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Abstract

Only one low-density lipoprotein cholesterol (LDL-C) genome-wide association study (GWAS) has been previously reported in African
Americans. We performed a GWAS of LDL-C in African Americans using data extracted from electronic medical records (EMR) in the
eMERGE network. African Americans were genotyped on the lllumina 1M chip. All LDL-C measurements, prescriptions, and diagnoses
of concomitant disease were extracted from EMR. We created two analytic datasets; one dataset having median LDL-C calculated
after the exclusion of some lab values based on comorbidities and medication (n = 618) and another dataset having median
LDL-C calculated without any exclusions (n = 1,249). SNP rs7412 in APOE was strongly associated with LDL-C in both datasets
(p <5 x 107®). In the dataset with exclusions, a decrease of 20.0 mg/dL per minor allele was observed. The effect size was attenu-
ated (12.3 mg/dL) in the dataset without any lab values excluded. Although other signals in APOE have been detected in previous
GWAS, this large and important SNP association has not been well detected in large GWAS because rs7412 was not included on
many genotyping arrays. Use of median LDL-C extracted from EMR after exclusions for medications and comorbidities increased the

percentage of trait variance explained by genetic variation. Clin Trans Sci 2012; Volume 5: 394-399
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Introduction

Several genome-wide association studies (GWAS) of low-
density lipoprotein cholesterol (LDL-C) have been published
in the past 3 years; the NHGRI Catalog of published GWAS!
currently lists at least 11 studies under the search term “LDL
Cholesterol” The largest LDL-C GWAS, by Teslovich et al.,?
presents a GWAS meta-analysis of 46 lipid GWAS including
95,454 individuals with LDL-C measurements. This meta-
analysis detected 37 loci significantly (p < 5 x 107®) associated
with LDL-C which, combined together, accounted for 12.2% of
LDL-C trait variance in the Framingham Heart Study.? However,
the Teslovich meta-analysis included primarily only individuals of
European ancestry. Although Teslovich and others have examined
SNPs detected in European-ancestry GWAS in other ethnic groups
including African Americans, only one LDL-C GWAS study in
African American adults has been published. In this analysis
of 8,090 African Americans from the CARe consortium, eight
signals from previous European-ancestry LDL-C GWAS were
replicated and one novel LDL-C association, for SNP rs13161895
on chromosome five, was reported.’

The eMERGE network has been established to link phenotypes
from electronic medical records (EMR) with genetic information
in biorepositories at the participating institutions. In the eMERGE
network, we had the opportunity to conduct a GWAS of LDL-C
in African Americans using phenotypes extracted from EMR
and a high-density GWAS chip. We hypothesized that, despite

a modest sample size, we might detect novel LDL-C GWAS
associations in our sample because of (a) our use of the Illumina
1M genotyping array, an array not used in the CARe consortium?
or in the participating studies of the Teslovich GWAS meta-
analysis* and (b) our use of EMR-derived phenotypes which
permitted use of median LDL-C and careful exclusion for
medications and diseases which may alter LDL-C levels. It has
previously been demonstrated in eMERGE that traits constructed
from longitudinal lipid data (right censored based on relevant
comorbidity and medication history) can be leveraged to detect
genotype-phenotype associations not previously recognized
(such as TRIBI in an earlier HDL GWAS?).

Methods

The eMERGE network

The eMERGE Network is a consortium of five US institutions
(Northwestern University, Marshfield Clinic, Mayo Clinic,
Vanderbilt University, and the Group Health Cooperative,
University of Washington, and Fred Hutchinson Cancer Research
Partnership) with DNA biorepositories linked to secure encrypted
EMR data. The networkisdescribed in detail elsewhere.’ Institutional
review boards at all participating institutions approved the project.
As part of the consortium, each site conducted a GWAS on a
specific phenotype derived from their EMR records. Members of

'Department of Preventive Medicine, Northwestern University Feinberg School of Medicine, Chicago, lllinois, USA; ?Center for Genetic Medicine, Northwestern University Feinberg
School of Medicine, Chicago, lllinois, USA; *Department of Medicine, Vanderbilt University Medical Center, Nashville, Tennessee, USA; “Department of Biochemistry and Molecular
Biology, Penn State University, University Park, Pennsylvania, USA; “Department of Medicine, Northwestern University Feinberg School of Medicine, Chicago, lllinois, USA; ®Division
of Endocrinology, Northwestern University Feinberg School of Medicine, Chicago, Illinois, USA; "Center for Human Genetics Research, Department of Molecular Physiology and Bio-
physics, Vanderbilt University, Nashville, Tennessee, USA; ®Department of Biostatistics, University of Washington, Seattle, Washington, USA; °Department of Pharmacology, Vanderbilt
University, Nashville, Tennessee, USA; "®Department of Biomedical Informatics, Vanderbilt University, Nashville, Tennessee, USA; "Departments of Medicine (Medical Genetics) and
Genome Sciences, University of Washington, Seattle, Washington, USA; '?Fred Hutchinson Cancer Research Center, Seattle, Washington, USA; "*Division of Cardiovascular Diseases,
Mayo Clinic, Rochester, Minnesota, USA; “Division of Epidemiology, Mayo Clinic, Rochester, Minnesota, USA; *Essentia Institute of Rural Health, Duluth, Minnesota, USA; '*Office of
Population Genomics, National Human Genomics Research Institute, Bethesda, Maryland, USA.

Correspondence: Laura Rasmussen-Torvik (ljrtorvik@northwestern.edu)
DOI: 10.1111/}.1752-8062.2012.00446.x

VOLUME 5 « ISSUE 5 WWW.CTSJOURNAL.COM



Rasmussen-Torvik et al. » APOE IN AFRICAN AMERICAN LDL-C GWAS

the consortium then combined all genotyped samples across the
network into one merged dataset® and conducted further GWAS
analyses’ by working across the Network to extract and harmonize
phenotypes from all five sites’ databases. Here, we present analyses
using a subset of African American individuals in eMERGE who
were genotyped on the Illumina 1M-Duo (1M) (Illumina, San
Diego, CA, USA) genotyping platform, a chip which includes many
SNPs targeting variation in individuals of recent African descent.
These individuals were originally included in a case-control
study of diabetes that was a collaboration between Northwestern
University and Vanderbilt® and a study of QRS interval from
normal electrocardiograms led by Vanderbilt University.’

Genotyping and quality control

DNA samples from subjects who were self-reported
(Northwestern) or observer-reported (Vanderbilt University)
to be African American were genotyped on the Illumina 1M
platform. Genotyping was performed at the Broad Institute of
MIT and Harvard. Genotyping calls made using BeadStudio
version 3.3.7 (Illumina) and Gentrain version 1.0 (Illumina).
SNP data were cleaned using the eMERGE quality control
(QC) pipeline developed by the eMERGE genomics working
group.’® The cleaning process included evaluation of sample
and marker call rate, gender anomalies, duplicate and Hap
Map concordance, batch effects, evaluation of Hardy—Weinberg
equilibrium, Mendelian errors, sample relatedness, and population
stratification. Cryptic relatedness was assessed for all pairs within
and across sites. Any pairs estimated to be at the half-sibling level
or higher were resolved by dropping the member of the pair with
the lower genotype call rate. Additional cleaning was completed
when samples from Northwestern and Vanderbilt were merged.
The 1M chip contains 1,199,887 SNPs. As part of initial cleaning,
44,496 intensity-only SNPs were removed. After completing the
QC pipeline and removing all SNPs with a minor allele frequency
less than 0.05, 910,341 SNPs remained in the analytic sample.
Principal components to attempt to account for ancestry and to
avoid population stratification were estimated for the all eMERGE
participants typed on the 1M chip using Eigenstrat (Eigensoft
v3.0, Smartpca 8000) at Northwestern University.'"'?

Phenotype extraction
eMERGE investigators have worked collaboratively to develop
algorithms for extracting phenotypes from EMRs for use in genetic
research.>*!* The algorithm for LDL-C values and exclusion dates
was a modification of an earlier HDL-C eMERGE algorithm.*
All LDL-C measurements were extracted from longitudinal lipid
panel data obtained during the course of clinical care. Dates of
prescriptions for medications that may have altered LDL-C level
(antilipid medications, estrogen hormone replacement therapy,
and exogenous androgens) were also extracted. Date of earliest
cancer diagnosis was also extracted from the EMR, as was date of
first diagnosis of diabetes, hyperthyroidism, or hypothyroidism,
using diabetes® and hyper/hypothyroidism'* algorithms developed
for other eMERGE projects. The complete algorithm for extracting
this information from the EMR is available at https://www.
mec.vanderbilt.edu/victr/dcc/projects/acc/index.php/Library_of_
Phenotype_Algorithms#Lipids. Onceall LDL-Cvalues, measurement
dates, and exclusion dates were extracted from the EMR, the data
were transferred to Northwestern University for analysis.

For this project, two datasets were created from the sample
of eMERGE African Americans for analysis. For the first dataset,
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Figure 1. EMR extraction of LDL-C values and exclusion dates and creation of the
analytic datasets. Rx = prescription, Dx = prevalent disease. This flowchart depicts
the information extracted from the EMR, and the phenotypes and analytic dataset
created from the extracted EMR information. The start of the process is depicted at
the top of the figure. Diamonds represent questions asked to extract information or
restrict the analytic dataset, while rectangles represent data collected. The top third
of the figure depicts how the dataset with no lab values excluded was assembled,
while the bottom two thirds show the additional steps required to assemble the more
restrictive dataset after exclusions. The figure demonstrates that median LDL-C was
calculated at two separate points for the two dataset; for this reason, an individual
present in both datasets may have different LDL-C values in each dataset.

the median LDL-C for each individual was calculated without the
removal of any LDL-C values from the medical record (called
the dataset without lab values excluded). For the second dataset,
LDL-C values that were recorded for an individual after the
earliest known exclusion date (date of drug prescription, diabetes,
hyperthyroidism, hypothyroidism, or cancer diagnosis) were
removed from the dataset and then the median LDL-C calculated
from remaining LDL-C values (we refer to this dataset as the
dataset with exclusions). These two datasets included different
numbers of individuals as some individuals had all LDL-C values
removed before the calculation of the median in the second
dataset. It is important to note that individuals included in both
datasets did not necessarily have the same median LDL-C value in
the two dataset. A diagram depicting the algorithm for extracting
LDL-C lab values and exclusion dates from the EMR and the
creation of the two datasets is presented in Figure 1.
Individuals with only one measurement of LDL-C were
included in the datasets; this measurement was considered the
median LDL-C. For individuals with an even number of LDL-C
measurements, the median LDL-C was chosen as whichever of
the two central measurements was closest to the mean of LDL-C
measurements (so as to have an actual LDL measurement and

VOLUME 5 - ISSUE 5

CTS 395




Rasmussen-Torvik et al. # APOE IN AFRICAN AMERICAN LDL-C GWAS

396 CTS

Dataset with exclusions (n = 618) Dataset with no lab values excluded (n = 1,249)

Age (years)* 442 (13.1)
Age range (years) 14-87
Median LDL-C (mg/dL)* 112.2 (31.5)
Percentage of participants recruited from 32.4%
Northwestern

Percentage of female participants 69.1%
*Mean (SD).

Table 1. Characteristics of the study sample.

associated age of measurement for analysis). In an effort to
minimize inclusion of errant LDL-C values due to lab or data
entry errors, unusually low LDL-C levels due to unrecognized
concomitant medical illness, or unusually high LDL-C due to
unrecognized familial hyperlipidemia, the following a priori
exclusion criteria for median LDL-C were used: any record from
either dataset with a median measurement less than 50 mg/dL and
greater than 210 mg/dL was excluded. This exclusion removed
approximately 3.5% of individuals from the first dataset, over
75% of whom were individuals with only a single measure of
LDL-C.

Once median LDL-C values were determined, the date of
measurement for this LDL-C value was extracted from the EMR.
For individuals who had identical LDL-C measurements on
different dates, the earliest date on which the value was measured
was extracted (and associated age used in analysis). A similar
process to that used for the extraction of LDL values was also
used to extract total cholesterol values.

Statistical methods

Univariate statistical analyses were performed in SAS version
9.2 (Cary, NC, USA). GWAS analyses were performed in
PLINK.' Genotypes were modeled additively. GWAS analyses
were controlled for age, age?, sex, eMERGE recruitment site
(Northwestern or Vanderbilt), genotyping batch (type 2 diabetes
project or QRS project), and first three principal components
to attempt to adjust for ancestry. A genomic inflation factor
of 1 was calculated for the LDL-C GWAS in both datasets, so
genomic control was not applied. Estimates of r* between SNPs
were calculated using the Hap Map website.

Results

Table 1 lists the characteristics of the eMERGE African Americans
included in each dataset for the two LDL-C GWAS. On average,
the participants in the GWAS with exclusions (n = 618) were
younger and had a higher median LDL-C than participants
with the GWAS without any lab values excluded (n = 1,249).
For both datasets, nearly 70% of participants were female and
approximately 30% were recruited at Northwestern.

Figures 2A and B show Manhattan plots for the GWAS of
LDL-C in the eMERGE network with exclusions (A) and without
any lab values excluded (B). QQ plots for both GWAS analyses
are presented in Figures SI1(A) and (B). In each dataset, only
one association, of SNP rs7412 in APOE and median LDL-C,
reached genome-wide significance (p < 5 x 107%). In the dataset
with exclusions, the effect size () per minor allele of rs7412 was
-20.0 mg/dL (95% CI = -25.9 mg/dL to -14.1 mg/dL, p value for
association = 6.3 x 107""). The estimated percentage trait variance
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Figure 2. (A) GWAS of LDL-C in eMERGE African Americans with exclusions. (B)
GWAS of LDL-C in eMERGE African Americans without any lab values excluded.
Manhattan plots display the p values for the association of approximately 1 million
SNPs with LDL-C; each circle represents a single SNP association plotted by chro-
mosome position (x axis) and log(10) transformed p value (y axis). The p values
are from regression equations with SNPs modeled additively, adjusted for age?, sex,
eMERGE site, genotyping batch, and the first three principal components. In both
plots, only the association of LDL-C and SNP rs7412 in APOE exceeded the genome-
wide threshold for significance.
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(r*) accounted for by this SNP in this dataset was 6.8%. In the dataset
without any lab values excluded, the effect size () per minor allele
of rs7412 was -12.3 mg/dL (95% CI = -16.3 mg/dL to -8.4 mg/
dL, p value for association = 1.5 x 10~%). The estimated percentage
trait variance (r?) accounted for by this SNP in this dataset was
2.9%. The minor allele frequency of rs7412 in both datasets was
0.10. Forcing additional SNPs in the APOE region into the model
as covariates did not substantially attenuate the effect size for the
association of rs7412 with LDL-C. A regional association plot
for the LDL-C analysis in the dataset without exclusions which
includes information about linkage disequilibrium (LD) between
rs7412 and nearby SNPs, is presented in Figure S2. SNP rs7412 was
also strongly associated with total cholesterol levels in the dataset
with exclusions (the effect size [] per minor allele of rs7412 was
-16.7 mg/dL, p value for association = 9.6 x 107).

Table S1 shows SNP/LDL-C associations for three SNPs
identified in a previous African American GWAS of LDL-C.?
Given our small sample size, we were not sufficiently powered
to replicate these associations, but the beta estimates for the
eMERGE dataset with exclusions were consistent with (within
1 standard error of) the Lettre et al.’ estimates supporting the
validity of LDL-C measures in this dataset.

Discussion

In this GWAS of LDL-C in African Americans using a high-
density GWAS chip and EMR, we detected a single strong and
GWAS-significant association with SNP rs7412 in APOE. This
association was genome-wide significant whether or not lab values
were excluded using information on medications and concomitant
illness from the EMR. However, the effect size of the association
and the percentage of trait variance explained were larger in the
analysis with exclusions.

APOE circulates on very low-density lipoprotein and is a
ligand for LDL receptors, which participate in the removal of
LDL from circulation. The E2 allele (a haplotype characterized
primarily by rs7214) is known to be associated with lower LDL-C
levels'” as well as with type III hyperlipoproteinemia.'® rs7412 is
a coding SNP which changes the amino acid at position 158 in
APOE from Arg to Cys. Individuals with this mutation are less
efficient at making and transferring VLDLs and chylomicrons
from the blood plasma to the liver. The E4 allele (another APOE
haplotype, this one characterized primarily by rs429358) has
been associated with increased LDL-C levels and increased
atherosclerosis.”” (A recent fine-mapping study of several loci
associated with LDL-C in GWAS verified that SNPs rs7412 and
rs429358 are independently associated with the phenotype.*)
Many candidate gene studies, including some in non-Caucasian
populations, have examined the association of rs7412 (alone or
in concert with rs429358) with LDL and have detected strong
associations. In a 2007 meta-analysis of 82 studies, Bennet et
al. reported that individuals with the E2/E2 allele (two minor
alleles of rs7412 and no minor alleles of rs429358) had an LDL-C
level 44 mg/dL lower than individuals with the E4/E4 allele (no
minor alleles of rs7412 and two minor alleles of rs429358).' The
SNP has been shown to be significantly associated with lipids
in African Americans; in NHANES III, rs7412 was significantly
associated with LDL-C (after FDR adjustment) in non-Hispanic
blacks. The effect size for the association was -22.54 mg/dL per
minor allele.”!

Despite the large number of candidate gene studies examining
rs7412 and LDL-C levels, this variant has not been included in
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most GWAS analyses of LDL-C, as rs7412 was not typed, imputed,
or covered by proxy well in most published LDL-C GWAS.
According to the SNAP browser,”> SNP rs7412 is only genotyped
on the [llumina Human 1M single and dual, the Illumina CARe
iSelect, and the Illumina Omni Quad and Express, among the
common GWAS chips. The previous African American GWAS
used the Affymetrix 6.0 chip (Affymetrix, Santa Clara, CA,
USA);* according to the SNAP browser proxy search, the best
available proxy for SNP rs7412 in Yorubans on the Affymetrix
6.0 chip would be SNP rs930461 which has an r* value of 0.13
with rs7412 in the Yoruba in Ibadan HapMap sample. The vast
majority of studies included in the European-ancestry GWAS
mentioned above*? also did not use any of the chips including
rs7412. The lack of coverage/imputation of SNP rs7412 in many
GWAS has been highlighted previously in a GWAS analysis of
Alzheimer’s.?

Significant signals in APOE have been detected in published
GWAS. However, these signals are likely driven primarily by SNP
rs429358 (rs4420638, the index SNP in the APOE region for the
large Teslovich LDL-C GWAS meta-analysis,” is in LD with SNP
rs429358 in European-ancestry populations [? = 0.62 in a recent
UK sample®]). Table S2 shows index SNPs in the APOE region
that have been found to be significantly associated with LDL-C
in previously published GWAS of whites and African Americans
(and estimates of their LD with rs7412—all of which are low [r? <
0.10]). In the Teslovich GWAS, the effect of SNP rs7412 was likely
detected somewhat in conditional analysis, when SNP rs445925
was found to be significantly associated with LDL after control
for SNP rs4420638.2 However, inclusion of this SNP in the genetic
risk score would not be expected to fully capture the effect of SNP
rs7412 as the predicted r* between these two SNPs in the 1,000
genomes CEPH population is only 0.59.

The results of this study offer a commentary on the frequent
criticism that GWAS has been unsuccessful in explaining a large
percentage of trait variation. In the Teslovich paper, the largest
per allele effect size for any index SNP associated with LDL-C
was +7.14 mg/dL (for SNP rs4420638).2 Our study and others
suggest that the per allele effect size of rs7412 may well be two to
three times this, and the percentage of LDL-C variance explained
by this SNP in our study was 6.7% (2.9% in the dataset without
exclusions). Thus, the inclusion of rs7412 in an LDL-C gene score
would be expected to considerably increase the percentage of
trait variance explained; a recent analysis which fine mapped
five loci identified through LDL-C GWAS saw the percentage
variance in LDL-C explained by genes increase from 3.1% to
6.5% with the addition of several variants not covered by recent
GWAS, including rs7412.° The absence of SNP rs7412 (or a
suitable proxy) in previously published GWAS to date has not
been highlighted prominently in the discussion of lipid GWAS
which we focused primarily on novel SNP discovery. Current
GWAS chips combined with imputation cover a great deal of the
genome, but there are many untested common variants and these
variants may be contributing considerably to trait variation. This
issue likely explains some of the “missing heritability” and is of
particular relevance in African Americans, where there are more
SNPs and stretches of LD are shorter.

Our results for SNPs rs7412 (APOE) and rs503662 (APOB)
(whose effect sizes mirror those in previously published studies®*),
replicate previous experience with other phenotypes in the
eMERGE consortium demonstrating that variables derived from
EMR can be used for GWAS and other epidemiologic studies.****!
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We initially hypothesized that using LDL-C from EMR might
prove difficult because some individuals may not have followed
instructions to fast before blood draws. However, we believe the
use of the median LDL-C measure helped to protect against the
selection of incorrect measurements due to nonfasting status. If
some nonfasting calculated LDL-C measurements did enter the
dataset, we would anticipate that this would not occur differentially
by genotype, and thus any error introduced should have biased the
estimate of effect to the null. The detection of the rs7412 signal in
a relatively small population and the relatively large percentage
variance explained by the SNP suggest that the extraction of the
phenotype from EMR may actually be advantageous in some
ways compared to previous analyses undertaken in traditional
epidemiologic studies. We believe this is due to our ability both
to use a median measure and to eliminate phenotypic noise due
to multiple types of medication usage and concomitant illness
reduced trait variance. Previously, it has been demonstrated that
GWAS using average measures have increased power,*? and that
an HDL-C GWAS right censored based on relevant comorbidity
and medication history detected novel loci.* Furthermore, our
results in the dataset with no lab values excluded compared to
the dataset with exclusions show how much more trait variance
is explained by a SNP in a sample with less phenotypic noise
due to medications and illness. Earlier studies have typically not
censored values based on such a wide variety of medications or
concomitant illness; the Teslovich et al. GWAS meta-analysis in
European-ancestry populations excluded individuals on lipid-
lowering medications, but most of the analyses in the meta-
analysis did not exclude participants based on prevalent disease,’
while the Lettre et al. GWAS meta-analysis in African Americans
used a correction to account for lipid-lowering therapy and did
not exclude individuals based on prevalent disease.> An analysis
of percentage of LDL-C trait variance explained by a GWAS score
including rs7412 in a large sample with multiple LDL-C values
appropriately censored for medications and prevalent illness may
demonstrate that common genetic variation explains a larger
percentage of variance in the trait in healthy individuals.

Conclusion

We performed a GWAS study of LDL-C in African Americans
which showed a very strong association with SNP rs7412 in APOE
using a phenotype derived from EMR. Although this association
has been reported previously in candidate-gene studies, it has
not been reported in previous GWAS studies because the SNP
was likely not typed or imputed in previous analyses. Using
median LDL-C values extracted from EMR after censoring for
medication and concomitant illness resulted in a SNP association
that explained a relatively large percentage of trait variance. These
results suggest we should be cautious in interpreting the small
percentage of trait variance detected in large GWAS studies and
continue to underscore the value of phenotypes derived from
EMRs in genetic and epidemiologic research.
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