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Supplementary Methods 
 
Phenotype derivation in AoURP. Using EHR data, we filtered downstream analyses to a 
subset of participants that were classified as T2D cases or controls using a combination of 
diagnosis codes (ICD-9-CM and ICD-10-CM), drug exposures, and LOINC codes for laboratory 
test results. 

Derivation of T2D cases and controls. For T2D cases, we used a previously developed 
method (https://phekb.org/phenotype/type-2-diabetes-mellitus). Briefly, we considered 
participants as T2D cases if they fit the following criteria: (a) at least one T2D diagnosis code 
and at least one drug exposure for T2D medications, unless at least one type 1 diabetes 
(T1D) diagnosis code; (b) at least one T2D diagnosis code, at least two drug exposures for 
T1D and T2D medications with a T2D drug exposure occurring at least one day before T1D 
drug exposure, unless at least one T1D diagnosis code; (c) at least two T2D diagnosis codes 
and at least one drug exposure for T1D medication, unless at least one T1D diagnosis code; 
or (d) at least one drug exposures for T2D medications and at least one abnormal laboratory 
test result (random glucose, fasting glucose, or HbA1c), unless at least one T1D diagnosis 
codes. For controls, we considered those participants that were free of all diabetes 
diagnosis codes, including T2D, T1D, and other forms of diabetes. Additionally, we excluded 
participants that matched criteria (d) from the T2D definition. 

For T2D, we used diagnosis codes 250.00, 250.02, 250.20, 250.22, 250.30, 250.32, 
250.40, 250.42, 250.50, 250.52, 250.60, 250.62, 250.70, 250.72, 250.80, 250.82, 250.90, 
250.92 from ICD-9-CM and E11.00, E11.01, E11.21, E11.29, E11.311, E11.319, E11.36, 
E11.39, E11.40, E11.51, E11.618, E11.620, E11.621, E11.622, E11.628, E11.630, E11.638, 
E11.641, E11.649, E11.65, E11.69, E11.8, E11.9 from ICD-10-CM. For T2D drug exposures, 
we used the following medications: acarbose, acetohexamide, albiglutide, alogliptin, 
canagliflozin, chlorpropamide, colesevelam, dapagliflozin, dulaglutide, empagliflozin, 
exenatide, glimepiride, glipizide, glyburide, linagliptin, liraglutide, lixisenatide, metformin, 
miglitol, nateglinide, pioglitazone, repaglinide, rosiglitazone, saxagliptin, semaglutide, 
sitagliptin, tolazamide, and troglitazone. Finally, we considered the following abnormal lab 
results: random glucose (LOINC codes: 2339-0, 2345-7) > 200mg/dl, fasting glucose (LOINC 
code: 1558-6) ≥ 125mg/dl, and HbA1c (LOINC codes: 4548-4, 17856-6,4549-2, 17855-8) ≥ 
6.5%. For T1D, we used diagnosis codes 250.01, 250.03, 250.11, 250.13, 250.21, 250.23, 
250.31, 250.33, 250.41, 250.43, 250.51, 250.53, 250.61, 250.63, 250.71, 250.73, 250.81, 
250.83, 250.91, 250.93 from ICD-9-CM and E10.10, E10.11, E10.21, E10.29, E10.311, 
E10.319, E10.36, E10.39, E10.40, E10.51, E10.618, E10.620, E10.621, E10.622, E10.628, 
E10.630, E10.638, E10.641, E10.649, E10.65, E10.69, E10.8, E10.9 from ICD-10-CM. For T1D 
drug exposures, we used the following medications: insulin, insulin NPH, insulin aspart, 
insulin degludec, insulin detemir, insulin glargine, insulin glulisine, insulin lispro, pramlintide. 
For other forms of diabetes, we used diagnosis codes 249*, 648.0*, 648.8* in ICD-9-CM and 
E08*, E09*, E13*, O24* in ICD-10-CM. 

Derivation of cases and controls for T2D-related clinical outcomes. For each T2D-
related clinical outcome, we used previously-defined ICD-9-CM and ICD-10-CM diagnosis 
codes from EHR data to identify cases and controls1-4. For macrovascular outcomes (CAD, 
ischemic stroke, and peripheral artery disease), we defined cases and controls as 
participants with and without, respectively, the relevant diagnosis codes, irrespective of T2D 
status. For CAD, we used 410*, 411*, 412*, 413* in ICD-9-CM and I20*, I21*, I22*, I23*, 
I24*, I25* in ICD-10-CM. For ischemic stroke, we used 433*, 434* in ICD-9-CM and I63* in 



ICD-10-CM. For peripheral artery disease, we used 4400, 4402, 4438, 4439 in ICD-9-CM and 
I70.0, I70.00, I70.01, I70.2, I70.20, I70.21, I70.8, I70.80, I70.9, I70.90, I73.8, I73.9 in ICD-10-
CM. For microvascular complications (ESDN and proliferative diabetic retinopathy), we 
considered only T2D cases. ESDN cases were defined with relevant diagnosis codes for both 
diabetic nephropathy and end-stage kidney disease (ESKD), and ESDN controls were defined 
as being free of any diagnosis code for diabetic nephropathy, defined using the AoURP 
cohort builder. For ESKD, we used 403.01, 403.11, 403.91, 404.02, 404.03, 404.12, 404.13, 
404.92, 404.93, 585.6 in ICD-9-CM and I12.0, I13.11, I13.2, N18.6 in ICD-10-CM. For DN, we 
used E11.21 in ICD-10-CM. Proliferative diabetic retinopathy cases were defined with 
relevant diagnosis codes. Proliferative diabetic retinopathy controls were defined as being 
free of any diagnosis code for diabetic retinopathy. For proliferative diabetic retinopathy, 
we used 362.02 in ICD-9-CM and E08.35*, E09.35*, E10.35*, E11.35*, E13.35* in ICD-10-CM. 
For diabetic retinopathy, we used 362.0* in ICD-9-CM and E08.31*, E08.32*, E08.33*, 
E08.34*, E08.35*, E09.31*, E09.32*, E09.33*, E09.34*, E09.35*, E10.31*, E10.32*, E10.33*, 
E10.34*, E10.35*, E11.31*, E11.32*, E11.33*, E11.34*, E11.35*, E13.31*, E13.32*, E13.33*, 
E13.34*, E13.35* in ICD-10-CM. 
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Supplementary Figure 1. Axes of genetic variation separating GWAS of T2D across ancestry groups. 
The first three axes of genetic variation (PC 1, PC 2 and PC 3) from multi-dimensional scaling of the 
Euclidean distance matrix between populations are sufficient to separate five ancestry groups: African 
(AFR), East Asian (EAS), European (EUR), Hispanic (HIS), and South Asian (SAS). 



Supplementary Figure 2. Manhattan plot of genome-wide T2D association from multi-ancestry meta-regression (MR-MEGA) of up to 428,452 T2D 
cases and 2,107,149 controls across multiple ancestry groups. Each point represents a SNV passing quality control in the multi-ancestry meta-
regression, plotted with their association p-value (on a -log10 scale, truncated at 300) as a function of genomic position (NCBI build 37). Genome-wide 
significance (P<5x10-8) is highlighted by the dashed horizontal red line.



Supplementary Figure 3. Distribution of risk allele frequency and odds-ratio at index SNVs for distinct 
T2D association signals. Each point corresponds to an index SNV, plotted according to the mean risk 
allele frequency across GWAS (on the x-axis) and the odds-ratio from fixed-effects meta-analysis (on 
the y-axis). Index SNVs highlighted in blue map to previously reported loci for T2D susceptibility. Index 
SNVs highlighted in red do not map to previously reported loci for T2D susceptibility.
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Supplementary Figure 4. Ancestry-correlated heterogeneity is driven by differences in allelic effect sizes between African, East Asian, and European 
ancestry groups. In the bottom left panel, index SNVs with significant evidence (PHET<3.9x10-5, Bonferroni correction for 1,289 signals) for ancestry-
correlated heterogeneity are plotted according to their association (Z-score) with the first two axes of genetic variation. The first axis represents 
differences in allelic effect sizes between GWAS of African and East Asian ancestry (AFR-EAS axis), whilst the second axis represents differences in effect 
size between GWAS of African and European ancestry (AFR-EUR axis). The forest plots present examples of ancestry-correlated heterogeneity at index 
SNVs. In each forest plot, the allelic log-odds ratio (OR) from each ancestry group-specific fixed-effects meta-analysis is given by the black tick mark, the 
95% confidence interval is given by the horizontal line, and the weight (inverse-variance) of each ancestry group by the grey box. AFR: African ancestry 
group. EAS: East Asian ancestry group. EUR: European ancestry group. HIS: Hispanic ancestry group. SAS: South Asian ancestry group.   
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Supplementary Figure 5. Distribution of study-level mean BMI in control individuals across 
ancestry groups. Each box and whisker plot presents the median (back horizontal line), upper and 
lower quartiles (extremes of coloured boxes), minimum and maximum (excluding outliers, 
extremes of black vertical line), and outliers (more than 1.5x inter-quartile range, black dots). AFR: 
African ancestry group. EAS: East Asian ancestry group. EUR: European ancestry group. HIS: 
Hispanic ancestry group. SAS: South Asian ancestry group.
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Supplementary Figure 6. Comparison of association evidence at 1,289 T2D signals between 
multi-ancestry meta-regression and meta-regression of GWAS from East Asian and European 
ancestry groups. Each point corresponds to an index SNV, plotted according to the -log10 P-value 
(cut-off at 300 for ease of presentation) for the multi-ancestry meta-regression on the x-axis and 
the East Asian and European ancestry meta-regression on the y-axis. The dashed horizontal and 
vertical lines define genome-wide significance (P<5x10-8). T2D signals represented by index SNVs 
above the dotted y=x line show stronger evidence of association in the multi-ancestry meta-
regression than in the meta-regression of GWAS from East Asian and European ancestry groups. 
EAS: East Asian ancestry group. EUR: European ancestry group.   



Supplementary Figure 7. Cluster-specific associations of index SNVs with defining cardiometabolic phenotypes. Each bar presents -log10 P-value for 
association, with effect direction aligned to the T2D risk allele. FG: fasting glucose. FI: fasting insulin. PI: proinsulin. BMI: body mass index. WHR: waist-
hip ratio. LDL: low-density lipoprotein cholesterol. HDL: high-density lipoprotein cholesterol. TG: triglycerides. *Trait adjusted for BMI.



Supplementary Figure 8. Cluster-specific associations of index SNVs with T2D. The height of each 
bar corresponds to the log-odds ratio (beta), and the grey bar shows the 95% confidence interval. 
*P<0.05, nominal association. **P<0.0063, Bonferroni correction for eight clusters.



Lipodystrophy

Obesity

Beta cell -PI

Beta cell +PI

Metabolic syndromeBody fat

Residual glycaemic

Lipodystrophy

Obesity

Beta cell -PI

Beta cell +PI

Metabolic syndrome
Body fat

Residual glycaemic

Supplementary Figure 9. Cluster-specific associations of T2D risk alleles at index SNVs with insulin-related endophenotypes. Measures of insulin 
secretion and insulin sensitivity were derived from hyperinsulinemic-euglycemic clamp assessments and oral glucose tolerance tests in up to 1,316 
Mexican American participants without diabetes. Homeostatic model assessment measures of beta-cell function (HOMA-B) and insulin resistance 
(HOMA-IR) were obtained from 36,466 non-diabetic individuals of European ancestry. Each point corresponds to the cluster-specific mean Z-score for 
each trait, and grey bars represent 95% confidence intervals. The liver/lipid metabolism cluster has been removed for ease of presentation.



Supplementary Figure 10. Cluster-specific associations of T2D risk alleles at index SNVs with insulin 
resistance-related disorders. Association with gestational diabetes mellitus (GDM) was assessed in 
5,485 cases and 347,856 female controls of diverse ancestry. Association with polycystic ovary syndrome 
(PCOS) was assessed in 10,074 cases and 103,164 female controls of European ancestry. The height of 
each bar corresponds to the mean Z-score, and the grey bar shows the 95% confidence interval. The 
liver/lipid metabolism cluster has been removed for ease of presentation. *P<0.05, nominal association. 
**P<0.0063, Bonferroni correction for eight clusters.
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Supplementary Figure 11. Cluster-specific associations of index SNVs with the first two axes of 
genetic variation. Each point corresponds to a cluster, plotted according to the mean Z-score for 
association with the first two axes of genetic variation (PC1 and PC2) on the x-axis and y-axis, 
respectively. Grey bars correspond to 95% confidence intervals. The liver/lipid metabolism cluster has 
been removed for ease of presentation.



Supplementary Figure 12. Association of overall T2D GRS and cluster-specific 
components of partitioned GRS with coronary artery disease across multiple ancestry 
groups. In each forest plot, the log-odds ratio (log-OR) of the standardised GRS for each 
ancestry is presented, together with the 95% confidence interval (horizontal bar) and 
weight (inverse variance, size of grey box). The grey diamond corresponds to the fixed-
effects estimate of the log-OR of the GRS across ancestry groups (upper/lower points of 
diamond) and corresponding 95% confidence interval (left/right points of diamond). 
Analyses were conducted in all participants, with adjustment for T2D status. AFR: 
African ancestry group. EAS: East Asian ancestry group. EUR: European ancestry group. 
HIS: Hispanic ancestry group.   



Supplementary Figure 13. Associations of the overall GRS and cluster-specific partitioned GRS with coronary artery disease (CAD) in up to 
137,559 individuals across diverse ancestry groups. The panel summarizes the associations the overall GRS and each cluster-specific component of 
the partitioned GRS with CAD, with and without adjustment for a multi-ancestry CAD GRS. The height of each bar corresponds to the log-odds ratio 
(beta) per standard deviation of the GRS, and the grey bar shows the 95% confidence interval. Analyses were undertaken in all individuals, with 
adjustment for T2D status. *P<0.05, nominal association. **P<0.0063, Bonferroni correction for eight clusters.



Supplementary Figure 14. Association of overall T2D GRS and cluster-specific 
components of partitioned GRS with end-stage diabetic nephropathy across multiple 
ancestry groups. In each forest plot, the log-odds ratio (log-OR) of the standardised GRS 
for each ancestry is presented, together with the 95% confidence interval (horizontal 
bar) and weight (inverse variance, size of grey box). The grey diamond corresponds to 
the fixed-effects estimate of the log-OR of the GRS across ancestry groups (upper/lower 
points of diamond) and corresponding 95% confidence interval (left/right points of 
diamond). Analyses were conducted in individuals with T2D only. AFR: African ancestry 
group. EAS: East Asian ancestry group. EUR: European ancestry group. HIS: Hispanic 
ancestry group.   



Supplementary Figure 15. Association of overall T2D GRS and cluster-specific 
components of partitioned GRS with proliferative diabetic retinopathy across multiple 
ancestry groups. In each forest plot, the log-odds ratio (log-OR) of the standardised GRS 
for each ancestry is presented, together with the 95% confidence interval (horizontal 
bar) and weight (inverse variance, size of grey box). The grey diamond corresponds to 
the fixed-effects estimate of the log-OR of the GRS across ancestry groups (upper/lower 
points of diamond) and corresponding 95% confidence interval (left/right points of 
diamond). Analyses were conducted in individuals with T2D only. AFR: African ancestry 
group. EAS: East Asian ancestry group. EUR: European ancestry group. HIS: Hispanic 
ancestry group.   
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