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Evidence for extensive pleiotropy among
pharmacogenes

Aim: We sought to identify potential pleiotropy involving pharmacogenes. Methods:
We tested 184 functional variants in 34 pharmacogenes for associations using a custom
grouping of International Classification and Disease, Ninth Revision billing codes
extracted from deidentified electronic health records of 6892 patients. Results: We
replicated several associations including ABCG2 (rs2231142) and gout (p = 1.73 x 107;
odds ratio [OR]: 1.73; 95% CI: 1.40-2.12); and SLCO1B1 (rs4149056) and jaundice
(p =2.50 x 104 OR: 1.67; 95% ClI: 1.27-2.20). Conclusion: In this systematic screen for
phenotypic associations with functional variants, several novel genotype—phenotype
combinations also achieved phenome-wide significance, including SLC15A2 rs1143672

and renal osteodystrophy (p = 2.67 x 10°%; OR: 0.61; 95% Cl: 0.49-0.75).
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It has long been recognized that genetic
variation affects human drug response [1]. In
the past decade, candidate gene and genome-
wide association studies (GWAS) have iden-
tified specific genetic variants underlying the
physiological response to highly prescribed
medications, including warfarin [2-s], clopi-
dogrel [6] and statins [7], to name a few. The
appeal of personalized or precision medicine
has prompted many clinics to implement
genetic testing for these variants [8-12], often
despite little [13,14] or even contrary [15] evi-
dence regarding clinical utility. Among the
consequences of this recent rise in clini-
cal genotyping and sequencing has been
the growing recognition that pharmaco-
genetic variants regularly display pleiotropic
effects [16] incidental to the original purpose
of testing [17-19].

The term pleiotropy refers to the phe-
nomenon of cross-phenotype associations
by a single genetic locus [20], mechanisms of
which include protein multifunctionality and

alternative DNA splicing. Early studies of the
National Human Genome Research Institute
GWAS Catalog revealed extensive pleiotropy
among the common variants associated with
complex traits. Many such examples have
since been replicated and annotated in tra-
ditional epidemiologic and contemporary
clinical collections [21-26].

The genetic variants in drug-metaboliz-
ing enzymes and drug transporters can be
considered exemplars of pleiotropy. During
their long evolutionary history, pharmaco-
genes have taken on multiple pharmacoki-
netic roles across a range of drugs, pollut-
ants and endogenous compounds [27], and
by modulating exposure to xenobiotics,
pharmacogenes likely play a large role in
shaping the environment’s impact on dis-
ease [28]. Furthermore, genetic variants in
these genes are often responsible for the bevy
of phenotypes associated with inborn errors
of metabolism and other clinically relevant
congenital disorders [29].
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To test pharmacogenetic variants for pleiotropic
associations, we conducted a phenome-wide associa-
tion study (PheWAS) on 184 functional variants in
34 pharmacogenes. In a PheWAS, each genetic vari-
ant is tested for association with multiple pheno-
types (the phenome) as opposed to a single pheno-
type, as in GWAS [30-32]. We used the Illumina®
Absorption, Distribution, Metabolism and Elimina-
tion (ADME) Core Panel (CA, USA) 33] to geno-
type 6067 European—American and 762 African—
American patients linked to deidentified electronic
health records (EHRs). The EHR is a source of high-
dimensional clinical data, well suited for studying
pleiotropic effects across a wide spectrum of clinical
phenotypes [3433].

We replicated four previously described genotype—
phenotype associations, including three with disease,
and identified several novel pleiotropic relationships.
Among the novel results, we identified a significant
association in European—Americans between a non-
synonymous SNP in the gene SLCI542 rs1143672 and
renal osteodystrophy, a disorder of mineral and bone
metabolism (p = 2.67 x 10 odds ratio [OR]: 0.61;
95% CI: 0.49-0.75). Follow-up tests of association
for rs1143672 with all pairs of phenotypes using the
multivariate platform MultiPhen [3¢] revealed signifi-
cant associations (p < 1.88 x 10°) with either renal
osteodystrophy or end-stage renal disease (ESRD) and
abnormal heart sounds, skin neoplasm (of uncertain
behavior), joint pain and back pain. These results
indicate that ‘unmeasured phenotypes’, which are not
well represented in single phenotype analyses, likely
contribute to an array of diseases recorded by Inter-
national Classification of Diseases, Ninth Revision,
Clinical Modification (ICD-9-CM) codes. Coupled
together, these PheWAS and MultiPhen results sug-
gest a complex relationship between genetic vari-
ants and outcomes denoted by billing codes in this
patient population. These results represent a catalog of
potential effects from genotype—xenobiotic and other
environmental interactions.

Methods

Study population & genotyping

The study population described here was derived from
BioVU, the Vanderbilt University Medical Center bio-
repository linked to deidentified EHRs. The establish-
ment of this opt-out clinical collection, including ethi-
cal and legal issues, has been detailed elsewhere [37]. In
brief, DNA is extracted from discarded blood drawn
for routine clinical care in an outpatient setting. DNA
samples are linked to a deidentified version of the EHR
termed the synthetic derivative. Data contained within
the synthetic derivative are considered limited data-

sets as defined by the Health Insurance Portability and
Accountability Act and are in accordance with provi-
sions of Title 45, Code of Federal Regulations, part
46 (45 CFR 46) that define criteria for ‘nonhuman
subjects’ research.

The DNA samples included in this study were geno-
typed on the Illumina® ADME Core Panel at Vander-
bilt University’s Center for Human Genetics Research
(CHGR) DNA Resources Core. These samples were
genotyped as part of various studies performed in
BioVU by Vanderbilt Electronic Systems for Pharmaco-
genetic Assessment (Supplementary Table 1). The
ADME module calling software utilizes predefined
boundaries for calling genotypes preventing the intro-
duction of errors related to batch effects in the data.
We calculated quality control metrics with the genetic
analysis software PLINK version 1.07 [38].

We removed ten and six SNPs from the European
and African—American datasets, respectively, that devi-
ated from our Hardy—Weinberg equilibrium threshold
(p < 0.001). Compared with the other genes on the
ADME Core Panel, CYP2D6 showed a considerable
burden of deviations of Hardy—Weinberg equilibrium
expectations. Call rates of nine markers (GSTMI
rs1065411, CYP2D6 151080985, UGT2B15 rs1902023,
CYP2C8  r1s11572103, CYP2A6  rs28399444,
CYP2A6 1528399454, CYP2A6 151801272, CYP2A6
rs28399433 and CYP2D6 rs28371706) below 0.95
were flagged and included in the analyses. All remain-
ing markers with an allele frequency >0.01 (71 mark-
ers for European—Americans and 74 markers for Afri-
can—Americans) were included in analyses. Duplicates
(n = 25) and samples with genotyping thresholds
below 0.10 (n = 171) were removed from subsequent
analysis.

Population stratification

Race/ethnicity in BioVU is administratively assigned
(third-party reported) and available as a structured
field in the EHR. Previous studies have demonstrated
that this identifier is highly correlated with ancestry
in European—Americans and African—Americans
in BioVU [39.40]. We applied STRUCTURE 2.2 to
the ADME Core genotype data to identify outliers
where genetic ancestry is discordant with third-party
reported race/ethnicity (41]. Model-based clustering
on the African—American and European—American
samples was performed using the admixture model.
STRUCTURE was run with 10,000 burn-in itera-
tions, 50,000 simulation cycles and assigned K = 2.
A total of 241 samples were assigned a probability of
<90% that the race/ethnicity matches his/her genetic
ancestry, and these samples were removed from further
analyses.
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Phenome derivation from ICD-9 codes
For this study we used ICD-9-CM codes from the
deidentified BioVU EHR. ICD-9-CM codes are a
hierarchical classification system of diseases used by
healthcare for billing and administrative purposes [42].
ICD-9-CM codes were translated with the database
management system MySQL into 1368 ‘phecodes’,
which group disease codes in different clinical settings
into a single code (e.g., “Type 1 diabetes’ and ‘hyper-
tension’). The ICD-9-CM phecode translation table
used in this study is available for download at [43.25].
Phecodes were used to define case—control status
as follows. To be categorized a ‘case’ for any single
phecode, the individual must have had at least two
phecodes in his or her record. For any single phecode,
to be a control, the phecode had to be absent from his
or her patient record. Given the hierarchical nature of
ICD-9-CM codes, subjects were excluded from both
cases and controls for a particular phecode if he/she
had only a single instance of that phecode or a related
code. Codes were considered related if they existed in
the same section grouping in the ICD-9-CM hierarchy,
which groups related conditions. Phecodes with fewer
than 35 cases were excluded from the analysis. A total
of 808 and 333 codes in the European—American and
African—American datasets, respectively, remained for
analysis.

Statistical methods

The PheWAS was performed with a script designed in
R, which tests exhaustively all genotype—phecode com-
binations. Statistical tests were modeled using logistic
regression assuming an additive genetic model adjusted
for age (age at first code for cases and the maximum
age recorded in the EHR for controls) and sex. We
declared phenome-wide significance at a Bonferroni-
corrected phenome-wide significance in European—
Americans (p < 6.18 x 10”) and African—Americans at
(p < 1.50 x 10°9.

The paired trait analysis was performed with the R
package MultiPhen 36]. In a MultiPhen analysis, the
genetic variant is held as the dependent variable and
a joint test of association is performed with a linear
combination of phenotypes as predictor variables. The
genotype data are treated as allele count and is modeled
with ordinal regression. Here, we exhaustively tested
pairwise combinations of phecodes that met sample size
criteria in joint tests of associations with a single vari-
ant. Pairs of codes were included if there were at least
50 individuals where both codes were present; 50 indi-
viduals where both codes were absent and the measured
correlation phi (¢) was below 0.95. Reported p-values
refer to the joint p-value recorded in the MultiPhen
output. Regression models in MultiPhen were adjusted
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for the ages of the samples at the two traits and sex.
Bonferroni-corrected significance for the MultiPhen
analysis was declared at p < 1.88 x 107 (0.05 corrected
for 26,599 paired traits) and p < 2.46 x 107 (0.05 cor-
rected for 2035 paired traits) in the European—American
and African—American analyses, respectively.

Data visualization
Data visualization of the Sun Plots was performed with

the PheWAS Viewer [44].

Results

Study population

Samples used in this study were collected by Vander-
bilt University Medical Center’s DNA biorepository
(BioVU), located in Nashville, TN, USA [37]. The
clinical characteristics of the study population are
shown in Table 1. A total of 7266 DNA samples were
genotyped using the Illumina® ADME Core Panel,
which has been used for previous pharmacogenetic
studies in BioVU (Supplementary Table 1) [45]. After
quality control (see ‘Methods’), the majority of the
samples were European—American (n = 6067) and the
remainder African—American (n = 762). Overall, 48%
of the samples were female, slightly less than the 52%
observed in BioVU overall [46]. The mean body mass
index of this PheWAS study population was in the
overweight category (28.34 kg/m?), and the average
age at last EHR record was 55 years (Table 1).

After excluding markers and PheWAS pheno-
types (‘phecodes’) that did not meet quality con-
trol standards (see ‘Methods’), we performed tests
of association for 808 and 333 phecodes in Euro-
pean and African—Americans, respectively (Figure 1,
Supplementary Tables 2 & 3). A Bonferroni-corrected
phenome-wide significance threshold was used to
declare novel significant associations (p < 6.18 x 10~ for
European—Americans and p < 1.50 x 10 in African—
Americans), while previously reported associations
were deemed significant at p < 0.05.

Replicating associations

The most significant association among European—
Americans was between the pharmacogene ABCG2
152231142 and gout, a common disease caused by
hyperuricemia (p = 1.73 x 107; OR: 1.73; 95% CI:
1.41-2.12; Table 2). Also known as Q141K rs2231142
is a missense variant associated with gout as identi-
fied by a GWAS performed in the Framingham and
Rotterdam cohorts [47], and subsequently replicated
in multiple populations [48]. The minor allele (A) fre-
quency was 0.17 in cases (n = 363) and 0.11 in con-
trols (n = 5528). The association between rs2231142
and gout in African—Americans was not significant
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Table 1. Clinical characteristics of phenome-wide association study study population.

Variable
European—-Americans
African—Americans
Female

Body mass index, kg/m?
Age at last record in years
SD: Standard deviation.

Sample size, percent, or mean (SD)
6067

762

48.1

28.34 (7.19)

55.02 (19.59)

(p = 0.86; OR: 1.10; 95% CI: 0.37-3.24), but statisti-
cal power was limited by the minor allele frequency
(0.03) in cases and controls. Nonetheless, direction of
genetic effect (odds ratio) observed among African—
Americans was consistent with the result in European—
Americans as well as with previous reports in the litera-
ture (Table 2) [47]. Direction of effect and coded allele
frequency (CAF) were also consistent with previous
reports in African—Americans [48].

We identified an association between SLCOIBI
154149056 and jaundice (p = 2.50 x 10%; OR: 1.67; 95%
CI: 1.27-2.20). In previous studies of European popu-
lations, rs4149056 has been associated with elevated
serum bilirubin concentrations [49], a known cause of
jaundice. The CAF was 0.23 for cases (n = 154) and
0.15 for controls (n = 5058). The association between
154149056 and jaundice was not significant among
African—Americans (Table 2), again possibly due to
low statistical power as the African—American study
population had fewer cases of jaundice (n = 22) in
comparison to the European—Americans (n = 154).

Two CYP2CI19 alleles from the ADME Core list
were included in this analysis. The rs4244285 A allele
(CYP2C19*2) has been implicated in poor drug meta-
bolism, and the rs12248560 T allele (CYP2C19*17)
with ultrarapid metabolism. Several epidemiological
studies have reported an association between CYP2CI9
poor metabolizer alleles (defined as at least *2 or *3)
and the development of multiple forms of gastro-
intestinal cancer [50]. In this European—American
cohort, rs4244285 was associated with gastric cancer
at p = 0.03 (59 cases; OR: 1.74; 95% CI: 1.03-2.93)
and with atrophic gastritis at p = 3.50 x 10 (77 cases
and 3366 controls; OR: 1.95; 95% CI: 1.35-2.81).
Atrophic gastritis is a necessary precursor to gastric
adenocarcinoma, and the severity of atrophy is a major
indicator of cancer risk [51]. The CYP2C19 rs12248560
T allele was also associated with hepatic cancer in
European—Americans at p = 6.00 x 10 (65 cases;
OR: 1.84; 95% CI: 1.19-2.85). The African—
American dataset had too few cases of atrophic gas-
tritis (n = 3) and stomach cancer (n = 0) to test for
association with CYP2C19.

‘Slow acetylator’ variants of the pharmacogene
NATT have been implicated in several cancers, often in
the context of exposure to polycyclic aromatic hydro-
carbons [52]. The most common of the slow acetyl-
ator variants, rs4986782, is referred to as NAT1*14B
in the pharmacology literature [s3]. We identified
an association between rs4986782 and the phecode
for chemotherapy, a probable indicator of the pres-
ence of nonspecific cancer (956 cases and 4664 con-
trols; p = 6.45 x 10%; OR: 1.85; 95% CI: 1.37-2.50).
However, we noted that the chemotherapy phecode
fails to exclude a number of specific cancer types
from the control group. After expanding the range of
exclusions from controls (all neoplastic ICD-9-CM
codes 140-239), evidence for replication remained
(p = 8.68 x 10 OR: 1.98; 95% CI: 1.48-2.64).
Furthermore, we detected associations with two can-
cer and cancer-related phenotypes at p < 0.01: cervi-
cal cancer (37 cases; p = 7.54 x 107; OR: 5.54; 95%
CI: 1.58-19.94) and myeloid leukemia (47 cases;
p = 1.95 x 107; OR: 3.82; 95% CI: 1.58-8.90). We
were underpowered to attempt replication in the
African—American population (MAF = 0.003).

Lastly, we identified an association between CYP2A6
1s28399433 (coded allele G; CYP2A6*2) and the
phecode for tobacco use disorder (1132 cases and 4882
controls; p = 0.03; OR: 0.81; 95% CI: 0.66-0.99).
Several studies have reported that CYP2A46*2 and
other genotypes associated with poor nicotine metabo-
lizer status correlate with a decrease in cigarettes per
day (s54]. These results validate a previous study that
demonstrated that ICD-9-CM codes can be markers
of smoking behavior in EHRs [55].

Novel associations among European—-Americans
One novel association met this study’s phenome-wide
significance threshold in European—Americans. Four
SLCI5A2 variants (rs1143672, rs2293616, rs1143671
and rs2257212) in strong linkage disequilibrium
(2 > 0.99 in this dataset and in HapMap3 CEU
samples) were associated with renal osteodystrophy,
a disorder of mineral and bone metabolism that
increases risk to fractures and joint problems often as
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a complication of chronic kidney disease (205 cases
and 3811 controls among FEuropean—Americans).
All SLCI5A2 variants had identical minor allele fre-
quencies in the combined population (CAF = 0.47;
Supplementary Figure 1). The four variants in
SLCI5A2 on the ADME Core Panel are exonic; three
encode nonsynonymous changes, one synonymous
(rs2293616). The most significant association was
with rs1143672 (p = 2.67 x 10, OR: 0.61; 95% CI:
0.49-0.75), which exhibited pleiotropic effects on
renal- and bone-related traits such as osteoporosis,
renal failure, diabetic nephropathy, among others
(Figure 2). For the 79 African—American cases and
308 controls, the association between rs1143672 and
renal osteodystrophy was not significant (p = 0.12).
However, the direction and magnitude of effect among
African—American cases compared with controls was
consistent with results for European—Americans. We
also observed nominally significant associations with
SLCI5A2 151143672 and other advanced renal dis-
ease traits in the African—Americans, such as Type 1
(cases = 31; p = 0.01; OR: 0.49) and Type 2 diabetic
nephropathy (cases = 101; p = 0.03; OR: 0.70).

This study defined renal osteodystrophy by one
ICD-9-CM code: 588.0 (Supplementary Figure 2). The
coding definition excluded two ICD-9-CM groups:
‘nephritis, nephrotic syndrome and nephrosis’
(580-589) and ‘other diseases of urinary system’
(590-599). However, a substantial proportion (11.2%)
of patients in this study had undergone a kidney trans-

ADME PheWAS Research Article

plant [45.56]. Because of the strong correlation between
renal osteodystrophy diagnoses and kidney transplant
in this dataset (r(p: 0.82, p> 10%°), we retested the asso-
ciation between SLCI5A2 151143672 and renal osteo-
dystrophy after adjustment for kidney transplant sta-
tus and found that the association was not significant
(p =0.22). This adjusted model suggests that SLCI5A2
is broadly associated with advanced kidney disease,
and that the association with renal osteodystrophy may
be the result of mediated pleiotropy [20].

Novel associations among African-Americans

In total, seven associations met the phenome-wide sig-
nificance threshold in the African—American dataset
(p < 1.50 x 10, Supplementary Table 3). The strongest
association was between SLC22A2 rs316019 and car-
diac arrhythmias (p = 2.79 x 107; OR: 2.76; 95% CI:
1.71-4.42). This variant was also associated with the
phecode for heart transplant (p = 1.36 x 10%; OR:
3.25; 95% CI: 1.96-5.40). The allele frequency of
the SLC22A2 15316019 coded (T) allele was 0.28 in
cases (n = 64) and 0.13 in controls (n = 437). We also
detected an association between SLC22A1 rs628031
and the phecode for cough (cases = 257; p = 1.6 x 10%;
OR: 0.59; 95% CI: 0.47-0.74). These associations
were not significant in the European—American
cohort (p > 0.05). The remaining phenome-wide asso-
ciations in the African—American analysis were for
phecodes that had relatively low case numbers (n < 41;
Supplementary Table 3).
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Figure 1. Manhattan plot of phenome-wide association study results in European—-Americans. ADME Core variants grouped by gene
are plotted on the X-axis against the -log,, of the p-value on the y-axis. The red and blue dashed lines show significance thresholds
of 0.05 and phenome-wide significance (6.19 x 10°), respectively. Annotations of the phecodes are provided for selected associations
that met significance as a novel or replicated association. Width differences between genes reflect SNP coverage for individual genes
on the ADME Core Panel passing quality control.

ADME: Absorption, distribution, metabolism, and elimination.
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Chemotherapy

Paired trait analysis

We performed multivariate tests of association between
SLCI5A2 and all pairs of phecodes. We excluded
pairs of codes with correlations >0.95, and limited
this analysis to those pairs for which there were at
least 50 patients with both codes present and at least
50 patients with both codes absent. This resulted in
26,599 pairs of codes for the European—Americans
and 2035 pairs of codes for the African—Americans,
leading to Bonferroni-corrected significance thresh-
olds of p = 1.88 x 10° and p = 2.46 x 107, respectively.
All four SLCI5A2 variants expectedly produced simi-
lar results. Results for rs1143672, the most significant
SNP in the PheWAS, are presented here.

In European—Americans, four paired traits passed the
significance threshold after correction for multiple test-
ing: abnormal heart sounds and ESRD (p = 5.73 x 107);
skin neoplasm of uncertain behavior and ESRD
(p = 1.54 x 107); pain in joint (p = 3.26 x 107) and renal
osteodystrophy and back pain and renal osteodystrophy
(p = 7.65 x 107) (Table 3). All significant pairs included
at least one advanced renal disease related trait. Although
no paired traits passed the significance threshold after
correction for multiple testing in African—Americans,
the strongest paired association with SLCI542 included
an advanced renal disease phecode: iron deficiency ane-
mias and chronic renal failure (p = 1.01 x 107?). These
traits were correlated (r_= 0.57) and relatively prevalent
in this dataset (cases for iron deficiency anemia: n = 102;
cases for chronic renal failure: n = 258). Notably, the
iron deficiency anemias and chronic renal failure pair-
ing was also marginally significant in the paired-trait
analysis of European—Americans (p = 7.62 x 107).

A Q-Q plot of p-values revealed significant inflation
for European—Americans (Supplementary Figure 3). In
contrast, there was no detectable inflation for African—
Americans (Supplementary Figure 3). When we per-
formed the same multivariate analysis on other vari-
ants that approached phenome-wide significance in
the single-trait analysis (SLC22A2 rs316019, DYPD
rs1801265, NAT2 rs1799931, CYP2B6 158192709,
CYP2D6 155030656, CYP2D6 1535742686 and
CYP2D6 1s5030655), we also did not observe a similar
inflation of p-values (Supplementary Figure 4). Given
the expected low type-1 error rate of MultiPhen [34],
we can conclude that the inflation we observed for the
SLCI5A2 paired-trait analysis was likely driven by true
pleiotropic effects across a spectrum of phecodes, spe-
cifically those associated with high morbidity, such as
kidney transplant (Supplementary Figure 5).

Discussion
Here, we report the results of a PheWAS of the ADME
Core variants in an EHR-linked biorepository. As
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Renal osteodystrophy
2.7e-06

Type 1 diabetic neuropathy
Nausea and vomiting

Other disorders of the
kidney and ureters

Other specified osteoporosis

Osteoarthritis; localized

Internal derangement
of knee

Renal failure NOS
Iron deficiency anemias
Pain in joint

Aseptic necrosis
of bone

Renal sclerosis, NOS

End stage renal disease

Kidney replaced by transplant

Osteoporosis

Proteinuria

Nephritis and neuropathy in
disease classified elsewhere

Abnormal heart sounds

Chronic airway obstruction

Osteoarthrosis; localized, primary

Skin neoplasm of
uncertain behavior

Chronic renal
failure

Figure 2. Sun plots of SLC15A2 rs1143672. The most significant genotype—phenotype association is at 12 o'clock
and p-values increase in a clockwise fashion around the circle. Bars are colored in red for p-values less than 0.001.

The remaining p-values are < 0.05.

expected, given the known pleiotropy of pharmaco-
genes, we detected diverse signals across the phenomic
spectrum. We replicated several known associations in
European—Americans and detected potentially novel
pleiotropic associations in both European—Ameri-
cans and African—Americans, broadening the general
catalog of human pleiotropy and further highlighting
the complexity in disentangling genotype—phenotype
relationships.

ADME PheWAS replicates single trait
associations

We robustly reproduced two associations between
ADME genes and physiological traits: ABCG2 and
gout and SLCOIBI and jaundice [47.49]. The remaining
replications are signals driven by the impact of ADME
variants on the metabolism of xenobiotics (CYP2A6
on nicotine, CYP2CI9 and NATI on carcinogens).
A recent meta-analysis of candidate gene studies con-
firmed the association between CYP2CI19 poor-meta-
bolizer genotypes and gastric cancer [50]. Previous stud-
ies focused on Asian populations, but to our knowledge

this is the first report the signal has been reproduced
in individuals of European descent (stomach cancer:
p < 0.04, OR: 1.69). In addition, we found an asso-
ciation with atrophic gastritis (p = 3.50 x 10", OR:
1.99), which can be associated with Helicobacter pylori
infections or autoimmune conditions, and is associ-
ated with an increased risk of gastric cancer. Inter-
estingly, we detected a significant signal between the
gain-of-function CYP2C19*17 allele and hepatic cancer
(p-value = 6.00 x 107%; OR: 1.84). This finding corrob-
orates a recent gene expression study of hepatic cancer,
which found increased CYP2CI9 mRNA expression
in hepatocarinoma tissue [57]. These findings together
suggest that CYP2CI9 may have independent roles in
the elimination of carcinogens and bioactivation of
procarcinogens in the stomach and liver, respectively.

ADME PheWAS identifies potential novel
pleiotropy

We detected a novel and biologically plausible association
between SLCI5A2 rs1143672 and renal osteodystrophy
in European—Americans. SLCI5SA2 is expressed in
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Table 3. Significant associations detected in paired-trait analysis for SLCT15A2 rs1143672.

ESRD: End-stage renal disease.

Trait 1 (n) Trait 2 (n) Joint p-value r,

Abnormal heart sounds (290) ESRD (558) 5.11 x 107 0.12
Renal osteodystrophy (205) Pain in joint (1918) 3.36 x 107 0.10
Renal osteodystrophy (205) Back pain (1330) 4.66 x 107 0.06
Skin neoplasm of uncertain behavior (393) ESRD (558) 1.77 x 107 0.06

We performed joint tests of association with pairs of phecodes and the four variants in SLC15A2. Analyses were limited to pairs of codes
with at least 50 individuals with both codes present; 50 individuals where both codes were absent and the correlation, I, was less than 0.95.
Regression models in MultiPhen were adjusted for the ages of the samples at the two traits and sex. Bonferroni-corrected significance for
the MultiPhen analysis in European—Americans was declared at p < 1.88 x 107 (26,599 paired traits). Median correlation (r, ) of the paired
traits is given for each joint test shown. p-values for tests of correlation are <0.001.

the proximal tubule of the nephron (s8] and encodes
PEPT2, a proton-peptide cotransporter responsible for
the absorption di- and tripeptides produced by luminal
pepidases. PEPT?2 also serves as a transporter for beta-
lactam antibiotics, cephalexin as well as other drugs with
peptide-like structures [59]. A haplotype analysis of the
14 most common SNPs in SLCI5A2 revealed that >90%
of the exonic variation in the gene was captured by two
major haplotypes: */ and *2 [59]. The SLC1542*2 hap-
lotype is tagged by the SLCI5A2 rs1143672 genotyped
here [59]. The *7 and *2 haplotypes are different in their
uptake of dipeptides in that the *2 haplotype, which was
associated with protection from renal osteodytrophy in
this PheWAS, has significantly lower affinity than the
*1 haplotype [59].

The pleiotropic effect of SLCI5A2 on bone and
renal disease observed here is likely mediated by a
shared etiology [60]. The kidneys maintain proper
levels of calcium and phosphorus in the blood, which
are crucial compounds in the maintenance of bone
hormone levels. The kidneys accomplish this feat by
converting vitamin D into calcitriol, which helps the
body absorb dietary calcium and phosphorus into the
bones. Calcitriol also regulates production of the para-
thyroid hormone, another important compound in the
maintenance of circulating calcium. These functions
are disturbed in patients with kidney disease and can
lead to a decline in bone mass (e.g., renal osteodystro-
phy). Furthermore, studies of 5/6 nephrectomized rats,
a model of human chronic renal failure, demonstrated
that PEPT?2 is upregulated resulting in an increase
in reabsorption of small peptides in this diseased
state [61]. The statistical association data here coupled
with the functional data previously published suggest
that kidney disease patients with the SLCI542*2 hap-
lotype have lower affinity and thus less uptake of pep-
tides and/or drugs in the reabsorption process of the
kidney’s proximal tubule compared with patients with
the SLCI5A2*1 haplotype. Indeed, PEPT?2 is known to
transport ACE inhibitors [62], a drug often prescribed
to patients with chronic kidney disease to lower blood

pressure to prevent further kidney damage. ACE
inhibitors should be used with caution in patients
with high potassium levels as these drugs may further
increase the patient’s potassium levels leading to hyper-
kalemia. It may be that kidney disease patients in this
study with the SLCI542*2 haplotype experience lower
uptake of ACE inhibitors, altering their blood concen-
tration resulting in increased urinary loss of phosphate
and a decreased risk of hyperparathyroidism secondary
to hyperphosphatemia (thought to be the cause of renal
osteodystrophy) (Figure 3). This novel PheWAS result
may be an example of a weak pharmaocgenomic effect
of SLCI5A2 on ACE inhibitors in the general popula-
tion that is amplified in patients with existing kidney
disease due to increased expression of the gene. More
generally, these PheWAS results suggest that a pharma-
cogenomic effect of genetic variants in SLCI54A2 may
be induced by kidney disease, which has downstream
risks of bone disease that are greatly amplified during
the aging process.

Published data from the electronic MEdical Records
& GEnomics (eMERGE) Network PheWAS cata-
log [63] tentatively corroborate the association results
observed in this PheWAS. In the eMERGE network
analysis, a PheWAS was performed on 3144 SNPs
in the National Human Genome Research Institute
GWAS catalog that met genome-wide significance
(p <5 x 10®) [25]. SLCI5A2 rs4285028, a variant in the
3’ region of SLCI5A2 and previously identified as risk
factor for multiple sclerosis [64], was included in the
eMERGE network analysis [25]. While the eMERGE
network dataset does not represent a suitable replica-
tion cohort given the nominal correlation between the
variants SLCI5A2 rs4285028 and SLCI5A2 rs1143672
(1000 Genomes Project CEU: r* = 0.23; D’ = 1) and
the relatively low sample sizes of advanced renal traits
(ESRD n = 132, renal osteodystrophy n = 92, kidney
replaced by transplant n = 116), the dataset does pro-
vide an opportunity to examine pleiotropy at the gene
level with the traits available. The eMERGE network
PheWAS reported that SLCI5A2 rs4285028 was asso-

860

Pharmacogenomics (2016) 17(8)

fsg

future science group



ciated with calcium/phosphorus disorders (European—
American, n = 496; p = 0.02; OR: 1.19), fracture of
hand or wrist (cases = 691; p = 0.02; OR: 0.85), and
calculus of kidney (n = 628, p = 0.03; OR: 1.15) [25].
The regulation of calcium and phosphorous levels is a
shared factor in the etiology of these traits, a finding
that supports a bone mineral-advanced renal disease
pleiotropic effect of SLCI5A2.

The results the paired trait analysis of SLCI542
rs1143672 in MultiPhen revealed Bonferonni-corrected

Phosphate loss
in urine

Proximal tubule of
kidney nephron

Urinary
phosphate

ADME PhewAs Research Article

significant associations with two advanced kidney dis-
ease related traits: ESRD and renal osteodystrophy
(Table 3). MultiPhen utilizes multiple discrete traits
to detect genetic associations with ‘unmeasured phe-
notypes” hidden in single phenotype analyses [36]. The
improvement of MultiPhen over PheWAS or GWAS
is most evident when the discrete traits are not in the
same direction as the correlation between the two
phenotypes. As previously described [36], MultiPhen
is powerful when a variant affects only one of two

rs1143672 (SLC15A2*2)
Reduced transport of ACE inhibitors

rs1143672 (SLC15A2*1)

Phosphate is reabsorbed
from urine

PEPT2 is upregulated
during renal failure

Figure 3. Proposed physiologic model of the effects of SLCT15A2 rs1143672. In nonhuman models of chronic
kidney disease, PEPT2 is upregulated leading to dysregulation of proper levels of calcium and phosphorus in the
blood. We propose the SLC15A2*2 haplotype effect observed here statistically is induced by kidney failure. That
is, kidney disease patients with the SLC15A2*2 haplotype have lower affinity and thus less uptake of peptides
and ACE inhibitors in the reabsorption process of the kidney’s proximal tubule compared with patients with the
SLC15A2*1 haplotype. The lower affinity likely results in increased urinary loss of phosphate and a decreased risk
of hyperparathyroidism secondary to hyperphosphatemia (thought to be the cause of renal osteodystrophy).
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highly correlated phenotypes, or a variant affects nega-
tively correlated phenotypes in the same direction or
positively correlated phenotypes in opposite directions.

The significant pairing of ESRD and skin neoplasm
of uncertain behavior supports the model that specific
SLCI5A2 151143672 alleles are enriched in the kidney
transplant subpopulation beyond expectation. Immu-
nosuppressant agents, cyclosporine and tacrolimus,
are regularly prescribed to organ transplant recipi-
ents to prevent the onset of graft versus host disease.
Skin cancer is a common side effect of these drugs; as
such, kidney transplant patients are at increased risk
for its development [¢5]. This common adverse side
effect of immunosuppressants may explain the modest
association with SLCI5A2 rs1143672 and skin cancer
observed in the PheWAS (p = 1.31 x 107%; OR: 0.79).
We suspect that kidney transplantation is likely
unmeasured phenotype driving the significant paired
association, skin neoplasm of uncertain behavior and
ESRD, detected by MultiPhen.

In BioVU’s kidney transplant population, codes for
chronic kidney failure may vary and/or lose sensitivity,
especially among those patients who entered BioVU
post-transplant. In this heterogeneous population, with
respect to the timing of entry into BioVU and specific
kidney disease coding, one could expect a weakening
of associations with specific renal disease codes and an
ESRD risk variant in the PheWAS. Instead, the rela-
tive independence of skin cancer and ESRD codes in
the kidney transplant population still achieved signifi-
cance for an association with an ESRD risk variant by
MultiPhen. Overall, the paired associations observed
between rs1143672 and skin cancer and ESRD could
be interpreted as further evidence that the SLCI542
represents an undiscovered genetic factor in the onset
of end-stage kidney disease.

The other significant paired associations with
SLCI5A2 rs1143672 are more difficule to interpret.
The association with abnormal heart sounds is inter-
esting, as cardiovascular disease is a leading cause of
death among patients with ESRD (s6]. It is plausible
that since kidney patients have too much fluid and
increased vascular disease, they would more often have
abnormal heart sounds on exam. The paired associa-
tions with renal osteodystrophy included back pain and
pain in joint, two physical symptoms which are reflec-
tive of the bone-mineral density disorder. This finding
may be interpreted as the presence of physical symp-
toms in the billing codes that can improve association
signals with primary phenotypes by adding additional
layers of phenotypic dimension. That is, renal osteo-
dystrophy may be undiagnosed or uncoded in patients
with kidney disease resulting in an independent signal
of joint pain and back pain with SLCI542.

ADME PheWAS in African—Americans

In general, the small sample size for African—
Americans reduced statistical power and our ability
to replicate or generalize the findings detected in the
PheWAS performed among European—Americans
(Table 2). African—Americans had much fewer cases of
gout (n = 65), jaundice (n = 22) and atrophic gastritis
(n = 3) compared with European—Americans in this
dataset. Also impacting statistical power was the dif-
ference in CAFs between the two populations. The
allele frequencies of NATT rs4986782 (CAF = 0.003)
and CYP2A6 rs1801272 (CAF = 0.005) in the
African—American dataset were much lower than in
European—Americans.

In contrast with standard PheWAS, the paired trait
analysis was able to generalize a pattern of association
with SLCI5A2 and advanced renal disease observed
in European—Americans to African—-Americans. The
most significant paired association, iron deficiency ane-
mia and chronic renal failure, supports a suspected role
for SLCI5A2 in ESRD in African—Americans. Anemia
is actively monitored in patients with advanced kid-
ney disease [¢7]. Cells in the kidney make the hormone
erythropoietin, which stimulates the bone marrow to
make new red blood cells that on average last about
120 days. As the kidneys fail, patients make less of
the hormone and anemia ensues. In addition, kidney
failure is a state of inflammation, which affects iron
stores and usage. Therefore, many patients with kid-
ney disease are at risk for iron deficiencies and require
iron infusions to help with the anemia. We suspect
that chronic renal failure codes and iron deficiency
anemia codes are correlated with ESRD in this patient
population, driving the association with SLCI5A42
rs1143672.

Limitations & strengths

This present study has numerous limitations and
strengths. The present study population is a compos-
ite of samples genotyped for pharmacogenetic studies
performed in BioV'U and genotyped on a fixed-content
array designed for pharmacogenomics [45]. Conse-
quently, this patient population is a highly medicated
and disease-burdened group in comparison with the
general population. Given the role of ADME genes,
we suspect some of the results observed here may be
driven by gene—xenobiotic interactions abundant in
this patient population that were not considered in this
analysis. As previously mentioned, we were statistically
underpowered to replicate associations observed in
European—Americans in the African—American patient
population. Many of the common ADME Core vari-
ants in the European—American dataset were rare in
the African—American dataset, and vise-versa (Table 2).
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Also, BioVU in general contains fewer African—Ameri-
cans than European—Americans (~13 African—Ameri-
cans for every 100 European—Americans), resulting
in fewer case and control counts available for analysis
among African—Americans. Finally, imprecise pheno-
typing may have also lowered the statistical power of
this study. ICD-9-CM codes may not be reflective of
the actual clinical outcome of the patient.

Another major limitation is the fact that the pres-
ent study does not include an independent replication
dataset. Despite corrections for multiple testing, it is
possible that the novel findings observed here could
represent false positive associations. Indeed, the Q—-Q
plots of the resulting PheWAS p-values showed mod-
erate inflation (Supplementary Figure 6). However,
this property of the p-values was attenuated by the
removal of specific genes with strong signals of associa-
tion in the PheWAS (Supplementary Figure 7). Given
the strong correlation across phecodes in this dataset
(Supplementary Figures 5 & 8), the modest correlation
of p-values in the single-trait analysis is unsurprising
and does not necessarily signify the presence of spuri-
ous results. Also, although not a technical replication
given the low level of linkage disequilibrium between
tested variants, the eMERGE network PheWAS for
variants in SLCI5A2 corroborate our overall observa-
tions and conclusions that these data support a bone
mineral-advanced renal disease pleiotropic effect of
SLCI5A2.

Replication is notoriously difficult for pharma-
cogenomic studies [68]. SLCISA2 has not yet been
implicated in published GWAS for kidney-related
quantitative traits, chronic kidney disease or ESRD.
However, it should be noted that existing studies
in the literature do not mirror the study popula-
tion presented here. For example, existing GWAS
of kidney-related quantitative traits such as serum
phosphorous levels [69] and serum calcium [70] were
studies of the traits within the normal range. Also,
a recent large GWAS of kidney function and decline
focused on change in kidney function regardless of
chronic kidney disease status at baseline as measured
by the estimated glomerular filtration rate at differ-
ent clinic visits [71]. The pharmacogenomic sample
presented here is unique in many ways including its
EHR basis and the oversampling of kidney disease
patients (~29% had renal osteodystrophy) and kidney
transplant (16% of the study population) [45]. Existing
EHRs linked to biorepositories with GWAS data such
as those available in the eMERGE I Network also do
not mirror the sample described here given that the
individual study sites selected samples for genotyping
based on other phenotypes (e.g., dementia, cataracts,
electrocardiographic traits, peripheral artery disease

ADME PheWAS Research Article

and Type 2 diabetes) (72]. Thus, the bias for extreme
kidney disease in this sample cannot be recapitulated
in the existing GWAS datasets such as those available
by the eMERGE I Network.

Despite the limitations, the present study findings are
bolstered by biological plausibility based on published
functional 77 vitro and in vivo data. The present study
also benefited from the unique phenotypic data the
EHR provides compared with other epidemiological
cohorts. Many of the traits captured by the EHR and
included in this PheWAS require a depth only available
in a clinical setting. This phenotypic depth analyzed
in conjunction with the genetic variants reveals geno-
type—phenotype complexities that can in turn be used
to refine definitions of disease in coded in the clinic.

Conclusion

These results expand our understanding of the diverse
roles of ADME genes and serve as a powerful tool for
hypothesis generation. The novel association between
SLCI5A2 and renal disease warrants further investiga-
tion as these data offer the first clues into the genetic
etiology of a complex trait at the interface of bone and
kidney diseases. Our results also underscore the rich
clinical data uniquely available to an EHR-derived
phenome for detailed studies of pleiotropy across
the human genome-phenome. With the paired trait
approach, we were able to utilize more phenotypic data
compared with previous phenome-wide approaches.
Further methodological improvements on multivariate
analyses in reverse genetic approaches are warranted.
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Executive summary

Background

e Pleiotropy refers to cross-phenotype associations by a single genetic locus. Pleiotropy can arise from a variety
of mechanisms, and recent studies have show that pleiotropy is common among genome-wide association
study (GWAS)-identified variants.

e Systematic searches for cross-phenotype associations have not yet been performed for functional
pharmacogenomic variants, many of which are genotyped in the clinic to inform prescription practices without
considering the consequences of pleiotropic effects.

¢ We conducted a phneome-wide association study (PheWAS) on 184 functional variants in 34 pharmacogenes
assayed by the Illlumina® Absorption, Distribution, Metabolism, and Elimination (ADME) Core Panel for 6067
European—-Americans and 762 African-Americans linked to deidentified eletronic health records. Among these
patients, a total of 808 and 333 phenotypes (termed ‘phecodes’) were available among European—Americans
and African—Americans for this PheWAS.

Findings

e We replicated several previously reported genotype-phenotype associations and identified potentially novel
pleitropic associations.

e Among European-Americans, replicated associations included ABCG2 rs2231142 and gout and SLCO7B1 and
rs4149056 and jaundice.

e One novel association was identified after correction for multiple testing: SLC15A2 rs1143672 and renal
osteodystrophy in European-Americans. Adjustment for kidney transplant status (oversampled in this
patient population) attenuated the association, suggesting the association between rs1143672 and renal
osteodystrophy is a result of mediated pleiotropy. Paired trait analysis between SLC15A2 rs1143672 and
all pairs of phecodes identified four paired traits after correction for multiple testing. All significant pairs
included at least one advanced renal disease related trait.

e African-Americans in general were underpowered to replicate previously reported associations. Several
significant potentially novel pleiotropic associations were identified among African-Americans, including
SLC22A2 rs316019 and cardiac arrhythmias and SLC22A17 rs628031 and cough.

Conclusion

e Replication of previously reported associations further validates the high-throughput approach of PheWAS.

¢ We identified potentially novel pleiotropic associations, notably SLCT5A2 rs1143672 (and three variants in

linkage disequilibrium with it) among European—-Americans. The association identified in this PheWAS has

biologic plausibility. SLC15A2 is expressed in the proixmal tubule of the nephron and encodes PEPT2, a proton-
peptide co-transpoter. Previously published functional studies have shown that the SLC15A2*2 haplotype,
tagged by rs1143672, has lower affinity and less uptake of peptides and/or drugs such as ACE inhibitors
commonly prescribed in patients with chronic kidney disease. Published studies of 5/6 nephrectomized rats,

a model of human chronic renal failure, demonstrated that PEPT2 is upregulated resulting in an increase in

reabsorption of small peptides in this diseased state. Taken together, the observed statistical association may

be representative of a weak pharmacogenomic effect of SLC15A2 on ACE inhibitors in the general population
that is amplied in patients with existing kidney disease.

Replication for this and other pharmacogenomic studies in general is difficult due to lack of comparable

datasets.

Interpreting cross-phenotype associations is statistically challenging and requires further functional follow-up

for confirmation.
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