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ARTICLE

Genome-wide Association Study
of Platelet Count Identifies Ancestry-Specific
Loci in Hispanic/Latino Americans

Ursula M. Schick,1,2,3,16 Deepti Jain,4,16 Chani J. Hodonsky,5,16 Jean V. Morrison,4 James P. Davis,6

Lisa Brown,4 Tamar Sofer,4 Matthew P. Conomos,4 Claudia Schurmann,2,3 Caitlin P. McHugh,4

Sarah C. Nelson,4 Swarooparani Vadlamudi,6 Adrienne Stilp,4 Anna Plantinga,4 Leslie Baier,7

Stephanie A. Bien,1 Stephanie M. Gogarten,4 Cecelia A. Laurie,4 Kent D. Taylor,8,9 Yongmei Liu,10

Paul L. Auer,11 Nora Franceschini,5 Adam Szpiro,4 Ken Rice,4 Kathleen F. Kerr,4 Jerome I. Rotter,8

Robert L. Hanson,7 George Papanicolaou,12 Stephen S. Rich,13,14 Ruth J.F. Loos,2,3,15

Brian L. Browning,4 Sharon R. Browning,4 Bruce S. Weir,4 Cathy C. Laurie,4 Karen L. Mohlke,6

Kari E. North,5,16 Timothy A. Thornton,4,16 and Alex P. Reiner1,16,*

Platelets play an essential role in hemostasis and thrombosis. We performed a genome-wide association study of platelet count in 12,491

participants of the Hispanic Community Health Study/Study of Latinos by using a mixed-model method that accounts for admixture

and family relationships. We discovered and replicated associations with five genes (ACTN1, ETV7, GABBR1-MOG, MEF2C, and

ZBTB9-BAK1). Our strongest association was with Amerindian-specific variant rs117672662 (p value ¼ 1.16 3 10�28) in ACTN1,

a gene implicated in congenital macrothrombocytopenia. rs117672662 exhibited allelic differences in transcriptional activity and pro-

tein binding in hematopoietic cells. Our results underscore the value of diverse populations to extend insights into the allelic architec-

ture of complex traits.
Introduction

Platelets are small, anucleate cells derived frommegakaryo-

cyte cytoplasm in the bone marrow. Platelet production re-

sults from a series of tightly regulated processes that

require lineage commitment of hematopoietic stem cells

and leads to the proliferation, terminal differentiation,

and maturation of megakaryocytic progenitors. Studying

the genetic underpinnings of platelet count (PLT) can pro-

vide important insight into molecular mechanisms and

pathways involved in both normal and abnormal me-

gakaryopoiesis, which could ultimately have clinical impli-

cations for the treatment of bleeding or thrombosis in

individuals with a low (thrombocytopenia) or high

(thrombocytosis) PLT1–3 or for the relationship between

PLT and cardiovascular or autoimmune disorders.4,5

Circulating PLT in humans normally ranges between

150,000/ml and 400,000/ml. PLT differs by ethnicity, and

these ethnic differences do not appear to be explained by

environmental factors.6,7 Family-based studies have esti-
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mated that a large component of the variability of PLT is

explained by genetic factors (h2 > 0.50).8–10 To date,

approximately 60 PLT-associated genetic variants have

been identified through genome-wide association studies

(GWASs) in populations of European, Asian, and African

descent.2,5,11–14

Hispanic and/or Latino (Hispanic/Latino) individuals

are a highly heterogeneous population with recent admix-

ture among indigenous Amerindian (primarily of South

and Central America, Mexico, and the Caribbean islands,

hereafter referred to as ‘‘Amerindian’’), European, and

West African ancestral populations. Genetic factors

contributing to PLT among Hispanic/Latino populations

have not previously been characterized. Notably, certain

Mendelian platelet disorders are more common among

Hispanic/Latino individuals,15 suggesting the possibility

of population-specific genetic contributions to platelet-

related phenotypes. To further characterize the role of

genetic factors contributing to PLT in Hispanic/Latino

populations, we performed a GWAS in 12,491 participants
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in the Hispanic Community Health Study/Study of Latinos

(HCHS/SOL). We sought to identify genetic loci associated

with PLT and assess generalization of known loci from

other populations to this diverse sample of Hispanic/

Latino individuals.
Material and Methods

HCHS/SOL Population
The HCHS/SOL is a community-based cohort study of 16,415 self-

identified Hispanic/Latino persons aged 18–74 years and selected

from households in predefined census-block groups across four

US field centers (in Chicago, Miami, the Bronx, and San Diego).

The census-block groups were chosen to provide diversity among

cohort participants with regard to socioeconomic status and

national origin or background. The HCHS/SOL cohort includes

participants who self-identified as having a Hispanic/Latino

background; the largest groups are Central American (n ¼
1,730), Cuban (n ¼ 2,348), Dominican (n ¼ 1,460), Mexican

(n ¼ 6,471), Puerto Rican (n ¼ 2,728), and South American

(n ¼ 1,068). The sample design and cohort selection have been

previously described.16 The HCHS/SOL baseline clinical exam-

ination17 occurred between 2008 and 2011 and included compre-

hensive biological, behavioral, and sociodemographic assess-

ments. This study was approved by the institutional review

boards at each field center, where all subjects gave written

informed consent.

Measurement of PLT and Exclusion Criteria in

HCHS/SOL
PLT was measured in EDTA whole blood with a Sysmex XE-2100

instrument, (Sysmex America) at the University of Minnesota

according to national and international standards and procedures.

Individuals pregnant at the time of blood draw; those with >5%

circulating blasts or immature cells, end-stage renal disease, or

any hematologic malignancy; and those undergoing chemo-

therapy for solid tumors were excluded from our analyses.

Genotyping and Quality Control in HCHS/SOL
Consenting HCHS/SOL subjects were genotyped at Illumina on

the HCHS/SOL custom 15041502 B3 array. The custom array

comprised the Illumina Omni 2.5M array (HumanOmni2.5-

8v.1-1) ancestry-informative markers, known GWAS hits and

drug absorption, distribution, metabolism, and excretion

(ADME) markers, and additional custom content including

~150,000 SNPs selected from the CLM (Colombian in Medellin,

Colombia), MXL (Mexican Ancestry in Los Angeles, California),

and PUR (Puerto Rican in Puerto Rico) samples in the 1000

Genomes phase 1 data to capture a greater amount of Amerindian

genetic variation.18

We applied standardized quality-assurance and quality-control

(QA/QC) methods19 to generate recommended SNP- and sample-

level quality filters. In brief, samples were checked for annotated

or genetic sex, gross chromosomal anomalies,20 relatedness21

and population structure,22 missing call rates, batch effects, and

duplicate-sample discordance. At the SNP level, checks were per-

formed for Hardy-Weinberg equilibrium, minor allele frequency

(MAF), duplicate-probe discordance, Mendelian errors, and

missing call rate. These QA/QC procedures yielded a total of

12,803 unique study participants for imputation and downstream
230 The American Journal of Human Genetics 98, 229–242, February
association analyses. Of these, 12,491 met specific inclusion

criteria related to the study of PLT. A total of 2,232,944 SNPs passed

filters for both quality and informativeness (polymorphic and un-

duplicated) and became candidates for imputation and association

testing.

Imputation in HCHS/SOL
Genome-wide imputation was carried out with the full, cosmopol-

itan 1000 Genomes Project phase 1 reference panel (n ¼ 1,092).23

The HCHS/SOL samples were imputed together with genotyped

SNPs passing the quality filter and representing unique genomic

positions on the autosomes and non-pseudoautosomal portion

of the X chromosome. Genotypes were first pre-phased with

SHAPEIT2 (v.2.r644) and then imputed with IMPUTE2

(v.2.3.0).24,25 Only variants with at least two copies of the minor

allele present in any of the four 1000 Genomes continental panels

were imputed. In addition to calculating the quality metrics

output by IMPUTE2, we also calculated ‘‘oevar’’ (the ratio of the

observed variance of imputed dosages to the expected binomial

variance) by using the MaCH imputation software.26 We assessed

overall imputation quality both by looking at the distribution of

imputed quality metrics across the MAF spectrum and by exam-

ining results from the IMPUTE2 internal masking experiments.

We performed downstream association analyses only on observed

variants passing quality filters and all imputed variants (a total of

27,887,661 variants), but we filtered the results on the basis of

imputation quality (oevar > 0.3) and MAF > 1%.

Linear Mixed-Effect Model for Association Testing in

HCHS/SOL
We analyzed PLT by using linear mixed-effect models (LMMs) to

account for the correlations due to genetic relatedness (kinship),

shared household, and block group between individuals. The

LMMused three independent random effects to model these three

sources of dispersion:

yi ¼ xTi aþ gijbj þ bik þ bih þ bib þ εi;

where yi is the square-root-transformed platelet value for individ-

ual i, xi is a vector of covariate values, a is the corresponding regres-

sion parameters, gij is the jth SNP count, where bj is its estimated

effect, and bik, bih, and bib are the random effects corresponding

to kinship, household, and block group, respectively (indepen-

dent of each other and the error term εi), of person i. Within the

LMM framework, bih (bib) is the same among individuals who

live in the same household (block group); for two individuals

i and l, the correlation between bik and blk is given by their

estimated kinship coefficient.27 The covariates included sex, age,

principle components (PCs), recruitment center, smoking, log of

sampling weight, and genetic-analysis group (a six-level catego-

rical variable derived from self-identified background). With

square-root-transformed PLT, the null-model residuals, given by

ei ¼ yi � xi
Ta � gijbj, were approximately normally distributed

and thus compatible with modeling assumptions. We evaluated

the goodness of fit of the LMM by using quantile-quantile plots

comparing residuals and estimated random effects to a normal dis-

tribution and scatter plots describing the relationship between

model residuals and covariates.

Ancestry and Relatedness Adjustment in HCHS/SOL
We adjusted analyses for five PCs to prevent spurious association

due to population stratification. Analyses accounted for familial
4, 2016



relatedness (kinship) by using a random effect with correlation

structure specified by pairwise kinship coefficients for preventing

inflation of test statistics. The PCs and kinship coefficients were

estimated simultaneously with an iterative procedure, alternating

between PC-AiR22 (which provides PCs robust to familial related-

ness) and PC-Relate21 (which estimates kinship coefficients robust

to population structure, admixture, and non-random mating).

PC-AiR uses relatedness estimates to identify a mutually unrelated

subset of individuals representative of the ancestral diversity of the

entire sample, performs PCA on this unrelated subset, and predicts

PC values for the remaining individuals. PC-Relate uses PCs to

account for genetic similarity due to shared ancestry and provide

accurate estimates of kinship coefficients due to familial related-

ness. We performed three iterations, each of which used

~150,000 linkage-disequilibrium (LD)-pruned SNPs.28

SNP-Based Heritability Estimation in HCHS/SOL
Genetic (kinship) and shared environmental (household) effects

were estimated from a variance-component analysis that used all

genotyped SNPs with MAF > 1% (~1.7 million) and a subset of

10,093 individuals estimated to be more distant than fourth-de-

gree relatives (i.e., for whom all pairwise kinship coefficient

estimates from PC-Relate were less than 2�11/2z 0.022). Including

close relatives in the analysis can lead to inflated heritability

estimates as a result of their increased phenotypic correlations

due to other factors such as shared environmental effects.29 How-

ever, the availability of current household membership data

in HCHS/SOL made it possible that the variance-component

model could at least partially account for shared environmental

effects; therefore, the analysis was repeated with all 12,491 study

individuals.

Estimation of SNP Alleles and Allelic Frequencies

among Ancestral Populations
We compared allele frequencies of PLT-associated index SNPs

across ancestral Hispanic/Latino populations by using data from

phase 3 of 1000 Genomes.23 We used the R31 exactci package to

calculate exact p values and matching 95% confidence intervals

(CIs) for each sub-population from the binomial distribution.30

We also examined whether the derived alleles at our PLT-associ-

ated index SNPs were present in other ancestral human or Amerin-

dian populations by using published whole-genome sequence

data from Neandertal and Denisovan archaic human sam-

ples32,33 and Papua New Guinea samples.34

Replication of Discovery Loci in Independent

Hispanic/Latino Samples
To replicate association findings in Hispanic/Latino samples, we

used 1000 Genomes imputed GWAS data available in three addi-

tional Hispanics/Latinos samples, including 3,454 from the

Women’s Health Initiative (WHI) SNP Health Association

Resource (SHARe) project,35 782 from the Multi-Ethnic Study of

Atherosclerosis (MESA) cohort,36,37 and 2,854 from Mount Sinai

BioMe Biobank.38 WHI-SHARe and MESA participants were geno-

typed with the Affymetrix 6.0 chip, and imputation was per-

formed with MaCH.26 BioMe participants were genotyped with

the Illumina HumanOmniExpressExome-8 v.1.0 chip, and impu-

tation was performed with IMPUTE224,25 in 1000 Genomes phase

1 data (March 2012 v.3). Association testing for typed or imputed

SNPs was performed by linear regression of square-root-trans-

formed PLT adjusted for age, sex, and PCs.
The Americ
Meta-analysis and Replication Significance Criteria
Meta-analysis of results from the three replication cohorts for PLT

and mean platelet volume (MPV) was performed with the inverse-

variance-weighted method implemented in METAL.39 To declare

significance for replicated PLT loci, we used Bonferroni correction

for the six variants carried forward for a significance threshold of

p value < 0.0083.

Admixture Mapping in HCHS/SOL
We implemented a conditional-random-field-based approach,

RFMix,40 to infer local ancestry at a set of 236,456 SNPs in com-

mon between the HCHS/SOL and reference-panel datasets. We

used selected populations from HGDP,41 HapMap 3,42 and 1000

Genomes23 phase 1 to use as a reference panel for detecting Euro-

pean, West African, and Amerindian ancestry. RFMix requires

phased data with no missing genotype values. BEAGLE (v.4) was

employed for phasing and imputation of sporadic missing geno-

types in the HCHS/SOL and reference-panel datasets.43 Admixture

mapping is a powerful gene-mapping approach that relies on

allele-frequency differences across ancestral populations and the

existence of an association between the causal variant and pheno-

type to identify an association. Using the local-ancestry estimates,

we performed a genome-wide admixture-mapping scan by using a

LMM43 with a joint test for all three ancestries (European, African,

and Amerindian). As a secondary analysis, we performed admix-

ture mapping to test Amerindian against any other ancestry

because a priori we were interested in Amerindian ancestry within

HCHS/SOL because it has not beenwell studied in previous admix-

ture-mapping studies. Covariate and ancestry adjustment used in

the analyses is described above. The recent history of admixture

gives rise to long-range correlation in local-ancestry values across

the genome, and thus the critical value for the genome-wide sig-

nificance level of admixture mapping is substantially lower than

that for the genotype test. On the basis of previous simulation

results, a nominal p value of 5.7 3 10�5 yielded a genome-wide

type I error of 0.05.

Generalization in HCHS/SOL
We performed generalization analysis for PLT-associated SNPs pre-

viously reported in GWASs of other populations, including those

of European, African, and Japanese ancestry.2,5,11–13 Because all

discovery studies, except for that of Kamatani et al.,11 used un-

transformed PLT as the outcome, we used association results

with untransformed PLT for generalization. For SNPs reported in

Kamatani et al.,11 we followed their methodology and used the

square root of PLT and reported effect sizes in SDs. We performed

generalization testing by directional false-discovery rate (FDR)

control for the generalization null hypotheses.44 The generaliza-

tion null hypothesis states that the effect does not exist in both

the discovery study and HCHS/SOL and is rejected if there is

enough evidence that a SNP affects the outcome, with the same di-

rection of effect, in both the discovery study and HCHS/SOL. We

used the number of SNPs tested in the discovery study and the

p values for the set of tested SNPs from both the discovery study

and HCHS/SOL, and we computed an r value for each of the

SNPs to quantify the evidence for generalization. A SNP was gener-

alized if the r value < 0.05.

Functional Annotation of Discovery Loci
We interrogated the PLT-associated loci to determine whether

the identified non-coding SNPs and indels and correlated variants
an Journal of Human Genetics 98, 229–242, February 4, 2016 231



(r2 R 0.5, calculated in the HCHS/SOL discovery population) were

positioned within predicted regulatory regions, namely enhancers

and promoters. These regulatory regions were identified on the

basis of the enrichment of various histone-modification and

ChIP-seq (chromatin immunoprecipitation followed by

sequencing) signals in megakaryocytes.45 A genomic element en-

riched with the histone H3K4me1 signal was categorized as an

enhancer, whereas a genomic element enriched with the histone

H3K4me3 signal was categorized as a promoter. SNPs or indels

that belonged to either promoter or enhancer categories and over-

lapped a DNase I hypersensitive site (a general biochemical feature

of regulatory regions) in megakaryocytes were prioritized as puta-

tively functional variants. We also reported overlap with ChIP-seq

peaks of key megakaryocyte transcription factors and the nearest

biologically plausible gene or genes.46 Moreover, because related

cell types can share similar regulatory regions, we additionally re-

ported supplementary annotation by using data generated by

ENCODE47 on other myeloid lineage cells, including primary

erythroblasts, erythroleukemia K562 cells, peripheral-blood-

derived erythroblasts (PBDEs), myeloid leukemia (SKNO-1) cells,

and human umbilical vein endothelial cells (HUVECs). To provide

additional support, we also included overlap with transcription

start sites and enhancers identified by an alternate approach in

the Fantom5 project. 48 To identify the motifs disrupted by alleles,

includingACTN1 (MIM: 102575) variant rs117672662, we utilized

HaploReg (v.2)49 and the JASPAR motif database.50

We also included annotations from in silico prediction algo-

rithms including RegulomeDB, the Combined AnnotationDepen-

dent Depletion (CADD) score51 (a PHRED-like score indicating

deleteriousness of variants and all other substitutions in the

genome), GWAVA52 (a score that classifies non-coding variation

and uses ENCODE and Roadmap Epigenomic data to prioritize

most likely functional variants), and deltaSVM53 (a score that

captures how much a variant alters the regulatory potential of

the surrounding sequence, particularly in the context of a specific

cell type).
eQTL Analysis of American Indians
The eQTL analysis included 1,457 American Indian adults (mini-

mum of 18 years of age) from the urban Phoenix extension of

the Family Investigation of Nephropathy and Diabetes; they

were examined after they had fasted for R8 hr.54 Blood was

collected into PAXgene Blood RNA Tubes (Becton Dickinson),

and total RNA was isolated with PAXgene Blood miRNA Kits

(QIAGEN). Amplification was performed with the Ambion Messa-

geAmp II-Biotin Enhanced aRNA Amplification Kit (Life Technol-

ogies), and transcript levels were measured with the Illumina

HumanHT-12 v.4 Expression Beadchip according to the manufac-

turer’s protocol. GenomeStudio software was used for background

normalization. Genotyping of rs117672662 was conducted ac-

cording to the Assays-on-Demand method (Life Technologies).

A normalizing transformation of transcription levels was em-

ployed in statistical analyses, and association of genotype was

analyzed under an additive model with control for age, sex, tribal

membership, and European admixture (estimated from 45

markers with large allele-frequency differences between Amerin-

dians and Europeans55).
Cell Culture
THP-1 (ATCC TIB-202) acute monocytic leukemia cells were

cultured in RPMI-1640 (Mediatech) supplemented with 10% fetal
232 The American Journal of Human Genetics 98, 229–242, February
bovine serum (FBS), and Kasumi-1 (ATCC CRL-2724) acute myelo-

blastic leukemia cells were cultured in RPMI-1640 supplemented

with 20% FBS. The cell cultures were maintained at 37�C with

5% CO2.

Transcriptional Reporter Assays
A 186 bp region (chr14: 69,425,369–69,425,554 according to

UCSC Genome Browser hg19) surrounding rs117672662

was amplified with primer pairs 50-GGTACCGCAGGAAAACATC

CACATGA-30 and 50-CTCGAGGGAAACAGTGTGGTCAGTCG-30

(forward) and 50-CTCGAGGCAGGAAAACATCCACATGA-30 and

50- GGTACCGGAAACAGTGTGGTCAGTCG-30 (reverse) and clo-

ned into the luciferase reporter vector pGL4.23 (Promega) in

both orientations with respect to the minimal promoter. The

rs117672662 C allele was created with the QuikChange Site-

Directed Mutagenesis Kit (Stratagene). Sanger sequencing was

used to verify clones for fidelity and genotype. Four verified con-

structs for each allele in both orientations were transfected in

duplicate into THP-1 and Kasumi-1 cells with Renilla control re-

porter vector (phRL-TK, Promega) with Lipofectamine 3000 (Life

Technologies) and incubated for 48 hr. The cells were lysed with

Passive Lysis Buffer (Promega), and luciferase activity was

measured with the Dual-Luciferase Reporter Assay System (Prom-

ega) as previously described.56

Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay (EMSA) oligonucleotide

probes were designed around the variant rs117672662

(50-AGAATTAT[T/C]AGCAGAGG-30) and end labeled with

50 IRDye 700 (Integrated DNA Technologies). Nuclear protein

was extracted with the NE-PER Extraction Kit (ThermoFisher Sci-

entific), and the total nuclear extract was measured with the

BCA Protein Assay (ThermoFisher Scientific). All protein-probe

binding reactions were incubated for 30 min at room tempera-

ture and consisted of the following: 13 binding buffer

(10 mM Tris, 50 mM KCl, and 1 mM DTT [pH 7.5]), 1 mg

poly(dI-dC), 7 mg nuclear extract, and 200 fmol IRDye-labeled

double-stranded oligonucleotide probe in a volume of 20 ml.

The competition reactions contained 70-fold excess of unla-

beled probe and were incubated with the nuclear extract for

15 min prior to the addition of the IRDye-labeled probe and in-

cubation for another 30 min. In a test for an antibody super-

shift, 6 mg of antibody (HOXA5 sc-13199x or GATA1 sc-1234x,

Santa Cruz Biotechnologies) was incubated with the nuclear

extract for 35 min prior to incubation with the IRDye-labeled

probe for 30 min. The probe-protein complexes were resolved

with 6% DNA retardation electrophoresis gels (Life Technolo-

gies) and visualized with an Odyssey CLx Infrared Imaging

System (LI-COR Biosciences).
Results

The characteristics of the 12,491 Hispanic/Latino partic-

ipants from the HCHS/SOL discovery sample are summa-

rized in Table S1. SNP-based heritability was estimated

from a variance-component analysis performed with a

subset of 10,093 individuals excluding close familial rel-

atives. Genetic (kinship) effects accounted for 29.4%

(95% CI: 22.6%–36.1%) of the variation in PLT, whereas

shared environmental (household) effects contributed
4, 2016



Figure 1. Manhattan Plot of Discovery Results from HCHS/SOL
The solid line indicates genome-wide significance (p value< 53 10�8), and a dashed line indicates suggestive significance (p value< 13
10�7). There is an inset quantile-quantile plot of discovery p values. Discovery loci are highlighted in blue, and loci with p values less
than the suggestive significance threshold are annotated with the names of the nearest gene(s).
little (2.6%; 95% CI: 0.0%–6.3%). When the analysis was

repeated with all individuals and adjustment for house-

hold-membership data, genetic (kinship) effects ac-

counted for 30.8% (95% CI: 25.7%–35.7%), and shared

environmental (household) effects accounted for 5.0%

(95% CI: 2.1%–7.7%) of PLT variation. Thus, the esti-

mated genetic contribution increased only slightly

(from 29.4% to 30.8%) when close relatives were

included, and the estimated household contribution

was non-zero, suggesting that household membership

is a good proxy for the shared environmental effects

contributing to PLT in this sample. These heritability

estimates are less than what has been reported

from family-based studies of PLT (approximately 50%–

80%8–10), which is consistent with previous findings

comparing family- and SNP-based heritability estima-

tion.57

In the HCHS/SOL discovery sample, the genomic in-

flation factor was 1.046, indicating adequate control of

population stratification. Nine locimet the standard signif-

icance criteria of p value < 5 3 10�8; three additional loci

had p values between 5 3 10�8 and 1 3 10�7 (Table S2).

Quantile-quantile and Manhattan plots are shown in

Figure 1. For each of the discovery and previously reported

PLT loci, we evaluated the extent of LD (calculated HCHS/

SOL discovery population) between the index SNP and

other nominally significant SNPs in the region (Figures

S1A–S1L).

Generalization of PLT Index SNPs from Other

Populations to Hispanic/Latino Populations

Of the 12 genome-wide significant or suggestive loci in the

HCHS/SOL discovery sample, seven correspond to index

SNPs (or LD proxies with r2 R 0.5 calculated in the

HCHS/SOL population) previously identified in PLT
The Americ
GWASs of other ancestries (ARHGEF3 [MIM: 612115]

rs1354034, TPM4 [MIM: 600317] rs73517714, AK3 [MIM:

609290]-RCL1 [MIM: 611405] rs409801, JMJD1C [MIM:

604503] rs10822155, ZFPM2 [MIM: 603693] rs6993770,

HBS1L [MIM: 612450]-MYB [MIM: 189990] rs6934903,

and CD9 [MIM: 143030]-VWF [MIM: 613160]

rs11064074)2,5,12–14 (Table S2). An eighth significant locus

is located in close proximity to BAK1 (MIM: 600516),

a gene previously associated with PLT in GWASs from pop-

ulations of European, African, and Asian descent.2,5,11,12,14

However, the index SNP (rs62405954) in our Hispanic/

Latino discovery sample at the BAK1 locus is distinct

from rs210134, the index SNP previously associated

with PLT in a GWAS (r2 ¼ 0.06; rs62405954 p value ¼
1.10 3 10�10, versus 4.6 3 10�7 when adjusted for

rs210134; Figure S2).

In order to more comprehensively assess whether previ-

ous GWAS PLT SNPs from populations of European, Asian,

and African ancestry2,5,11–14 generalize to HCHS/SOL His-

panic/Latino populations, we evaluated all index SNPs

in the corresponding ancestral populations (Table S3) by

using a directional FDR method58 that rejects the null

hypothesis of ‘‘no generalization’’ if there is enough evi-

dence that a SNP is associated with PLT and directionally

consistent between the original discovery GWAS and

HCHS/SOL. Of the ten SNPs identified previously in pop-

ulations of African ancestry,12,13 seven of the SNPs

showed evidence of generalization (r value < 0.05) in

our Hispanic/Latino sample. Roughly half (27 of 49) of

GWAS SNPs identified previously in populations of Euro-

pean ancestry2,5,12,14 generalized to HCHS/SOL. All four

SNPs identified previously in a population of Asian

ancestry11 generalized to our study. Considering the 55

independent SNPs previously associated with PLT in any

population, we found evidence of generalization of 30
an Journal of Human Genetics 98, 229–242, February 4, 2016 233
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(55%) SNPs in the HCHS/SOL population. We hypothe-

sized that some of the SNPs did not generalize as a result

of low power. To study this hypothesis, we (1) looked for

directional consistency of the effect sizes across our study

and previous studies for SNPs that failed to generalize and

(2) generated a genetic score for each of the analysis par-

ticipants by summing all trait-increasing alleles in the

SNPs that did not generalize. Out of 25 SNPs that did

not generalize, 24 had the same direction of effect in

the discovery study and the HCHS/SOL (exact binomial

test p value ¼ 1.5 3 10�6). We found a strong association

between PLT and the genetic score that we constructed

with the non-generalized SNPs (p value ¼ 8.8 3 10�10).

Taken together, these tests provide evidence that, indeed,

the majority of non-generalized SNPs are associated

with PLT.

Discovery of Ancestry-Specific PLTAssociation Signals

in Hispanic/Latino Populations

Four of the 12 loci with significant or suggestive associa-

tions in the HCHS/SOL discovery sample (ACTN1

rs117672662, GABBR1 [MIM: 603540]-MOG [MIM:

159465] rs75140056, ETV7 [MIM: 605255] rs9470264,

and BANP [MIM: 611564]-ZFPM1 [MIM: 601950]

rs80294974) are located within or near genes or genomic

regions not previously associated with PLT in GWASs

(Table 1). By examining the 55 other genomic regions

previously associated with PLT in populations of

European, Asian, or African descent, in addition to

ZBTB9-BAK1 rs62405954 (described above), we identified

one additional signal, MEF2C (MIM: 600662)

rs144261491, distinct from the MEF2C European index

SNP rs700585 from a GWAS (r2 ¼ 0.009; rs144261491

p value ¼ 3.4 3 10�7, versus 9.0 3 10�7 with adjustment

for rs700585; Figure S3).

Several of the PLT index SNPs discovered in HCHS/SOL

had allele frequencies that differed considerably between

continental populations represented in 1000 Genomes

phase 3 samples23 (Table 2). In particular, ACTN1

rs117672662 and MEF2C rs14426149, associated with

decreased PLT, were present at MAFs of ~7% and ~4%,

respectively, in samples of Amerindian ancestry (Colum-

bians, Mexicans, Peruvians, and Puerto Ricans) but were

significantly less common in Asian, European, and African

populations.23 Analysis of published archaic genomes32,33

and genome sequences from New Guinea Papuans34

showed that none of the risk alleles at these six PLT loci

appear to be derived from Neandertal, Denisovan, or

Australo-Melanesian sequences.

Admixture mapping based on a joint test of all three

local-ancestry estimates in HCHS/SOL confirmed the

presence of genome-wide-significant peaks (p value <

5.7 3 10�5) at the BAK1 locus on chromosome 6 and a

peak at chromosomal region q13.2, as well as a suggestive

peak at the ACTN1 locus on chromosome 14 (Figure S4A).

Considering the secondary analysis comparing Amerin-

dian ancestry to all other ancestries, we identified a
4, 2016
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The Americ
significant peak at ACTN1 (Figure S4B). Further, there was

highly significant concordance between the number of

Amerindian ancestral alleles at the ACTN1 locus and the

rs117672662 genotype (p value < 2.20 3 10�16; Table S4).

Replication of PLT Loci in Independent Hispanic/

Latino Samples

Replication of PLT association findings discovered in

HCHS/SOL was carried out in an independent sample of

up to 7,170 Hispanic/Latino Americans derived from three

multi-ethnic US-based cohorts (WHI [n ¼ 3,534], BioMe

Biobank [n ¼ 2,854], and MESA [n ¼ 782]), whose charac-

teristics are described in Table S1. We carried forward six

SNPs from the discovery stage for replication: ACTN1

(rs117672662), GABBR1-MOG (rs75140056), ETV7

(rs9470264), BANP-ZFPM1 (rs80294974), ZBTB9-BAK1

(rs62405954), and MEF2C (rs144261491). Of these, five

SNPs (all except BANP-ZFPM1 rs80294974) met our pre-

specified criteria for replication (p value < 0.05/6 ¼
0.008; Table 1). BANP-ZFPM1 rs80294974 had a lower fre-

quency (MAF ¼ 2%), so a failure to replicate might be

related to limited power to detect this association in the

smaller Hispanic/Latino replication sample. The discovery

variants and the discovery and generalized variants from

HCHS/SOL explain 1.79% and 6.14% of the total variance

of PLT, respectively.

In addition to PLT, MPVmeasurements were available in

a subset of 4,041 Hispanic/Latino WHI and BioMe partici-

pants in our replication dataset. At four out of five of

our replicated loci, the allele associated with lower PLT

was also associated with higher MPV (ACTN1

rs117672662 p value ¼ 3.90 3 10�18, GABBR1-MOG

rs75140056 p value ¼ 0.003, ETV7 rs9470264 p value ¼
1.90 3 10�15, and BAK1 rs62405954 p value ¼ 0.03;

Table S5).

Functional Annotation and Characterization of the

Discovery PLT Loci

At each of the five replicated loci (ACTN1, GABBR1-MOG,

ETV7,ZBTB9-BAK1, andMEF2C),wedefined the association

interval as containing all genotyped or imputed variants

(SNPs and indels) in LD (r2 > 0.5) with the index variant.

Within each interval, we (1) identified genes and non-cod-

ing RNAs and their tissue expression patterns, (2) predicted

SNP functionality by using genome-wide epigenomic data-

sets from megakaryocytes and other blood cell types from

the BLUEPRINT,59 ENCODE,47 and FANTOM560 projects

(Table S6), and (3) assessed SNP associations with gene

expression (eQTL) in whole blood61 (Table S7).

We identified one or more SNPs that overlapped putative

megakaryocyte enhancers or promoters and were in LD

(r2 R 0.5) with the index SNP at each of the five replicated

PLT loci (Table S8). Of particular interest, ACTN1 index

SNP rs117672662 lies within a megakaryocyte-specific pu-

tative enhancer located within ACTN1 intron 1 (Figure 2).

The genomic element harboring rs117672662 overlaps

ChIP-seq peaks of key megakaryocyte regulators, including
an Journal of Human Genetics 98, 229–242, February 4, 2016 235



Figure 2. Regional Plot of the ACTN1
Locus
The top panel contains a LocusZoom plot
of the ACTN1 locus centered on our top
Amerindian-specific variant, rs117672662.
The LD estimates derived from the
HCHS/SOL study samples with respect to
rs117672662 and the other variants in
the window are color coded according to
the scale indicated in the top panel. The
imputed SNP, rs117672662, is denoted by
a filled triangle, other imputed variants
are denoted by an x, and genotyped
variants are denoted by a filled circle.
Recombination hotspots from HapMap
are indicated by the vertical blue lines
(see Web Resources). The horizontal line
indicates the significance threshold
p value % 5 3 10�8. The bottom panel is
a UCSC Genome Browser screenshot
zoomed in to show rs117672662 and its
LD proxies (r2 > 0.8). These variants are
aligned with selected signal tracks of
megakaryocytes, including DNaseI hyper-
sensitivity, ChIP-seq for enhancer histone
modifications H3K4me1 and H3K27ac,
ChIP-seq for megakaryocyte transcription
factors RUNX1 and Fli1, and the input
(no antibody) track. A signal track of
ChIP-seq for GATA2, another important
megakaryocyte transcription factor in hu-
man umbilical vein endothelial cells (HU-
VECs), is also displayed. The red box is
centered on the putative functional SNP
rs117672662.
ERG, FLI1, and RUNX1 in SKNO-1 (acute myeloid leuke-

mia) cells, further supporting its role as an enhancer.

Furthermore, rs117672662 was predicted to have high reg-

ulatory potential according to the cell-type-specific regula-

tory-motif detection algorithm deltaSVM53 trained on the

myelogenous leukemia cell line K562 (score ¼ 9.8; Table

S9). The regulatory deltaSVM score for rs117672662 is in

the same range as previous predictions for known func-

tional SNPs.53

We performed de novo genotyping of the ACTN1

rs117672662 variant in a sample of 1,457 American In-

dians who were from urban Phoenix and had previously

undergone whole-blood transcriptomic analysis. The

eQTL analysis did not reveal any significant eQTLs in the

region for ACTN1 (C allele: beta [SE] ¼ �0.05 [0.085];

p value ¼ 0.56) or for any other genes in the association

interval (Table S10).

Allelic Differences in Enhancer and Protein Binding

Activity of ACTN1 rs117672662

To further assess the regulatory properties of ACTN1

variant rs117672662, we performed transcriptional re-

porter assays in THP-1 monocytic leukemia and Kasumi-1

myeloid leukemia cells. In both cell types, the

rs117672662 minor C allele showed higher transcriptional

activity than the rs117672662 T allele (Figure S5).
236 The American Journal of Human Genetics 98, 229–242, February
We used THP-1 cells to perform EMSAs and observed that

theTallele showedstrongerproteinbinding thantheCallele

(Figure 3). Including 70-fold excess T allele probe decreased

the intensity of theprotein-probebandmore than including

excess C allele probe, supporting allelic differences in speci-

ficity of the protein-probe binding (Figure 3 and Figure S6).

To characterize the transcription factors binding to the

rs1176762662 site, we conducted super-shift assayswith an-

tibodies of transcription factors whose DNA binding motifs

had been predicted by Haploreg49 to be altered by the

variant. An overlapping HOXA5 motif matched better to

the Tallele, whereasGATA1 andGATA2motifsmatched bet-

ter to theCallele.WithTHP-1cellnuclear lysate, inclusionof

HOXA5 antibodies shifted the protein complex bound to

the T allele (Figure 3). The addition of GATA1 antibodies

showed a partial shift, suggesting that a protein-probe com-

plex might also include GATA1. Taken together, the tran-

scriptional activity and gel-shift assays suggest that a protein

complex binding to the Tallele contains HOXA5 andmight

act as a transcriptional repressor of the target gene(s).
Discussion

We report the results from a large GWAS of PLT in His-

panic/Latino populations. We identified and replicated
4, 2016



Figure 3. Allelic Differences in Protein Binding at rs117672662
EMSA using oligonucleotide probes containing different alleles at
rs117672662 (T allele [lanes 1–5] and C allele [lanes 6–10]). Nu-
clear extracts from human monocyte THP-1 cells were incubated
with IRDye-labeled double-stranded oligonucleotide probe alone
(lanes 1 and 6) or with 70-fold excess of unlabeled probe (lanes
2, 3, 7, and 8), GATA1 antibodies (lanes 4 and 9), or HOXA5
antibodies (lanes 5 and 10). The dotted black arrow indicates
probe-protein complexes, the solid black arrows indicate probe-
protein-antibody complexes, and the gray arrows indicate non-
specific probe-protein binding complexes. Further support of the
allelic differences is provided in Figure S6.
associations with three loci including noncoding SNPs in

or near ACTN1, ETV7, and GABBR1-MOG and two popula-

tion-specific variants at previously identified PLT GWAS

loci ZBTB9-BAK1 and MEFC2. The ACTN1 and ZBTB9-

BAK1 association signals were also detected in a genome-

wide scan for local-ancestry admixture. Overall, four of

the five PLT association signals (ACTN1, ETV7, MEF2C,

and ZBTB9-BAK1) were highly differentiated across popu-

lations of European, West African, and Amerindian

ancestry. The ACTN1 and MEF2C alleles were found only

on an Amerindian ancestral background and therefore

could realistically only have been discovered through

studies involving Hispanic/Latino or Amerindian popula-

tions. We have also demonstrated that approximately

50% of PLT-associated alleles previously identified in Euro-

pean, African American, and Japanese populations gener-

alized to HCHS/SOL populations, suggesting that many

of the same regions of the genome are involved in regula-

tion of PLT across global populations.

The identification of a common Amerindian ancestral

variant located in a putative enhancer regionwithin intron

1 of ACTN1 adds to previous studies reporting the ACTN1
The Americ
locus as a source of PLT phenotypic variation. The most

likely targets of the rs117672662 variant are either

ACTN1 itself or ACTN1-AS1, which is a long non-coding

RNA just upstream of ACTN1 and can potentially regulate

ACTN1 transcript levels. Missense mutations in ACTN1

have recently been identified in congenital macrothrom-

bocytopenia pedigrees with mild-to-moderate thrombocy-

topenia, increased MPV, and minimal bleeding manifesta-

tions.62,63 Two subsequent genetic studies (one from Italy

and one from the US and Europe) of previously uncharac-

terized inherited platelet disorders found ACTN1 missense

mutations in ~4%–5% of affected individuals.64,65 Func-

tional characterization of missense variants in ACTN1

(c.94C>A [p.Gln32Lys] and c.313G>A [p.Val105Ile]) sug-

gest that the variants disrupt the actin cytoskeleton struc-

ture and impair megakaryocyte pro-platelet production.63

Although these studies highlight the implications of

ACTN1 loss-of-function coding mutations in PLT re-

gulation, transcriptional regulation of ACTN1 is also

important for normal megakaryopoiesis.66,67 In addition

to regulating PLT, the actin cytoskeleton is involved in

determining platelet size during the final stages of pro-

platelet formation from megakaryocytes.68

Consistent with the relationship between ACTN1 muta-

tions and familial macrothrombocytopenia, the minor

allele (rs117672662 C allele) of the Amerindian ACTN1

non-coding variant was associated with lower PLT and

higher MPV. The rs117672662 C allele displayed increased

enhancer activity, whereas the rs117672662 T allele

demonstrated a super-shift that could be mediated by

HOXA5 and a partial super-shift mediated by GATA1.

GATA1 also appeared to bind to the rs117672662 T allele

probe. HOXA5 and GATA1 have each been shown to

play a role in erythrocyte and megakaryocyte develop-

ment,69–72 and both transcription factors are dysregulated

in hematopoietic stem cells showing erythroid and mega-

karyocyte differentiation blockage mediated by HOXA10

overexpression.70 Furthermore, HOXA5 might act as a

transcriptional repressor for several genes involved in actin

remodeling.73 Despite the evidence for allelic difference in

expression and binding of HOXA5 and GATA1, further ex-

periments are needed for elucidating the precise regulatory

molecular mechanism by which the ACTN1 rs117672662

C allele alters platelet production and/or PLT.74,75

Two additional PLT loci and one independent signal in a

known locus were identified on chromosome 6 in gene-

rich, extended LD regions located about 3.3 Mb cen-

tromeric (ETV7), 84 kb telomeric (GABBR1-MOG), and

25 Mb centromeric (ZBTB9-BAK1) to the major histocom-

patibility complex (MHC) region. The ETV7 index SNP

rs9470264 is located within an intron of ETV7, which en-

codes the Ets family transcription factor TEL-2. ETV7 (or

TEL2) is primarily expressed in hematopoietic tissues,

including bone marrow and spleen.76,77 Further, ETV7 is

expressed in leukemic cells and appears to be more highly

expressed in a subset of leukemic samples,78 pointing to

possible roles for this transcription factor in both normal
an Journal of Human Genetics 98, 229–242, February 4, 2016 237



hematopoiesis and oncogenesis. Mutations in a related Ets-

encoding gene, ETV6 (MIM: 600618), encoding ubiqui-

tously expressed TEL-1, were recently identified in pedi-

grees affected by congenital thrombocytopenia,79–81 and

chromosomal translocations involving ETV6 (e.g., ETV6-

PDGFRB [MIM: 173410]) are common in hematologic

malignancies.78 Despite strong biological plausibility

supporting ETV7 in hematopoiesis, in silico functional

annotation of the index SNP and LD proxies prioritized a

promoter polymorphism in neighboring KCTD20 (MIM:

615932) as the putative functional SNP. Whole-blood

eQTL analysis of the ETV7 index SNPs and LD proxies indi-

cated significant differences in KCTD20, but not ETV7,

expression (see Table S7), further supporting a role for

KCTD20 in regulating PLT at this locus.61

The index variant rs75140056 is located in an intergenic

region between MOG and GABBR1 (Figure S1C). Surveying

variation in high LD with the index SNP, we prioritized

rs29269 as the strongest functional candidate polymor-

phism on the basis of its position in a putative active

GABBR1 promoter in megakaryocytes (Table S8). GABBR1

is a member of the gamma-aminobutyric acid family of

inhibitory neurotransmitters and is most notably known

for its role in themammalian CNS. However, a recent study

reported differential regulation of GABBR1 in bone-

marrow- and fetal-liver-derived megakaryocytes from

wild-type mice, thereby suggesting a potential role of

GABBR1 in developmental-stage-specific regulation of

megakaryopoiesis.82 In addition, several proxy SNPs,

including putative functional SNP rs29269, are eQTLs

(Table S7) for MHC class I genes (e.g., HLA-F [MIM:

143110] and HLA-G [MIM: 142871]). These observations

suggest that variation at this locus might regulate one or

more genes.

The index SNP in our Hispanic/Latino discovery sample

at the ZBTB9-BAK1 locus (rs62405954) is distinct from

rs210134, which was previously associated with PLT in Eu-

ropean GWASs. rs62405954 is in LD with rs1002011,

which overlaps a DNase hypersensitive site in megakaryo-

cytes and lies within a putative enhancer overlapping the

50 UTR of VPS52 (MIM: 603443), a gene that encodes an

intracellular protein involved in endocytic recycling and

is highly expressed in hematopoietic cells of erythroid

and megakaryocyte lineages.

In addition, we identified an Amerindian-population-

specific variant at MEF2C, a known PLT locus. MEF2C,

which encodes a MADS box transcription factor and is

differentially expressed at various stages of hematopoie-

sis, is an important downstream target of stem cell

leukemia for lineage-specific megakaryocyte develop-

ment.83 The Amerindian-ancestry-specific index SNP

rs144261491 is distinct from the MEF2C European index

SNP rs700585. rs144261491 is in LD with rs200572016

(r2 ¼ 0.8), which lies in a megakaryocyte-specific DNase

hypersensitive site in the MEF2C antisense RNA and over-

laps several transcription factor binding sites (GATA2,

TAL1, and P300) in K562 cells. MEF2C and MEF2C-AS1
238 The American Journal of Human Genetics 98, 229–242, February
are differentially expressed between erythroblasts and

megakaryocytes.

In summary, we discovered and replicated three loci

associated with PLT in Hispanic/Latino populations, as

well as independent signals within two PLT-associated re-

gions previously identified in populations of European

descent. Several of these discovered PLT loci are prevalent

among populations of Amerindian ancestry but rare or ab-

sent among populations of European or African ancestry.

Amerindian-specific loci (e.g., SLC16A11 [MIM: 615765])

for metabolic traits (diabetes and glycemic traits) similarly

have been identified among other Hispanic/Latino popula-

tions.84 Given the role of blood cells in pathogen invasion

or defense, population-specific and/or rare variants might

be expected to contribute to the regulation of genes rele-

vant to quantitative blood cell phenotypes. The ACTN1

and MEF2C alleles might have arisen by mutation among

populations of Amerindian ancestry after the peopling of

the Americas85 and persisted as a result of local evolu-

tionary selective pressure or genetic drift. Unlike the

SLC16A11 locus,84 our PLT-associated loci did now show

evidence of arising from introgression due to admixture

with archaic humans. Taken together, our findings empha-

size the importance and utility of performing genetic

studies in populations with diverse ancestral backgrounds,

including Hispanic/Latino populations.
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