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ABSTRACT

CYP2C9 and CYP2C19 are highly polymorphic pharmacogenes;
however, clinically actionable genetic variability in drug metabolism
due to these genes has been limited to a few common alleles. The
identification and functional characterization of less-common open
reading frame sequence variation might help to individualize therapy
with drugs that are substrates for the enzymes encoded by these
genes. The present study identified seven uncharacterized variants
each in CYP2C9 and CYP2C19 using next-generation sequence data
for 1013 subjects, and functionally characterized the encoded pro-
teins. Constructs were created and transiently expressed in COS-1
cells for the assay of protein concentration and enzyme activities
using fluorometric substrates and liquid chromatography- tandem
mass spectrometry with tolbutamide (CYP2C9) and (S)-mephenytoin
(CYP2C19) as prototypic substrates. The results were compared
with the SIFT, Polyphen, and Provean functional prediction software

programs. Cytochrome P450 oxidoreductase (CPR) activities were
also determined. Positive correlations were observed between pro-
tein content and fluorometric enzyme activity for variants of CYP2C9
(P < 0.05) and CYP2C19 (P < 0.0005). However, CYP2C9 709G>C and
CYP2C19 65A>G activities were much lower than predicted based on
protein content. Substrate intrinsic clearance values for CYP2C9
218C>T, 343A>C, and CYP2C19 337G>A, 518C>T, 556C>T, and
557G>A were less than 25% of wild-type allozymes. CPR activity
levels were similar for all variants. In summary, sequencing of
CYP2C9 and CYP2C19 in 1013 subjects identified low-frequency
variants that had not previously been functionally characterized. In
silico predictions were not always consistent with functional assay
results. These observations emphasize the need for high-throughput
methods for pharmacogene variant mutagenesis and functional
characterization.

Introduction

Pharmacogenomics (PGx) is the study of the role of genetic variation
in variability in drug response phenotypes (Weinshilboum, 2003).
Individual response to drug therapy varies widely, with genetic factors
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possibly accounting for 20%—-30% of that variation (Ingelman-Sundberg
and Rodriguez-Antona, 2005). While genetic variants contribute to
variability in function for genes encoding drug-metabolizing enzymes,
drug transporters, drug receptors, and signaling molecules, genes
encoding drug-metabolizing enzymes have received the most attention
for clinical implementation (Ingelman-Sundberg and Rodriguez-
Antona, 2005; Weinshilboum and Wang, 2017). Significant associa-
tions of nonsynonymous single-nucleotide polymorphisms (SNPs) in
these genes with drug treatment outcomes are reported regularly
(Sim et al., 2013). Genetic heterogeneity in genes encoding drug-
metabolizing enzymes contributes to population heterogeneity in drug
response by influencing both pharmacokinetics and pharmacodynamics
(Dresser et al., 2000; Kim et al., 2008).

Cytochrome P450 (P450) enzymes in families 1-3 metabolize 70%—
80% of all clinically used drugs that undergo phase I metabolism
(Ingelman-Sundberg et al., 2007; Sim et al., 2013). Nearly 40%—45% of

ABBREVIATIONS: CPR, cytochrome P450 oxidoreductase; dbSNP, single-nucleotide polymorphism database; ESI, electrospray ionization;
gnomAD, Genome Aggregation Database; LC-MS/MS, liquid chromatography— tandem mass spectrometry; 3MA, 3-methyladenine; MG123,
carbobenzoxy-L-leucyl-L-leucyl-L-leucinal; m/z, mass-to-charge ratio; NGS, next-generation sequencing; ORF, open reading frame; P450,
cytochrome P450; PGx, pharmacogenomics; RIGHT, Right Drug, Right Dose, Right Time, Using Genomic Data to Individualize Treatment; SNP,
single-nucleotide polymorphism; SRS, substrate Recognition Sites; WT, wild type.
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those drugs are cleared by oxidative metabolism catalyzed by CYP2C9,
CYP2CI19, and CYP2D6 (Kirchheiner et al., 2004). The genes encoding
these P450s have numerous polymorphisms, and those polymorphisms
may have significant impact on the clinical effects of drugs with narrow
therapeutic indices. Therefore, the US Food and Drug Administration
has adopted black box warnings for several narrow therapeutic index
drugs, recommending PGx testing before prescribing these drugs.
Similarly, many drugs with potentially promising efficacy never reach
the market because of adverse drug reactions or large variation in
efficacy. It is possible that PGx variants may explain the large variation
in response to drug treatment and predict adverse drug reactions
(Friedman et al., 1999; Murphy, 2000).

Advanced sequencing technologies continue to identify variants in the
drug-metabolizing enzyme genes that encode allozymes with poorly
characterized or unknown clinical significance. Next-generation se-
quencing (NGS) studies of large populations such as the 100,000
Genomes Projects (Mark et al., 2017) have generated DNA sequence
data for PGx genes. Several years ago, the Mayo Clinic instituted the
“Right Drug, Right Dose, Right Time—Using Genomic Data to In-
dividualize Treatment Protocol” (i.e., the RIGHT protocol) in collaboration
with the National Human Genome Research Institute, the Electronic
Medical Records and Genomics Network, and the Pharmacogenomics
Research Network (Bielinski et al., 2014). That project was designed
to investigate the clinical implementation of preemptive PGx testing
and provide clinicians with point-of-care PGx-guided prescribing
information. Specifically, 1013 subjects gave permission for the
sequencing of their DNA for 84 pharmacogenes among which
CYP2CI19, CYP2CY9, VKORCI, CYP2D6, and SLCOIBI are in-
corporated into the electronic health record (Ji et al., 2016).

The RIGHT study identified a series of rare variants in the open
reading frames (ORFs) of CYP2C9 and CYP2C19. Those variants either
lacked functional characterization or had not been previously reported.
The standard strategy to identify the functional significance of variants
begins with the preparation of recombinant allozymes using site-directed
mutagenesis followed by expression in human cell lines, measurement
of protein concentrations, and determination of enzyme activity using
prototypic substrates (Weinshilboum et al., 1999; Wang et al., 2003, 2005;
DeLozier et al., 2005; Dai et al., 2014a,b, 2015; Niinuma et al., 2014; Hu
et al., 2015). Computational methods have also been developed in an
attempt to predict the effect of genetic variation in encoded amino acid
sequence on protein stability and enzyme activity, but their validation
and accuracy remains unclear (Flanagan et al., 2010).

The present study was designed to determine the functional effect of
rare variants found in both CYP2C9 and CYP2CI9 in the RIGHT
sequence data. We used a standard approach to prepare recombinant
variant allozymes and studied the effect of those variants on protein level
and enzyme activity using both fluorescent probe substrates and prototypic
substrates. The functional consequences of many of the variants could not
be accurately predicted by current algorithms. Study of these variants
showed functional effects that might indicate clinical utility with regard to
variation in drug response phenotypes. If these results can be generalized,
they indicate that, ultimately, DNA sequencing will be preferable to
genotyping for the clinical implementation of pharmacogenomic vari-
ants, and they also strongly support the need for high-throughput
functional assays and accurate predictive algorithms to make it possible
to achieve the optimal reduction in adverse drug reactions and the
optimal increase in drug efficacy that pharmacogenomics promises.

Materials and Methods

Study Subjects. The RIGHT Study enrolled 1013 participants and sequenced
84 pharmacogenes for each subject. This study was conducted according to the
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Declaration of Helsinki and was reviewed and approved by the Mayo Clinic
Institutional Review Board. The subjects were 86% non-Hispanic Caucasians,
and 53% were women with 96.7% Caucasian, 1% Asian, 0.6% African American,
0.1% American Indian/Alaskan Native, 0.5% other race, and 1.1% unknown or
chose not to disclose their ethnicity (Bielinski et al., 2014; Ji et al., 2016).

CYP2C9 and CYP2C19 Gene Sequencing. PGx gene capture and NGS of
DNA were conducted in the Personalized Genomics Laboratory and Clinical
Genome Sequencing Laboratory, Mayo Clinic, Rochester, MN. The Pharmaco-
genomics Research Network sequencing (PGRN-Seq, version 1.0) capture
reagent panel was used to sequence 84 pharmacogenes and covered 968 kb that
included approximately 2 kb upstream of and downstream from the coding
regions of these genes (Ji et al., 2016). The KAPA HTP Library Preparation Kit
(Kapa Biosystems, Inc., Wilmington, MA) and Bioo Scientific NEXTflex
barcode adapters (Bioo Scientific Corporation, Austin, TX) were used for library
preparation and precapture pooling. Samples were sequenced using the Illumina
HiSeq2500 Sequencing System in the rapid run mode by using the TruSeq Rapid
SBS Kit (Illumina, San Diego, CA) with the 200-cycle and 2 x 101 pair end reads
capability (Ji et al., 2016). FASTQC (Babraham Institute, Cambridge, UK) was
used to assess raw read quality. Files were aligned to the hg19 reference genome
using NovoAlign (VN:V2.07.13; Novocraft Technologies, Selangor, Malaysia).
Single-nucleotide variants were identified by CLC’s Neighborhood Quality
calling method.

Specific regions around known CYP2C9 and CYP2C19 alleles were examined,
and Sanger sequencing was used to confirm observed variants. Each variant was
confirmed 10 times. The NGS workbench, which is an internally developed Mayo
Clinic program that facilitates results interpretation, was used to review quality
metrics and manually annotate novel or ambiguous sequence alterations
(Bielinski et al., 2014).

CYP2C9 and CYP2C19 cDNA Expression Constructs. Human CYP2C9
cDNA and human CYP2CI9 cDNA clones in the eukaryotic expression vector
pCMV6-XL5 were obtained from OriGene Technologies, Inc. (Rockville, MD).
Site-directed mutagenesis was then performed using the QuikChange Lightning
Kit (Agilent Technologies, Santa Clara, CA) to create expression constructs for
each of the variants to be studied. Sequences of the primers used to perform site-
directed mutagenesis are listed in the Supplemental Material (see Supplemental
Tables 1 and 2). The sequences of the human CYP2C9 ¢cDNA and CYP2CI9
cDNA clones and all variant constructs were also confirmed by Sanger
sequencing.

Expression of CYP2C9 and CYP2C19 Variant Proteins in COS-1 Cells.
COS-1 African green monkey kidney cells do not express CYP2C9 or CYP2C19,
and as a result were selected for use in our expression studies. Specifically, the
cells were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum. At 24 hours before transfection, the cells were plated at a
density of 1.25 x 10° per T75 flask. Subsequently, the cells were transfected with
plasmids carrying CYP2C9 or CYP2C19 cDNA using Lipofectamine 3000 (Invi-
trogen, Carlsbad, CA) according to the manufacturer’s instructions. After 6 hours
of incubation at 37°C, the culture medium was replaced with Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum, and the cells were incubated
for an additional 66 hours. Each expression clone was homozygous for the
nucleotide change. The cells were then washed with PBS, followed by
trypsinization and pelleting in PBS (2000 rpm centrifugation for 10 minutes at
4°C) for S9 fractionation.

Preparation of S9 Fractions of Cell Pellets. Cells were resuspended in
300 wl of 0.25 M sucrose. After sonication for 20 seconds using a probe sonicator
and centrifugation at 2500 rpm for 5 minutes, the supernatant was transferred to a
new tube and centrifuged at 9000 rpm for 10 minutes. The resulting supernatant
was transferred to a microcentrifuge tube. The DC Protein Assay Kit (Bio Rad,
Hercules, CA) was used to measure the protein content of the S9 fractions.

Western Blot Analysis. Quantitative Western blot analyses were performed
using CYP2C9 or CYP2C19 S9 fractions. Proteins were separated by SDS-PAGE
prior to transfer to polyvinylidene fluoride membranes. The membranes were
incubated with rabbit polyclonal CYP2C9 antibody (Abcam) or CYP2C19
antibody (Sigma, St. Louis, MO) at 1:1000 or 1:250 dilution, respectively. ACTB
protein was measured using mouse monoclonal ACTB antibody (Sigma), and its
expression was used as a loading control. The expression of each variant was
normalized with regard to that of the wild type (WT). Proteins were detected using
the SuperSignal West Dura Extended Duration Substrate (Thermo Scientific,
Rockford, IL), and images were captured on X-ray films. Quantification of protein
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density on X-ray films was performed with the National Institutes of Health
Image] software program (https://imagej.nih.gov/ij/download.html).

Protein Degradation Experiments. In some experiments, cells were treated
with 10 uM 3-methyladenine [(3MA); Selleckchem, Houston, TX] for 48 hours
or 10 uM carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG132), a proteasome
inhibitor (Selleckchem), for 8 hours to determine whether CYP2C9 and
CYP2C19 variant allozymes might be degraded by either autophagy (3MA) or
by a proteasome-mediated process (MG132) in COS-1 cells (Wang et al., 2004,
2005; Ji et al., 2007; Pereira et al., 2010; Liu et al., 2017). The cells were then
collected for S9 fractionation.

Enzyme Assays. CYP2C9 and CYP2C19 enzyme activities were measured
using a modification of the Vivid assay (Thermo Fisher Scientific, Carlsbad, CA).
In this assay, blocked dye substrates, benzyloxy-methyl-fluorescein and
7-(ethoxymethoxy)-3-cyanocouamrin for the CYP2C9 and CYP2C19 enzymes,
respectively, were metabolized into fluorescent products in an aqueous solution.
In our experiments, we incubated CYP2C9 and CYP2C19 SO fractions at protein
concentrations of 4.8 and 3.9 mg/100 ul, respectively, with an NADPH
regeneration system consisting of glucose 6-phosphate and glucose-6-
phosphate dehydrogenase and reaction buffer, which were included in the kit,
at room temperature in triplicate for 20 minutes in a 96-well plate. The enzyme
reaction was initiated by the addition of a mix of NADP* and appropriate Vivid
substrate concentrations [2 uM of Vivid benzyloxy-methyl-fluorescein substrate
for CYP2C9 and 10 uM of Vivid 7-(ethoxymethoxy)-3-cyanocouamrin substrate
for CYP2C19, which were provided in the kit]. Immediately (less than 2 minutes)
after initiation of the enzyme reaction, fluorescent products were measured at
intervals of 15 minutes spectrophotometrically at excitation/emission wave-
lengths of 490/520 nm for CYP2C9 and 415/460 nm for CYP2C19 substrates,
against Vivid fluorescent standard concentrations of 500, 250, 125, 62.5, 15.625,
7.8125, and 0 nM in duplicate wells. Relative enzyme activities were measured
compared with WT activity as 100%. Enzyme activity of all variant allozymes of
CYP2C9 and CYP2C19 were conducted on the same day at the same time
alongside their respective WT enzymes.

CYP2C9 and CYP2C19 enzyme kinetic parameters were characterized with
tolbutamide and (S)-mephenytoin, respectively, as substrates. Specifically, S9
fractions of CYP2C9 and CYP2C19 enzyme suspensions were incubated in a2 ml
microcentrifuge tube maintained at 37°C in a shaker bath. Each incubation
mixture (100 ul) contained S9 fraction (0.4 mg/ml protein final concentration),
NADPH (1 mM), magnesium chloride (5 mM), and potassium phosphate buffer
(50 mM pH 7.5, CYP2C9) or Tris buffer (100 mM pH 7.4, CYP2C19). Identical
S9 incubations in which NADPH was omitted served as controls. After
preincubation of the S9 fractions with the reaction buffer (NADPH"") for
2 minutes, the metabolic process was initiated by adding tolbutamide (CYP2C9)
or (S)-mephenytoin (CYP2C19) for final concentrations of 1000, 500, 100, 50,
and 10 uM. Reactions were terminated after 30-minute incubations by mixing
with ice-cold methanol (2:1, v/v) containing 282 nM (hydroxy tolbutamide-d9) or
354 nM [(+/—)-4-hydroxy mephenytoin-d3] internal standards, and were then
vortexed for 1 minute before centrifugation at 14,000g for 15 minutes. The
resultant supernatant was collected for liquid chromatography— tandem mass
spectrometry (LC-MS/MS) analysis.

Cytochrome P450 oxidoreductase (CPR) activity was measured in the S9
fraction of cells in which CYP2C9 and CYP2C19 variant allozymes had been
expressed using a colorimetric Cytochrome P450 Reductase Activity Assay Kit
(Abcam). This assay uses the oxidation of NADPH catalyzed by cytochrome
P450 reductase to cause the conversion of a nearly colorless probe substrate into
a brightly colored product with an absorbance at a 460-nm optical density
wavelength. A glucose 6-phosphate standard curve preparation of 0, 2, 4, 6, 8,
and 10 nmol/well in a 96-well plate was used. To subtract any extraneous
reductase activity in the samples, all variant samples were assayed in parallel
with the presence and absence of 0.1 mM diphenyleneiodonium chloride, an
inhibitor of NADPH-dependent flavoprotein, subtracting any residual activity
detected with the inhibitor present. The optical density was measured using a
spectrophotometer in kinetic mode for 30 minutes. The CPR activity was
calculated between two time points in the linear range. The rate of color
formation is directly proportional to CPR activity. Activity was expressed as
milliunits per milligram of total protein. One unit of CPR activity is equal to
the amount of cytochrome P450 reductase that will generate 1.0 wmol of
reduced substrate per minute by oxidizing 1.0 wmol NADPH to 8-NADP* at
pH 7.7 at 25°C.
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Drug Analysis Using LC-MS/MS Assay. Tolbutamide, hydroxy tolbuta-
mide, hydroxy tolbutamide-d9, (S)-mephenytoin, (S)-4-hydroxy mephenytoin,
and (+/—)-4-hydroxy mephenytoin-d3 (used for internal standard) were obtained
from Toronto Research Chemicals (Toronto, ON, Canada). High-performance
liquid chromatography—grade methanol and water were purchased from EM
Science (Gibbstown, NJ). Formic acid (minimum 95%), DMSO, B-nicotinamide
adenine dinucleotide phosphate reduced form (NADPH), potassium phosphate
dibasic, potassium phosphate monobasic, and magnesium chloride were pur-
chased from Sigma. PBS was purchased from Invitrogen. Tris HCL buffer 10X
solution was purchased from Sigma. Sodium hydroxide solution was purchased
from Sigma Aldrich. Deionized and distilled water was used to prepare buffer
solution.

Stock solutions of 1 mg/ml of tolbutamide, hydroxy tolbutamide, hydroxyl
tolbutamide-d9, (S)-mephenytoin, (S)-4-hydroxy mephenytoin, and (+/—)-4-
hydroxy mephenytoin-d3 were prepared in methanol and stored at —20°C. The
concentrations of 20X stock solutions were 2.9, 14.6, 29.1, 58.2, 146, 291, 1455,
and 2910 nM for hydroxy tolbutamide and 3.6, 17.8, 35.6, 71.1, 178, 356, 1789,
and 3558 nM for (S)-4-hydroxy mephenytoin, which were prepared by diluting
the 1 mg/ml stock solutions with 1:1 methanol:water and were stored at —20°C.
Standard samples and Quality Control’s [hydroxy tolbutamide (8.7, 218, and
2182 nM) and (S)-4-hydroxy mephenytoin (10.7, 267, and 2668 nM) concen-
trations] were prepared in assay buffer containing 0.4 mg of protein (bovine serum
albumin). Incubations of triplicate standard curves, Quality Control’s, and sample
mixtures were performed at 37°C in a total volume of 100 wl. Interday and
Intraday variability for CYP2C9 and CYP2C19 standard curves was <25% for
their respective lowest standard. The concentration ranges of samples for
CYP2C9 and CYP2C19 were 0-178 and 0-694 nM, respectively.

The separation of tolbutamide, hydroxy tolbutamide, hydroxy tolbutamide-
d9, (S)-mephenytoin, (S)-4-hydroxy mephenytoin, and (+/—)-4-hydroxy
mephenytoin-d3 was achieved with a precolumn filter (Column Saver, MAC-
MOD Analytical, Inc., Chadds Ford, PA) and a Waters Select HSS T3 column
(2.1 x 100 mm, XP, 2.5 um) (Waters Corporation, Milford, MA) by gradient
elution utilizing the following profile: 2—6 minutes for 75% A and 25% B,
6—8 minutes for 5% A and 95% B, and 8—10 minutes for 75% A and 25% B, where
solvent A was water containing 0.1% formic acid and solvent B was methanol
containing 0.1% formic acid. The flow rate was 0.2 ml/min. After sample injection
(20 1), the column effluent was diverted to waste for 3 minutes, after which the
flow was switched to the mass spectrometer.

Metabolites of tolbutamide and (S)-mephenytoin were monitored using a
modification of a previously published LC-MS/MS assay (Peng et al., 2015). The
LC-MS/MS system used to perform the assays consisted of a Shimadzu liquid
chromatograph (Wood Dale, IL) with two LC-10ADvp pumps (flow rate
0.200 ml/min), and an SIL-10ADvp autoinjector (injection volume 20 ul)
coupled to a Quattro Micro mass spectrometer fitted with an electrospray
ionization (ESI) probe (Waters Corporation). Hydroxy tolbutamide detection was
accomplished using multiple reactions monitoring in positive EST mode with a
parent ion of 287.1 mass-to-charge ratio (mm/z) and daughter ion of 74.1 m/z (dwell
= 0.1 second, cone = 28 V, and collision energy = 13 eV). Internal standard
(hydroxy tolbutamide-d9) detection was performed using multiple reactions
monitoring in positive ESI mode with a parent ion of 296.1 m/z and daughter ion
of 83.2 m/z (dwell = 0.1 second, cone = 30 V, and collision energy = 14 eV). (S)-4-
hydroxy mephenytoin detection was accomplished with a parent ion of 235.1 m/z
and daughter ion of 150.2 m/z (dwell = 0.1 seconds and cone = 19 eV). Internal
standard [(+/—)-4-hydroxy mephenytoin-d3] detection was performed using
multiple reactions monitoring in positive ESI mode with a parent ion of 238.2 m/z
and daughter ion of 150.2 m/z (dwell = 0.1 second and cone = 19 eV). The source
temperature, desolvation temperature, and cone and desolvation gas flows
were 120°C, 350°C, and 650 and 25 1/h, respectively. Mass spectrometry data
were collected for 10 minutes after injection. Spectra and chromatograms were
processed using the MassLynx version 3.5 software (Waters Corporation).
Metabolism data were acquired using a full scan function (mass spectrometry
scan) over the range of potential metabolites (50—450 m/z). Once the metabolite
masses were determined, a daughter ion scan was performed to determine and
confirm the structure of the metabolite.

In Silico Variant Sequence Prediction Analysis. The Polyphen version
2 (Adzhubei et al., 2010), PROVEAN (Choi and Chan, 2015), and SIFT software
programs (Sim et al., 2012)—three commonly used, publically available variant
effect prediction tools—were used to predict the functional impact of the novel
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TABLE 1
CYP2C9 and CYP2C19 variants cDNA and encoded amino acid changes

cDNA Amino Acid

Gene Change Change (Protein) Comment
CYP2C9 218C>T Pro73Leu Found with heterozygous CYP2C9 *2
CYP2C9 229C>A Leu77Met
CYP2C9 343A>C Serl115Arg
CYP2C9 707delA Asn236Thrfs*5
CYP2C9 709G>C Val237Leu
CYP2C9 791T>C 1le264Thr
CYP2C9 801C>T Phe267Phe
CYP2C19 65A>G GIn22Arg Found with heterozygous CYP2C19 *17
CYP2C19 337G>A Vall13lle Found with heterozygous CYP2C19 *2 and *17
CYP2C19 518C>T Alal73Val Found with heterozygous CYP2C19 *2
CYP2C19 556C>T Argl86Cys Found with homozygous CYP2C19 *2
CYP2C19 557G>A Argl186His Found with homozygous CYP2C19 *2
CYP2C19 578A>G GInl193Arg Found with heterozygous CYP2C19 *2
CYP2C19 815A>G Glu272Gly

variants identified across CYP2C9 and CYP2C19. The web server versions of
these tools were used under their default settings.

Statistics. Protein expression data were analyzed using GraphPad Prism7
software (GraphPad Software, La Jolla, CA). Data are displayed as mean * S.E.
M. Protein expression was analyzed using ANOVA followed by appropriate post
hoc tests for multiple comparisons. A value of P < 0.05 was considered
statistically significant. Enzyme activity was analyzed using one-way
ANOVA, with mean comparison for each variant genotype against the wild-
type control performed using Dunnet’s test. Corresponding P values were
multiplicity adjusted and reported as such. Associations between protein
content and enzyme activity were evaluated using Pearson correlations, with
two-sided ¢ test P values reported. Enzyme kinetics parameters were modeled
using nonlinear regression based on the Michaelis-Menten equation. All P
values less than 0.05 were considered statistically significant. Analyses were
performed using GraphPad Prism version 7.

Results

Variants in CYP2C9 and CYP2C19. Sequencing of the DNA from
the 1013 subjects enrolled in the RIGHT Study identified seven
heterozygous variants in the CYP2C9 gene and seven variants in the
CYP2CI9 gene (Table 1) that are not included in current clinical

algorithms or guidelines for the metabolic phenotypes of these enzymes.
The Genome Aggregation Database [(gnomAD); https://gnomad.broad-
institute.org/] and the SNP database [(dbSNP); https://www.ncbi.nlm.
nih.gov/projects/SNP/], were searched for previous reports of these
variants and the results from the gnomAD and dbSNP are listed in
Table 2. For CYP2C9, variant 218C>T was found in our cohort with a
heterozygous CYP2C9*2 allele. CYP2C9 variants 229C> A and 709G>
C are variants that had not been reported in the gnomAD or dbSNP. For
CYP2C19, variant 65A>G was found together with heterozygous
CYP2C19%17, variant 337G>A was found with heterozygous
CYP2C19%2 and CYP2C19%*17, variants 518C>T and 578A>G were
found with heterozygous CYP2CI19%*2, and variants 556C>T and
557G>A were found with homozygous CYP2C19*2. Variant 815A>
G is a variant that had not been reported in the gnomAD or dbSNP
data banks.

Changes in Gene Expression by Novel CYP2C9 and CYP2C19
Variants. As a first step in our functional analysis, we sought to
determine if the variants found in both CYP2C9 and CYP2C19 would
influence protein expression and the enzyme activity of allozymes
encoded by the variant sequences. Each expression clone was homozy-
gous for the nucleotide change. Quantitative western blot analysis of

TABLE 2
Data search results for CYP2C9 and CYP2CI9 variants in the gnomAD data bank

The database search results were obtained from gnomAD (https://gnomad.broadinstitute.org/) and dbSNP (https://www.ncbi.nlm.nih.

gov/projects/SNP/) in August 2018.

dbSNP Data Bank

Gene c¢DNA Change gnomAD Data Bank (Minor Allele Frequency)
rsID Validation

CYP2C9 218C>T 15762081829 Not done 5.69 x 107%

CYP2C9 229C>A Not present Not recorded

CYP2C9 343A>C 1s771237265 1 1.01 x 107

CYP2C9 707delA 1s549167718 2 4.099 x 107%%

CYP2C9 709G>C Not present Not recorded”

CYP2C9 791T>C 15761895497 1 1.09 x 107%

CYP2C9 801C>T 15149158426 1,2,3 8.55 x 107

CYP2C19 65A>G 15144928727 3 122 x 1079

CYP2C19 337G>A rs145119820 1,2,3 224 x 107

CYP2C19 518C>T 1561311738 1,2,3 4.66 x 107

CYP2C19 556C>T 15183701923 1,2,3 9.74 x 107%

CYP2C19 5571G>A rs140278421 1,2,3 1.08 x 107

CYP2C19 578A>G Not present 4.06 x 107%

CYP2C19 815A>G Not present Not recorded

rsID, reference SNP identification; 1, validated by frequency or genotype data (minor alleles were observed in at least two

chromosomes); 2, SNP was sequenced in the 1000 genome project; 3, validated by multiple, independent submissions to the reference SNP

cluster.
“Without frameshift.

"Other mutations to Ile, Phe, Val, and Ala recorded at this position.


https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
https://www.ncbi.nlm.nih.gov/projects/SNP/
https://www.ncbi.nlm.nih.gov/projects/SNP/
https://gnomad.broadinstitute.org/
https://www.ncbi.nlm.nih.gov/projects/SNP/
https://www.ncbi.nlm.nih.gov/projects/SNP/
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Fig. 1. (A) Quantitative western blot analysis
of newly identified variants in CYP2C9 and
CYP2C19 (*P = 0.05; *#*P < 0.001 vs. WT).
(B) Effect of MG132 treatment on the protein
levels of CYP2C9 and CYP2C19. All values
are mean = S.E.M. for three separate indepen-
dent assays. ANOVA was performed to com-
pare gene expression, followed by multiple
comparisons tests for individual comparisons
when significant effects were detected. *P =
0.05; **#*P = 0.001.

protein expression showed reduced expression of CYP2C9 protein for  analysis of protein expression showed reduced expression of CYP2C19
three of the identified CYP2C9 variants (229C>A, 709G>C, and protein for four of the identified CYP2C19 variants (65A>G, 337 G>A,
801C>T) (Fig. 1A). In a similar fashion, quantitative western blot 578A>G, and815A>G), as well as in loss of function variants
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Fig. 2. (A) Relative CYP2C9 Vivid enzyme
activity. Bar graphs show normalized Vivid
enzymatic activity of the CYP2C9 WT and
variant proteins (nanomolar fluorescent product
formed per minute per milligram of total
protein); error bars depict S.D. of the mean in
three independent activity assays. (B) Relative
CYP2C19 Vivid enzyme activity. Bar graphs
show normalized Vivid enzymatic activity of
the CYP2C19 WT and variant proteins (nano-
molar fluorescent product formed per minute
per milligram of total protein); error bars depict
S.D. of the mean in three experimental samples.
Enzyme activity was analyzed using one-
way ANOVA, with mean comparison for
each variant genotype against the WT control
performed using Dunnet’s test. Corresponding
P values were multiplicity adjusted and report-
ed as such. *P = 0.05; **P = 0.01; ***P <
0.001.
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CYP2C9*3 (Andersson et al., 2012; Prieto-Pérez et al., 2013; Lee et al.,
2014) and CYP2C19%#3 (Scott et al., 2011, 2013) (Fig. 1A).

We next set out to determine the mechanism(s) responsible for the
decreased protein levels of CYP2C9 and CYP2C19 variant allozymes.
Accelerated protein degradation is a common mechanism that can
contribute to decreased levels of protein, either as a result of ubiquitin-
proteasome or autophagy-mediated degradation (Li et al., 2008; Deng
et al., 2016). Therefore, we tested the effect of an autophagy inhibitor
(3MA) and a proteasome inhibitor (MG132) on protein expression levels
of selected variant allozymes with levels that were decreased to at least
50% or less compared with the WT allozymes (Fig. 1B). Strikingly,
three variants for CYP2C9 and two variants for CYP2CI19 displayed
significantly increased protein expression compared with baseline after
treatment with MG132. Although it was not statistically significant, we
also noticed that both CYP2C9 and CYP2C19 WT protein levels
increased in response to exposure to MGI132—suggesting that the
proteasome may play a role in basal levels of protein expression for these
enzymes. These observations suggest that several of the variants for
both enzymes undergo accelerated proteasome-mediated degradation.
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Normalized protein content
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Finally, protein levels for none of the variant allozymes were
significantly affected by treatment with 3MA (data not shown).

Changes in Enzyme Activity in Novel CYP2C9 and CYP2C19
Variants. Enzyme activity levels for these same preparations were
determined using the fluorogenic Vivid substrates, and those results are
shown in Fig. 2. These results were generally comparable with the
results of the protein expression studies (Fig. 1A) with some notable
exceptions. For example, CYP2C9 709G>C and CYP2C19 65A>G
displayed significantly reduced enzyme activity, but their protein level
was similar to that of the WT allozyme. The reduced activity could be
due to changes in the nucleotide sequence near the active site affecting
the enzyme activity more than the protein level. Overall, there was a
significant positive correlation between levels of enzyme activity and
protein content for both CYP2C9 (P = 0.0015; 7 = 0.693) and
CYP2C19 (P = 0.0003; 2 = 0.825), respectively, as shown graphically
in Fig. 3.

The enzyme activities of CYP2C9 and CYP2C19 variant allo-
zymes expressed in COS-1 cells were also determined with the
prototypic substrates tolbutamide and (S)-mephenytoin, respectively.

EV
WT
218C>T
229C>A
343A>C
707delA
709G>C
707_709delinsCC
Fig. 3. (A) CYP2C9 Vivid enzyme activity vs.
791T>C protein content: correlation of recombinant
> protein quantity vs. Vivid enzyme activity for
801C>T CYP2C9 variant allozymes. The normalized
*3 protein quantities are plotted on the horizontal
axis and the normalized Vivid enzyme activi-
ties are plotted on the vertical axis. R* = 0.693
and P = 0.0015. (B) CYP2C19 Vivid enzyme
activity vs. protein content: correlation of
recombinant protein quantity vs. Vivid enzyme
activity for CYP2C19 variant allozymes. The
normalized protein quantities are plotted on
the horizontal axis and the normalized Vivid
enzyme activities are plotted on the vertical
EV axis. R? = 0.825 and P = 0.0003. Associations
between protein content and enzyme activity
were evaluated using Pearson correlations, with
& wr two-sided ¢ test P values reported. The solid
A 65A>G line illustrates the line of identity for the
association between normalized activity and
V 337G>A protein content.
> 518C>T
O 556C>T
[0 557G>A
A 578A>G
V 815A>G
v *3
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The concentration ranges of product formation in samples for CYP2C9
and CYP2C19 were 0-178 and 0-694 nM, respectively. Michaelis-
Menten plots for tolbutamide (CYP2C9) and (S)-mephenytoin
(CYP2C19) are shown in Fig. 4. Kinetic parameters for recombinant
CYP2C9 variant allozymes as well as empty vector, WT, and
CYP2C9*3 as negative controls, are listed in Table 3. Similarly, kinetic
parameters for recombinant CYP2C19 variants together with empty
vector, WT, and CYP2C9*3 as negative control are given in Table 4. For
CYP2C9, we found that the catalytic activities of variants were less than
25% for 218C>T, 343A>C, 707delA, and 707_709delinsCC; 25%—
50% (intermediate activity) for variants 709G>C and 791T>C; and
50%-100% (equal or similar to WT) for 229C>A and 801C>T when
compared with that of the WT allozyme. Similarly, the catalytic
activities of CYP2C19 variants were less than 25% for 337G>A,
518C>T, 556C>T, and 557G>A; 25%—-50% (intermediate activity) for
variants 65A>G and 815A>G; and 50%-100% (equal or similar) for
578 A>G when compared with that of the WT allozyme. There was a
significant positive correlation between enzyme activities determined
using the Vivid reagent and the velocity of product formation at 50 uM
drug concentration for CYP2C9 (P = <0.0001; = 0.907) and
1000 uM drug concentration for CYP2C19 (P = <0.0001; P o=
0.898), respectively, as shown in Fig. 5.

The CPR activities in the majority of the cells transfected with
CYP2C9 variant allozymes were similar to those for the CYP2C9 WT
allozymes, as expected. In a similar fashion, cells transfected with
CYP2C19 variant allozymes showed CPR activities similar to those
observed in cells transfected with the CYP2C19 WT allozymes, as
shown graphically in the Supplemental Material (see Supplemental
Fig. 1, A and B, respectively).
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In Silico Variant Sequence Prediction Analysis. The impact of
CYP2C9 and CYP2CI9 variant sequence on enzyme activity was
predicted in silico using Polyphen, SIFT, and Provean (Adzhubei
et al., 2010; Sim et al., 2012; Choi and Chan, 2015) (Tables 3 and 4,
respectively). The three programs predicted no effects (benign/toler-
ated/neutral) for 1/7 CYP2C9 and 2/7 CYP2C19 variants and loss of
function (probably damaging, damaging, and deleterious) for 2/7
CYP2C9 and 1/7 CYP2CI9 variants. Concordance, defined as agree-
ment of the kinetic assay result with at least two of three in silico
software results, was observed for 9 of 14 variants. Predictions differed
among the programs for CYP2C9 variants 229C>A and 791T>C and
CYP2C19 variants 65A>G, 518C>T, 557G>A, and 815A>G.
Furthermore, there were differences between programs and functional
assay results, for example, CYP2C9 variant 709G>C, which had low
catalytic activity (<50% of WT), was predicted by Polyphen, SIFT, and
Provean (Adzhubei et al., 2010; Sim et al., 2012; Choi and Chan, 2015)
to be benign, tolerated, and neutral, respectively. Similarly, CYP2C19
variant 65A>G, which had low catalytic activity (<50% of WT), was
predicted by Polyphen, SIFT, and Provean (Adzhubei et al., 2010; Sim
et al,, 2012; Choi and Chan, 2015) to be benign, tolerated, and
deleterious, respectively.

Discussion

PGx will be the first aspect of clinical genomics to achieve broad
clinical implementation, eventually touching virtually all patients
(Weinshilboum and Wang, 2017). In the Mayo Clinic RIGHT1K study,
NGS was performed for 1013 participants to identify sequence varia-
tion in 84 pharmacogenes (Bielinski et al., 2014). We identified six

707_709delinsCC

Fig. 4. (A) Michaelis-Menten curves of the enzymatic activities of
the recombinant WT and 9 variant CYP2C9 allozymes (including
CYP2C9*3) toward tolbutamide (each point represents the mean *+
S.D. of three separate experiments). (B) Michaelis-Menten curves
of the enzymatic activities of the recombinant WT and eight variant
CYP2C19 proteins (including CYP2C19%3) toward (S)-mepheny-
toin (each point represents the mean * S.D. of three separate
experiments). Enzyme kinetics was modeled using nonlinear
regression based on the Michaelis-Menten equation.


http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.084269/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.084269/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.118.084269/-/DC1
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TABLE 4

Enzyme kinetic properties of recombinant wild-type and mutant CYP2C19 proteins for (S)-mephenytoin hydroxylation and in silico functional prediction of

CYP2C19 variants

The kinetic parameters for (S)-mephenytoin hydroxylation of variants 518C>CT, 556C>CT, and *3 could not be determined because the amount of produced metabolite was at or below the
detection limit at the lower substrate concentrations. These data represent the mean * S.D. of three independently performed catalytic assays. Concordance is defined as agreement of the kinetic assay

result with at least two of three in silico software results.

Enzyme Activity in Relation to WT

DNA  Vpx = SD. x 107> Kn+SD.  CLr x 107* (%WT) Polyphen SIFT PROVEAN Concordance
Vivid* Ms* Yes/No
nmol/mg per minute wM ul/mg protein per minute % %

WT 67.2 = 2.51 30.1 £ 779 234 * 627

65A>G 333 = 0.74 40.3 = 0.86  8.25 = 0.36 (36.2) Benign Tolerated  Deleterious 49 36 No
337G>A 23.6 = 2.75 96.6 = 23.1 2.49 = 0.28 (10.7)*  Benign Tolerated  Neutral 75 11 No
518C>T 3.65 + 0.25 205 £ 11.8  0.18 = 0.02 (0.7)* Probably Damaging Tolerated Deleterious 5 1 Yes
556C>T 3.03 = 0.36 148 = 69.5 0.23 £ 0.09 (1.6)* Probably Damaging Damaging Deleterious 7 2 Yes
557G>A 4.33 = 0.34 30.5 £ 712 1.45 = 0.20 (6.5)* Probably Damaging Tolerated  Deleterious 7 7 Yes
578A>G 68.5 = 4.69 515 £ 7.69 134 £ 1.06 (57.9) Benign Tolerated  Neutral 106 58 Yes
815A>G 352 = 0.11 384 =247 9.19 = 0.54 (39.7) Benign Damaging Deleterious 53 40 Yes
*3 0.02 = 0.01 482 = 0.00 0.05 %= 0.02 (0.2)* 3 N/A

CLnr, intrinsic clearance; K,,, Michaelis constant; MS, mass spectrometry; N/A, not applicable.
*P < 0.05 compared with CYP2C19 WT.

about 7679 amino acids and afford the structural and functional basis
for drug and enzyme alignment (Gotoh, 1992). Furthermore, non-
synonymous mutations appeared to be more frequent within SRSs.
Polymorphisms within SRS regions could cause protein structure
conformational changes (Wester et al., 2004) and disrupt hydrophobic
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interactions with drug substrates (Straub et al., 1994). Earlier studies
indicate that even single mutations at key residues result in significant
geometrical alterations to substrate binding regions (Negishi et al.,
1996). Thus, variant nucleotides may cause conformational changes in
the enzyme, alter substrate binding affinity at the active site, and cause

Fig. 5. (A) Correlation analysis between enzyme activities
determined by high-throughput assay vs. velocity of product
formation determined by mass spectrometric assay for CYP2C9
variant allozymes. Relative velocity values of hydroxy tolbutamide
formation (nanomoles of product formed per milliliter per minute)
at 50 uM tolbutamide concentration are plotted on the horizontal
axis and relative enzyme activity values determined by Vivid assay
(nanomolars of fluorescent product formed per minute per milli-
gram of total protein) are plotted on the vertical axis. R* = 0.907 and
P = < 0.0001. (B) Correlation analysis between enzyme activities
determined by high-throughput assay vs. velocity of product
formation determined by mass spectrometric assay for CYP2C19
variants. Relative velocity values of (S)-4-hydroxy mephenytoin
formation (nanomoles of product formed per milliliter per minute)
at 1000 uM (S)-mephenytoin concentration are plotted on the
horizontal axis and relative Vivid enzyme activity values de-
termined by Vivid assay (nanomolars of fluorescent product formed
per minute per milligram of total protein) are plotted on the vertical
axis. R = 0.898 and P < 0.0001. Associations between protein
content and enzyme activity were evaluated using Pearson
correlations, with two-sided ¢ test P values reported. The solid line
illustrates the line of identity for the association between enzyme
activities determined by high-throughput assay and intrinsic
clearance determined by mass spectrometric assay.
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differences in enzyme activity. In our experiments, CYP2C9 variant
218C>T occurs in SRS region 1, variant 343A>C occurs in SRS
3 region, and variants 707delA, 709G>C, and 707_709delinsCC occur
in SRS 2 and SRS 3. Each of these alterations in amino acid sequence
results in a significant reduction (<25%) in enzyme activity when
compared with the WT sequence. Similarly, CYP2C19 variant 337G>A
occurs in SRS 1 and showed only ~10% of the CYP2C19 WT activity
for (S)-mephenytoin hydroxylation, but ~80% activity in our fluoro-
metric assay, which might be explained by the substrate specificity of
these enzymes. Obviously, the role of genetic variants in altering the
physiochemical and structural properties of substrate binding sites and
substrate affinity in different P450-substrate interactions requires further
study. However, in vivo studies in animals and humans are difficult,
since many of these variants are rare and testing them in vivo would be
expensive and time consuming. Therefore, the incorporation of the
results of functional studies, such as those described here, into
pharmacogenomic variant analysis for clinical purposes is essential to
predict patient phenotypes and to allow for the use of clinical decision
support tools that are currently being built into electronic health records.

The standard method to determine the effect of genetic variation on
enzyme function involves cDNA expression in COS/yeast/insect/human
cells, followed by characterization of enzyme kinetics. This approach
has both strengths and limitations. The strengths include the fact that
enzyme Kinetic studies using prototypic substrates are clinically relevant
and the results are closer to biologic enzyme activity than many other
characterization studies. The limitations of this approach include the fact
that these studies are laborious and time consuming, making their use in
high-throughput assays difficult. Given the overwhelming number of
new variants being identified, the time-consuming nature of standard
methods of functional characterization, and the limited accuracy of
computational in silico predictions, other approaches such as CRISPR
Cas9 techniques (Guo et al., 2018), which are used to create genetic
variants and recombinants, as well as techniques such as massively
parallel single-nucleotide mutagenesis (Haller et al., 2016) are being
tested for functional genomic applications. Similarly, high-throughput
screening methods should be developed to make it possible to rapidly
screen variants for their functional effects (Stresser et al., 2000; Kariv
et al., 2001; Trubetskoy et al., 2005; Rainville et al., 2008; Cheng et al.,
2009; Alden et al., 2010).

In summary, we have identified 13 nonsynonomous ORF variants and
one ORF synonymous variant in two important, clinically actionable
pharmacogenes, CYP2C9 and CYP2C19. Functional studies of these
variants showed impaired metabolism by the encoded allozymes that
may be due, at least in part, to effects on protein stability, resulting in
decreased metabolism of the drug substrate. These results serve to
emphasize the need for high-throughput functional genomic methods to
address the tidal wave of novel variants discovered as pharmacoge-
nomics moves from genotyping common variants that have been
previously identified and functionally tested to preemptive sequencing.
The move to preemptive NGS in ever larger population cohorts will
identify ever larger numbers of variants with functional effects. For
example, the Mayo Clinic has expanded the initial RIGHT protocol to an
additional 10,085 patients, while variants identified in the 100,000
Genomes Project and those already present in gnomAD represent only
two of the larger population cohorts that have become available. The
application of standard approaches to study the functional effects of
pharmacogene variants discovered during these studies will not be
practically possible. Therefore, novel robust high-throughput methods
are needed to identify nucleotide alterations that affect enzyme function,
prepare recombinant enzymes that incorporate those alterations, and
rapidly characterize the functional effects on enzyme activity resulting
from those alterations. If the present results can be generalized, they
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suggest that, ultimately, DNA sequencing will be preferable to genotyp-
ing for the clinical implementation of pharmacogenomic variants, and
they also support the need for high-throughput functional assays and
highly accurate predictive algorithms if we are to achieve the optimal
decrease in adverse drug reactions and the optimal increase in drug
efficacy that PGx promises.
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