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White blood cell (WBC) count is a common clinical measure used as a predictor of certain aspects of human
health, including immunity and infection status. WBC count is also a complex trait that varies among individuals
and ancestry groups. Differences in linkage disequilibrium structure and heterogeneity in allelic effects are
expected to play a role in the associations observed between populations. Prior genome-wide association
study (GWAS) meta-analyses have identified genomic loci associated with WBC and its subtypes, but much
of the heritability of these phenotypes remains unexplained. Using GWAS summary statistics for over 50 000
individuals from three diverse populations (Japanese, African-American and European ancestry), a Bayesian
model methodology was employed to account for heterogeneity between ancestry groups. This approach
was used to perform a trans-ethnic meta-analysis of total WBC, neutrophil and monocyte counts. Ten previously
known associations were replicated and six new loci were identified, including several regions harboring genes
related to inflammation and immune cell function. Ninety-five percent credible interval regions were calculated
to narrow the association signals and fine-map the putatively causal variants within loci. Finally, a conditional
analysis was performed on the most significant SNPs identified by the trans-ethnic meta-analysis (MA), and
nine secondary signals within loci previously associated with WBC or its subtypes were identified. This work
illustrates the potential of trans-ethnic analysis and ascribes a critical role to multi-ethnic cohorts and consortia
in exploring complex phenotypes with respect to variants that lie outside the European-biased GWAS pool.

INTRODUCTION

White blood cells (WBCs) are critically involved in the body’s
immune system, serving as a primary defense mechanism
against foreign pathogens. WBC count is used as a clinical
marker of inflammation status, and higher WBC count has
been associated with a risk of cardiovascular disease, cancer
mortality and all-cause mortality (1—-3). Elevated WBC count
is also associated with disease risk factors including increasing
age, high blood pressure, cigarette smoking, adiposity and in-
creasing plasma inflammatory markers (4).

WBCs are classified into five subtypes according to their
morphology and functions, including neutrophils, basophils,
eosinophils, lymphocytes and monocytes. Total WBC count is
highly variable even among healthy individuals of the same
population (5). WBC count is a moderately heritable phenotype,
with /2 estimates ranging from 0.14 to 0.40 across the WBC sub-
types (6). Additionally, between 25 and 50% of individuals of
African descent exhibit benign ethnic neutropenia, character-
ized by low neutrophil counts, due to a regulatory variant in
the Duffy antigen receptor for chemokines (DARC) gene

(5,7,8). Given the importance of WBC in both host defense
and, potentially, pathologic inflammation, elucidation of add-
itional genetic mechanisms responsible for regulating while
blood cell count could have a substantial medical impact.

Admixture mapping and genome-wide association studies
(GWAS) performed on cohorts of differing continental ancestry,
including European, Japanese and African-American, have been
successful inidentifying multiple loci associated with WBC phe-
notypes (5,8—14). The joint effects of these loci generally
explain only a small portion of the overall heritability of either
total WBC or WBC subtypes. Some prior GWAS have not
defined the subtypes of WBC that are driving their observed
associations; however, neutrophils in particular are often impli-
cated (9,11). Furthermore, the loci identified by GWAS general-
ly encompass large genomic regions, often containing many
genes and variants with comparable association signals. Thus,
fine-mapping methods aimed at pinpointing association signals
more precisely are needed (15).

Recently, the 1000 Genomes Project and phase three of the
HapMap project released comprehensive reference panels for
a number of ethnic groups, including African, Asian and
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additional European populations (16,17). Imputation using these
higher density reference panels allows inference of genotypes
not captured by genotyping arrays, markedly increasing the
breadth of genetic variation that can be included in association
tests. This has provided new opportunities both to detect novel
loci and to refine the localization of association signals for a
number of phenotypes, including WBC phenotypes.

Trans-ethnic meta-analysis (MA) potentially offers a more
comprehensive view of the genetic variation that is associated
with a trait, but traditional fixed-effects MA methods do not ad-
equately address heterogeneity in allelic effects, allele frequen-
cies or differences in linkage disequilibrium between ethnicities
(18). For example, in a previous fixed-effects analysis of the
cohorts included in the current study, only 152 of 161 single
nucleotide polymorphisms (SNPs) that had been associated
with WBC phenotypes in earlier analyses were replicated at a
Bonferroni-corrected significance threshold of P < 3.57E—3,
and no novel associations were observed (9). Whereas random-
effects-based methods of MA do account for inter-study hetero-
geneity, they lose statistical power in the setting of high levels
of heterogeneity that may result from experimental or statistical
differences in study design (15,19).

These shortcomings have been addressed in the software
package, MANTRA (Meta-Analysis of Trans-ethnic Association
studies), which allows for heterogeneity between diverse ethnic
groups and provides increased power and mapping resolution com-
pared with random-effects-based methods (15). In the current
study, we used MANTRA to combine summary results of ancestry-
specific GWAS of WBC traits in three distinct populations. We
identify novel loci associated with WBC count, assess heterogen-
eity in allelic effects between ancestry groups and improve fine-
mapping resolution of some previously identified regions.

RESULTS

Descriptive statistics for each cohort are found in Table 1. In the
trans-ethnic MANTRA analyses, we observed strong evidence
of association, defined by a log;o Bayes factor (BF) of >6, at
10 previously identified loci and six novel loci, and detected
nine secondary signals within 500 kb of a previously identified
locus. The population-specific and trans-ethnic results for the

Table 1. Descriptive statistics

established and novel loci associated with each WBC phenotype
(total WBC, neutrophil and monocyte count) are summarized in
Table 2. Cohort-level Manhattan plots are shown in Figure 1. Of
the 15 previously identified variants (at 10 loci), six of the six
monocyte associations, two of the four neutrophil associations
and two of the five WBC count associations were initially iden-
tified in the original GWAS papers from which the data
employed by this analysis are drawn.

Regions previously identified by single-ethnicity GWAS
reappeared in the MANTRA trans-ethnic analyses, but in some
instances, the index SNP from the original publication was not
the most significant. These include rs4065321 and rs17609240
on 17g21.1 (WBC count and neutrophil count), rs2517524 on
6p21.33 (WBC count) and rs10956483 on 8q24.21 (monocyte
count). Additionally, rs2814778, a marker identifying the
Duffy null blood group antigen and located on the DARC gene
of chromosome 1 at position (b37) 159 174 683, was available
only in the COGENT data. This marker accounts for 20% of
population variance in the WBC of African ancestry populations
and is monomorphic in non-African populations.

Novel associations

In addition to replicating known variants, the trans-ethnic ana-
lysis identified six novel trait—locus associations (Table 2).
For neutrophil counts, novel findings include rs6936204 in
region 6p21.32, located nearest to AK/23889. This region is
very near known locus 6p21.33, which was previously asso-
ciated with WBC and lymphocyte counts (9). These loci are
near the HLA region; thus, it is possible that population stratifi-
cation is driving this association (20). These variants are not in
linkage disequilibrium (LD) with any of the known HLA
markers, but as meiotic crossovers are known to cluster around
HLA, it is possible that these variants are separated from this
region by a recombination hotspot. Novel association for
WBC count includes rs10932765 in region 2q35, located near
ARPC2, which has previously been associated with monocyte
count and inflammatory bowel disease (12,21). This region is
notable because of its proximity to ILSRA, which encodes
CXCRI. CXCRI,the receptor for the chemokine /L-8, is a medi-
ator of inflammatory responses; interestingly, the Duffy antigen

RIKEN
Japanese

Study
Population ancestry

CHARGE
European

COGENT
African-American

Total WBC
WBC count: mean (SD) in cells x 10°/ml
Neutrophils: mean (SD) in cells x 10%/ml
Monocytes: mean (SD) in cells x 10*/ml
Covariates

Age in years: mean (SD) 63.5(10.6)

BMI: mean (SD) kg/m? 23.1(3.6)

% Female 39.1

% Current smoker 52.6
Sample size

Total N 17218

6.20 (1.67), n = 16 843
3.80 (1.40), n = 9802
0.36 (0.22), n = 9810

5.72 (1.24), n = 19 509
3.52(1.06), n = 16 550
0.43 (0.14), n = 16 550

5.94(1.88), n ~16388
3.57(1.57), n ~7391
0.36 (0.17), n ~7369

63.8(8.9) 50.9 (7.6)
NA NA

53.5 65.6

17.6 NA
19509 16 388

Counts are reported in thousands of cells per milliliter of blood (cells x 10°/1).
SD, standard deviation; NA, not available.



Table 2. Loci defined in MANTRA analysis

Lead SNP Chr base pair

Effect Other MANTRA trans-ethnic meta-analysis

European ancestry GWAS meta-analysis

Japanese ancestry GWAS meta-analysis

African-American ancestry GWAS meta-analysis

(BP) (bd 37) logio BF  PPA Sample Gene(s) EAF Beta SE  P-value Sample R*® EAF Beta SE  P-value Sample R? EAF  Beta SE P-value Sample R*
(bayes size size size size
factor)
assocation
WBC count—established loci
rs2518564* 1 159062436 A G 341.59 1 51768 DARC 0.293 0.007  0.003 2.81E—02 19509 0.883 0.7159 0 0.003 0.9936 16843  0.991 0.1725 0.1905  0.0048 1.39E—149 15416 1
rs1371799 4 74977837 C T 13.5 1 52740 CXCL2 0.572 —0.012 0.003 2.14E—05 19509 0.985 0.461 —0.012 0.003 3.63E—05 16843 0.921 0.761 0.023 0.0041 521E—04 16388 1
rs4895441 6 135426573 A G 9.64 0.165 52703 Intergenic 0.347 0.011  0.003 3.42E—-04 19509 1 0.628 0.018 0.003 8.99E—11 16843 1 0.902  0.0002  0.0059 9.90E—01 16351 1
rs445 7 92408370 C T 16.8 1 52740 CDK6 0.776 0.019  0.005 4.51E—04 19509 1 0.685 0.019 0.003 8.99E—11 16843 1 0.193  —0.0249 0.0049 9.90E—01 16388 1
rs4794822 17 38156712 C T 29.64 1 52740 PSMD3 0.586 —0.028 0.003 3.23E—23 19509 0.999 0.481 —0.019 0.003 2.90E—12 16843 0.999 0.325 0.0128  0.0038 4.33E—02 16383 0918
‘WBC count—novel loci
rs10932765 2 219099484 C T 6.95 0.025 52740 ARPC2 0.503 0.011  0.003 3.36E—05 19509 1 0.58  0.012 0.003 1.69E—05 16843 0.986 0.877 0.0039  0.0056 7.26E—01 16388 1
rs6734238 2 113841030 A G 6.62 0.028 52691 IL1F10 0.451 —0.009 0.003 1.46E—03 19509 1 0.967 —0.018 0.008 2.49E—02 16843 0.907 0.553 —0.0158 0.0035 5.92E—03 16339 1
rs2853946 6 31247203 A T 12.16 0.009 52740 HLA-B 0.348 —0.017 0.003 1.28E—08 19509 1 0.717  —0.013 0.003 8.19E—06 16843 0.976 0.512 —0.0106 0.0035 7.65E—02 16388 1
rs2163950 8 130597585 A C 7.75 0.065 52740 Intergenic 0.054 —0.017 0.006 5.91E—03 19509 0.861 0.174 —0.021 0.004 5.36E—09 16843 0.995 0.124 —0.0053 0.0058 6.44E—01 163838 0.788
Monocyte count—established loci
rs1449263 2 182319301 C T 19.24 1 33729 ITGA4 0.541 —0.036 0.005 6.70E—14 16550 0.942 0.626 —0.033 0.006 8.32E—08 9,810  0.994 0.58  0.0087  0.0031 4.68E—03 7369  0.965
rs12988934 2 182323665 C T 7.75 0.022 26360 ITGA4 0.789 —0.034 0.01 1.01E—03 16550 0.511 0.732 —0.041 0.008 1.42E—07 9810  0.73 0.018 —0.0165 0.0854 847E—01 1803  0.418
rs9880192 3 128297569 C G 83 1 33745 C3orf27 0.441 —0.028 0.005 1.35E—08 16550 0.867 0.091 —0.037 0.012 1.21E—03 9810  0.804 0.188 0.0037 0.0047 431E—01 7385  0.674
rs3095254 6 31221668 C G 6.81 1 33745 MHC 0.377 0.008 0.005 1.I9E—01 16550 0.976 0.461 0.035 0.006 8.27E—09 9810  0.896 0.562 0.0031  0.0031 3.31E—01 7385  0.935
rs1991866 8 130624105 C G 153 1 33598 Intergenic  0.451 —0.032 0.005 4.58E—11 16550 0.96 0.598 —0.034 0.006 7.38E—08 9810  0.892 0.52  —0.0046 0.0031 1.32E—01 7238 1
rs10980800 9 113915905 C T 11.63 1 33692 Intergenic 0.769 0.044  0.006 1.10E—14 16550 0.988 0.056 0.004 0.013 7.61E—01 9810  0.941 0.787 —0.0049 0.0037 1.85E—01 7332 1
Monocyte count—novel loci
rs2047076 5 76 058 509 C T 6.03 1 33729 Intergenic 0.714 0.005 0.006 3.80E—01 16550 0.999 0.9998 2.678 0.474 1.64E—08 9,810 1 0.037 0.0023  0.0091 7.97E—01 7369  0.789
Neutrophil count—established loci
1s7667376 4 74967 890 C T 11.13 1 33743 CXCL2 0.596 0.017 0.004 1.47E—04 16550 0.972 0.542 0.017 0.005 5.96E—04 9802 1 0.221  —0.0428 0.008 8.50E—04 7391 1
rs445 7 92408370 C T 10.52 1 33744 CDK6 0.776 0.022  0.009 1.21E—02 16550 1 0.685 0.024  0.005 8.96E—06 9802 1 0.203  —0.0479 0.0092 1.15E—03 7392 1
rs8078723 17 38166879 C T 28.06 1 33693 CSF3, 0.626 0.043  0.004 2.84E—23 16550 0.997 0.519 0.032 0.005 1.39E—10 9802  0.995 0.678 —0.0071 0.0073 6.19E—01 7341 1
MED24
rs4794822 17 38156712 C T 28.92 1 33753 PSMD3 0.586 —0.043 0.004 3.64E—23 16550 0.999 0.481 —0.032 0.005 7.09E—11 9802  0.999 0.325 0.0048 0.0073 7.41E—01 7401 0918
Neutrophil count—novel loci
1s6936204 6 32217092 C T 6.45 0.048 33706 AK123889 0.585 0.02 0.004 5.83E—06 16550 0.991 0.912 0.032 0.009 3.97E—04 9802  0.983 0.279 0.01 0.0074 4.68E—01 7354 1

Strong evidence for association is defined as a BF of > 6. Differences in effect alleles between cohorts were corrected before the MANTRA analysis.
PPA, posterior probability of association; SE, standard error; EAF, effect allele frequency.

#Consortia summary of imputation qualtiy score.

*Proxy for rs2814778.
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Figure 1. Manhattan plots subset by WBC subtype and cohort. Horizontal axis indicates the chromosomal position. Vertical axis for the blue Manhattan plots indicates
—logo P-values from fixed-effects meta-analysis, and vertical axis for the black Manhattan plots indicates BFs from trans-ethnic meta-analysis. Significance values
are truncated at 30 on the y-axis for clarity and scaling of images. A 50 Mb region of apparent significance surrounds the centromere of chromosome 1 and suggests two
distinct peaks; however, this results from the lack of genotyped or imputed SNPs in the region and is a spatial inflation of a truly causal variant in the nearby DARC gene

[Nalls et al. (9) and Reiner et al. (12)].

is also a receptor for /L-8. Additional novel associations for
WBC include 152163950 at 8q24.21, located in an intergenic
region, and rs6734238 in region 2ql3, located near ILIF10
and /LIRN. Top SNP rs6734238 tags the /L-/ gene family
locus near 2q13 and has also been associated with C-reactive
protein levels in a European ancestry population (22). Notably,
a large region of the implicated chromosome 6 associations for
WBC, tagged by rs2853946, contains an apparently bimodal
signal of association, between 310.00 and 313.00 Mb (Fig. 2).
A single novel association for monocyte count was identified
by rs2047076 in region 5ql13.3, also within an intergenic
region of the genome. This region falls between F2R, associated
with platelet count (23), and F2RLI which encodes PAR-2, a
monocyte receptor (24).

Variants showing strong evidence for association were
examined for heterogeneity in their allelic effects across ances-
tries, indicated by a posterior probability of heterogeneity
(PPH) of >0.5 (Table 3). For the novel monocyte-associated
locus on chromosome 5, the RIKEN cohort has a large posterior
mean allelic effect (PMAE), whereas the COGENT and
CHARGE cohorts have PMAE that are much smaller. This sug-
gests that the association may be specific to the Japanese popu-
lation, or that the variant tagging this region, rs2047076, may
not be a good proxy among European or African-American
individuals because of differing LD structure between these
populations. The associations reported on chromosome 4 for
both WBC and neutrophils exhibit allelic effects in opposite
directions between the ancestry groups, which could reflect
multiple risk variants, or differing LD structure (1). The novel
associations reported on chromosome 2 for WBC have a poster-
ior probability of association (PPA) of ~0.03, and the PMAE of
these variants are similar across the three ancestries (~0.01).
PPA is estimated from the weighted average of the alternative

models and accounts for the differences in likelihood and
statistical power between tests (25). Locus plots for novel
associations are shown in Figures 2—7, and locus plots for
known associations are shown in Supplementary Material,
Figures S1-S11.

To determine how consistent the MANTRA results are across
studies, a random-effects MA was also performed using
METAL. The results are largely supportive of the known and
novel loci reported here, with the exception of those variants
with high levels of heterogeneity between populations, such as
the novel variant associated with monocytes and located on
chromosome 5, rs2047076. The results of this additional MA
are found in Supplementary Material, Table S1.

Cohort-level data were imputed before the trans-ethnic ana-
lysis was performed. In instances where a novel variant was
both imputed across multiple cohorts and exhibits low allele fre-
quencies within those cohorts, additional replication is needed to
validate the associations made here. In particular, these include
rs2047076, associated with monocytes, and rs2163950, asso-
ciated with WBC count (Table 2). Without replication, these
novel results should be viewed cautiously. We are optimistic
that in time, a similarly sized, ancestry-matched cohort will be
available to replicate these analyses. In the meantime, we have
provided genome-wide summary statistics for the primary
MANTRA analyses of monocyte, neutrophil and WBC count
traits in Supplementary Material, Table S2.

Fine mapping

Credible sets were defined to assess the extent to which the trans-
ethnic analysis improved fine-mapping resolution of known
associations. Credible region summary data for associated loci
are presented in Supplementary Material, Table S3.
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The major locus affecting WBC levels in African-Americans
is located in the DARC gene of chromosome 1, spanning
900 000 bp between 158724 683 and 159 624 683 (3). The
main variant associated with this signal is rs2814778, located at
position (b37) 159174 683. Our analyses replicated this
finding, identifying a number of significant hits surrounding
rs2814778 (chrl: 159 174 683). The surrounding variants are
the product of a well-established selective sweep, and proximity
to the Duffy null mutations predisposed them to association (26).
While rs2814778 was not included in all three cohorts due to the
removal of monomorphic SNPs during quality control, credible
region analyses of this region identify a single nearby variant,
rs2518564 (chrl: 159 062 436), as encompassing 99% of the
signal. As the functional variant in the DARC locus is present ex-
clusively inthe African-American population consortium, we did
not expect the this region to show meaningful fine mapping. The
use of a proxy variant in high LD with the other two cohorts

provides additional evidence of what is already known, this
region is highly associated with WBC.

Other previously identified associations with WBC subtypes,
however, were substantially narrowed. For example, the 7q21.2
region tagged soley by rs445 in both WBC and neutrophil
counts was found to encompass 99% of the association signal
for these traits. This variant is located within an intronic section
of CDKG6, a gene in the cyclin-dependent protein kinase family.
At another previously identified locus for WBC and neutrophil
count, located on chromosome 17, the association signal could
be limited with 99% confidence to seven variants across a
~15 kb region associated with WBC count and two variants
across a ~10 kb region associated with neutrophil count. The
previously identified variant tagging this region, rs4794822, is
within both of these SNP sets, but individually reaches only
72% confidence in WBC count and 88% confidence in neutrophil
count.
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Table 3. Heterogeneity of allelic effects

Subtype Variant details MANTRA MA CHARGE RIKEN COGENT
SNP Chr  Position (b37)  log;o (BF) PPH PMAE PSD PMAE PSD PMAE PSD

Novel
WBC rs10932765 2 219099 484 6.95 0.025 0.01068  0.00182 0.01068 0.00182 0.01057 0.00205
WBC 1s6734238 2 113 841030 6.62 0.028  —0.01193  0.00244  —0.01181 0.00213 —0.01195 0.00227
WBC rs1371799 4 74977 837 13.5 1 —0.01164  0.00207 —0.01163 0.00207 0.02273 0.00408
WBC 152853946 6 31247203 12.16 0.009 —0.01379  0.00179  —0.01379 0.00179  —0.01378 0.00181
WBC 12163950 8 130597 585 7.75 0.065 —0.01688  0.00287  —0.01655 0.00304 —0.01614 0.00346
MONO 152047076 5 76 058 509 6.03 1 2.50643  0.47953 0.00458 0.00498 0.00457 0.00495
NEU 157667376 4 74 967 890 11.13 1 0.011 0.00199 0.01104 0.00199  —0.02275 0.00405
NEU 1s6936204 6 32217092 6.45 0.048 0.01028  0.00356 0.0096 0.00259 0.00681 0.00477

Known
WBC rs2518564* 1 159062 436 341.59 1 0.00318  0.00241 0.00363 0.00258 0.19017 0.00469
WBC rs4895441 6 135426 573 9.64 0.165 0.01368  0.00248 0.01282 0.00239 0.01169 0.00446
WBC rs445 7 92408370 16.8 1 0.01905  0.00254 0.01899 0.00297  —0.02476 0.00476
WBC rs4794822 17 38156712 29.64 1 —0.02088  0.00309  —0.02491 0.00337 0.01249 0.00391
MONO  rs1449263 2 182319301 19.24 1 —0.03449  0.00399  —0.03484 0.00378 0.00857 0.00316
MONO 512988934 2 182323 665 7.75 0.022  —0.03872  0.00621 —0.03853 0.00627 NA NA
MONO  rs9880192 3 128297 569 83 1 —0.03049  0.00687  —0.02917 0.0046 0.00315 0.00483
MONO 153095254 6 31221668 6.81 1 0.03449  0.00622 0.00473 0.00306 0.00439 0.00267
MONO  rs1991866 8 130624 105 15.3 1 —0.0322 0.00418  —0.03217 0.00392  —0.00466 0.00316
MONO 510980800 9 113915905 11.63 1 0.0087 0.01581 0.043 0.00581 —0.00475 0.00379
NEU rs445 7 92408370 10.52 1 0.01905  0.00254 0.01899 0.00297  —0.02476 0.00476
NEU rs8078723 17 38166 879 28.06 1 0.01851  0.00278  NA NA —0.01105 0.00378
NEU rs4794822 17 38156712 28.92 1 —0.02088  0.00309  —0.02491 0.00337 0.01249 0.00391

Variants encompassing the 95% credible region of an associated region, as identified using the top hits from the MANTRA analysis, are presented for each subtype.
Ancestry-specific posterior mean allelic effects (PMAE) are reported. PSD is the Bayesian equivalent of standard error and characterizes the variance of the effect.
PMAE is the posterior mean allelic effect; when these values are similar between ancestry cohorts, it suggests that simiar variants are responsible for the effect. When
values are in opposite directions, it suggests multiple risk variants, or differing LD structure.

PPH, a posterior probability of heterogeneity; PPA, posterior probability of association; the probability that an SNP is truly associated with a phenotype.

*Proxy for rs2814778.

Conditional analysis

Conditional analysis adjusting for the effect of the most signifi-
cantly associated SNP at each locus was performed to assess the
independence of possible novel variants and to detect the pres-
ence of any secondary association signals within known
regions. Secondary signals were defined as additional associated
variants within 500 kb of previously known loci. Of the primary
(known and novel) loci, approximately half contained secondary
signals; these include four signals associated with monocytes,
three associated with neutrophils and six associated with WBC
count. In some instances, the top signal identified by the second-
ary analysis was stronger than that observed in the primary ana-
lysis. This could occur, for example, when the allele frequencies
ofthe initial, index SNP are similar across ancestries, but the con-
ditional signal(s) more accurately tag a functional variant in the
respective populations. In order to verify the authenticity of our
conditional analysis results, we performed reverse conditioning
on our secondary signals and found the signals reported here to
remain significant, suggesting an independent effect on WBC
subtypes. The top association signals from these conditional ana-
lyses are found in Table 4.

Expression quantitative trait loci analysis

All known, conditional and novel loci were assessed as potential
expression quantitative trait loci (eQTLs) in leukocyte-derived
tissues in order to identify any correlations between association
signals and gene expression, as such correlations may account

for functional relationships that are not captured by LD. Two
known loci associated with monocyte count, and one novel
locus newly associated with both WBC and neutrophil count,
represented significant (P < 5SE—05) eQTLs when assessing
either the European ancestry sentinel SNPs or their proxies in
the YRI (African) and ASN (Asian) populations (1). Three of
the four index SNPs at these loci are located within chromosome
6p21.3; each has been associated with a different blood cell trait.
The monocyte eQTLs on chromosome six are defined by the
transcription factor gene TCF19; the neutrophil eQTLs relate
primarily to the HLA transcripts, but depending on the tissue
type are also associated with expression of ATP6V1G2, which
encodes an enzyme involved in eukaryotic cell compartment
acidification. The WBC count eQTLs also relate to various tran-
scripts of this region. Additionally, a previously described locus
associated with monocyte count on chromosome 2 is an eQTL
for the ITGA4 transcript at 2q31.3, which encodes the integrin
alpha-4 subunit of the very late antigen-4 receptor on monocytes
and other mononuclear cells (27,28). In instances where a proxy
e¢QTL SNP hasbeen used to represent a WBC or subtype-associated
SNP, variants with greater concordance to the index SNP are
viewed with more confidence than those with lower R* values.
Only two eQTL SNPs were found to be concordant or in very
high LD: 153130320 (R*=1) for neutrophils and rs6740847
(R” = 0.983) for monocytes. We have reported other SNPs as po-
tential eQTLs if their R? value with the proxy eQTL SNP is
>().5; these SNPs are of course likely to be near the blood cell
SNPs’ physical location. All the proxy eQTL variants identified
here are located in Supplementary Material, Table S4.


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu401/-/DC1

Human Molecular Genetics, 2014, Vol. 23, No. 25 6951

- Chromosome 6 — Neutrophils
5 .
bl
0 B
. .
.
- ! H H
_g SAPCE:« ‘ SKIVZIL . psTI =
L‘IE VWAT - DOM3Z - GPSME - Associetion Typs
0 H H - « Conditional
II>J.‘ VARS - STK19 + NOTCH4 - = Primary
© H H P
m Lsmz - 482+ Coor10-
H H i
HSPAIL - Caa+ HOG23 +
[ H
CBorlas + CYP21A2 + BTNL2 -
| H H
SNORD4E + TNXB - HLA-DRA +
| H
SNORDS2 + ATFEB -
H |
NEU1 - FKBRL -
H H
SLCaaAs - PRAT1 -
H |
EHMT2 - LOC100507547 —
— H
c2+ PPT2+
I [
BTEI2 - EGFLS +
H H
CFB + AGPAT? -
H I
NELFE - RNFS +
| i
MIR1236 - AGER -
31750000 32000000 32250000 32500000 32750000
Position in BP

Figure 3. Locus plot for Neutrophil association on chromosome 6. Vertical axis indicates BF, and horizontal axes indicate both chromosomal position and gene location.

DISCUSSION

We applied trans-ethnic MA to summary data from Japanese,
African-American and European-Americans populations and
identified six new regions that contain biologically plausible
genetic loci associated with WBC traits. Many of the novel
and secondary association signals we observed involve genomic
regions that contain several inflammatory and immune cell-
related genes.

Particularly interesting, novel regions include the two loci on
chromosome 2 associated with WBC count. The first, identified
by rs6734238, falls within an inflammatory gene region of the
interleukin-1 cytokine gene family (29). This region has been
associated with several inflammation-related biomarkers,
including C-reactive protein and fibrinogen. rs6734238 is
located downstream of /L/F 10 and upstream of ILIRN. ILIRN
encodes IL-1 receptor antagonist (IL-1RA), which regulates a

variety of interleukin-1-related immune and inflammatory
responses, including inhibition of interleukin 1, alpha (IL1A)
and interleukin 1, beta (IL1B). /IL/F10 encodes IL-38, which
regulates Th17 immune responses and stimulates IL-6 cytokine
production from dendritic cells in vitro (30). The second
chromosome 2 region, identified by rs10932765, is near
APRC?2 and CXCRI (also known as ILSRA). CXCRI is of par-
ticular interest as this is a chemokine receptor involved in leuko-
cyte chemotaxis and trafficking (31).

The novel chromosome 5q13 region associated with mono-
cyte count lies within a family of protease-activated receptor
genes, F2RL2-F2RLI-F2R. The F2RLI gene (protease-
activated receptor-2 or PAR-2) has previously been related to
some inflammatory and autoimmune diseases, and is a known
receptor on monocytes (32). PAR-2 is a G protein-coupled
receptor on monocyte/macrophages and other cell types that
appear to have a direct role in the regulation of innate immune
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Figure 4. Locus plot for White Blood Cell count association on chromosome 2 (first region). Vertical axis indicates BF, and horizontal axes indicate both chromosomal

position and gene location.

function. Specifically, PAR-2 can be activated by a number of
endogenous inflammation-associated proteinases (e.g. mast cell
tryptase, trypsin and neutrophil proteinase 3) or exogenous patho-
gen-derived proteinases (33). Notably, another member of the
PAR gene family located on 5q13, F2R, encodes PAR-1, the plate-
let thrombin receptor. Common variants of 2R were recently asso-
ciated with circulating platelet count in a European GWAS (23).
A single region of chromosome 6, associated with neutrophil
and WBC count, is located near the HBSI/L and MYB genes,
which are known to be associated with fetal hemoglobin levels
and monocyte counts. This locus has also been reported to be
associated with red cell and platelet traits, but not previously
with white cell traits. Although there is a single signal for neutro-
phils at this locus, the signal for WBC count appears bimodal.
One of these two regions is captured by a single SNP with 99%
confidence, while the second requires a regional span of nearly
1 Mb to reach the same level of confidence. This locus was

also significant in our eQTL analysis across all ancestry types
for both neutrophil and WBC count, in lymphoblastoid cell
lines (LCLs) and whole blood.

The region of chromosome 8 newly associated with WBC
count lies near a gene of unknown function, GSDMC, which
encodes gasdermin C. Other genes belonging to the gasdermin
family have been associated with immune-mediated phenotypes
such as asthma and alopecia (34,35), suggesting a role for this
gene family in inflammatory disorders (36).

A signal was observed on chromosome 16 for WBC count and
neutrophils; however, the top associated variant is located within
the intronic region of HYDIN, an mRNA transcript sequence
involved in cilia motility. As previously reported, it is a likely
homolog to the DARC region of chromosome 1 and represents
a spurious signal (12).

The replicated region on chromosome 4, associated with both
WBC and neutrophil counts, is located near a chemokine family
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Figure 5. Locus plot for White Blood Cell count association on chromosome 2 (second region). Vertical axis indicates BF, and horizontal axes indicate both chromo-

somal position and gene location.

gene cluster, CXCL5-CXCL3-CXCL2. CXCL?2 interacts with
another chemokine receptor, CXCR2, to control migration of
leukocytes from the bone marrow (37). Taken together with
the DARC locus, these findings extend the importance of
common genetic variants of chemokine ligands and receptors
in the regulation of WBC counts.

Using the proper reference panel is critical to the dependability
and accuracy of this analysis. For this reason, ancestry-matched
subsets of the 1000 Genomes were used as the reference panel
from which LD was calculated, which are presumed to be
drawn from the same general populations as those used here.
However, the relatively small sample sizes available through
1000 Genomes increase the possibility of error in LD estimations
(38). While the localization and resolution of functional variants
may improve with the additional genomic variation measured in
newer reference panels, we show that even without these newer

panels, the associations identified using MANTRA provide
plausible candidates for functionality.

In conclusion, trans-ethnic meta-analyses allow for an exam-
ination of disease traits within a large population of individuals
and provide the opportunity to localize previously known
regions and detect novel ones, while considering the heterogen-
eity of allelic effects that may exist between contentially distinct
populations. Additionally, our results illustrate the utility of
trans-ethnic fine mapping for narrowing regions of association.
Well-established loci replicated in the present study show cred-
ible intervals that flank the known index variant. For example,
the previously known monocyte associations on chromosomes
8 and 9, shown in Supplementary Material, Table S3, have
99% credible intervals of only a few thousand base-pairs,
located in close proximity to the originally identified variants.
Our analysis of the DARC region is complicated by the causal
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SNP being monomorphic in two of the three populations employed.
When the credible interval analysis is applied to this region, the
proxy variant (rs2518564) tagging the known functional variant
(rs2814778) (5,8) is identified as accounting for the entire signal.
However, prior association studies and evidence of biological
function allow confident identification of rs2814778 as the func-
tional variant. By calculating credible intervals across test statistics
from analyses of combined ancestries, we were able to narrow ex-
pansive loci to smaller regions. Further work is necessary to identify
what functional variants may lie within these regions.

The increasing availability of GWAS summary data for many
phenotypic traits of interest, from many ethnically diverse popu-
lations, suggests that the trans-ethnic GWAS MA approach can
yield additional association signals, thereby explaining some of
the missing heritability and genetic architecture for other
complex traits. In addition, this work is relevant for future

targeted sequencing follow-up studies, as we have narrowed
the scope of follow-up sequencing efforts for functional variants.
By increasing the mapping resolution of the causal variants
within these loci, we hope that these results guide next-
generation targeted deep sequencing studies, which may disen-
tangle the heterogeneity of effect across ethnicities (39).
Future work will discern which functional variants are the
same across ethnicities and which tag nearby regions, through
LD, that harbor the true functional variant or variants.

MATERIALS AND METHODS

The trans-ethnic GWA strategy was applied to three consortia
containing WBC phenotypes. These include a Japanese popula-
tion represented by RIKEN (Rikagaku Kenkyusho, Institute of
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gene location.

Physical and Chemical Research, Japan), a European ancestry
population represented by the Cohorts for Heart and Aging
Research in Genomic Epidemiology (CHARGE) Consortium
and an African-American population represented by the Contin-
ental Origins and Genetic Epidemiology Network (COGENT)
Consortium (9,11,12). All three consortia contain measurements
for total WBC count, neutrophil count and monocyte count,
using the same scale of transformation and similar analytic para-
digms. Clinical information of the subjects includes age, gender
and smoking history, and was collected by self-report. Subject
BMI was also collected as a measure. The laboratory data
include total WBC count and subtypes, as determined using
automated hematology cell counters according to the standar-
dized protocol. The WBC phenotypes were natural log-
transformed prior to analysis to provide a normal distribution.
Samples >2 SD outside of the ethnicity specific mean for the
given phenotype were excluded. This was done to ensure

normality of the included samples, and to exclude any subclin-
ical inflammation such as the common cold. If a sample was
identified as an outlier for one or more subtype, it was excluded
entirely from the study.

The RIKEN study comprises over 17 000 individuals from
The BioBank Japan Project, which is made of up over 300 000
subjects (http://biobankjp.org) (11). Samples determined to be
of non-Japanese origin by either self-report or by principal com-
ponents analyses (PCAs) in GWAS were excluded from further
analyses. For the GWAS, 592 232 SNPs were genotyped using
Ilumina HumanHap610-Quad Genotyping BeadChip. Subjects
with call rates <<0.98 were removed, as were SNPs with call rates
<0.99. First- and second-degree relatives were excluded based
on identity-by-descent analyses, as were SNPs with minor
allele frequency (MAF) <0.01 or with Hardy—Weinberg equi-
librium (HWE) P-values <1.00E — 7. After quality control, gen-
otypes were imputed using MACH 1.0 in a two-step procedure,
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Table 4. Loci identified by conditional analysis

Subtype  Primary top hits® Secondary top hits

SNP Chr Position SNP Position Effect Other N— logioBF PPH  Sample Effect

allele allele studies size direction

MONO 51449263 2 182319301 1rs711801 182334873 C T 3 10.46982 0.579 33711 ++-
MONO 53095254 6 31221668 rs2517774 29893982 C T 2 729753 1 26360 ?7—-
MONO 52163952 8 130610389 rs1457475 134988329 A G 3 6.48727 1 28317 -—+
MONO 1512350763 9 113923723 154401938 121179496 C T 3 68.41786 0.99 33729 +++
NEU 1rs7667376 4 74967890  rs1440404 74944449 C G 3 54.50984 1 33713 ++-
NEU rs445 7 92408370 rs3731326 92327026 A G 3 6.86032 1 33753 +--
NEU rs4794822 17 38156712  rs4794321 46028844 C T 3 7.89538 1 33753 -—+
WBC rs6734238 2 113841030 rs11899198 113840539 G T 3 7.90504 1 52694 —++
WBC rs1371799 4 74977837  1s1440404 74944449 C G 3 53.18811 1 52697 +—--
WBC rs9402686 6 135427817 rs1890428 140253023 C T 2 22.53076 1 22472 +7-
WBC rs445 7 92408370  rs42626 89961237 C T 3 11.88853 1 52740 —++
WBC 1rs2163950 8 130597585 rs10505542 130547253 C T 3 19.59631 1 52686 -—+
WBC rs2241245 17 38151014  rs8070454 38160754 C T 2 22.03367 1 33231 +7-

Top hits from the GCTA conditional analyses are reported.

PPH, posterior probability of association; or, the probability that an SNP is truly associated with a phenotype. Effect direction order of studies: COGENT, CHARGE,

RIKEN.
#Used as covariates in conditional analysis.

described in detail elsewhere (40,41). HapMap Phase I Japanese
individuals from Tokyo (JPT) and Han Chinese individiuals
from Beijing (CHB) individuals were adopted as references.
SNPs with imputation qualities <0.30 were excluded prior to
analyses, and genomic control was applied to the cohort-level
data. All participants provided written informed consent as
approved by the ethical committees of the Center for Genomic
Medicine, RIKEN and the Institute of Medical Science, the Uni-
versity of Tokyo (11).

The CHARGE consortium dataset is comprised of over 19 000
individuals from seven discovery cohorts, including: the Rotter-
dam Study (RS), Framingham Heart Study (FHS), the NHLBI’s
Atherosclerosis Risk in Communities (ARIC) Study, the Age,
Gene/Environment Susceptibility—Reykjavik Study (AGES),
Health Aging and Body Composition study (HABC), the Balti-
more Longitudinal Study of Aging (BLSA) and the Invecchaire
in Chianti Study (inChianti) (9). Each of these studies, with the
exception of the Framingham Heart Study, is comprised of
unrelated individuals of confirmed European ancestry, based on
PCAs. Prior to MA, SNPs with MAF <0.01, missingness >5%
or HWE <1.00E —7 were excluded. Individuals with call rates
<95% were also excluded. After quality control, genotypes
were imputed using the CEU reference panel of the HapMap
Phase II haplotype data. The CHARGE consortium is comprised
of MA data resulting from the summary statistics of these indi-
vidual studies. Prior to the meta- analyses, study results were
adjusted for genomic inflation factors, and SNPs with imputation
quality<<0.30 were excluded. Meta-analyses were performed
using a fixed-effects model in METAL (42).

The COGENT consortium is comprised of over 16 000 self-
identified African-Americans from seven discovery cohorts, in-
cluding: Atherosclerosis Risk in Communities (ARIC), Coronary
Artery Risk Development in Young Adults (CARDIA), Johns
Hopkins Genetic Study of Atherosclerosis Risk (GeneSTAR),
HealthyAging in Neighborhoods of Diversity across the Life
Span (HANDLS), Health, Aging, and Body Composition
(Health ABC), Jackson Heart Study (JHS) and the Women’s
Health Initiative (WHI) (12). SNPs were excluded from

cohort-level GWAS if MAF <1% or missingness>5%. Mono-
morphic SNPs and ambiguously mapped SNPs were also
removed. Individual samples exhibiting gender mismatch or
genotype missingness >10% were excluded. After quality
control, genotypes were imputed with HapMap Phase 11, using
a 1:1 mixture of the CEU and YRI reference populations.
Priorto MA, SNPs with imputation quality <0.30 were excluded.
Study-specific GWA results were corrected for genomic inflation

factors, and MA was performed using a fixed-effects model in
METAL (42).

Statistical analysis

Summary statistics for the RIKEN GWAS and the CHARGE and
COGENT meta-analyses were collected and stratified by ethni-
city and WBC subtype availability. Data were input into the
trans-ethnic MA software package, MANTRA (15), which
makes use of a prior model of relatedness between studies corre-
sponding to Fst, or mean effect allele frequency differences
between populations. Relatedness is determined by differences
in allele frequency between studies. MANTRA estimates the
BF in favor of association for each SNP using a Markov chain
Monte Carlo (MCMC) algorithm. Results are reported as log;q
(BF), and associations of 6 or greater have the highest posterior
odds of being truly present (43,44). Posterior probability of het-
erogeneity is also reported to examine levels of variation in
allelic effects across the populations used in the analysis. Com-
bining results across studies using a Bayesian approach is advan-
tageous, as the evidence produced by this study is directly
comparable to future studies performed in the same way. Simu-
lations of distinct ancestry populations show that when
MANTRA is compared with random-effects and fixed-effects
meta-analyses, MANTRA shows increased performance and
produces the highest-powered results in the detection of novel
associations (15,22,45-47).

Since the initial imputation of the datasets used here, a number
of more comprehensive reference panels have been released in-
cluding the latest HapMap release and the samples available



through the 1000 Genomes Project. As these reference panels
contain more individuals and greater genome coverage, more gen-
otypes are predicted with greater confidence than when using prior
HapMap releases. Imputing raw data to the latest release of 1000
Genomes would be ideal; however, due to the data-sharing require-
ments of the cohorts included in this analysis, only summary statis-
tics were available for these datasets. However, MANTRA is still
expected to outperform a traditional MA in this case, as MANTRA
accounts for heterogeneity while making no assumptions about
differences or similarities in allelic effect.

To quantify uncertainty surrounding the top hits from the
trans-ethnic MANTRA analysis, we calculated 95 and 99% cred-
ible regions (48). We estimated credible sets of SNPs by first
defining a 1 Mb genomic region surrounding lead SNPs
(£ 500 kb), then ranking the regional SNPs within this region
according to their BF and then combining the cumulative poster-
ior probabilities of these ranked SNPs until 95 and 99% confi-
dence was reached.

In addition, the top hits from MANTRA were input into a con-
ditional analysis in order to identify additional association signals
at nearby susceptibility loci and to determine independence of
these secondary signals from the index SNP association. As
complex diseases are assumed to be influenced by two or more
genes acting in concert, it is possible that prior GWAS aimed at
identifying single loci have not detected secondary signals.
Thus, when large sample sizes are available, conditional
approaches can be useful in detecting secondary association
signals with loci that initially appear to contribute a negligible
risk to disease susceptibility. In addition, as evidence of association
is predicated on a given conditioned SNP, it is possible that, in
some instances, the secondary associations are stronger than
what was observed in the primary single-ethnicity GWAS ana-
lysis. This is possible when the allele frequencies of a given SNP
are similar across ancestries, as conditional hits may be closer to
a functional variant than the original, single-population hit.

We used the software program Genome-wide Complex Trait
Analysis (GCTA) v1.13 to perform conditional association ana-
lysis for each ancestry-specific set of summary results (49). As
individual genotype data were unavailable, this was performed
separately for each cohort using summary statistics and incorp-
orating LD information from ancestry-matched reference
samples containing individual-level genotype data. When
original genotype data are not available, it is essential that the
reference samples be from the same population as the original
data, so that the LD structure estimated from the reference popu-
lation is not biased. It is also critical that the reference sample is
not affected by cryptic relatedness or population stratification.
This is particularly relevant to admixed populations, such as
COGENT, which is comprised of African-American indivi-
duals. In order to avoid confounding the genetic relationship
matrix (GRM) produced by GCTA, eigenvectors are included
in the model as covariates, to capture and account for any vari-
ance that is present due to population structure (49). In this
analysis, we used ancestry-matched subsets from the 1000
Genomes Project to estimate LD structure within our samples
(17). Using these samples as LD proxies, the GCTA association
analyses were conditioned on the top hits from MANTRA,
specific to each locus of interest. Independently associated
SNPs were selected using a stepwise model selection procedure.
Analyses were performed separately for each ancestry cohort.
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The results from each cohort were then meta-analyzed across
ethnicities.

In addition to the trans-ethnic association analysis, a second-
ary analysis exploring eQTLs was performed using SNAP (50).
SNAP is a web server that identifies and annotates nearby proxy
SNPs in LD (according to HapMap) to those queried. Using
ancestry-specific tissues, SNAP was identified alias SNPs for
significant index SNPs, and proxy SNPs in high linkage disequi-
librium (R* > 0.5). Sentinel, alias and proxy SNPs were queried
within a collected database of expression SNP (eSNP) results,
drawn from the following leukocyte-derived tissues: fresh lym-
phocytes (51), fresh leukocytes (52), leukocyte samples in indi-
viduals with celiac disease (53), whole blood samples (54—56),
LCLs derived from asthmatic children (57,58), HapMap LCL
from three populations (59), a separate study on HapMap CEU
LCL (60) and additional LCL population samples [(61—63);
Mangravite et al., unpublished], CD19+ B cells (64), primary
PHA (phytohaemagglutinin)-stimulated T cells (61), CD4+ T
cells (65), peripheral blood monocytes (27,64,66), CD11+ den-
dritic cells before and after Mycobacterium tuberculosis infec-
tion (67) and micro-RNA QTLs queried for LCL (68). The
collected eSNP results met criteria for statistical thresholds of as-
sociation with gene transcript levels, as described in the original
cited papers. In cases where an SNP was associated with a tran-
script, we further examined the strongest eSNP for the transcript
within that dataset and the LD between the strongest eSNP and
blood count-selected eSNPs. This was done to assess the con-
cordance of the blood count and expression signals.
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