loci, HK1 (EA) and G6PD (AA and HA) were classified as 329 

‘erythrocytic’, as was the low frequency variant rs1039215 in HGB2/HBE1, negatively 330 

associated with HB, HCT, MCV and MCH. The significant FN3K/FN3KRP and XPNPEP1 331 

variants were unclassified.  332 

 333 

Characterization of distinct signals at erythrocytic HbA1c-associated loci 334 

For loci classified as ‘erythrocytic’ (HK1, HBG2/HBE1 and G6PD), we performed 335 

sequential conditional analyses to detect distinct signals in addition to the top SNV. The regions 336 

were defined as +/- 60kb region around HK1, +/- 250kb region around HBG2/HBE1 and +/- 337 

500kb region around G6PD, based on Linkage Disequilibrium (LD) plots (Supplementary 338 

Figures 3, 5 and 6). We did not detect secondary associations in the HK1 and HBG2/HBE1 339 

regions at a threshold of 4.3 10-5 and 8.5 10-6 respectively. Interestingly, in the G6PD region, 340 

the top SNV (rs1050828, p.Val98Met, T-allele frequency 12% in AA, 2% in HA, 0% in EA and 341 

AS) was associated with lower HbA1c in both AA and HA. This SNV accounted for 23% of 342 

HbA1c variance in AA and 4% in HA. The LD in the G6PD region is complex, with a strong 343 

haplotype effect in AA and HA (Figure 2). By performing conditional analyses on the top SNV 344 

(rs1050828) we were able to detect an additional rare signal (G-allele frequency 0.5%) in AA 345 

(rs76723693, p.Leu353Pro, Bcond=-0.50, Pcond=2.8 10-15) that was distinct from rs1050828 346 
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(r2=0.0006, D’=1, Figure 3). The threshold to detect an additional signal was fixed to 1.7x10-5 347 

in AA and 4.5x10-5 in HA. The three other SNVs located in the same region that were sub-348 

genome-wide significant in the main analysis (rs143745197, rs184539426 and rs189305788) 349 

were not significant after adjusting for both rs1050828 and rs76723693. We detected significant 350 

or suggestive associations using gene-based (P=9.7 10-11) and burden tests (P=4.7 10-5) when 351 

aggregating 15 missense rare variants with MAF ≤ 1% in G6PD (Supplementary Table 11). As 352 

association from SKAT was more significant than the association of rs76723693 from single-353 

SNV association analysis, it suggested that several rare missense variants in G6PD were 354 

associated with HbA1c. We performed additional association and conditional analyses in G6PD 355 

for missense variants with 10 < minor allele count < 20. In addition to rs76723693, one rare 356 

missense variant (rs5030872, MAF=0.002) was suggestively associated with HbA1c (B=-0.64, 357 

P=3.4 10-6) and became significantly associated with HbA1c when adjusting for both rs1050828 358 

and rs76723693 (Bcond=-0.71, Pcond=1.3 10-9). 359 

The HBG2/HBE1 new variant rs1039215 (P=2.0 10-9) is located at 327 kb from the SCT 360 

variant rs334 (P=2.9 10-8). A recent paper reported rs1039215 to be in LD (r2>0.2) with the 361 

SCT variant (rs334, r2=0.24, D’=-0.83) and correlated with HBG2 gene expression in whole 362 

blood.26 To determine if rs1039215 was distinct from rs334, we calculated LD and performed 363 

conditional analyses. In TOPMed, rs1039215 was in modest LD with rs334 (r2=0.30, D’=0.88, 364 

Supplementary Figure 3) and conditioning on rs334 attenuated its association (decrease in p-365 

value from 2.0 10-9 to 10-3, Supplementary Table 12), suggesting that the association of 366 

rs1039215 with HbA1c may be explained by the SCT rs334 variant. Nevertheless, the haplotype 367 

rs334-A / rs1039215-G was more significantly associated with HbA1c than the haplotypes 368 

rs334-A / rs1039215-A and rs334-T / rs1039215-G (Supplementary Table 13). Thus, the 369 
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association of the new variant rs1039215 in HBG2/HBE1 could be partially distinct from the 370 

known association at the SCT variant. In our AA sample, 12 individuals carried two copies of 371 

rs1050828-T allele and at least one copy of rs1039215-G allele and had a mean HbA1c of 4.60 372 

(0.41) versus 5.65 (0.39) for the 2,372 individuals that carried no risk allele at the two variants 373 

(Supplementary Table 14). 374 

 375 

HbA1c-lowering effects of G6PD variants in AA and HA 376 

In sex-stratified analyses in AA, the G6PD rs76723693 variant was associated with a 377 

decrease in HbA1c of 0.98%-units (95% CI 0.51–1.44) per allele in hemizygous men and 0.46%-378 

units (95% CI 0.26–0.66) in heterozygous women; whereas, the G6PD rs1050828 variant was 379 

associated with a decrease in HbA1c of 0.88%-units (95% CI 0.81–0.95) per allele in 380 

hemizygous men and 0.34%-units (95% CI 0.30–0.39) in heterozygous women (Table 2 and 381 

Figure 4). We detected heterogeneity in effect sizes between males and females for rs1050828 382 

(Phet=0.008) but not for rs76723693 (Phet=0.19). In HA, the G6PD rs1050828 variant was 383 

associated with a decrease in HbA1c of 0.84%-units (95% CI 0.47–1.22) per allele in 384 

hemizygous men and 0.25%-units (95% CI 0.06–0.45) in heterozygous women (Table 3 and 385 

Figure 4). Upon adjusting on the sickle cell trait (SCT) variant, rs334, the association of these 386 

two SNVs did not attenuate (Supplementary Table 12). 387 

 388 

Population reclassification of diabetes diagnosis by G6PD variants 389 

To assess the potential public health impact of G6PD variants in AA, we designed a 390 

hypothetical scenario, using National Health and Nutrition Examination Survey (NHANES, see 391 

URL in the web resources section) 2015-2016, to estimate the number of African Americans 392 
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and Hispanics whose diagnosis of diabetes would have been missed if screened with a single 393 

HbA1c measurement using the 6.5% diagnostic threshold and if the effects of the two G6PD 394 

variants rs1050828 and rs76723693 were not accounted for. We restricted the NHANES analytic 395 

sample to adults aged ≥ 18 years who self-identified as Non-Hispanic Black or Mexican 396 

American/Other Hispanic respectively. In non-Hispanic Blacks (N=1,227), an estimated 2.32% 397 

with HbA1c < 6.5%-units may be considered to have diabetes upon accounting for the effect size 398 

and observed allele frequency of the common G6PD variant, rs1050828. An additional 0.13% 399 

with HbA1c < 6.5%-units may be considered to have diabetes upon accounting for the effect of 400 

the rare G6PD variant, rs76723693. In Mexican American/Other Hispanic (N=1,768), an 401 

additional 0.26% with HbA1c < 6.5%-units may be considered to have diabetes due to the effect 402 

of rs1050828. According to the 2016 United States Census Bureau, approximately 30.14 and 403 

39.33 million adults identified themselves as African American and Hispanic adults respectively, 404 

suggesting that 740,000 African American adults, of which 40,000 would be attributed to the 405 

rare variant, rs76723693, and 100,000 Hispanic adults with diabetes would remain undiagnosed 406 

when screened by a single HbA1c measurement if this genetic information was not taken into 407 

account (Supplementary Table 15). 408 

 409 

Replication of results in the UKBB 410 

We selected a total of 5,964 African-ancestry non-diabetic UKBB participants for 411 

replication. In this sample, 2,461 participants were males, mean age (SD) was 51.1 (7.7), and 412 

mean HbA1c (SD) was 5.50 (0.44). The four variants of interest (rs334 (SCT), rs1039215 413 

(HBG2), rs76723693 and rs1050828 (G6PD)) had good quality of imputation (info score > 0.50, 414 

Supplementary Table 16). We observed significant and consistent associations of the two 415 
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G6PD variants with HbA1c (rs1050828-T, B=-0.36, P<2.2x10-16 and rs76723693-G, B=-0.21, 416 

P=0.007, Supplementary Table 16). The association of the rare G6PD rs76723693-G variant 417 

was even more significant when both G6PD variants were in the model (B=-0.27, P=6.7×10-5). 418 

We did not detect significant associations of HBG2 and SCT variants with HbA1c in the UKBB. 419 

 420 

Discussion 421 

Through deep large-scale WGS association analysis in 10,338 individuals from four 422 

different ancestries and fine-mapping of HbA1c-associated loci, we identified common, low 423 

frequency and rare genetic variants that influence nonglycemic variation in HbA1c. We 424 

confirmed four known regions associated with HbA1c (the glycemic GCK, erythrocytic HK1 and 425 

G6PD, and unclassified FN3K/FN3KRP regions) and discovered two new AA-specific low 426 

frequency or rare erythrocytic variants in G6PD (rs76723693) and HBG2/HBE1 (rs1039215). 427 

The magnitude and direction of effect of the association of rs76723693 and rs1039215 with 428 

HbA1c was similar in the two largest TOPMed AA cohorts (JHS and MESA, Supplementary 429 

Table 17). The association of rs76723693 with HbA1c was replicated in UKBB African-430 

ancestry participants. We detected significant association using gene-based test when 431 

aggregating rare missense variants in G6PD, indicating that others rare missense variants in 432 

G6PD, in addition to rs76723693, are associated with HbA1c. We showed that the association of 433 

the HBG2/HBE1 variant with HbA1c was partially distinct from the known SCT rs334 variant in 434 

HBB [MIM:141900] suggesting that genetic variation at hemoglobin genes other than HBB may 435 

also influence HbA1c. Individuals carrying both the G6PD variant (rs1050828) and the 436 

HBG2/HBE1 variant (rs1039215) had even lower HbA1c than those carrying only one of the two 437 

variants. Hemizygous males and homozygous females for the G6PD rs1050828-T allele who 438 
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carried one or more copies of the HBG2 rs1039215-G allele had a mean HbA1c that was 1.05%-439 

unit lower than those carrying none of these alleles. 440 

The novel HbA1c variant in AA, rs1039215 on chromosome 11, lies in an intron of the 441 

hemoglobin subunit gamma 2 gene HBG2 and the hemoglobin subunit epsilon 1 gene HBE1. 442 

HBG2, in addition to HBG1, encodes the gamma chain of hemoglobin, which combines with 2 443 

alpha chains to form fetal hemoglobin. Fetal hemoglobin is known to interfere with the 444 

measurement of HbA1c by some laboratory assays,27-29 and so persistence of fetal hemoglobin 445 

may be a mechanism through which rs1039215 influences HbA1c measurements. While a small 446 

degree of analytic interference with SCT has been reported for the Tosoh 2.2 and G7 assays used 447 

by JHS, MESA, and ARIC to measure HbA1c (see NGSP website URL in the web resources 448 

section),30, 31 no interference has been reported for the Bio-Rad Variant II Turbo assay used by 449 

UKB32 (Supplementary Table 2). Thus, assay interference may explain the lack of association 450 

of rs334 with HbA1c in UKBB. Alternatively, as our haplotype analysis indicated that the 451 

haplotype containing both rs334-A in HBB and rs1039215-G in HBG2 was likely the main driver 452 

of this signal in the region, the true causal variant could be another variant within this haplotype 453 

that partially explains the reported association of rs334 with HbA1c. 454 

Both variants identified in G6PD in AA are missense and pathogenic variants for G6PD 455 

deficiency (ClinVar), an X-linked genetic disorder characterized by a defect glucose-6-phosphate 456 

dehydrogenase enzymatic action, causing erythrocytes to break down prematurely. Thus, the 457 

mechanism through which these G6PD variants lower HbA1c is most likely through shortening 458 

of erythrocytic lifespan (Supplementary Table 18). Assuming random X-inactivation, we 459 

would expect the difference between hemizygous males and no rs1050828-T variant to be two 460 

times larger than the difference between heterozygous females and no rs1050828-T variant; 461 
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however, in this study, we observed a slightly lower than expected effect in females. We posit 462 

that this heterogeneity of genetic effects by sex may be due to X-linked dosage compensation 463 

and not actual sex differences.33 While these G6PD variants lower HbA1c in AA, similar to 464 

sickle cell trait,5 we note that the lowering effect of these genetic variants on HbA1c do not 465 

explain the higher mean HbA1c in AA compared to European American with similar glycemia 466 

that has been reported in observational studies.34, 35  467 

We found that rs1050828, the common G6PD variant in AA, was also associated with 468 

HbA1c in HA (sample composed of 51% Mexican, 14% Dominican, 14% Puerto Rican, 11% 469 

South American, and 10% others) suggesting that carriers of this variant are likely to be 470 

underdiagnosed if a single HbA1c measurement is used to screen two of the largest racial/ethnic 471 

minorities in the United States for diabetes. If G6PD variants were ignored, we estimate that 472 

approximately 840,000 African American and Hispanic adults with diabetes would remain 473 

undiagnosed. As Hispanic populations are ancestrally diverse including African Ancestry (~7% 474 

of HA in our study have > 50% AA ancestry and ~25% have > 15% AA ancestry), G6PD 475 

variants were expected to occur at some lower frequency in HA compared to AA. Given that 476 

there is no universal screening for G6PD deficiency in North America, asymptomatic carriers are 477 

unlikely to know their G6PD status.7 While misclassification of diabetes status at the population 478 

level was largely driven by the common G6PD variant, rs10105828, and not the rare rs76723693 479 

variant (0.5% of the AA population), in this era of precision medicine there is a growing need for 480 

clinical practice to account for the impact of rare genetic variants with clinically meaningful 481 

effects on routinely performed diagnostic tests even if the proportion of carriers in the population 482 

is small. We also predict that other G6PD deficiency variants, particularly common in African, 483 

Mediterranean and Asian populations,36 will impact HbA1c’s utility as a diagnostic measure. 484 
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Until genetic information is universally accessible to adjust diagnostic thresholds of imperfect 485 

biomarkers, our findings support current clinical practice guidelines by the American Diabetes 486 

Association which recommends the use of both FG and HbA1c in combination for diabetes 487 

diagnosis, especially given that the diagnostic level of HbA1c is conservative relative to FG.37 488 

Strengths of this investigation include the analysis of extremely high-quality deep 489 

sequence data from a large, multi-ancestry sample including five studies and four ancestries to 490 

investigate the association of genetic variation across the full allelic spectrum with HbA1c, a 491 

diagnostic test that is central to the care of patients with diabetes. As previous GWAS on HbA1c 492 

had included a smaller sample of Hispanic ancestry, this study represents one of the first large-493 

scale genetic discovery efforts for HbA1c that include multiple ethnic minorities in the United 494 

States. Our study demonstrates that both common and rare genetic variation differ across 495 

ancestries and informs the unique genetic architecture of HbA1c. We acknowledge limitations. 496 

Our hypothetical scenario using NHANES data to assess the population impact of G6PD 497 

genetics on diabetes screening does not take into account the full complement of clinical and 498 

genetic information contributing to nonglycemic variation in HbA1c, some of which may raise, 499 

and not lower, HbA1c reducing the risk of under-detection.38 For instance, structural variants 500 

(e.g., copy number variation) were not included in our analyses. Nevertheless, our findings 501 

highlight the potential for underdiagnosis in carriers of these variants, which disproportionately 502 

affect certain ethnic minorities, if HbA1c is used as the only diagnostic test for diabetes. Our 503 

sample sizes, and thus our power, are limited compared to GWAS, particularly for Hispanic and 504 

Asian populations. For instance, we did not detect an association signal for rs76723693 in HA 505 

because only one individual in our HA population carried a copy of the rare variant. Including 506 

larger samples of individuals of non-European ancestries will improve the characterization of 507 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 28, 2019. ; https://doi.org/10.1101/643932doi: bioRxiv preprint 

https://doi.org/10.1101/643932
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

23 
 

rare variants with clinically meaningful effects on HbA1c. We acknowledge that the genome-508 

wide threshold used in this paper may not represent the true number of independent genetic 509 

variants (SNVs as well as insertion-deletion variants) tested using our sequence data.  510 

In this study we identified common and rare genetic variants that cause nonglycemic 511 

differences in HbA1c with important clinical and public health implications. Because HbA1c is 512 

commonly used in diabetes screening and management worldwide, disregarding the effects of 513 

these rare and common genetic variants that tend to occur in high diabetes-risk minority groups, 514 

could result in delayed diagnosis or under-detection of diabetes in carriers of these variants. To 515 

avoid such disparities in care, an assessment of these variants should be considered for 516 

incorporation into precision medicine approaches for diabetes diagnosis. 517 

 518 

Supplementary Data 519 

Supplemental data contains cohort descriptions, 18 tables and 6 figures.  520 
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Figure Legends: 792 

Figure 1: Manhattan-plots of the meta-analysis of HbA1c in non-diabetic individuals in 793 

TOPMed cohorts. The –log10(P-value) for each single nucleotide variant on the y-axis is plotted 794 

against the build 38 genomic position on the x-axis (chromosomal coordinate). The dashed 795 

horizontal line indicates the genome-wide significance threshold of P = 2 10-8. The y-axis was 796 

truncated for ease of interpretation. 797 

Figure 2: Regional HbA1c association plots in the G6PD region in non-diabetic African-798 

Americans and Hispanics in TOPMed cohorts. Association plots are displayed separately in 799 

African-Americans (left-side) and in Hispanics (right-side). Single nucleotide variants are plotted 800 

with their P-values (-log10 values, y-axis) as a function of build 38 genomic position on 801 

chromosome X (x-axis). The local linkage disequilibrium (LD) structure (r2 - top or D’ - bottom) 802 

between the top associated single nucleotide variant rs1050828 (red triangle) and correlated 803 

proxies is indicated in color according to a blue to red scale from r2/D’=0 to 1 and was 804 

calculated separately in non-diabetic African-Americans and Hispanics TOPMed cohorts. 805 

Figure 3: Sequential conditional analyses in the G6PD region in non-diabetic African-806 

Americans and Hispanics in TOPMed cohorts. Association plots are displayed separately in 807 

African-Americans (left-side) and in Hispanics (right-side). Single nucleotide variants are plotted 808 

with their P-values (-log10 values, y-axis) as a function of build 38 genomic position on 809 

chromosome X (x-axis). The local linkage disequilibrium (LD) structure (r2 - top or D’ - bottom) 810 

between the top associated single nucleotide variant (red triangle) and correlated proxies is 811 

indicated in color according to a blue to red scale from r2/D’=0 to 1 and was calculated 812 

separately in non-diabetic African-Americans and Hispanics TOPMed cohorts. Significance 813 

thresholds to declare an association signal as distinct are indicated by a red line (P=1.7 10-5 in 814 
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African-Americans and P=4.5 10-5 in Hispanics, based on the number of single nucleotide 815 

variants in the region with a minor allele count greater than 20). 816 

Figure 4: Mean HbA1c levels according to genotypes at both G6PD variants (rs76723693 and 817 

rs1050828) and stratified by sex. Plots are displayed separately in African-Americans (left and 818 

center) and in Hispanics (right). Due to the limited sample size of African-Americans women 819 

carrying two copies of the rare G allele at rs76723693, they are not represented on this plot. In 820 

AA, the G6PD rs76723693 variant was associated with a decrease in HbA1c of 0.98%-units 821 

(95% Confidence Interval (CI) 0.51–1.44) per allele in hemizygous men and 0.46%-units (95% 822 

CI 0.26–0.66) in heterozygous women; whereas, the G6PD rs1050828 variant was associated 823 

with a decrease in HbA1c of 0.88%-units (95% CI 0.81–0.95) per allele in hemizygous men and 824 

0.34%-units (95% CI 0.30–0.39) in heterozygous women In HA, the G6PD rs1050828 variant 825 

was associated with a decrease in HbA1c of 0.84%-units (95% CI 0.47–1.22) per allele in 826 

hemizygous men and 0.25%-units (95% CI 0.06–0.45) in heterozygous women. 827 
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Figure 1: Manhattan-plots of the meta-analysis of HbA1c in non-diabetic individuals in TOPMed cohorts. 828 

 829 

The –log10(P-value) for each single nucleotide variant on the y-axis is plotted against the build 38 genomic position on the x-axis 830 

(chromosomal coordinate). The dashed horizontal line indicates the genome-wide significance threshold of P = 2 10-8. The y-axis 831 

was truncated for ease of interpretation. 832 

 833 
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Figure 2: Regional HbA1c association plots in the G6PD region in non-diabetic African-Americans and Hispanics in TOPMed 834 

cohorts  835 

 836 
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Association plots are displayed separately in African-Americans (left-side) and in Hispanics (right-side). Single nucleotide variants are 837 

plotted with their P-values (-log10 values, y-axis) as a function of build 38 genomic position on chromosome X (x-axis). The local 838 

linkage disequilibrium (LD) structure (r2 - top or D’ - bottom) between the top associated single nucleotide variant rs1050828 (red 839 

triangle) and correlated proxies is indicated in color according to a blue to red scale from r2/D’=0 to 1 and was calculated separately in 840 

non-diabetic African-Americans and Hispanics TOPMed cohorts. 841 
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Figure 3: Sequential conditional analyses in the G6PD region in non-diabetic African-842 

Americans and Hispanics in TOPMed cohorts  843 

 844 
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Association plots are displayed separately in African-Americans (left-side) and in Hispanics 845 

(right-side). Single nucleotide variants are plotted with their P-values (-log10 values, y-axis) as a 846 

function of build 38 genomic position on chromosome X (x-axis). The local linkage 847 

disequilibrium (LD) structure (r2 - top or D’ - bottom) between the top associated single 848 

nucleotide variant (red triangle) and correlated proxies is indicated in color according to a blue to 849 

red scale from r2/D’=0 to 1 and was calculated separately in non-diabetic African-Americans 850 

and Hispanics TOPMed cohorts. Significance thresholds to declare an association signal as 851 

distinct are indicated by a red line (P=1.7 10-5 in African-Americans and P=4.5 10-5 in 852 

Hispanics, based on the number of single nucleotide variants in the region with a minor allele 853 

count greater than 20). 854 
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Figure 4: Mean HbA1c levels according to genotypes at both G6PD variants (rs76723693 and rs1050828) and stratified by sex 855 

 856 

Plots are displayed separately in African-Americans (left and center) and in Hispanics (right). Due to the limited sample size of 857 

African-Americans women carrying two copies of the rare G allele at rs76723693, they are not represented on this plot. 858 
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In AA, the G6PD rs76723693 variant was associated with a decrease in HbA1c of 0.98%-units (95% Confidence Interval (CI) 0.51–859 

1.44) per allele in hemizygous men and 0.46%-units (95% CI 0.26–0.66) in heterozygous women; whereas, the G6PD rs1050828 860 

variant was associated with a decrease in HbA1c of 0.88%-units (95% CI 0.81–0.95) per allele in hemizygous men and 0.34%-units 861 

(95% CI 0.30–0.39) in heterozygous women In HA, the G6PD rs1050828 variant was associated with a decrease in HbA1c of 0.84%-862 

units (95% CI 0.47–1.22) per allele in hemizygous men and 0.25%-units (95% CI 0.06–0.45) in heterozygous women. 863 
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Table 1: Most associated single nucleotide variants in the regions detected at the genome-wide level (P<2x10-8) by ancestry and in the 864 

meta-analysis of HbA1c in non-diabetic individuals in TOPMed cohorts 865 

    Meta-analysis Europeans (N=6,158) African-Americans (N=3,123) Hispanics (N=650) Asians (N=407) 

MarkerIDb rsID 

Closest 

Gene 

Ref/Alt 

Allele 

Beta SE P value MAFa Beta SE P value MAFa Beta SE P value MAFa Beta SE P value MAFa Beta SE P value 

7:44186502 rs2971670 GCK C/T 0.04 0.01 1.7E-09 0.18 0.03 0.01 1.6E-05 0.18 0.06 0.01 1.6E-04 0.21 0.05 0.03 0.04 0.19 0.04 0.03 0.20 

10:69334748 rs17476364 HK1 T/C -0.09 0.01 3.1E-21 0.10 -0.08 0.01 3.2E-18 0.02 -0.09 0.04 0.04 0.06 -0.15 0.04 5.4E-04 

    

11:5464062 rs1039215 

HBG2/

HBE1 

A/G -0.21 0.04 2.0E-09 

    

0.03 -0.21 0.04 2.0E-09 

        

17:82739582 rs113373052 FN3K C/T 0.03 0.01 4.5E-10 0.32 0.03 0.01 4.0E-08 0.29 0.02 0.01 0.06 0.39 0.03 0.02 0.15 0.49 0.05 0.02 0.04 

X:154536002 rs1050828 G6PD C/T -0.41 0.01 5.1E-210 

    

0.12 -0.41 0.01 8.4E-205 0.02 -0.37 0.07 8.3E-07 

    

 866 

aMAF: minor allele frequency 867 

bMarkerID is defined as Chromosome:Position with positions on Build 38. 868 

869 
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Table 2: Combined and sex-stratified conditional association analyses of HbA1c for the two distinct single nucleotide variants in the 870 

G6PD region in non-diabetic African-Americans in TOPMed cohorts 871 

    

Pooled analysis 

(N=3,123) 

Conditional analysis on 

rs1050828 

Males (N=1,269) Females (N=1,854) 

 

MarkerIDc rsID 

Ref/Alt 

Allele 

MAFa Beta SE P value Beta SE P value Beta SE P value Beta SE P value 

Heterogeneity 

P valueb 

X:154533025 rs76723693 A/G 0.005 -0.44 0.07 2.2x10-9 -0.50 0.06 2.8x10-15 -0.52 0.12 6.8x10-6 -0.33 0.10 6.2x10-4 0.19 

X:154536002 rs1050828 C/T 0.12 -0.41 0.01 8.4x10-205 - - - -0.44 0.02 2.3x10-148 -0.37 0.02 2.7x10-69 0.008 

aMAF: Minor allele frequency 872 

bHeterogeneity P value: test of difference in effect sizes between males and females, accounting for the correlation between males and 873 

females statistics 874 

cMarkerID is defined as Chromosome:Position. Positions are indicated on Build 38. 875 

876 
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Table 3: Analysis of HbA1c associations with rs1050828, X:154536002, alternate allele T, in non-diabetic African-Americans and 877 

Hispanics in TOPMed cohorts 878 

 

African-Americans Hispanics 

 

N MAFa Beta SE P value 

% of variance 

explained 

N MAFa Beta SE P value 

% of variance 

explained 

All 3,123 0.12 -0.41 0.01 8.4E-205 0.23 650 0.02 -0.37 0.07 8.3E-07 0.04 

Males 1,269 0.12 -0.44 0.02 2.3E-148 0.35 323 0.01 -0.45 0.11 3.5E-05 0.05 

Females 1,854 0.12 -0.37 0.02 2.7E-69 0.14 327 0.02 -0.28 0.1 4.5E-03 0.02 

aMAF: Minor allele frequency 879 
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