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SUPPLEMENTARY METHODS  

Patient Cohorts 

Discovery Cohort (Greifswald University Medicine [Greifswald, Germany]) 

The observational discovery cohort was collected at the platelet laboratory at Greifswald 

University Medicine, which is utilized as a central testing facility for heparin-induced 

thrombocytopenia (HIT) diagnostic assays across multiple institutions. Patients underwent 

laboratory testing for platelet factor 4 (PF4)/heparin antibodies and heparin-induced platelet 

activation (HIPA) assay. The HIPA test has been validated extensively in comparison with the 

platelet aggregation test, by analysis of prospective clinical study data, in comparison with the 

serotonin release assay (SRA), and in international workshops data1-4. The cut off of a lag time 

of platelet activation of 30 minutes gave the best discrimination between specific heparin-

dependent platelet activation and non-specific platelet aggregates which may occur after steering 

of platelets for more than 30 minutes5. For the HIPA test, at least two of four donors must become 

activated within 30 minutes. We tested a panel of four random platelet donors, accounting for the 

interindividual variability insensitivity towards HIT sera. 

Samples for this genome-wide association study (GWAS) were tested between 2002 and 

2015. DNA was extracted from buffy coats by the Vanderbilt Technologies for Advanced 

Genomics (VANTAGE) core using AUTOPURE LS® Automated Nucleic Acid Purification 

Instrument (Qiagen®, Hilden, Germany). Basic demographic data, including age and sex was 

available, but detailed clinical data, such as 4Ts score, thromboembolic complications, 

unfractionated heparin (UFH) dosing, and platelet counts, were not available in the discovery 

cohort. PF4/heparin antibodies were measured via polyclonal enzyme-linked immunosorbent 

assay (ELISA), including quantitation of IgG, IgA, and IgM. PF4/heparin antibody ELISAs used 

an optical density threshold of 0.5 for a positive test result. Sera were tested for anti-PF4/heparin 

IgG, IgA, and IgM antibodies by ELISA,6 including a high heparin inhibition step (100 IU/mL ≥ 

40%) as described.7 The discovery cohort was ultimately divided into three groups, including HIPA 
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positive cases, PF4/heparin antibody positive controls with negative HIPA test result, and controls 

with both negative PF4/heparin antibody and negative HIPA test results. Samples for this GWAS 

were tested between 2002 and 2015 and were completely de-identified prior to GWAS 

genotyping. This research received ethical approved from the institutional Ethics committee at 

Greifswald University (Reference Number BB 097/15).  

Replication Cohort (University of Tours [Tours, France]) 

The replication cohort was made up of two previously described cohorts recruited 

prospectively at the University of Tours. The first cohort contained definite serotonin release 

assay (SRA)-confirmed HIT cases and PF4/heparin antibody positive controls that tested 

negative for SRA. Details of this cohort have been previously published8-11. Serotonin release 

assays were performed as previously described12. All HIT cases developed a platelet count fall 

bearing a temporal relationship with preceding heparin exposure consistent with an immune 

response, a significant decrease in platelet count after a heparin treatment, or both. Both PF4-

specific ELISA (HAT; GTI, Brookfield, WI) and SRA were positive in every HIT case. The SRA 

result was negative in every patient grouped as PF4/heparin antibody positive. All PF4/heparin 

antibody positive (but SRA negative) patients had undergone cardio-pulmonary bypass surgery 

(CPB) and had been treated with heparin postoperatively. All developed significant levels of 

PF4-specific antibodies using an ELISA optical density threshold of 0.5 but without significant 

abnormal evolution in platelet count in the postoperative period. Genomic DNA was extracted 

from citrated whole blood using the Flexigen DNA kit (Qiagen, Courtaboeuf, France) according 

to the manufacturer’s instructions. Blood samples were collected after obtaining informed 

consent according to the Helsinki declaration principles. Both the University of Tours institutional 

ethics committee and the Ministry of Research had previously approved collection of DNA from 

HIT patients and healthy controls for genetic studies (DC2008-308). 

The second cohort named "Facteurs de RIsque Génétiques de Thrombopénie Induite par 

l'Héparine" (FRIGTIH) included patients cases recruited between 2011 and 201513. Clinical and 
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biological data were recorded using a standardized case report form with 22 questions and 64 

response items. Plasma and DNA samples were collected during the acute phase, stored frozen 

at –80°C, and then transferred to the University Hospital in Tours. After HIT was clinically 

suspected, each center detected PF4-specific antibodies using a PF4-specific immunoassay. In 

addition, a PF4/polyvinylsulfonate IgG-specific ELISA was performed on all patients for whom 

sufficient plasma was available. Positive PF4/heparin antibodies were determined using an optical 

density threshold of 0.5. SRA was also performed for all patients with a positive PF4/heparin 

antibody test and the diagnosis of HIT only confirmed when SRA was positive. All HIT cases 

developed a decrease of ≥40% compared with the initial platelet count during heparin therapy. 

Alternative non-heparin antithrombotic therapy was initiated in most HIT cases after heparin 

discontinuation. Thrombocytopenia was considered resolved when platelet count increased by at 

least 100% from nadir value and remained above 100 G/L without any relapse. The Institutional 

Ethics Committee approved this study (Number # 2011-N7).  

Genome-wide Genotyping, Genomic Imputation, and Quality Control 

GWAS genotyping was performed at the RIKEN Laboratory for Genotyping Development, 

Center for Integrative Medical Sciences (IMS). Genotyping was performed as a result of funded 

proposals for the Pharmacogenomics Research Network (PGRN)-RIKEN Global Alliance in 

Round 13 (GWAS genotyping) and Round 16 (ABO sequencing). All samples in the discovery 

and replication cohorts were genotyped using the llumina® Infinium HumanOmniExpressExome 

BeadChip, which contains 958,497 markers including 273,000 functional exonic markers. Quality 

control was accomplished using sample and marker call rate ≥98%, sex mismatch, duplicate 

concordance, and removal of related samples (first cousin or closer kinship) through identity by 

descent, including removal of one sample from pairs with any genetic relationship greater than 

first cousin. For the sensitivity analysis using mixed models in GCTA, related individuals were 

retained14,15. Genomic imputation was performed for samples using Minimac4 on the MI 

imputation server and the phase3 v5 reference panel data from the 1000 genomes project16. 
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Imputed single nucleotide polymorphisms (SNPs) were retained if their R2 value was 0.3 or 

greater. The llumina® Infinium HumanOmniExpressExome BeadChip genome-wide platform 

does not contain copy number variation and only single nucleotide and insertion/deletion 

polymorphisms were used in this analysis. Genomic imputation was also performed using the 

Trans-Omics for Precision Medicine (TOPMed) Imputation Server17. The quality-controlled 

autosomes and X chromosomes from the discovery cohort were imputed with Eagle v2.4 and 

imputed with the TOPMed r2 reference panel. The r2 filter option was set to 0.3 thus excluding 

>70% of poorly imputed SNPs. During statistical analyses, SNPs were removed for Hardy-

Weinberg equilibrium p value<0.001 and minor allele frequency (MAF) less than 0.01.  

Analysis and Adjustment of Ancestry 

Principal components analysis (PCA) was performed using the SmartPCA R package. 

PCs were generated using all directly genotyped markers alongside HapMap reference 

populations and visually inspected for adequate separation of race/ethnic groups using ggplot2 

v3.3.5 in R18 (Supplementary Figures S1-S2). To minimize confounding by population 

stratification, GWAS analyses were adjusted for the first three principal components (PCs). Due 

to the overwhelming majority of patients in both cohorts being of European ancestry, GWAS 

analyses were restricted to individuals of European ancestry. Estimated proportions of global 

ancestry were determined using ancestry informative markers (AIMs) input into STRUCTURE 

with HapMap reference populations18. Individuals were considered to be of European ancestry if 

genetically-defined global ancestry was at least 80 percent European. Similarly, individuals were 

considered to have African or Asian ancestry if relevant ancestral proportions were at least 80 

percent. Otherwise, individuals were considered admixed since patient-reported race/ethnicity 

data was not available. In order to incorporate samples with non-European ancestry and to assess 

consistency of associations across ancestry groups, we performed a mixed model analysis using 

GCTA14,15. This mixed model analysis included all samples regardless of ancestry and all related 
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individuals. The GCTA analysis was performed in the combined discovery and replication cohorts 

with adjustment for age, sex, cohort (discovery versus replication), and PCs 1-3. 

Statistical Analysis 

Q-Q plots were generated to determine potential for false positive results and were 

assessed in conjunction with genomic inflation values (λ) for potential of false positive results. 

Pairwise linkage disequilibrium (LD) as measured by r2 was estimated in discovery and replication 

cohorts using Plink v1.90 using the –r2 flag. Manhattan plots were created with heatmaps for 

indication of effect sizes of variants. Meta-analysis association results for SNPs in the ABO 

genomic region were plotted for visual inspection against local recombination rates, pairwise 

linkage disequilibrium between SNPs, and posterior probabilities from PAINTOR (described 

below; Figure 2 in main text). ABO blood types (A, B, AB, and O) were derived based on 

haplotypes of rs8176719 and rs8176746, as previously described, and tested for association with 

functional assay positive status in both cohorts combined19,20. Logistic regressions for association 

of blood groups compared the relevant blood group (i.e. O, A, B, or AB) to all other blood groups 

combined with adjustment for age, sex, PCs 1-3, and cohort (discovery versus replication). 

Sensitivity analyses were also performed for blood group associations, including functional assay 

positive cases compared to PF4/heparin antibody positive controls alone (excluding antibody 

negative controls), functional assay positive cases compared to PF4/heparin antibody negative 

controls alone (excluding antibody positive controls), and including adjustment for PF4/heparin 

antibody IgG levels. Forest plots were generated for blood group analyses. All statistical analyses 

were performed using Rv4.04, PLINK v1.9021 and SAS v9.4 (SAS, Cary, NC). 

Polygenic Risk Score Analysis 

For calculating polygenic risk scores (PRS), we used 297 variants that were shown to be 

correlated with venous thromboembolism in a prior study22. In order to exclude variants located 

near the ABO gene, we excluded all SNPs located on chromosome nine. The remaining SNPs 

that matched variants that had been present in imputed populations, including 242 SNPs in the 
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Discovery population and 241 SNPs in the Replication population, were used for computing 

PRS scores with PLINK v1.90b6.1723. In order to validate the thrombosis PRS published by 

Klarin et al, PRS were also generated for patients genotyped on the Multi-Ethnic Global Array 

(MEGA) in BioVU, the Vanderbilt University DNA biorepository coupled to de-identified 

electronic medical records (EMRs). A phenome-wide association study (PheWAS) was 

performed using phecodes derived using previously described approaches with at least two 

phecode instances necessary for diagnosis24,25. The PheWAS included covariates for the first 

five principal components, median age, and sex. PheWAS results indicated that the strongest 

association with thrombosis PRS was with the phecodes “Other venous embolism and 

thrombosis” (n=3,146 cases, n=40,444 controls, odds ratio 1.291, p=2.367×10-53), “Primary 

hypercoagulable state” (n=426 cases, n=43,779 controls, odds ratio 1.630, p=7.367×10-39) and 

“Deep vein thrombosis” (n=1,744 cases, n=40,424 controls, odds ratio 1.314, p=1.350×10-36) 

(Supplementary Figure S3). Following confirmation of association between PRS and 

thromboembolism in BioVU, PRS was used to adjust the association of positive functional assay 

status in random effects meta-analysis of functional assay positive status in the discovery and 

replication cohorts. Meta-analysis was performed in PLINK v1.90 with adjustment for age, sex, 

PCs 1-3, and PRS score. 

ABO Sequencing 

Sequencing was performed to acquire full coverage of the ABO gene +/- 5000 base 

pairs (kbps). Multiplex PCR-based target sequencing was performed at RIKEN IMS, as 

previously described.26 Briefly, primers were designed using the Primer 3 software (ver. 2.3.4)27. 

PCR product sizes were designed to be 180-300 bp to cover the amplicon by the sequencing 

reads. We added CGCTCTTCCGATCTCTG to the 5′ end of the forward primers and 

CGCTCTTCCGATCTGAC to the 5′ end of the reverse primers to perform second PCR28. 

Multiplex PCR reactions were carried out in 10 μl containing 10 ng genomic DNA, 5 μl 

2× Platinum Multiplex PCR Master Mix (Life Technologies), and 0.1 pmol each primer. Cycling 
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conditions were 95 °C for 2 min, 25 cycles of 95 °C for 30 s, 60 °C for 90 s and 72 °C for 3 min, 

followed by an additional extension step at 72 °C for 10 min using the GeneAmp PCR System 

9700 (Life Technologies). 

We modified a previously reported barcode technique to use dual barcodes28,29. The 

PCR reactions were carried out in 10-μl reactions containing 1 μl of the first PCR product, 0.1 U 

KAPA HiFi HotStart DNA Polymerase (KAPA), 2 μl 5× KAPA HiFi Fidelity Buffer, 0.3 μl 10 mM 

dNTP, and 0.2 pmol each primer. Cycling conditions were 98 °C for 45 s, 4 cycles of 98 °C for 

15 s, 65 °C for 30 s, and 72 °C for 1 min, followed by an additional extension step at 72 °C for 

1 min. All second PCR products were pooled for one sequencing run. After each library was 

purified using Agencourt AMPure XP (Beckman Coulter) to eliminate primer dimers, the library 

was applied to a bioanalyzer (Agilent Technologies) to check the size distribution and then 

quantified using the KAPA library quantification kit (KAPA) on an ABI Prism 7700 sequence 

detection system (Life Technologies). We obtained 2 × 150-bp paired-end reads with dual 8-bp 

barcode sequences on a HiSeq 2500 instrument. We applied a ‘dark cycle’ to discard the first 

3 bp of both reads that originated from the end of the adapter sequences used for the second 

PCR. Sequence reads were aligned to GRCh37 using the Burrows-Wheeler Aligner (ver. 

0.7.9a) and variants were called using Samtools (ver. 0.1.19) and VarScan software30,31. For 

quality control, individuals were excluded from further analysis if the proportion of covered 

bases of ≥20 reads in the target region was < 95% and variants were excluded that did not 

follow Hardy-Weinberg equilibrium (p<1×10−6). 

Fine-Mapping of GWAS Association 

PAINTOR 

The Probabilistic Annotation INtegraTOR (PAINTOR V3.0)32,33 software was used for the 

prioritization of variants from ABO sequence data. PAINTOR is a Bayesian probabilistic 

framework algorithm that integrates association strength from summary statistics with functional 

genomic annotation data to improve accuracy in selecting plausible SNPs. A logistic regression 
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was performed for ABO sequence data using PLINK v1.90 in combined replication and discovery 

cohorts with adjustment for sex, age, and PCs 1-3. For quality control, a minor allele frequency 

cutoff of 0.01, Hardy-Weinberg equilibrium p value cutoff of 0.001, and genotyping rate cutoff of 

98% was used, consistent with GWAS analyses. PAINTOR requires 3 input files, 1) a Z-score file, 

2) a linkage disequilibrium file and 3) an annotations file containing functional information on each 

variant in the locus. The Z-score file containing the Z-statistic for each variant along with the 

chromosome number, location, and SNP identifier was derived from PLINK association results. 

The linkage disequilibrium file, including a pairwise matrix of linkage for each pair of variants, was 

also generated in PLINK using the --r2 flag. Functional annotation datasets were download from 

the PAINTOR Github webpage (https://github.com/gkichaev/PAINTOR_V3.0). The functional 

annotations datasets included in this analysis utilized data from FANTOM534,35, GENCODE36 and 

Transcription Factor Binding Site (TFBS) datasets. Using the Python script provided by PAINTOR 

(AnnotateLocus.py), the ABO variants were cross-referenced with these functional annotation 

datasets to generate a matrix of functional annotations. Default parameters for the program were 

used, including the -enumerate flag set to 3 causal SNPs, -variance flag on the causal effect sizes 

scaled by sample size set at 30, and -MI flag for Maximum iterations for algorithm to run set at 

10. In addition to default specification analysis, we tested the robustness of the results by varying 

the number of pre-defined causal SNPs. Furthermore, we tested the consistency of causal SNP 

determination by removing subsets of annotated datasets. The PAINTOR program output 

posterior probabilities for which variants were likely causal in the dataset (Supplementary Table 

S3). The output of the program was robust to changes in annotated datasets (FANTOM5, 

GENCODE, and TFBS) and to changing the number of casual variants for selection using the -

enumerate flag.  

FUMA 

FUnctional Mapping and Annotation of genome-wide association studies (FUMA) is a 

web-based application to annotate, prioritize and interpret GWAS results37. FUMA incorporates 

https://github.com/gkichaev/PAINTOR_V3.0
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18 biological data repositories and tools to process GWAS summary statistics. FUMA generates 

data for independently significant variants and their surrounding genomic loci depending on the 

linkage disequilibrium structure of the surrounding region. Meta-analysis association results from 

combined discovery and replication cohort GWAS analysis generated in PLINK were input into 

FUMA‘s web-based software using the following default settings: 5×10-8 minimal p-value for lead 

SNPs, maximum p=0.05 to be included in the annotation, 250 kb maximum distance between LD 

blocks, sample size n=5,335, reference population=EUR (1000 Genomes/Phase3), and r2=0.6 

threshold used to define independent significant SNPs. The SNP2GENE function of FUMA was 

utilized to determine causal variants from our GWAS results. Lead SNPs are identified from 

GWAS summary statistic data and variants within a defined LD block were then mapped for 

functional consequences. FUMA integrates ANNOVAR38 for gene function, Combined 

Annotation–Dependent Depletion (CADD)39 for deleteriousness score, and RegulomeDB40 for 

potential regulatory functions. Using the pre-selected Bonferroni cutoff, only 1 locus reached the 

threshold to be analyzed by FUMA. The lead SNP in the region was a C>TC insertion 

(rs71281258), located on chromosome 9 (9:136143136). Gene function annotations (ANNOVAR) 

identified the variant located at 9:136132908 (rs8176719) as the most likely casual variant based 

on LD (r2) and functional consequences (Supplementary Table S4). No other exonic SNPs were 

identified from the analysis as being potentially the casual SNP. CADD identified the same SNP 

(rs8176719) as the top SNP based on deleterious score, with an overall CADD score of 15.84, 

twice as large as the next closest variant. The RegulomeDB (RDB) score of this top variant 

(rs8176719) was not available (NA), indicating no evidence exists that this variant affects binding 

and/or is linked to expression of a gene target, since rs8176719 is an exonic SNP. The highest 

score for any SNP using the RDB scoring system (range 1-6) was 3a, which was assigned to six 

variants total. This score indicates a given variant is “less likely to affect binding” but does show 

transcription factor binding according to the RDB scoring convention40. The aggregate results of 

FUMA indicated the rs8176719 variant as the casual SNP.   
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SUPPLEMENTARY TABLES 

 

Supplementary Table S1: Quantity of genetic markers prior to imputation and included in 

GWAS analysis after imputation. 

Cohort Genotyped 
markers (prior 
to 
imputation)a 

Sample Call 
Rate 
(genotyped 
markers)a 

Markers 
included in 
GWAS (after 
imputation)a 

Sample Call 
Rate (imputed 
markers)a 

Discovery (n=4,166) n=667,956 0.99969 n=9,065,510 0.99998 
Replication (n=786) n=671,575 0.99974 n=9,048,838 0.99998 

GWAS indicates genome-wide association study. 

aNumber of markers and sample call rate calculated after all quality control procedures, 

including Hardy-Weinberg equilibrium p value<0.001 and MAF less than 0.01. 
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Supplementary Table S2. SNPs previously associated with thromboembolism and their association with positive assay functional 

status in meta-analysis of discovery and replication cohorts 

Gene SNP Chr Positiona Risk Allele EUR Freqb Study Freq.c Study Odds 
Ratiod 

Study P 
valued  

ABO41 rs9411377 9 136145404 A 0.340 0.365 0.07918 0.003703 
ABO42-44 rs8176719 9 136132908 C 0.395 0.402 0.7581 2.89×10-9 
F541,45,46 rs6025 1 169519049 T 0.012 0.027 1.0708 0.6131 
VWF47 rs1063856  12 6153534 C 0.367 0.362 0.9807 0.6738 
FGG41 rs2066865 4 155525276 A 0.221 0.252 1.0803 0.1316 
STXBP547 rs1039084  6 147635413 G 0.523 0.549 1.0286 0.5309 
F241,48,49 rs1799963 11 46761055 A 0.008 0.005 - - 
F1150 rs4253417 4 187199005 C 0.395 0.413 1.0111 0.8058 
F1151-53 rs2036914 4 187192481 C 0.529 0.531 0.9897 0.815 
F1152,53 rs2289252 4 187207381 T 0.389 0.409 1.0038 0.9334 
KNG154,55 rs710446 3 186459927 C 0.417 0.419 0.9806 0.6593 
ZFPM241 rs4734879 8 106583124 A 0.708 0.736 0.9042 0.05047 
F13A156 rs5985 6 6318795 A 0.242 0.260 1.0097 0.8778 
TSPAN1541 rs78707713 10 71245276 T 0.874 0.886 0.9352 0.3389 
EDEM241 rs10747514 20 33775369 A 0.277 0.323 0.995 0.9168 
GP657 rs1613662 19 55536595 A 0.855 0.845 0.9198 0.1811 

Chr indicates chromosome; EUR, 1000Genomes European ancestry superpopulation; freq, frequency; SNP, single nucleotide 

polymorphism. 

aPosition of SNP in GRCh37 genome build. 

bFrequency of risk allele in 1000Genomes European ancestry superpopulation.16 

cFrequency of risk allele in combined discovery and replication cohort. 
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dOdds ratios and p values generated using random effect meta-analysis of discovery and replication cohorts in logistic regressions 

adjusted for age, sex, and principal components 1-3 in an additive model. 
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Supplementary Table S3: Posterior probabilities for top variants identified by PAINTOR 

CHR Positiona SNP Z Scoreb Posterior Probabilityc 
9 136132908 rs8176719 -5.776 0.994 

9 136139907 rs60937319 -6.11 0.962 

9 136139833 rs141515001 -0.04792 0.381 

9 136138841 rs1378007910 3.6 7.80x10-5 

9 136147160 rs554833 -5.945 4.11x10-5 

9 136142217 rs644234 -6.164 2.17x10-5 

9 136142355 rs643434 -6.137 1.97x10-5 

9 136147012 rs7046674 3.305 1.49x10-5 

9 136147295 rs8176649 3.586 1.44x10-5 

9 136143212 rs544873 -5.833 1.09x10-5 

CHR indicates chromosome number; SNP, single nucleotide polymorphism. 
aPosition of SNP in GRCh37 genome build. 

bZ Score generated from PLINK analysis in the combined discovery and replication cohorts with 

adjustment for age, sex, and PCs 1-3.  
cPosterior probabilities generated using PAINTOR using PLINK association results using three 

annotated datasets (FANTOM534,35, GENCODE36, and TFBS) 
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Supplementary Table S4: Aggregated results from FUMA functional analysis. 
CHR Positiona SNP CADDb RegulomeDBc ANNOVARd 

9 136132908 rs8176719  15.84 NA 1 

9 136139907 rs60937319  8.308 NA 5 

9 136149098 rs8176645 7.176 5 46 

9 136137106 rs687289 5.544 NA 3 

9 136149229 rs505922 4.81 5 47 

9 136142203 rs514659 4.295 6 8 

9 136147160 rs554833 4.196 3a 44 

9 136149095 rs8176646  3.882 NA 45 

9 136137065 rs687621 3.717 NA 2 

9 136144427 rs8176663 3.389 NA 22 

CADD indicates Combined Annotation–Dependent Depletion score; CHR, chromosome number; 

FUMA, FUnctional Mapping and Annotation of genome-wide association studies; NA, not 

available; SNP, single nucleotide polymorphism. 
aPosition of SNP in GRCh37 genome build. 

bCombined Annotation–Dependent Depletion scores (CADD)39 for deleteriousness produced from 

FUMA using meta-analysis result from combined discovery and replication cohort GWAS 

analysis. 
cRegulomeDB40 for potential regulatory functions produced from FUMA using meta-analysis result 

from combined discovery and replication cohort GWAS analysis (1-6 scale). 
dANNOVAR38 rankings based on functional annotation via ANNOVAR implemented in FUMA 

using meta-analysis result from combined discovery and replication cohort GWAS analysis. 
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SUPPLEMENTARY FIGURES: 

 

 

Supplementary Figure S1: Principal components 1 and 2 for discovery cohort plotted alongside HapMap reference 

populations. Individuals were considered to be of European ancestry if genetically-defined global ancestry, determined using ancestry 
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informative markers (AIMs) input into STRUCTURE with HapMap reference populations, was at least 80 percent European. PC 

indicates principal component. The African ancestry population includes the Yoruba HapMap population (YRI), the East Asian ancestry 

population includes the combined Han Chinese and Japanese HapMap populations (CHB and JPT), and the European ancestry 

population includes the HapMap Utah residents population with Northern and Western European ancestry (CEU). The inset plot 

indicates the linear spread of the first five principal components.  



18 
 

 

 

Supplementary Figure S2: Principal components 1 and 2 for replication cohort plotted alongside HapMap reference 

populations. Individuals were considered to be of European ancestry if genetically-defined global ancestry, determined using ancestry 

informative markers (AIMs) input into STRUCTURE with HapMap reference populations, was at least 80 percent European. PC 
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indicates principal component. The African ancestry population includes the Yoruba HapMap population (YRI), the East Asian ancestry 

population includes the combined Han Chinese and Japanese HapMap populations (CHB and JPT), and the European ancestry 

population includes the HapMap Utah residents population with Northern and Western European ancestry (CEU). The inset plot 

indicates the linear spread of the first five principal components. 
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Supplementary Figure S3. Phenotypes associated with the calculated polygenic risk score for 

venous thromboembolism derived based on Klarin et al.58 The phenome-wide association study 

(PheWAS) was performed using phecodes derived using previously described approaches with 

at least two phecode instances necessary for diagnosis24,25. The PheWAS included covariates 

for the first five principal components, median age, and sex. PheWAS was performed in the 

BioVU population genotyped on the Multi-Ethnic Global Array.  
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Supplementary Figure S4. QQ plot for genome-wide association with functional assay positive 

status in the discovery cohort. P values were generated using logistic regression adjusted for 

age, sex, and principal components 1-3 in an additive model. Observed P values on the –log10 

scale are plotted on the left vertical axis and expected P values on the –log10 scale are plotted 

along the horizontal axis. Genomic inflation (λ) equals 0.998. 
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Supplementary Figure S5. Reference and alternative alleles for polymorphisms that encode 

major ABO blood group alleles. In the genome-wide association analysis, all odds ratios 

characterize risk for the less frequent (minor) allele, which is referred to as the alternative allele. 

Deletion of the ABO rs8176719 C allele produces O blood group individuals, whereas insertion 

of the rs8176719 C allele produces A, B, or AB blood group individuals 
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Supplementary Figure S6. Genome-wide association with functional assay positive case 

status after adjustment for rs8176719 in the discovery cohort. Logistic regressions were 

adjusted for age, sex, principal components 1-3, and rs8176719 genotypes. P values on the –

log10 scale are plotted on the left vertical axis and the chromosomal position is plotted along the 

horizontal axis. The significance threshold of 5×10-8 is indicated by the red horizontal line. Odds 

ratios are indicated by dot color as described in the legend in the lower right corner.  
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Supplementary Figure S7. Genome-wide association with functional assay positive case 

status using genomic imputation results from the TOPMed Imputation Server17. Logistic 

regressions were adjusted for age, sex, and principal components 1-3 in an additive model. P 

values on the –log10 scale are plotted on the left vertical axis and the chromosomal position is 

plotted along the horizontal axis. The significance threshold of 5×10-8 is indicated by the red 

horizontal line. Odds ratios are indicated by dot color as described in the legend in the lower 

right corner.  
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Supplementary Figure S8. X chromosome variant association with functional assay positive 

case status stratifies by sex in A) females and B) males. Logistic regressions were adjusted for 

age, sex, and principal components 1-3 in an additive model. P values on the –log10 scale are 

plotted on the left vertical axis and the chromosomal position is plotted along the horizontal axis. 

The significance threshold of 5×10-8 is indicated by the red horizontal line. Odds ratios are 

indicated by dot color as described in the legend in the lower right corner.  
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Supplementary Figure S9. Secondary genome-wide association analysis with positive 

PF4/heparin antibody status as the outcome in the discovery cohort. Logistic regressions were 

adjusted for age, sex, and principal components 1-3 in an additive model. P values on the –

log10 scale are plotted on the left vertical axis and the chromosomal position is plotted along the 

horizontal axis. The significance threshold of 5×10-8 is indicated by the red horizontal line. Odds 

ratios are indicated by dot color as described in the legend in the lower right corner.  
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Supplementary Figure S10. Genome-wide association with functional assay positive case 

status in combined discovery and replication cohorts using random effects meta-analysis of 

logistic regressions adjusted for age, sex, and principal components 1-3 in an additive model. P 

values on the –log10 scale are plotted on the left vertical axis and the chromosomal position is 

plotted along the horizontal axis. The significance threshold of 5×10-8 is indicated by the red 

horizontal line. Odds ratios are indicated by dot color as described in the legend in the lower 

right corner.  
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Supplementary Figure S11. Genome-wide association with functional assay positive case 

status in combined discovery and replication cohorts using multi-ethnic mixed model association 

implemented in GCTA. All patients with genome-wide data are included regardless of ancestry 

and relatedness. P values were generated using logistic regression adjusted for age, sex, 

cohort, principal components 1-3, and cohort (discovery versus replication) in an additive model. 

P values on the –log10 scale are plotted on the left vertical axis and the chromosomal position 

is plotted along the horizontal axis. The significance threshold of 5×10-8 is indicated by the red 

horizontal line. Odds ratios are indicated by dot color as described in the legend in the lower 

right corner.  
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Supplementary Figure S12. Genome-wide association with functional assay-positive status in 

discovery and replication cohorts with adjustment for PF4/heparin IgG optical density levels. P 

values were generated using random effect meta-analysis of logistic regressions adjusted for 

age, sex, PF4/heparin IgG levels, and principal components 1-3 in an additive model. P values 

on the –log10 scale are plotted on the left vertical axis and the chromosomal position is plotted 

along the horizontal axis. The significance threshold of 5×10-8 is indicated by the red horizontal 

line. Odds ratios are indicated by dot color as described in the legend in the lower right corner. 
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Supplementary Figure S13. Genome-wide association with functional assay-positive status in 

discovery and replication cohorts with adjustment for thromboembolism polygenic risk scores 

(PRS). P values were generated using random effect meta-analysis of logistic regressions 

adjusted for age, sex, PRS, and principal components 1-3 in an additive model. P values on the 

–log10 scale are plotted on the left vertical axis and the chromosomal position is plotted along 

the horizontal axis. The significance threshold of 5×10-8 is indicated by the red horizontal line. 

Odds ratios are indicated by dot color as described in the legend in the lower right corner. 
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