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Abstract

We performed a hypothesis-generating phenome-wide association study (PheWAS) to
identify and characterize cross-phenotype associations, where one SNP is associated with
two or more phenotypes, between thousands of genetic variants assayed on the Metabo-
chip and hundreds of phenotypes in 5,897 African Americans as part of the Population
Architecture using Genomics and Epidemiology (PAGE) | study. The PAGE | study was a
National Human Genome Research Institute-funded collaboration of four study sites
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accessing diverse epidemiologic studies genotyped on the Metabochip, a custom genotyp-
ing chip that has dense coverage of regions in the genome previously associated with car-
dio-metabolic traits and outcomes in mostly European-descent populations. Here we focus
on identifying novel phenome-genome relationships, where SNPs are associated with more
than one phenotype. To do this, we performed a PheWAS, testing each SNP on the Metabo-
chip for an association with up to 273 phenotypes in the participating PAGE | study sites.
We identified 133 putative pleiotropic variants, defined as SNPs associated at an empirically
derived p-value threshold of p<0.01 in two or more PAGE study sites for two or more pheno-
type classes. We further annotated these PheWAS-identified variants using publicly avail-
able functional data and local genetic ancestry. Amongst our novel findings is SPARC
rs4958487, associated with increased glucose levels and hypertension. SPARC has been
implicated in the pathogenesis of diabetes and is also known to have a potential role in fibro-
sis, a common consequence of multiple conditions including hypertension. The SPARC
example and others highlight the potential that PheWAS approaches have in improving our
understanding of complex disease architecture by identifying novel relationships between
genetic variants and an array of common human phenotypes.

Introduction

Pleiotropy, however defined, has long been recognized as a feature of genomes with respect to
their relationships to individual traits and outcomes that characterize phenomes [1-3]. Interest
in human pleiotropy has spiked in the last decade owing to the availability of large genotype-
phenotype datasets generated from genome-wide association studies (GWAS). The analysis
and catalog collection of one phenotype versus many genotypes studies revealed that a sizable
proportion of common genetic variants are associated with multiple related and independent
phenotypes [4, 5]. These observations have led to the development of more systematic
approaches to identify variant-level pleiotropy [6, 7], many of which have been applied to pop-
ulations of mostly European-descent individuals ascertained in clinical settings (e.g., [8]).
Here, we describe a phenotype wide association study (PheWAS), a systematic approach to
identify cross-phenotype associations, in the Population Architecture using Genomics and
Epidemiology (PAGE) I study. The PAGE I study was established by the National Human
Genome Research Institute (NHGRI) in 2008 with the intent to characterize GWAS-identified
variants discovered in European populations using more diverse populations drawn from epi-
demiologic [9] and clinical [10] studies. The scope of the PAGE I study was subsequently
expanded to include discovery and fine-mapping efforts using the Metabochip [11], a fixed-
content array of ~200,000 variants designed to interrogate previously-identified GWAS vari-
ants as well as select genome regions related to cardio-metabolic traits for fine-mapping [12].
In this PheWAS, we investigated the associations between the 144,740 common genetic var-
iants assayed on the Metabochip and 273 phenotypes collected in 5,897 African Americans
participating in three epidemiologic PAGE I studies: the Atherosclerosis Risk in Communities
(ARIC) [13]; Multiethnic Cohort (MEC) [14]; and the Women’s Health Initiative (WHI) [15].
We identified 133 potentially pleiotropic variants, defined as associated with two or more
phenotype classes at p<0.01 in two or more PAGE I study sites. We functionally annotated
PheWAS-identified variants and characterized the local genetic ancestry in this admixed popu-
lation. From these data, we highlight variants likely to be pleiotropic and worthy of further
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statistical and functional studies. These data also underscore the necessity of diversity in study
populations and study designs in PheWAS to ensure that all possible genotype-phenotype
human relationships are considered.

Results

For this PheWAS (Fig 1), we comprehensively tested for associations between 114,740 SNPs
assayed on the Metabochip with up to 273 phenotypes (S1 Table) available for 5,897 African
American participants from three PAGE I studies: Atherosclerosis Risk in Communities
(ARIC); Multiethnic Cohort (MEC); and the Women’s Health Initiative (WHI) (Table 1).
Due to variations in the data collected across these epidemiologic studies, some phenotypes
were available in more than one study, such as C-reactive protein (CRP) and low density
lipoprotein cholesterol (LDL-C), while other phenotypes were only available within a single
study, such as albumin level measurements. In Methods we describe further the studies
included in this PheWAS, details of Metabochip genotyping and quality control, and the
PheWAS approach including phenotype classification and filtering by statistical
significance.

Replication of previously described genotype-phenotype associations

We first performed comprehensive single SNP tests of associations for each PAGE I study
across all SNPs with a minor allele frequency >1% on the Metabochip that passed quality
control and all phenotypes available (Fig 2). Of note are the two association peaks on chromo-
somes 1 and 19. These peaks represent two previously known genotype-phenotype associa-
tions, and their identification here attests to the quality of this high-throughput PheWAS
approach. The first association peak on chromosome 1 between OLFML2B rs6676438 and nat-
ural log-transformed white blood cell count (Table 2) recapitulates a known association in
African Americans along this chromosomal region. OLFML2B rs6676438 is located on the
short arm of chromosome 1 in a 90MB region known to be in linkage disequilibrium with the
Duffy null allele (DARC rs2814778) and associated with hematological traits in African Ameri-
cans [16]. The second most significant association peak on chromosome 19 (Fig 2) represents
the known association between APOE rs7412 and natural log-transformed apolipoprotein B
(Table 2) [17-19]. Apolipoprotein B is the primary apolipoprotein of LDL-C, a phenotype
heavily scrutinized by candidate gene, GWAS, and sequencing studies. From these studies,
APOE rs7412 is known to be associated with LDL-C in multiple populations [20-27] including
European Americans [18, 19, 28-30] and African Americans [18, 19, 28, 30-32] as well as with
related phenotypes such as response to statin therapy [33-37], small dense LDL-C [38], and
lipid metabolism phenotypes for LDL-C and free cholesterol [39]. In the present PheWAS,
APOE rs7412, along with nearby SNPs, were within 100kb of previously-reported GWAS asso-
ciations and associated with the following lipid-related traits in a single PAGE I study (at
p<1.0x10"*): total cholesterol, LDL-C, response to statin therapy, lipid metabolism pheno-
types, and hypertriglyceridemia (Fig 3).

In addition to the strongly associated chromosome 1 and 19 peaks, this PheWAS replicated
other previously-reported GWAS findings. For example, LDLR rs6511720 was significantly
associated with lipid measurements, including LDL-C (p = 1.13x10™%, beta(SE) = -9.0(1.60) in
ARIC) (Fig 4), which has been reported in previous GWAS and genetic association studies in
European Americans and African Americans [20, 40-43] where the A allele is associated with
lower LDL-C levels. Likewise, the CETP rs3764261 was associated with HDL-C levels in Afri-
can Americans (p = 1.13x107"3, beta(SE) = 3.48(0.47) in ARIC; Fig 5), as previously reported
[20, 40, 43].
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Fig 1. Overview of the Metabochip PheWAS study. Three different PAGE study sites contributed data to the project: Atherosclerosis Risk in
Communities (ARIC); the Women’s Health Initiative (WHI), and the Multiethnic Cohort (MEC). Comprehensive tests of association between
144,740 Metabochip SNPs and 273 phenotypes were calculated for African American participants from each of the three PAGE study sites.
Similar phenotypes that were collected across the studies were binned into “phenotype classes”. Our PheWAS-significant criteria required an
association at p<0.01 in at least two PAGE study sites for the same phenotype class and direction of effect.

https://doi.org/10.1371/journal.pone.0226771.9001

Evidence of pleiotropy in African Americans

A total of 5,424 tests of association were significant at p<0.01 in two or more PAGE I studies
and in the same direction for the same phenotype (S2 Table). To facilitate the identification of
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Table 1. Population Architecture using Genomics and Epidemiology (PAGE) I studies available for PheWAS and their characteristics. The Atherosclerosis Risk in
Communities (ARIC), Multiethnic Cohort (MEC), and Women’s Health Initiative (WHI) from the PAGE I study contributed data towards this PheWAS. A full list of phe-
notypes used in this PheWAS is available in S1 Table. Some of the phenotypes were measured in more than one study, some phenotypes were related to phenotypes of
another study, and some phenotypes were unique measurements for a single study. Not all phenotypic measurements were available for all participants within each study.
Maximum sample size and minimum sample size are dependent both on which individuals were genotyped and which individuals also had a specific phenotype measured.
See Materials and methods for more information.

Study Age Range Sex Number of Phenotypes Maximum Sample Size Minimum Sample Size
(in years)

ARIC 45-64 Males and Females 98 3,430 47

MEC 45-75 Males and Females 43 549 14

WHI 50-79 Females only 121 2,186 13

https://doi.org/10.1371/journal.pone.0226771.t001

Chromosome

10

1

potential pleiotropy in African Americans, we grouped similar phenotypes measured in PAGE

I studies into 30 phenotype classes regardless of genetic associations (Methods and Table 3). A
PheW AS-identified variant then represented a variant associated with two or more phenotype
classes meeting the significance threshold (Methods and S1 File). After phenotype class bin-
ning, we noted 133 SNPs associated with two or more distinct phenotype classes with the same
direction of effect within a given phenotype class (S3 Table). As expected, the phenotype class
combination ‘LDL-C/total cholesterol levels’ was associated with dozens (53) of the same
SNPs. Also, 37 SNPs were associated with white blood count (WBC) coupled with other phe-
notype classes on chromosome 1, results likely driven by the Duffy polymorphism [16, 44].
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Fig 2. All genetic tests of association results, by PAGE study. Results from all tests of association for SNPs with a minor allele frequency >1% regardless of
phenotype at p<5x10* were plotted across chromosomes 1-22. Each dot on the plot represents the —log10(p-value) for the test of the association, and each of the
three PAGE studies is plotted with a different color, Multiethnic Cohort (MEC) in blue, Women’s Health Initiative (WHI) in green, and Atherosclerosis Risk in
Communities (ARIC) in red. The most significant p-value plotted here is 8.01E-44 for OLFML2B rs6676438 and (natural log) white blood count in ARIC (see
Table 2). The y-axis for each chromosome is the —log10(p-value), and the x-axis is chromosomal base pair location.

https://doi.org/10.1371/journal.pone.0226771.g002
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Table 2. Most significant and previously reported genotype-phenotype associations identified in the Population Architecture using Genomics and Epidemiology
(PAGE) I study. Presented are the two most significant individual-level results for this PheWAS, along with other highly significant results for the same phenotype with a
different transformation and/or study where the phenotype was available. Abbreviations: allele frequency (AF), standard error (SE).

SNP
(Gene)

rs6676438
(OLFML2B)

16676438
(OLFML2B)

rs6676438
(OLFML2B)

rs6676438
(OLFML2B)

rs7412
(APOE)
rs7412
(APOE)

https://doi.org/10.1371/journal.pone.0226771.t1002

Phenotype
White blood count
White blood count
White blood count
White blood count
Apolipoprotein B (mg/L)

Apolipoprotein B (mg/L)

Phenotype Transformation Study P-value Beta Sample Size Coded Allele AF
(SE)

Natural log ARIC 8.01E-44 0.14 3,212 G 0.12
(0.01)

None ARIC 4.17E-37 0.96 3,212 G 0.12
(0.08)

Natural log WHI 8.99E-25 0.12 2,087 G 0.16
(0.01)

None WHI 9.57E-06 3.38 2,087 G 0.16
(0.76)

Natural log ARIC 1.84E-40 -0.18 3,061 A 0.11
(0.01)

None ARIC 5.87E-32 -148.6 3,061 A 0.11
(12.49)

The remaining 43 PheWAS-identified associations (Table 4; Fig 6) represent 38 indepen-
dent associations at r*>0.80 based on African population data from the 1000 Genomes Project
[45]. Of these, seven (18.4%) PheW AS-identified variants were associated in the opposite
direction between phenotype classes. Approximately half (20) of the phenotype-class combina-
tions were associated with a single variant; the remainder were associated with more than one
variant (Table 4). These multiple-associated phenotype classes were associated with two (insu-
lin/height, body mass index/C-reactive protein, smoking/myocardial infarction, hypertension/
smoking) and three (smoking/LDL-C, hemoglobin/hematocrit, smoking/alcohol consump-
tion) variants each. One PheWAS-identified variant (rs9349379) was associated with three
phenotype classes (smoking/diabetes/hypertension; Table 4 and Fig 6).

Apart from the expected pleiotropic associations represented by the LDL-total cholesterol
and white blood cell phenotype classes, this PheWAS in African Americans from PAGE
revealed potentially novel pleiotropic relationships, notably with phenotype classes that repre-
sent common exposure, lifestyle, or environmental variables. For example, rs568938 was asso-
ciated with both LDL-C and smoking phenotype classes (Table 4 and Fig 6). The LDL-C/
rs568938 association has been previously described in diverse populations [20, 46]; however,
the association with the smoking phenotype class is novel regardless of population. The direc-
tion of effect for these associations suggests that the coded allele of rs568938 is associated with
both increasing LDL-C and duration of smoking reported (Table 4), results that are consistent
with epidemiological studies that describe a relationship between smoking and increased
LDL-C [47]. Likewise, DOCK?7 rs10889334, previously associated with total cholesterol [48]
and cardiovascular disease [49] via linkage disequilibrium, was also associated with LDL-C
and smoking phenotype classes in the same direction (Table 4). Among the non-LDL-C asso-
ciations, PheWAS-identified PHACTRI rs9349379 was associated with the three phenotype
classes of smoking, diabetes, and hypertension in opposing directions. The PHACTRI associa-
tion with hypertension in this PheWAS is supported by the recent GWAS literature for blood
pressure [49-51]. In contrast, the opposite-direction-of-effect association observed for smok-
ing and diabetes is not yet supported by genetic data but instead supported by some of the epi-
demiologic literature where those who report current smoking have lower blood pressure and
less hypertension compared with non-smokers (e.g., [52]). Other exposure, lifestyle, and envi-
ronmental phenotype classes implicated in this PheWAS include alcohol consumption and
hormone use (Table 4).
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Fig 3. APOE rs7412 and nearby single nucleotide polymorphisms associated with lipid-related traits in a single Population
Architecture using Genomics and Epidemiology (PAGE) study. Plotted are single SNP tests of association in the Atherosclerosis
Risk in Communities (ARIC) for APOE rs7412 and nearby SNPs within 100kb of previously-reported genome-wide association
study (GWAS) associations also associated here at p<1.0x10™* with lipid-related traits. Data shown are sample size, coded allele
frequency (CAF), genetic effect size (beta), -logl0(p-value), and ARIC phenotypes on the y-axes. Each SNP is plotted on the x-axis at
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the top of the figure from 5" to 3’, and genomic positions along chromosome 19 along with annotated genes are given above. Data
are color-coded by phenotype and displayed as a square (for SNPs), a triangle (p-values), or closed circles (betas, CAFs, and sample
size). Direction of the triangle represents the direction of the effect size.

https://doi.org/10.1371/journal.pone.0226771.9003

Functional and ancestral annotation of potentially pleiotropic SNPs

To better understand the functional impact of the 38 potentially pleiotropic SNPs (Table 4),
we implemented several in silico annotation approaches for these as well as proxy SNPs (in
linkage disequilibrium at r*>0.8) using various public resources, including HaploReg v4.1
[53], RegulomeDB v1.1 [54], and the SNP and CNV Annotation Database (SCAN) [55].
Almost all (94.7%) of these 38 PheW AS-identified variants are intronic (20) or intergenic (16),
with the remaining two classified as synonymous (rs114374279) and missense (rs76394293;
Table 5). We note that most (24) PheWAS-identified variants were annotated as associated
with gene expression or as expression quantitative trait loci (eQTL) in at least one resource
used here (Table 5).

We also estimated local genetic ancestry at these 38 PheW AS-identified loci given that Afri-
can Americans are admixed, with varying proportions of African, European, and other ances-
tral alleles throughout the genome (Table 5). Consistent with reported global estimates of
African and European ancestry proportions [56-59], PAGE African Americans have on aver-
age 78.8% African ancestry and 21.1% European ancestry for Metabochip variants (S1 Fig).
For ancestry proportions at specific PheWAS-identified loci, we found that the majority of the
annotated SNPs, such as SNPs within CELSR2 for example, were truly admixed and are consis-
tent with global proportions (S2 Fig). However, there were loci where ancestral proportions
substantially deviated from global proportions. For example, PheWAS-identified loci in
DARC, JAZF1, MTMRI1, and TLL2 have greater proportions of European ancestry than
expected (53 Fig). Conversely, regions such as PheWAS-identified RBKS have significantly
greater proportions of African ancestry compared to global proportions (54 Fig).

Discussion

We conducted here a large-scale PheWAS for >5,000 African Americans using dense array
data and carefully collected and curated epidemiologic data. With these data, we replicate pre-
vious GWAS findings from mostly European-descent populations as well as identify novel
pleiotropic associations. Because the PAGE study and other efforts have focused or are focus-
ing on multi-population discovery efforts [20, 50, 60-65] as well as replication, generalization,
and fine-mapping of GWAS-identified signals [43, 66-77], we focus the remainder of our Dis-
cussion on the potential novel pleiotropic associations identified in this African American
PheWAS. Potential pleiotropic common variants were identified via single SNP tests of associ-
ation by the PAGE I study followed by statistical significance filtering and comparison across
phenotype classes. For tests of association with consistent statistical evidence across PAGE I
studies, we further characterized the PheWAS-identified variants using functional and local
genetic ancestry annotations to better understand possible mechanisms or explanations under-
lying the evidence for pleiotropy in this population. Of the 133 PheWAS-identified findings,
we bring to attention those with the most statistical and in silico functional evidence.

Three PheWAS-identified variants were consistently associated with two phenotype classes
in two or more PAGE study sites at p<0.01, and they or their proxies were identified as possi-
ble eQTLs and were previously associated with one of the phenotype classes in GWAS:
DOCK?7 1510889334, APOB rs568938, and PHACTRI rs9349379. All three were associated
with the smoking phenotype class, and none of the three have been implicated in GWAS for

PLOS ONE | https://doi.org/10.1371/journal.pone.0226771 December 31, 2019 8/37


https://doi.org/10.1371/journal.pone.0226771.g003
https://doi.org/10.1371/journal.pone.0226771

@ PLOS | O N E Pleiotropy in African Americans from PAGE

LDLR
chr 19
IS R 3% S S
S8 S S AN & Q
cReR e 22 2 Q
T | - I - ]
T} ©
O =N © ®m®0o N O
NA QA ~N—O®M®AN O
0 MO T ONKWLNA
D O oOWoOWST O o N~
N OO~ W— O <+ I —
- NN O WO~ A —
© © ~ M +~ M~ NN LW
D W~ N —NOIN~— ©
Q0 Py o0 poe
totchol_Total Cholesterol mg/dL_Natural log® = = = = = = = = =
tchsiu01_Total Cholesterol in mmol/L_Natural log® * = = = = = = = =
1dl02_Re-calibrated LDL cholesterol. in mg/di_Natural Iog' =% R o® = = = -
tchsiu01_Total Cholesterol in mmol/
totchol_Total Cholesterol mg/dL *  * ni =
1dl02_Re-calibrated LDL cholesterol. in mg/dl * -
apbsiu01_Apolipoprotein B in mg/L_Natural log
apbsiu01_Apolipoprotein B in mg/L . L N .
tcho_Total Cholesterol
tcho_Total Cholesterol_Natural log
norm_|dl_normalized LDL
norm_ldl_normalized LDL_Natural log
10.0
9.0
v v
~ 8.0 vy
T N ¥ vYyeY ¥
g g - \ 4
VY,
g 50 V v v vV v
‘o_ 4.0 ' v
= 3.0
Ke] 2.0
: 1.0
0.0

beta

CAF

0.00

S e e e e e e e e e o
2981

2774
2568
2361
2154
1947
1740
1534
1327
1120

Sample Size

Fig 4. LDLR rs6511720 and nearby single nucleotide polymorphisms associated with lipid-related traits in a single
Population Architecture using Genomics and Epidemiology (PAGE) study. Plotted are single SNP tests of
association in the Atherosclerosis Risk in Communities (ARIC) for LDLR rs6511720 and nearby SNPs within 100kb of
previously-reported genome-wide association study (GWAS) associations also associated here at p<1.0x10™* with
lipid-related traits. Data shown are sample size, coded allele frequency (CAF), genetic effect size (beta), -log10(p-
value), and ARIC phenotypes on the y-axes. Each SNP is plotted on the x-axis at the top of the figure from 5 to 3, and
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genomic positions along chromosome 19 along with annotated genes are given above. Data are color-coded by
phenotype and displayed as a square (for SNPs), a triangle (p-values), or closed circles (betas, CAFs, and sample size).
Direction of the triangle represents the direction of the effect size.
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Fig 5. CETP rs3764261 and nearby single nucleotide polymorphisms associated with lipid-related traits in a single Population
Architecture using Genomics and Epidemiology (PAGE) study. Plotted are single SNP tests of association in the Atherosclerosis Risk in
Communities (ARIC) for CETP rs3764261 and nearby SNPs within 100kb of previously-reported genome-wide association study (GWAS)
associations also associated here at p<1.0x10* with lipid-related traits. Data shown are sample size, coded allele frequency (CAF), genetic
effect size (beta), -log10(p-value), and ARIC phenotypes on the y-axes. Each SNP is plotted on the x-axis at the top of the figure from 5" to 3/,
and genomic positions along chromosome 16 along with annotated genes are given above. Data are color-coded by phenotype and displayed
as a square (for SNPs), a triangle (p-values), or closed circles (betas, CAFs, and sample size). Direction of the triangle represents the direction
of the effect size.

https:/doi.org/10.1371/journal.pone.0226771.g005
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Table 3. Phenotype classes represented in the Population Architecture using Genomics and Epidemiology (PAGE) I study PheWAS in African Americans. Pheno-
type-class binning first groups the phenotypes into categories within a PAGE study and then groups those categories across PAGE study sites. Below are the 30 phenotype
classes that individually-labeled phenotypes across the studies were binned.

Activity Levels, Personal
Alcohol Use

Body Mass Index
Creatinine Levels
C-Reactive Protein Levels
Diabetes

Diastolic Blood Pressure
Fibrinogen

Glucose Levels
HDL-Cholesterol

https://doi.org/10.1371/journal.pone.0226771.t003

Heart Arterial Surgery Menarche

Heart Failure Myocardial Infarction

Heart Rate Platelet

Height Smoking

Hematocrit Stroke

Hemoglobin Systolic Blood Pressure
Hormone Use Total Cholesterol
Hypertension Triglycerides

Insulin Weight
LDL-Cholesterol White Blood Count

any of the smoking categories curated by the NHGRI-EBI GWAS Catalog nor have they been
implicated in recent gene-environment studies for lipid traits [78]. The other phenotype clas-
ses represented in these associations (LDL-C, hypertension, and diabetes) all have complex
relationships with smoking, and these PheWAS data do not provide a clear causal pathway
that defines the potentially pleiotropic variants’ relationships with the phenotype classes or
between the phenotype classes themselves.

Among those variants without evidence of previous GWAS relationships, one example of a
novel and potentially pleiotropic variant is the intronic SPARC rs4958487-A associated with
increased glucose levels and hypertension. The secreted protein acidic and rich in cysteine
(SPARC) gene product modulates the interaction between the extracellular matrix and sur-
rounding cells and is highly expressed in fibrotic tissues [79]. Fibrosis is a clinical feature of
hypertension, and both human and animal models support a relationship between SPARC and
type 2 diabetes pathogenesis [80, 81]. While intronic, annotation of SPARC rs4958487 suggests
that it is a significant eQTL in tibial artery (GTEx p = 7.0x10™"'") and coronary artery (GTEx
p =5.0x107) tissues among others, with the A allele associated with higher SPARC expression
compared with the G ancestral allele. Local genetic ancestry estimates for this locus suggest
no deviations from expected proportions of European and African ancestry at this locus.
Although SPARC rs4958487 has not yet been associated with any phenotype (including glu-
cose or hypertension) at p<10~* in the NHGRI-EBI GWAS Catalog, it was included on the
Metabochip genotyping array for replication based on early meta-analyses of mean platelet
volume in European-descent populations at p<1.0x10™ [82-84]. To our knowledge, the pres-
ent PheWAS in African Americans provides the first statistical and in silico evidence for pleiot-
ropy for this locus, which has already been noted as likely pleiotropic based on its possible
roles in type 2 diabetes, obesity, cardiovascular disease, bone strength, tendinopathies, and
cancers [81, 85].

Among the annotations examined for these PheWAS-identified associations, local genetic
ancestry was among the least informative. Genetic ancestry and admixture are widely
recognized as useful markers of human migration [56, 58] and disease associations [86],
including potential genetic interactions [87]. Here we note several PheWAS-identified vari-
ants with fewer (DARC “Dufty” locus, JAZFI rs216922, MTMRI11 rs2205303, and TLL2
rs94208) or more (RBKS locus) African-derived alleles than expected. While some have
interpreted deviations such as those likely to be due to natural selection since admixture
[88], recent large-scale studies have suggested that most local ancestry deviations are due to
chance [89].
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Table 4. Concomitant PheWAS results in African Americans from the Population Architecture using Genomics and Epidemiology (PAGE) study. Test of associa-
tion results (p-values, betas, standard errors) are shown for variants associated at p-value <0.01 (empirically defined) with two or more phenotype classes. An asterisk in

the direction of effect column indicates an opposite direction of effect for two of the phenotype classes listed. Genomic position given is based on hg38. Allele frequency is
based on all African Americans across PAGE studies regardless of phenotype.

DE | rsID Chromosome: Phenotype PAGE Study Phenotype P-Value Beta(se) Sample size CA |AF
position classes
rs10889334 | Chrl: 62491528 | Smoking, WHI, WHI, Years a regular smoker, 3.35e-3, 3.63e-3, -1.96e-1 (0.07), -4.73e0 | 2029, 1120, C |0.34
LDL-C ‘WHI, WHI, Normalized LDL, Natural Log 4.53e-3, 5.45e-3, (1.62), -3.71e-2 (0.01), 1120, 2186,
WHI, ARIC, normalized LDL, Smoking— 6.19¢-3, 7.18¢-3, -2.92e-1 (0.11), -1.20e0 | 2017, 3162,
MEC, WHI current (Y/N), Pack years of 7.74e-3, 8.57e-3 (0.44), -2.37e-2 (8.82e- | 230, 2029
smoking, LN+1 3),0.10 (0.04), -6.52e-2
RE-CALIBRATED LDL CHOL. (0.02)
in mg/dl, LN+1 SMKQUIT,
Number of years since quit
smoking (reported at baseline),
LN+1 years a regular smoker
rs61771778 | Chrl: 72461172 | CRP, MI MEC, MEC, C-Reactive Protein, LN+1 1.81e-4, 4.08e-4, 2.13 (0.56), 0.42 (0.12), | 380, 380, 455, G 0.043
MEC, WHI, C-Reactive Protein, Heart attack 1.90e-3, 3.75e-3, 1.23 (0.40), 2.37 (0.73), | 27,1071,27
‘WHI, WHI reported at baseline (Y/N), Age at | 6.25e-3, 9.06e-3 0.26 (0.09), 0.56 (0.20)
MI, LN+1 CRP, LN+1 F2 age at
MI
152994429 Chrl: 152994429 | Hemoglobin, ‘WHI, WHI, LN+1 Hemoglobin, Hemoglobin, | 5.83e-5, 1.09¢-4, 0.01 (2.54e-3), 0.14 2086, 2086, A 0.32
Hematocrit ARIC, WHI, LN+1 HEMATOCRIT, 2.17e-4, 8.82e-4, (0.04), 9.29¢-3 (2.51e- 3213, 2087,
WHI, ARIC Hematocrit, LN+1 Hematocrit, 9.40e-4, 2.76e-3 3),0.36 (0.11), 8.65e-3 2087, 3213
LN+1 HEMOGLOBIN (2.61e-3), 7.43e-3
(2.48e-3)
rs10798572 | Chrl: 177821975 | Hypertension, | MEC, ARIC, High blood pressure reported at 1.62e-3, 6.90e-3, -4.71e-1 (0.15), -3.08el | 455, 3234, G 027
Smoking ‘WHI, ARIC baseline, CIGARETTE YEARS OF | 8.74e-3, 9.27e-3 (11.41), -3.17e-1 (0.12), | 2186, 3430
SMOKING, Smoking—current -1.51e-1 (0.06)
(Y/N), Blood Pressure Lowering
Medications in the past 2 weeks—
Took medication
1s943763 Chrl: 177867129 | LDL-C, WHI, WHI, LN+1 normalized LDL, 6.59¢-4, 9.64e-4, 0.05 (0.01), 5.50 (1.66), | 1120, 1120, C 0.46
Smoking ‘WHI, MEC, normalized LDL, Smoking— 2.12e-3, 3.46e-3, 0.20 (0.06), 0.35 (0.12), | 2186, 435, 435,
MEC, ARIC, Former (Y/N), Pack-years of 5.13e-3, 6.29¢-3, 0.09 (0.03), -1.62e-1 3426, 3159,
ARIC, ARIC smoking (cigarettes) reported at 7.99¢-3, 8.13e-3 (0.06), 0.02 (8.71e-3), 3333
baseline, LN+1 Pack-years of -1.37e-1 (0.05)
smoking (cigarettes) reported at
baseline, Cigarette smoking status
—Former smoker, LN+1
RE-CALIBRATED LDL CHOL.
in mg/dl, HAVE YOU EVER
SMOKED CIGARETTES? (Y/N)
rs1052238 Chrl: 198665496 | CRP, Diabetes WHI, ARIC, LN+1 CRP, C-reactive Protein, 3.25e-4, 2.63e-3, -0.13 (0.04), 3.12 (1.02), | 1071, 150, 150, | G 0.45
ARIC, ARIC, LN+1 C-reactive Protein, Diabetes | 7.85e-3, 8.70e-3, 0.27 (0.10), 0.17 (0.06), | 3429, 207
WHI —lower threshold 126 mg/dL— 9.70e-3 0.25 (0.10)
YES, Age first told had diabetes
15568938 Chr2: 21080744 | LDL-C, ARIC, ARIC, RE-CALIBRATED LDL CHOL. 7.14e-7, 2.53e-6, 5.44 (1.10), 0.04 (8.68e- | 3162, 3162, A 0.42
Smoking ARIC, MEC, in mg/dl, LN+1 1.11e-3, 7.44e-3, 3), 0.06 (0.02), 0.32 1751, 443,
ARIC, MEC. RE-CALIBRATED LDL CHOL. 8.82e-3,9.11e-3, (0.12), 1.04 (0.40), 8.75 | 1753, 380, 443
MEC in mg/dl, LN+1 Smoking 9.15e-3 (3.34), 0.12 (0.05)
duration, Smoking duration
(years) reported at baseline,
Smoking duration, LDL
cholesterol, LN+1 Smoking
duration (years) reported at
baseline
* 16722366 Chr2: 27809087 | Insulin, Height | WHI, ARIC, Insulin, LN+1 STANDING 291e-7,3.71e-4, 23.15 (4.50), -1.29e-2 1718, 3332, C 0.027
ARIC, ARIC, HEIGHT TO NEAREST CM, 4.44e-4,1.71e-3, (3.62e-3), -2.16e0 3332, 3243,
ARIC, MEC, STANDING HEIGHT TO 1.71e-3, 4.83e-3, (0.61), 10.25 (3.27), 244, 451, 451
MEC NEAREST CM, INSULIN 5.31e-3 73.53 (23.42), -3.13e-2
(UU-ML), INSULIN in pmol/L, (0.01), -5.43€0 (1.94)
LN+1 Height (cm), Height (cm)
(Continued)
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Table 4. (Continued)

DE | rsID Chromosome: | Phenotype PAGE Study Phenotype P-Value Beta(se) Sample size CA |AF
position classes
* rs56197751 | Chr2: 27835291 | Insulin, Height | WHI, ARIC, Insulin, LN+1 STANDING 2.60e-7, 6.78e-4, 23.72 (4.59), -1.24e-2 1718, 3266, A 0.028
ARIC, ARIC, HEIGHT TO NEAREST CM, 8.48e-4, 2.35e-3, (3.65e-3), -2.07e0 3266, 3179,
ARIC, MEC, STANDING HEIGHT TO 2.35e-3, 4.83e-3, (0.62), 9.92 (3.26), 3179, 451, 451
MEC NEAREST CM, INSULIN 5.31e-3 71.15 (23.37). -3.13e-2
(UU-ML), INSULIN in pmol/L, (0.01), -5.43e0 (1.94)
LN+1 Height (cm), Height (cm)
* rs114117339 | Chr2: 27855059 | Insulin, Height | WHI, ARIC, Insulin, LN+1 STANDING 2.60e-7, 7.45e-4, 23.72 (4.59), -1.23e-2 1718, 3332, A 0.027
ARIC, ARIC, HEIGHT TO NEAREST CM, 9.16e-4, 1.28e-3, (3.64e-3), -2.05e0 3332, 3244,
ARIC, MEC, STANDING HEIGHT TO 1.28e-3, 4.83e-3, (0.62), 10.61 (3.29), 3244, 451, 451
MEC NEAREST CM, INSULIN 5.31e-3 76.15 (23.63), -3.13e-2
(UU-ML), INSULIN in pmol/L, (0.01), -5.43e0 (1.94)
LN+1 Height (cm), Height (cm)
* 156760908 Chr2: 27855874